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Uncertainty in stock assessment estimates for New England
groundfish and its impact on achieving target harvest rates
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Abstract: Overfishing continues for many stocks in the New England groundfish complex despite efforts to constrain harvest
rates and rebuild populations. We evaluated the magnitude and sources of scientific uncertainty in catch targets for groundfish
and found that since 2004, annual harvest rates have been 151% above the target while catches have been 29% below the target
catch, on average, resulting from overly optimistic catch targets for the majority of stocks. Multiple sources of scientific
uncertainty contributed to this overestimation, but the largest contributor was overestimated abundance. By evaluating sequen-
tial assessment estimates, we found previous assessments frequently overestimated terminal abundance. Additional uncertainty
in catch targets resulted from recent recruitments often being below historical levels. The net effect of overly optimistic catch
targets and declining recruitment is that rebuilding has been sluggish and potential yield (and revenue) has been forgone for
many stocks. The causes of the overestimation of stock abundance and declines in recruitment remain unknown, but because
these patterns were widespread, there may be common mechanisms in the region influencing assessment estimates and stock
productivity.

Résumé : La surpéche se poursuit pour de nombreux stocks dans le complexe des poissons de fond de la Nouvelle-Angleterre,
malgré des efforts visant a limiter les taux de prélévement et a reconstituer les populations. Nous avons évalué ’ampleur et les
sources de I'incertitude scientifique associée aux objectifs de prises pour les poissons de fond et constaté que, depuis 2004, les
taux de prélévement annuels dépassent les cibles de 151 %, alors que les prises sont de 29 % inférieures aux objectifs de prises, en
moyenne, ce qui découle d’objectifs de prises trop optimistes pour la majorité des stocks. Différentes sources d’incertitude
scientifique participent a cette surestimation, mais la plus importante est la surestimation de I’'abondance. En examinant des
estimations découlant d’évaluations séquentielles, nous avons découvert que les évaluations antérieures surestimaient fréquem-
ment ’abondance terminale. Une autre incertitude associée aux objectifs de prises découle du fait que les recrutements récents
sont souvent inférieurs aux niveaux historiques. L’effet net d’objectifs de prises trop optimistes et de la baisse du recrutement
est que la reconstitution des stocks a été lente et que des rendements (et des revenus) potentiels ne sont pas réalisés pour de
nombreux stocks. Les causes de la surestimation de I’abondance de stocks et des baisses du recrutement demeurent inconnues,
mais puisque ces phénomenes sont répandus, il pourrait y avoir des mécanismes communs dans la région qui influencent les
estimations tirées d’évaluations et la productivité des stocks. [Traduit par la Rédaction]|

future dynamics. In other words, how accurate are the estimates,
and how predictable are the future stock dynamics? In the assess-
ment model, data issues (e.g., age-length key error or misreported
catches) and model assumptions (e.g., fixed natural mortality rate
or survey catchability) may interact to increase the error in model
estimates (Mohn 1999; Brooks and Deroba 2015). Projections are
often used to estimate future catch targets, and the models rely on
a number of key assumptions, including future levels of recruit-
ment, natural mortality, masses at age, and fishery selectivity.
These inputs are often highly variable and prone to environmen-
tal influence, such that the actual values may differ greatly from
the assumed levels used in the projection model. Projections that
are done over a number of years also assume a target harvest rate,

Introduction

For most fisheries, management aims to keep annual harvest
rates for a population at or below some limit that defines over-
fishing (Mace 2001). While the goal for a particular fishery is a
target harvest rate, managers must try to achieve that rate by
setting catch limits. When a stock assessment is possible, calcu-
lating catch limits is straightforward, but having those catches
achieve the target harvest rates is not. Uncertainty in both the
science and the management processes is common and can have
a large impact on the realized harvest rate for a stock. In some
cases, realized harvest rates are far from the target (both above
and below), which can have consequences for both the resource and

the stakeholders. Identifying the reasons for such discrepancies is
essential if we are to effectively manage our fish stocks.
Discrepancies between the target and realized harvest rates can
result from uncertainty in both the science and management pro-
cesses. On the management side, uncertainty typically manifests
in the ability of the fishery to achieve the catch limits, also known
as implementation error. On the science side, uncertainty mani-
fests in two areas: the current estimates of population size and

such that error early in the projected time series can propagate
over the entire period, exacerbating the discrepancy between the
target and realized harvest rates for a given stock.

Scientific uncertainty in current and forecasted population size
can have a large impact on a stock. For example, Sinclair et al.
(1985) identified a pattern of overestimation of biomass in re-
peated stock assessments for multiple stocks of Atlantic herring
(Clupea harengus) in the Northwest Atlantic. Similarly, Walters and
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Table 1. The 20 stocks in the New England groundfish complex, whether or not they were undergoing rebuilding in 2003 (NEFMC 2003), and

current status (NEFSC 2015).

Rebuilding Status

Full stock name Scientific name Abbreviated name in 2003? in 2014
Georges Bank Atlantic cod Gadus morhua GB cod Yes Overfished
Gulf of Maine Atlantic cod Gadus morhua GOM cod Yes Overfished
Georges Bank haddock Melanogrammus aegelfinus GB haddock Yes Rebuilt
Gulf of Maine haddock Melanogrammus aegelfinus GOM haddock Yes Rebuilt
Georges Bank yellowtail flounder Limanda ferruginea GB yellowtail flounder Yes Unknown, likely
overfished*
Cape Cod - Gulf of Maine yellowtail flounder Limanda ferruginea CC-GOM yellowtail flounder Yes Overfished
Southern New England — Mid-Atlantic yellowtail flounder Limanda ferruginea SNE-MA yellowtail flounder Yes Overfished
Georges Bank winter flounder Pseudopleuronectes americanus GB winter flounder No Overfished
Gulf of Maine winter flounder Pseudopleuronectes americanus GOM winter flounder No Unknown
Southern New England - Mid-Atlantic winter flounder Pseudopleuronectes americanus SNE-MA winter flounder Yes Overfished
Witch flounder Glyptocephalus cynoglossus Witch flounder No Overfished
American plaice Hippoglossoides platessoides Plaice Yes Not overfished
Acadian redfish Sebastes fasciatus Redfish Yes Rebuilt
Pollock Pollachius virens Pollock No Rebuilt
White hake Urophycis tenuis White hake Yes Not overfished
Ocean pout Zoarces americanus Pout Yes Overfished
Gulf of Maine - Georges Bank windowpane flounder Scopthalmus aquosus North windowpane flounder No Overfished
Southern New England - Mid-Atlantic windowpane  Scopthalmus aquosus South windowpane flounder Yes Rebuilt
flounder
Atlantic halibut Hippolossus hippoglossus Halibut Yes Overfished
Atlantic wolffish Anarhichas lupus Wolffish NA Overfished

Note: For status, overfished refers to S < 0.5Sy,sy, not overfished refers to 0.5Sy;5y < S < Syisy, and rebuilt refers to S > Sy,5y (and does not necessarily imply a stock

was undergoing rebuilding, like pollock for example).

*Although the status of GB yellowtail is unknown due to uncertainty in the recent assessments, previous assessments that passed the review process indicated very

low biomass in recent years (Legault et al. 2013), so it is likely overfished.

Maguire (1996) found repeated overestimation of biomass of the
northern cod (Gadus morhua) stock in Canada. For both the cod and
herring examples, one of the main contributing factors to assess-
ment error was that catch per unit effort (CPUE) in the fishery
(used as an index of abundance in the assessment model and
assumed proportional to biomass) increased as the stock declined,
resulting in inflated biomass estimates at low population sizes.
Overestimated abundance can lead to overcapacity in the fleet as
well as catch limits being set too high, and both of these contrib-
uted to the well-known northern cod stock collapse in the early
1990s (Walters and Maguire 1996).

The groundfish complex in New England currently comprises
20 stocks (Table 1), which have supported large fisheries of great
economic and cultural importance in the region. Aggregate land-
ings for groundfish by US vessels fluctuated between 100 000 t to
over 200 000 t from 1962 to 1990, generally constituting more
than half the total landings of all major fisheries in the northeast-
ern US (comprising both New England and the Mid-Atlantic re-
gions; Sosebee et al. 2006) during this time period. Intense fishing
pressure resulted in a number of overfished stocks in need of
rebuilding (Rosenberg et al. 2006) as mandated by the Magnuson—
Stevens Fishery Conservation and Management Act of 1996
(MSFCMA; NOAA 1996). Early rebuilding efforts were largely
ineffective, however, and a lawsuit (Conservation Law Foundation
et al. v. Donald Evans et al.) resulted in a federal judge ruling that
the Fishery Management Plan (FMP) for groundfish did not
comply with the MSFCMA. As a result, the New England Fishery
Management Council (NEFMC) drafted Amendment 13 to the
groundfish FMP, with the aim of constraining harvest rates and
rebuilding overfished stocks, with most of the 14 groundfish
stocks undergoing rebuilding estimated to be rebuilt by 2014
(NEFMC 2003). However, after more than a decade of updated
stock assessments and management actions, the majority of
stocks undergoing rebuilding are not rebuilt (9 of 14, with eight of
those still overfished), and three additional stocks are now in need
of rebuilding (NEFSC 2015; Table 1 here). Rothschild et al. (2014)
noted that aggregate groundfish catches have been below the

aggregate catch limit since 2005, suggesting that at least for some
groundfish stocks scientific uncertainty is playing a major role in
the continued overfishing across groundfish stocks.

Understanding the magnitude and sources of scientific uncer-
tainty is essential for setting sustainable catch limits, and there
are different approaches to do so. Brooks and Legault (2016) con-
ducted a “retrospective forecast” to evaluate sources of bias in
projections based on a retrospective analysis of the 2008 assess-
ments for New England groundfish and found error in abundance
estimates had the largest impact on projection accuracy. Because
Brooks and Legault (2016) focused on a single assessment for each
stock, their analysis was a measure of uncertainty within a given
assessment model. From one assessment to another, a number of
changes may occur to both the data inputs (beyond adding new
years of data) and the structural assumptions within the assess-
ment model, and such changes can result in large differences in
model estimates between assessments. Ralston et al. (2011) mea-
sured the uncertainty among repeated assessments by quantify-
ing changes in biomass estimates over time for stocks off the
western US, with the aim of informing appropriate buffer sizes in
the harvest control rule to comply with the revised MSFCMA. In
this paper we expand on these analyses and on that of Rothschild
et al. (2014) and investigate how scientific uncertainty in the set-
ting of target catches affected the ability to achieve target harvest
rates for New England groundfish stocks from 2004 to 2014 (rep-
resenting management from Amendment 13 onward). Specifi-
cally, we (i) compared target and observed catches and harvest
rates for all stocks with estimates of harvest rates, (ii) evaluated
how estimates from repeated stock assessments (a measure of
across-model uncertainty) changed over time and how well mea-
sures of uncertainty from an assessment (within model uncer-
tainty) captured the magnitude of error in assessment estimates,
(iii) evaluated the projection models used to set catch targets to
identify dominant sources of uncertainty, and (iv) quantified
where stock biomass would be and the value of current fishery
harvests if target harvest rates had been achieved.
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Methods

To better understand the roles that scientific and management
uncertainty have played in the continued overfishing across
groundfish stocks, we first need to know how the observed har-
vest rates and catches have deviated from the original manage-
ment targets. We obtained annual target catches and harvest rates
(Crarg and Fy,,, respectively) from 2004 onward from amendments
and framework adjustments to the New England groundfish FMP
(NEEMC 2003, 2006, 2010, 2011, 2012, 2013, 2014). In most cases,
Fyarg Was at or below harvest at maximum sustainable yield (Fysy;
see Supplemental Information' for more details when F, ., > was
set above Fyqy). Stock assessment documents (NEFSC 2002, 2003,
2005, 2008, 2010, 2011, 2012a, 2012b, 2012c, 2013a, 2013b, 2014,
2015; Legault et al. 2011, 2013; Hendrickson et al. 2015; Palmer
2014) provide estimates of the observed annual catches (C,,,),
which are fixed inputs in the model, and annual harvest
rates (F,,s), which are estimated in the model conditioned on C,,
and the estimated abundance and selectivity-at-age. Estimates of
F,,s were provided for all age classes for each stock, but we used
the reported value for the fully selected age classes as our annual
estimate for F .. We used the most recent assessment that passed
review for a given stock as the source of estimates of “true” har-
vest rates and catches, but because these values may change in
future assessments, we herein refer to them as the updated esti-
mates.

We restricted our analyses to 15 groundfish stocks with esti-
mates of biomass and harvest rates from age-structured or surplus
production assessment models. Three stocks were omitted be-
cause the current assessment was index-based (ocean pout (Zoarces
americanus) and two stocks of windowpane flounder (Scophthalmus
aquosus)), and an additional stock was omitted (Atlantic wolffish,
Anarhichas lupus) because it was a data-poor stock until recently
(NSWG 2009), such that most of the historical catch targets were
not based on a target harvest rate. We also omitted Gulf of
Maine (GOM) winter flounder (Pseudopleuronectes americanus) be-
cause assessments since 2008 have relied on survey-based swept-
area estimates of biomass. In situations where the most recent
age-based assessments were deemed too uncertain to be the basis
for management (Georges Bank (GB) cod and GB yellowtail floun-
der (Limanda ferruginea); Legault et al. 2013; NEFSC 2015), the last
assessment that passed review was used for the analysis (Legault
et al. 2013; NEFSC 2013a). It is important to note that many of the
uncertainties present in the failed recent assessments were likely
present in previous assessments.

With annual estimates of Fopg, Fargs Copss a0d Cyyp, We calcu-
lated ratios each year: E ratio(t) =F obs(t)/F targ(t)’ and Cratio(t) = Cobs(t)/
Ciarg(t)- For some stocks prior to 2010, the target catch calculated
using F,,,,, was considered the landings only (i.e., no discards), but
the estimates of F;,; from the most recent assessment were calcu-
lated using the total catch (landings + discards). In such cases we
used the observed landings as our C,, and adjusted the estimated
harvest rate downward in that year based on the ratio of the
landings to the total catch. This adjustment is an approximation
and potentially underestimates the F resulting solely from the
landings. Discards generally occurred for younger ages, and the F
estimate we used was for the fully selected age classes, such that
removing the discards may not change the fully selected F esti-
mate by very much. We explored the impact of using the original
or adjusted F and found it had a minimal effect on our overall
results.

An F_ ., above or below 1 indicates the target harvest rate was
not achieved in a given year, which could result from either sci-
entific uncertainty in the target catches or management uncer-

tainty. For example, a stock with F,,;, = 2 when C =2is

atio ratio
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different from a stock with F,,;, =2 when C_,;;, = 0.5. In the former
case, an overage in the total catch resulted in the higher F. In the
latter case, total catch was only half the target, yet F, was double
Fiarg» indicating that scientific uncertainty played an important

We therefore calculated a relative measure of

role in F > F,.,.
error in achieving F,, as a quantitative measure of scientific

arg

uncertainty:
F ratio
(1) FEITOI' = C

Tatio

Values close to 1.0 imply that the discrepancies between the ob-
served and target F are largely the result of the achieved catch
(relative to the target) and are examples of low scientific uncer-
tainty, whereas values farther away from 1 indicate that F,i/F,.,
is disproportionately large or small for a given C,/C,,,, and are
examples of high scientific uncertainty. This measure assumes
proportional changes in F in response to changes in catch, which
is not true across the entire range of C,,/C,,,,, particularly as this
ratio approaches 0 or becomes very large (>=>1). Furthermore, this
measure does not distinguish between the different sources of
uncertainty in a given year. Nevertheless, F, ... is a useful measure
for identifying cases where the achieved F was impacted by scien-
tific uncertainty.

We obtained biomass estimates from all available assessments
(from 2002 onward) and compared the historical estimates with
the most recent (updated) estimates. In some cases stocks re-
quired an adjustment to the estimates in the final year of the
model (called the terminal year) based on a retrospective pattern.
This modification to model output is called a rho (p) adjustment,
and we used the adjusted values in the terminal year for that
assessment. In other cases, multiple models with different esti-
mates were put forward as plausible in an assessment. For GOM
cod, recent assessments explored two formulations for natural
mortality, with M fixed at 0.2 for all years and M increasing to 0.4
in recent years (called the M-ramp model), and we used both mod-
els as our source for updated estimates. For GB yellowtail flounder
following the 2005 assessment, multiple models were put forward
as plausible (NEFSC 2005), but only output from the “base” model
was provided, so we only used the base model estimates here.
Uncertainty in terminal estimates is not the only potential source
of error in catch advice from a projection model, however, and we
conducted a more thorough evaluation of projection estimates for
a subset of groundfish stocks (detailed below).

Using annual estimates of biomass and recruitment across mul-
tiple stock assessments for a given stock, we calculated the across-
model uncertainty in the assessment estimates. Ralston et al.
(2011) used a variety of approaches for calculating the across-
model uncertainty for stocks in the Pacific, but we focused on the
relative error in estimates using the updated estimate as the ref-
erence value (B,,,). For example, the relative error in a biomass
estimate from assessment j in year t (REB(j,t)) is calculated with

B(j: 1) — Byy(t)

@) REB(.) = —p
up

The analysis of Ralston et al. (2011) only considered uncertainty
across benchmark (or “research track”) assessments for a given
stock, where data inputs may have been modified (e.g., updated
catch estimates) and model assumptions changed (e.g., adjusted
natural mortality rate or differently shaped selectivity curve) from
the previous assessment. We included both benchmark and up-
date assessments (where the existing model is typically rerun with

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjfas-2016-0484.
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Table 2. Age-structured equations governing the projections used to set catch targets.

Equation Description
2.1 R(t) a=ay Numerical abundance at age (a) each year (t), determined by the number of
Na — 1t — 1)e 207D ap < a < ap, recruits (R) entering the population and the number from the previous
N(a,t) = Nia — 1t — e 201D a = apy, year discounted by the total mortality rate (Z)
+ N(a,t — 1)e 2@
2.2 aS(t —ag) 052 Recruitment, either based on a Beverton-Holt stock-recruit relationship or
R@) = B+ St — aR)e drawn from a single empirical cumulative distribution function (ECDF,}))
R(t) = ECDF,, based on recruitment estimates over a specified period or from a two-stage
ECDF,, S < Syyesn ECDF model with low and high values, as well as the distribution used
) = {ECDFH . S = Sirean determined by the projected spawning biomass relative to some specified
1, - T
¢ e biomass threshold (S, resn)
2.3 _ 2 — o) Total spawning biomass (S), calculated using maturity fraction (m) and
S = m{a)ws(a)N(a t)e spawning mass-at-age (wg) and the fraction of the year when spawning
¢ occurs (¢)
2.4 Z(a,t) = M(a,t) + s(a, t)F(t) Total mortality (Z), calculated as the sum of the natural mortality rate (M)
and the fishing mortality rate (F) scaled by the selectivity at age in the
fishery (s)
2.5 Cla,t) = s(a, t)F(t)wc(a)N(a, Ot — e z(u't)] Catch (at age and total), calculated using the Baranov catch equation using

Z(a,t)
Ct) = EC(a, t)

a

the mass-at-age in the catch (w.)

Note: All model parameters for a projection were based on the output from the accepted assessment model at the time.

only new years of data, although in some cases with other small
changes) in our analysis because we wanted to include the possi-
bility for large changes in the perception of stock status following
an update assessment, and because both benchmark and update
assessments carry equal weight in the calculation of target
catches.

Changes in biomass estimates across assessments are a measure
of across-assessment uncertainty. We explored whether measures
of within-assessment uncertainty were useful predictors of
whether or not catch advice would be successful (i.e., are mea-
sures of uncertainty produced from an assessment of good predic-
tors of how truly uncertain those estimates are and how effective
projections will be?). Mohn’s p (Mohn 1999), a measure of the
retrospective uncertainty in terminal estimates, and the coeffi-
cient of variation (CV) in the terminal biomass estimate are two
metrics often used to quantify within-assessment uncertainty. We
obtained estimates of p from each assessment for each stock,
noting that the number of “peel” years used to calculate it was not
consistent across assessments (between 5 and 7 years). Estimates
of p for a stock were not provided in NEFSC (2002, 2005), but
figures showing retrospective estimates were provided. When p
was not provided, we extracted 5 years of estimates of terminal
biomass from the retrospective analysis figure for each stock and
calculated p using the estimates from the full time series as the
reference for each peel year. We repeated this method and calcu-
lated p using the figures presented in later assessments (NEFSC
2008, 2012a) and compared estimates with the reported value to
confirm the reliability of this method. The CV of the estimated
terminal biomass was also not always available for each stock
from each assessment. However, projection output was available
for most stocks, so we therefore used the biomass CV in the first
year of the projection as a proxy for the CV in the terminal esti-
mate.

Projections

Over- or underestimation of biomass and recruitment are two
possible sources of scientific uncertainty, and a more detailed
analysis of potential factors influencing the accuracy of target
catches is needed. Projection model accuracy is determined by a
number of factors, including the assumed initial abundance at
age, mass- and selectivity-at-age, future recruitments, and also the
assumed catch (or F) during the interim years between the termi-

nal year of an assessment and the first year that the target catch is
calculated. Identifying the relative impact of each factor requires
updating the projections used to set target catches with these
inputs. Brooks and Legault (2016) used projections based on retro-
spective runs of the NEFSC (2008) assessment to evaluate forecast
accuracy for New England groundfish, and we modified their ap-
proach by (i) using the most recent assessment for each stock as
our source of updated estimates and (ii) using the actual projec-
tion models used to set catch targets for each stock. Further dis-
cussion of the differences between approaches is provided in the
Discussion.

We focused on the projections based on the assessment esti-
mates from NEFSC (2002, 2005, 2008), as these were the basis of
target catches from 2004 to 2012. We only included stocks with
age-based estimates for each assessment, leaving nine stocks
for this portion of our analysis: GOM and GB cod; GB haddock
(Melanogrammus aegelfinus); Cape Cod - Gulf of Maine (CC-GOM),
southern New England - Mid-Atlantic (SNE-MA), and GB yellowtail
flounder; SNE-MA winter flounder, witch flounder (Glyptocephalus
cynoglossus), and American plaice (Hippoglossoides platessoides).

We created an age-structured projection model in R (R Core
Team 2015) that mimics the AGEPRO model of Brodziak et al.
(1998). We created our own projection model because subsequent
simulation work required a projection model that can be easily
updated as needed in the simulations to test alternative methods
for setting target catches. The equations governing the projection
dynamics of our model are presented in Table 2, but we provide a
summary of the model here. The projection model uses the same
input files created to set catch advice for each stock based on the
assessments listed above (obtained from NEFMC staff), and we
compared our model estimates with the original AGEPRO output
provided in NEFMC (2006, 2010) to ensure consistency. The initial
abundance at age and all input assumptions are read into the
model. The fishing mortality in the first year is either based on the
value specified in the input file for that year, or when a catch is
specified, Fis calculated using the Baranov catch equation (eq. 2.5
in Table 2) and the assumed mean catch masses and fishery selec-
tivity. In the second year of the projection, recruitment is deter-
mined from the specified recruitment model with the appropriate
lag in years (either Beverton-Holt or one- or two-stage empirical
cumulative distribution functions; Table 2). For all other age
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classes, abundance at age in year 2 is determined by the abun-
dance in the previous year discounted by fishing and natural mor-
tality rates (eq. 2.1in Table 2). Spawning biomass is calculated each
year using the estimated abundance at age and the specified mean
maturity- and spawning mass-at-age, discounted by a specified
fraction of the total mortality that occurs before spawning in a
year. Spawning biomass determines recruitment when the Beverton—
Holt recruitment model is specified, and it also determines which
time series of recruitments should be used when the two-stage
empirical model is used. Total catch in a year is calculated using
the Baranov catch equation for a given F, .. The stock is projected
forward a number of years under the F,,,,, and this process is
repeated 1000 times to account for uncertainty in the initial abun-
dance and future recruitments, producing a distribution of pre-
dicted spawning biomass, recruitment, and total catch for each
year in the projection model.

We reran each projection for each stock with an updated esti-
mate of key projection inputs and determined whether or not this
improved the catch advice from the projection (i.e., resulted in F
closer to F,,,,). We reran the projections with the updated (i) initial
abundance at age (including the recruited age class in that year),
(ii) interim catches (between the assessment terminal year and the
first year, the target catches are calculated), (iii) future recruit-
ments, (iv) mass-at-age in the catch, and (v) fishery selectivity-at-
age. In addition to these updates, Brooks and Legault (2016)
updated maturity-at-age, which we omitted because our primary
focus was on the target catches from the projections and not the
accuracy of spawning biomass estimates. One input was modified
for a given projection, and the estimated median catch in each
year was compared with the original projected catch, as well as to
the updated catch (that would have achieved F,,) to determine
the impact that the input had on the error in target catches.

Finally, for each of the nine stocks we projected the population
biomass under F,,., to determine what the biomass and current
catch would be for each stock if F,,,, had been achieved each year
(i.e., no scientific or management uncertainty). Projections were
run from 2004 (the first year catch targets were set based on
NEFSC 2002) through 2014, using the updated estimates of
abundance-at-age in 2004 and nearly identical population dynam-
ics to those detailed in Table 2. The only difference is in how
future recruitments were calculated, as we wanted to allow for
changes in recruitment that follow changes in spawning biomass
resulting from achieving F,,,,,. For each stock we assumed recruit-
ment followed the Beverton-Holt relationship (eq. 2.2 in Table 2)
and estimated the parameters « and B8 using maximum likeli-
hood, assuming lognormal error. With estimates of the annual
relative deviations from the best-fitting recruitment curve (y(t)),
we calculated the projected recruitment each year using the pro-
jected spawning biomass, accounting for the lag between spawn-
ing and recruitment (determined by the age at recruitment, ag):

asproj(t - aR)

O Ryl = 5 g0

proj(

We used the original F,,, for each stock in each year except for
GOM cod in 2012, where F,,, was 0.88. We set F,,, equal to the
target from the previous year (0.18), assuming that had F,,, been
achieved in previous years, the interim measure that set F,
0.88 would not have occurred.

arg =

Results

Since 2004, observed catches have been at or below the target
while harvest rates have exceeded the target for the majority of
stocks in most years (Fig. 1). Across stocks the ratio of the mean
catch to the target (C,,;,) Was 0.71 and was above 1.0 for only two
stocks, SNE-MA yellowtail flounder and GOM haddock (Table 3).
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Despite the relative infrequency of catch overages, harvest rates
were above the target (F,,, > 1.0) for 10 of 14 stocks, on average,
with a mean F,,, of 2.51 across stocks. For each stock we quanti-
fied the error in achieving the target F (F,,..,; €q. 1) as a measure of
the scientific uncertainty in setting the target catches. For 11 of
14 stocks, F, ... was above 1, indicating that harvest rates were higher
than expected given the observed catch. Only Acadian redfish
(Sebastes fasciatus), GOM haddock, and pollock (Pollachius virens) had
amean F, ... <1. Stocks with the highest F, ... were GB yellowtail
flounder, witch flounder, SNE-MA yellowtail flounder, GOM cod,
and CC-GOM yellowtail flounder, each with harvest rates more
than five times above the expected value given the observed catch
(Table 3).

In Fig. 2 we show F, .. as a function of the lag between the last
year of data in the assessment and the year in which the target
catch is set based on that assessment (which we call data manage-
ment lag, or DML). DML ranged from 2 to 5 years, and surprisingly,
the median estimate of F, .., was highest for a DML of 2 years. This
result was largely due to GB yellowtail flounder, which had the
highest F, ... on average, but this stock was also unusual among
groundfish stocks in that catch targets were updated annually
based on annual assessments (with a DML of 2 years for each).
When this stock was excluded, the F, .. was reduced for a DML of
2 years, although differences in the mean F, . were not signifi-
cant across the range of DML (p > 0.5 for all pairwise comparisons
of DML using a Tukey’s test).

We calculated the relative error in terminal biomass (REB) and
recruitment (RER) estimates from 2001 to the terminal year of the
second to last assessment (see Fig. 3 for example stocks showing
changes in repeated assessments and Figs. S1-S3! for all remaining
stocks). For most stocks the most recent assessment was com-
pleted in 2015, with updated biomass and fishing mortality esti-
mates through 2014 (NEFSC 2015). Estimates of REB and RER in the
terminal year of each assessment are shown in Fig. 4 (aggregated
across stocks). The general pattern across assessments for most
stocks has been to overestimate terminal biomass and recruit-
ment since the assessments of NEFSC (2002). Terminal biomass
was estimated to be 64% higher, on average, than updated esti-
mates, with overestimation occurring 71% of the time. Terminal
recruitment was overestimated 60% of the time, being 59% higher
than the updated estimates, on average. When we only evaluated
estimates from the first three comprehensive assessments that
were the basis for target catches from 2004 to 2012 (NEFSC 2002,
2005, 2008), the frequency and magnitude of overestimation in-
creased, occurring 78% of the time for biomass estimates (overes-
timated by 82%, on average) and 69% of the time for recruitment
(by 72%, on average).

We compared assessment-specific estimates of REB with two
measures of uncertainty from the same assessment to determine
if more uncertain assessments (as measured at the time) resulted
in greater REB. We used the CV of the biomass in the first year of
the projection model as one measure of assessment uncertainty
and Mohn’s p (Mohn 1999), the mean retrospective error in bio-
mass, as the other measure. Linear fits of REB to each measure of
assessment uncertainty were not significant (p = 0.13 and R = 0.03
using p as the predictor, and p = 0.78 and R? = 0.002 using the CV
as the predictor). The linear fit of REB to p was also very sensitive
to one point where REB was high for the highest estimated p
(which occurred for GB yellowtail flounder in the NEFSC (2005)
assessment), such that when we removed this point and refit the
model, the p value increased to 0.75 (Fig. 5).

In general, overestimates of terminal biomass occurred for as-
sessments with a positive p, but there were cases where an assess-
ment had a small positive p and the terminal biomass was greatly
overestimated, and vice versa. For example, the 2008 assessment
for GOM cod had a small retrospective pattern (p = 0.2), but termi-
nal biomass was overestimated by 293%. In contrast, SNE-MA yel-
lowtail flounder had a large retrospective pattern in biomass
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Fig. 1. Annual estimates by stock of the F,,, (calculated as F,[Fe,.)
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as a function of the C,,, (calculated as C,/Cy,,,)- The dashed vertical

and horizontal lines at 1 separate the plot space to highlight when catches and F were above or below the target, respectively. The solid black
line is the 1:1 line, with values above or below the line indicating the achieved F is disproportionately high or low for a given catch ratio,

respectively.
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estimates in 2002 (p = 1.02), but terminal biomass was overesti-
mated by only 22% (Fig. 5).

Overestimation of terminal abundance can have a large influ-
ence on projected target catches, but other factors can also have
an impact. In Fig. 6 we show original projection estimates of
spawning biomass, recruitment, and target catches for three
stocks following NEFSC (2002, 2005, 2008). For GOM cod, both
overestimated abundance and below-average forecasted recruit-
ment contributed to the overestimation of catch targets, whereas
for SNE-MA winter flounder, catches were overestimated despite
underestimated abundance due to below-average forecasted re-
cruitments. For GB haddock, overestimated terminal abundance
and declining mass-at-age resulted in large differences between
the projected and actual spawning biomasses, particularly follow-
ing NEFSC (2005). Anomalously high recruitment events have mit-
igated for these impacts, however, such that in recent years
spawning biomass and target catches are similar to the originally
projected values (Fig. 6).

Cratio

To determine which factor was the largest source of scientific
uncertainty across groundfish in the projections used to set target
catches, we reran the projections with updated initial abundance
at age, forecasted mass, and selectivity-at-age, as well as forecasted
recruitments and the actual catches during the DML period. Catch
estimates from the projection were averaged across the manage-
ment periods based on the different assessments used to inform
the projections (e.g., 2004-2005 for projection based on NEFSC
2002). A number of factors contributed to the discrepancy be-
tween the originally projected and updated catches at F,,, across
stocks and management periods. In the majority of cases (73%),
the initial abundance at age had the largest impact on projection
accuracy (Table 4). For some stocks this projection input was the
dominant source of error following the NEFSC (2002, 2005, 2008)
assessments (GOM cod, GB yellowtail flounder, witch flounder,
and plaice), while for other stocks it was the dominant source for
two of three projections (GB cod and haddock, GOM cod (M-ramp),
and SNE-MA and CC-GOM yellowtail flounder). Forecasted re-
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Table 3. Mean ratios of the catch and harvest rate (F) to the target from 2004 to the most recent year with assessment estimates for each stock.

No.of Mean catch (or Error in Relative error in Relative error in
Stock SAs landings)/target =~ Mean F/target achieving F terminal biomass terminal recruitment
GB cod 4 0.71(0.4, 1.17) 2.05(1.24,2.67)  3.26 (1.57, 6.35) 0.55 (0.14, 0.90) 0.62 (0.4, 2.05)
GOM cod 7 0.82(0.52,1.19)  4.78 (2.03,8.76)  5.86 (2.45, 11.84) 1.01(0.0, 2.94) 0.69 (-0.5, 2.77)
GOM cod (M-ramp) 7 0.82(0.52,1.19)  4.04 (1.74,7.58)  4.93(1.79,10.24)  0.54 (-0.04, 1.92) -0.14 (-0.77, 0.72)
GB haddock 5 0.37(0.16,0.79)  0.95(0.54,1.46)  3.14 (1.05, 5.68) 0.36 (-0.11, 0.73) 0.45 (-0.09, 1.63)
GOM haddock 4 1.36 (0.2, 2.99) 0.78 (0.3, 1.05) 0.91(0.25,1.44)  -0.34 (-0.41,-0.20)  0.26 (-0.46, 1.32)
GB yellowtail flounder 6 0.70 (0.41, 0.9) 5.37 (1.68, 8.56) 7.49 (3.37, 11.23) 2.13 (1.14, 3.21) 0.90 (-0.68, 1.96)
SNE-MA yellowtail flounder 5 1.20(0.17,2.71)  4.70 (2.19,9.60)  6.47(1.08,17.09)  0.93(0.05, 1.83) -0.14 (-0.57, 0.83)
CC-GOM yellowtail flounder 5 0.86 (0.5, 1.35) 4.45(2.41,6.65)  5.43(2.78, 8.97) 0.67 (0.14, 1.44) 0.10 (0.7, 1.08)
Plaice 5 0.53(0.27,0.93)  1.04(0.57,2.39)  2.18 (0.68, 4.27) 0.59 (-0.23, 1.77) 0.13 (-0.7, 0.92)
Witch flounder 5 0.60(0.21,0.94)  3.58(2.26,5.2) 7.17 (3.11, 11.54) 1.49 (0.43, 4.08) 2.36 (0.11, 4.59)
GB winter flounder 6 0.66 (0.34,0.95)  152(0.66,2.62)  2.37(1.06, 3.58) 0.53(0.15, 0.94) 1.62 (0.26, 2.89)
SNE-MA winter flounder 5 0.62(0.36,1.04)  1.12(0.71,157)  1.89(1.25, 2.6) -0.17 (-0.47, 0.22) 0.11 (-0.42, 0.41)
Redfish 3 0.34 (0.17, 0.55) 0.31(0.13,0.46)  0.92(0.76, 1.08) -0.04 (-0.16, 0.08) 1.33 (1.33, 1.33)
White hake 3 0.71(0.43,0.92)  1.39(0.53,179)  1.92(1.25, 2.32) 0.34 (0.18, 0.50) 0.28 (0.18, 0.38)
Pollock 3 0.51(0.38,0.58)  0.47 (0.26,0.61)  0.90(0.68,1.06)  —0.30 (-0.39,-0.22)  —0.22 (-0.78, 0.35)
Mean across stocks 0.71 2.51 3.83 0.64 0.62

Note: Error in achieving F is calculated each year for a stock by dividing the mean Fjtarget by the mean catch/target (eq. 1), and the mean F,,,., for each stock is
calculated using the annual F,,,, estimates. Also shown are the mean relative error in estimates of terminal biomass and recruitment from available assessments
through 2008 (NEFSC 2002, 2005, and 2008). For each result, the minimum and maximum values are shown in parentheses. The number of stock assessments (SAs)
used to calculate these values is also shown. Estimates from both GOM cod models were combined into a single mean before computing the mean across stocks.

Fig. 2. The relative error in achieving the target F (F...,; €q. 1) as a function of the number of years between the final year of data in the
assessment and the year the catch target was set based on that assessment (called the data management lag, or DML). For example,
assessments from NEFSC (2002) had a terminal year of 2001, so catch targets set in 2004 based on this assessment had a DML of 3 years.
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cruitment and mass-at-age were the dominant sources of error in
four (13%) cases each and were the second most dominant source
of error in eight (27%) and 10 (33%) cases, respectively. The as-
sumed selectivity-at-age and assumed interim catches were not
the dominant sources of error in any case (Table 4). Although the
forecasted recruitment was not the dominant source of projection
error in most cases, it did have the largest effect for SNE-MA
winter flounder following the NEFSC (2002) and NEFSC (2005)
assessments and for SNE-MA and CC-GOM yellowtail flounder
following the NEFSC (2002) assessment (Table 4). Error in the fore-
casted recruitment also contributed to, but was not the dominant
source of, the overestimation of target catches in the projection
models, indicating below-forecasted recruitment for these stocks.
Below-forecasted recruitments during our study period could re-
sult from overly optimistic biomass forecasts in cases where re-
cruitment depends on the estimated biomass or from declines in

recent recruitment. We used the updated assessment time series
of estimated recruitments and calculated the ratio of recent
(2004-present) to historical (pre-2004) recruitments. We calcu-
lated this ratio for all stocks with recruitment estimates (14) and
found that recent recruitments have been below the pre-2004
levels for 10 groundfish stocks (71%), and for six of those stocks
(43%), recent mean recruitments were less than half the historical
means (Fig. 7). The time period of empirical recruitment estimates
used in the projections was not necessarily identical to the time
period we used to calculate these ratios. Therefore, our recruit-
ment ratios are not measures of the magnitude of error in fore-
casted recruitment; rather, they are simply meant to show how
recent recruitments compare with historical levels.

Finally, as an illustration of where stock biomass and the values
of fishery landings would be if the target harvest rates had been
achieved, we projected biomass from 2004 to the most recent year
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Fig. 3. Estimated spawning biomass across repeated assessments for four groundfish stocks with multiple instances of overestimation of
terminal biomass. The solid line in each panel represents the most recent assessment. Biomass estimates shown are the original, unmodified

values. When a retrospective adjustment was made to terminal biomass estimate for an assessment, an “x” is shown representing the
adjusted biomass estimate.
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with estimates for the nine stocks evaluated in the projection showing considerable increases in biomass (GOM cod, GB cod, GB
update. Under this optimal management scenario, all stocks yellowtail flounder, and CC-GOM yellowtail flounder; Fig. 8). For
would have had higher biomass than at present, with four stocks each stock, we multiplied both the observed and projected total
currently undergoing rebuilding being rebuilt (witch flounder, catch by the mean ex-vessel price each year (adjusted to 2005 US
plaice, and SNE-MA yellowtail flounder) and four other stocks dollars; Pauly and Zeller 2015) to calculate the difference in total
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Fig. 4. Histogram of the relative error in terminal biomass and recruitment aggregated across stocks and across assessments. The dotted and
dashed vertical lines represent the median and mean values for the first four assessments (NEFSC 2002, 2005, 2008, 2012a), respectively. The
lowest possible relative error is -1 based on eq. 2.
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Fig. 5. Measures of uncertainty in terminal estimates from a given assessment (Mohn’s p and the CV of biomass in the first projected year)
were poor indicators of the true uncertainty in terminal biomass, measured as the relative error in the estimate from that assessment. When
using the CV of projected biomass as the predictor, we used the absolute value of relative error in estimates because the CV does not indicate
direction of the uncertainty, whereas p can be positive or negative. The relative error in biomass (REB) was calculated using the original
biomass estimates (i.e., not adjusted by the retrospective error) from NEFSC (2002, 2005, 2008, and 2012a). The “+” and “x” symbols denote the
GOM cod and SNE-MA yellowtail flounder examples referenced in the text, respectively, and the solid circles represent GB yellowtail flounder
estimates (one estimate of the CV was not available for this stock, so fewer points are shown in the right panel). The solid black line on the
left panel was fit to all data points (REB = 0.53 + 0.6p; p = 0.13), while the dashed line was fit removing the point for GB yellowtail where p =2

(REB = 0.83 + 0.9p; p = 0.13). The fit using the CV as the predictor was REB = 0.87 - 0.2CV (p = 0.78).
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value in landings. Across these nine stocks, total catches by fish-
ing at F,, would have been 45% below the actual aggregate catch
in 2004, representing a decrease in ex-vessel value of $54 million
($45 million when GB haddock is excluded). By 2007, catches
would have been 4% higher, increasing over the period to 120%
higher than the present catch by 2014 across these stocks, repre-
senting an increase in revenue in 2014 of $87 million ($50 million
excluding GB haddock). Across the entire period, the increased
catches would have resulted in an increase in total ex-vessel rev-
enue of $126 million (but only $40 million excluding GB haddock).
When using the model for GOM cod that assumes a doubling of M
in recent years, the impact is reduced total landings (1% to 5%
lower) and value (1% to 9.5% lower) since 2007 (Fig. 8). All stocks
would have had higher catch than at present, and therefore
greater revenue, although the differences were small for SNE-MA
winter flounder and yellowtail flounder. This small difference
resulted from a small projected increase in biomass for SNE-MA
winter flounder due to very poor recruitment (Fig. 8, top panel)

-
m Y °
m
~
G
° [ ]
Q DR +
=2
< [ ]
>
o] -
E o o ®
2 o ©
Na)
< — 7 Vel o o
@500 O
838" 08 X 0, o0
o _ o 0%

I I I I I I I
0.00 0.05 0.10 0.15 0.20 0.25 0.30

CV of first year projected biomass

and from the fact that the actual current catches are very high
(and above C,,,,) for SNE-MA yellowtail flounder.

Discussion

We evaluated the magnitude and sources of scientific uncer-
tainty in catch advice for stocks in the New England groundfish
complex and found that since 2004, annual catches have generally
been at or below the target catch in most years for most stocks, yet
harvest rates often greatly exceeded the target, resulting from
target catches that have been overly optimistic. By evaluating
population estimates over time from sequential assessments for
each stock, we found a pattern of overestimation of abundance in
the terminal year of the assessment. Multiple sources of scientific
uncertainty contributed to this overestimation of catch targets,
but the largest contributing factor was overestimated terminal
abundance in the assessment, which is the starting point in the
population projection model used to set future catches. Below-
average forecasted recruitments (owing to declines in recent
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Fig. 6. Projected spawning biomass (left), recruitment, and total catch for GOM cod (top), SNE-MA winter flounder (middle), and GB haddock
(bottom). Dashed lines and shaded regions represent the median and 95% confidence intervals, respectively, for each projection based on
output from the 2002, 2005, and 2008 assessments (NEFSC 2002, 2005, 2008). The thick solid black line represents the updated values for
biomass and recruitment. The updated target catch was calculated using F,,,, each year using the updated abundance estimates each year, the
fishery selectivity, and catch masses. The first year shown for biomass and recruitment is 2002 because the projections following NEFSC (2002)

started that year. Target catches are shown starting in 2004 because this was the first year target catches were calculated under F,,,, following
NEFSC (2002).
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recruitment) and mass-at-age also had an effect on the overesti-
mation of catch targets in some cases. The net effect of overly
optimistic catch targets and declining recruitment is that rebuild-
ing has been sluggish and potential yield (and revenue) has been
forgone for many stocks.

There are numerous potential causes for changes in assessment
estimates over time. Example causes include, but are not limited
to, revised survey or catch estimates (total and by age class), re-
vised life history information (natural mortality rate, length- and
mass-at-age), or changes in model assumptions or structure. Mul-
tiple changes to the input data and model are often made between
assessments, and such changes are all forms of scientific uncer-
tainty. A full exploration of each change and its impact on the
assessment estimates is beyond the scope of this work, but we
provide some examples here. For GOM cod between the 2008 and
2012 assessments, updates were made to the recreational and
commercial landings and discards at age, the length-mass rela-
tionship and mass-at-age estimates, and the survey indices were
re-estimated (NEFSC 2012b). All of these changes resulted in bio-
mass estimates being between 17% and 37% lower (from 1993 to
2005) in the updated assessment (Fig. 3). However, the largest
difference between these assessments was that the 2005 year class

did not materialize, estimated at almost 24 million age-1 recruits
in NEFSC (2008) but revised downward to 9 million in NEFSC
(2012b). For pollock, a change in the way the likelihood was calcu-
lated in the statistical catch-at-age model between the 2014 and
2015 assessments resulted in a large increase in the magnitude of
recruitment estimates over the entire time series, resulting in a
roughly 60% increase in biomass estimates over the time period
(NEFSC 2015; Fig. S2 here?).

Although there are many potential sources of scientific uncer-
tainty in assessment estimates, that the general pattern was to
overestimate abundance suggests there may be some common
mechanisms in the region influencing assessment estimates. Sim-
ulation studies have shown a number of possibilities leading to
overestimation of abundance, with increased adult mortality not
accounted for in the model being one potential source (Mohn
1999; Deroba and Schueller 2013). Unaccounted adult mortality
could result from increased natural mortality, and such a mecha-
nism has been linked to the delayed recovery of many Canadian
cod stocks (Shelton et al. 2006). Pershing et al. (2015) noted rapid
warming in the Gulf of Maine and suggested it was responsible
for increased mortality of maturing GOM cod, although this con-
clusion has been debated (Palmer et al. 2016; Swain et al. 2016).
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Table 4. Projections based on the NEFSC (2002, 2005, and 2008) assessments were rerun with the updated estimates
of the initial abundance at age (N), catches in the interim period between the terminal year in the assessment and first
year of target catches based on that assessment, forecasted recruitment (R), forecasted mass-at-age in the catch (w),
and selectivity-at-age (s) from the most recent assessment for each stock.

Mean catch ratio

Assessment Updated
Stock year Original* Updated N catch Updated R Updated w, Updated s
GOM cod 2002 2.04 1.42 218 1.96 1.82 2.01
2005 3.43 1.53 3.67 3.22 3.12 3.08
2008 4.23 1.60 4.49 3.98 3.74 4.64
GOM cod (M-ramp) 2002 1.83 2.35 1.94 1.78 1.62 1.76
2005 3.17 2.36 3.44 3.10 2.84 2.87
2008 4.50 2.66 4.76 4.53 3.95 4.93
GB cod 2002 141 1.62 1.38 1.23 1.03 1.37
2005 3.34 1.36 3.34 3.12 3.02 3.36
2008 153 1.06 153 144 145 1.60
GB haddock 2002 1.55 1.59 1.60 1.40 1.18 1.26
2005 3.97 1.79 4.01 3.94 2.93 2.75
2008 1.94 1.10 1.94 1.99 1.40 1.99
GB yellowtail flounder 2002 8.41 2.96 8.38 7.32 7.90 8.07
2005 8.28 113 8.76 6.69 6.09 8.22
2008 7.79 1.75 8.23 6.38 6.45 7.43
CC-GOM yellowtail flounder 2002 2.65 2.02 2.80 1.99 2.52 2.14
2005 3.25 1.97 3.37 2.61 3.04 2.76
2008 3.47 2.03 3.44 2.82 3.01 3.41
SNE-MA yellowtail flounder 2002 3.41 3.43 3.58 1.19 3.27 3.46
2005 0.66 1.18 0.73 0.64 0.59 0.65
2008 5.15 2.05 5.12 2.60 4.44 4.74
SNE-MA winter flounder 2002 1.45 1.36 1.55 1.12 1.51 1.28
2005 1.37 1.39 1.38 1.18 1.28 1.26
2008 1.06 197 1.10 0.96 1.01 0.98
Witch flounder 2002 7.63 1.55 8.06 7.51 6.99 6.97
2005 5.26 1.33 5.57 5.26 5.15 5.02
2008 3.29 1.56 3.27 3.05 3.26 2.86
Plaice 2002 2.74 1.45 3.03 2.72 2.19 2.63
2005 2.60 1.22 2.67 2.58 2.57 2.28
2008 2.10 1.33 215 2.07 1.69 2.03

Note: Values in the table are the mean projected catch relative to the mean catch that would have achieved F,,, (the projected catch

ratio). Values in bold are the updated input that gets the catch ratio closest to 1.0 for each assessment for each stock.

*Original, unmodified projection.

Underreported catches are another potential source of adult mor-
tality, and King and Sutinen (2010) suggested that noncompliance
in the groundfish fishery may be considerable, with estimates of
illegal harvests between 12% and 24% of the reported total based
on surveys of fishermen, enforcement officers, and others in-
volved in the fishery. Underreported catches would also reduce
our estimates of F,,,. if the estimates of F_; did not change (i.e.,
the assessment model estimates higher biomass to account for
increased catches). Overestimation of terminal abundance could
also result from changes in the distribution of a stock or in the
timing of migrations (e.g., Nye et al. 2009; Pinsky et al. 2013) if
such changes resulted in more biomass available to the bottom
trawl surveys, without changes in total population biomass. A
combination of these and other factors may be contributing to the
pattern of overestimation we observed, and identifying and ad-
dressing these possible sources of scientific uncertainty in the
data, assessments models, and projections is essential for the fu-
ture sustainability of the groundfish fishery.

It is unknown how widespread this pattern of overestimation is
beyond groundfish, both within the region and worldwide. Exam-
ples of repeated overestimation exist for individual stocks (e.g.,
Sinclair et al. 1985; Walters and Maguire 1996; Terceiro 2015), but
to our knowledge only Ralston et al. (2011) have evaluated assess-
ment estimates across stocks in a region, and they did not identify
any patterns of frequent over- or underestimation in assessments
for stocks off the western US. Studies that evaluate the perfor-
mance of assessment estimates and catch targets across man-

agement units or broader regions would be beneficial for
understanding large-scale patterns possibly controlling assess-
ment accuracy.

We also found reduced recruitment for the majority of ground-
fish stocks, which often resulted in the recruitment forecasts in
the projection models being overestimated. Below-forecasted re-
cruitment did have an impact on the overestimation of projected
catch targets, but the contribution was generally small relative
to the overestimation of terminal abundance for most stocks.
Brooks and Legault (2016) noted forecasted recruitment had a
larger effect on the accuracy of projected catch targets after 3 or
more years, largely due to when groundfish become available to
the fishery. Declining recruitment can have other effects on the
sustainability of catch targets. For example, if a target harvest rate
is based on a rebuilding projection (F,oyui1q), Pelow-forecasted re-
cruitment would result in overly optimistic rebuilding timelines,
and the estimated F, ., would be biased high. In contrast, in-
creases in recent recruitments can help buffer against other
sources of uncertainty. For GB haddock, terminal biomass was
repeatedly overestimated, but record year classes (2003, 2010, and
likely 2014) have allowed this stock to rebuild (NEFSC 2015). Many
studies have looked into the influence of bottom-up environmen-
tal variables such as temperature and food availability on recruit-
ment for individual groundfish stocks (e.g., Bell et al. 2014;
Friedland et al. 2015; Pershing et al. 2015), and a better understand-
ing of the mechanisms affecting groundfish recruitment is
needed. However, attempts to correlate assessment estimates of
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Fig. 7. Ratio of the mean recent recruitment (2004-onward) to the mean historical recruitment (pre-2004). Recruitment estimates are based
on the most recent assessment for each stock. The solid and dashed lines represent values of 1 and 0.5, respectively. The ratio for GB haddock
is >20 due to a very large (and uncertain) estimate of terminal recruitment from the most recent assessment.

Recent / historical mean recruitment

GB yellowtail flounder
witch flounder

SNE—-MA yellowtail flounder
SNE—-MA winter flounder

recruitment with environmental variables would benefit from
careful consideration of how structural assumptions in the assess-
ment model can influence recruitment estimates, potentially
resulting in spurious correlations between recruitment and envi-
ronmental covariates (Brooks and Deroba 2015). Requiring more
frequent assessments could eliminate the need for long-term pro-
jections of recruitment (Brooks and Legault 2016), particularly in
response to environmental change, but doing so would put an
increased burden on the assessment, review, and management
systems.

Part of our analysis involved updating projection models to
identify the major sources of error, and this approach was similar
to the work of Brooks and Legault (2016). There were, however, a
few key distinctions between approaches that justified inclusion
of this part of our work in the broader analysis. First, Brooks and
Legault (2016) used abundance estimates from NEFSC (2008) as
their reference for updating the projections, but many of these
estimates have changed dramatically with subsequent assess-
ments (see Fig. 3 for examples with GOM cod and plaice). More
importantly, Brooks and Legault (2016) did not necessarily evalu-
ate the projections used to set catch targets. Projections in their
analysis were based on assessment estimates from a retrospective
analysis of the 2008 assessment for each stock, an approach they
called retrospective forecasting. For many stocks, there were
changes made to the 2008 assessment such that the retrospective
estimates differed considerably from the earlier assessment esti-
mates that were the basis for management. In addition, they re-
moved some of the shorter data sets from the assessment models
to allow for some of the retrospective runs, and it is unclear what
effect this had on the model estimates relative to the original
assessment models that were used for management of each stock.

[]
[}
B
o
=
B
.

GB winter flounder
white hake

GOM cod (M-ramp)
plaice

redfish

GOM haddock

GB haddock

CC—GOM yellowtail flounder

Despite these differences, our results were in general agreement
with theirs, as they also found that overestimation of terminal
abundance had the largest effect on the accuracy of the projec-
tions.

A caveat of our work is that we are using updated model esti-
mates to evaluate the performance of past model estimates. The
updated models represent the best available science for each
stock, but there is uncertainty in the estimates from the updated
models, particularly in recent years. Many of the updated assess-
ments had a strong retrospective pattern suggesting overestima-
tion of terminal abundance (NEFSC 2015), such that estimates of
abundance in recent years may be revised downward in future
assessments. Such a change would likely result in increased esti-
mates of observed harvest rates, which would increase the mag-
nitude of the overage relative to recent years. Future assessments
will also likely have major changes in data inputs and model
structure and assumptions, and such changes could have a scaling
effect on biomass estimates over time (up or down), which oc-
curred for some groundfish stocks in our analysis (see Fig. 3 and
Figs. S1-S31 for examples). Model changes that alter historical bio-
mass estimates could affect our results, and we recommend that
an evaluation of the performance of previous assessment esti-
mates and catch targets be included in the updated assessment
(for all stocks, not just New England groundfish) so that managers
and scientific advisors can weigh such information in the process
of setting future catch limits.

Two stocks included in our analysis (GB yellowtail flounder and
GB cod) had histories of age-based assessments, but strong retro-
spective patterns in recent assessments resulted in these esti-
mates not being used for management. For these two stocks, we
relied on the most current assessment that passed review as our
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Fig. 8. Projections of biomass and catch under an optimal management scenario where F,,, was achieved each year. Top: projected spawning
biomass ratio (S/S,,,) in the final year of each projection compared with the current biomass ratio. The solid black line represents the 1:1 line,
and values above this line indicate higher projected biomass relative to the current state. Bottom: time series of the difference in the ex-vessel
value between the optimal management catch and the observed catch. Value was calculated by multiplying the total catch mass by the
ex-vessel value per unit mass and was aggregated across the nine stocks shown in the top panel, excluding GB haddock, and for the different
population estimates for GOM cod (Base refers to the model with M = 0.2 in all years, and M-ramp refers to the model with M increasing to

0.4 in recent years).
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source of updated estimates. The use of older assessment esti-
mates for these stocks would only be problematic for our analyses
if the remedies to the current retrospective problem drastically
changed historical estimates. For GB cod, the recent assessment
was used as the basis for declaring that the stock remained over-
fished, but the magnitude of the retrospective pattern led to seri-
ous concerns about using the model estimate of abundance
(adjusted downward based on the estimated p) to set catch targets
(NEFSC 2015). A range of different age-based and surplus produc-
tion assessment models were run for GB yellowtail flounder in an
attempt to address the retrospective problem as part of a larger
modeling exercise for many stocks (i.e., not an official assessment;
Deroba et al. 2015). For GB yellowtail flounder, the production
models estimated biomass two to six times higher than the age-

I
2008

I I I
2010 2012 2014

Year

based models from 1995 onward. If a production model were
deemed acceptable for this stock and used as a reference in our
analysis, it would indicate past age-based assessments underesti-
mated biomass. However, swept-area biomass estimates for this
stock are closer to the estimates from the age-based models
(NEFSC 2015), so it is unlikely that a production model would be
adopted in the future for this stock.

Our analysis of historical assessment estimates did not reveal a
relationship between the within-assessment measures of uncer-
tainty (Mohn’s p and biomass CV) and the magnitude of relative
error in the terminal biomass estimate from that assessment (a
measure of across-assessment uncertainty). For p, we found that
although overestimates of terminal biomass generally occurred
for assessments with a positive p, large overestimation of terminal
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biomass occurred for both low and high p values. In a simulation
study, Hurtado et al. (2015) found no relationship between the
magnitude and direction of p and the bias in the terminal biomass
estimate from the assessment across a range of life histories and
different sources of assessment error. In contrast, Miller and
Legault (2017) developed an approach for estimating uncertainty
in p and found through simulations that bias estimates were gen-
erally within the confidence bounds for p, although this work
focused only on misspecification of M for GB yellowtail flounder.
Our findings are in general agreement with Hurtado et al. (2015),
albeit not based on simulations, and suggest that care is needed
when trying to interpret bias in terminal estimates from the mag-
nitude and direction of p. However, as Miller and Legault (2017)
showed, there may be cases where p is informative about bias, and
further research into this area is warranted.

In summary, we have identified a pattern of overly optimistic
catch targets for New England groundfish since 2004, resulting
largely from uncertainty in terminal abundance estimates from
age-based assessment models. The question remains, however, as
to what can be done to prevent this pattern from continuing? The
long-term solution is to identify the major sources of uncertainty
and address them in data sets and in the model. In the interim,
remedies that can be implemented rapidly are needed to limit
overfishing for groundfish in the short term. In future work we
will explore the effectiveness of a range of methods that can be
applied in the absence of knowledge of the underlying mecha-
nisms causing the overestimation of catch targets. Example meth-
ods include alternative control rules, abundance modifications,
and modified recruitment forecasts, and we will compare the abil-
ity of the target catches estimated from these alternative ap-
proaches at reducing the magnitude and frequency of overfishing.
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