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SUMMARY

A workshop was convened in Washington, DC on 19-21 June 2012 to review the available information on
the relationship between spawning stock and recruitment for western Atlantic bluefin tuna (Thunnus
thynnus), a critical part of the scientific advice for management of the stock. The workshop participants
noted that considerable attention has been paid to the form of the relationship between stock and
recruitment, but that insufficient attention had been paid to the consequences of different hypotheses about
that relationship. We suggest a simple decision table approach, using well-developed methods, for
informing on the consequences of different policy choices given the uncertainty in the productive capacity
and future trajectory of the stock. This will enable the scientific advice to move beyond a debate about the
form of the stock and recruitment relationship and provide a more informative set of information for
management.

Based on the decision table analysis, considering alternative hypotheses about stock and recruitment using
the available data, the results indicate that for rebuilding of spawning stock and yield in the long-term,
fishing mortality rates should be kept low. Higher values are only advantageous if the primary goal is
short-term yield at the expense of long-term rebuilding of the biomass. Higher values pertain to tradeoffs
with yield in short and long term. An intermediate goal would be to reduce F enough to rebuild SSB to
near 30,000 mt. At this level of SSB, information on the potential for the stock to increase recruitment and
rebuild to a higher level should be apparent. Finally, the workshop participants identified a set of issues in
the stock assessment that need further investigation and development to continuously improve the scientific
advice provided through the assessment process.
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1. Workshop goals

This workshop was convened to review the available data and information on the relationship between spawning
stock and recruitment for western Atlantic bluefin tuna and, if possible, come to consensus among the participants
concerning this relationship. The members of the working group were experts in fishery population dynamics and
the modeling of fishery data, some with extensive experience with this stock in particular, and some who have not
previously considered the stock. The goal was to take a fresh look at the available information and focus solely on
the relationship between stock and recruitment because of its fundamental role in providing scientific advice for
policy-makers on the potential productivity of the stock.

In recent years, two forms of the stock recruitment relationship have been considered by the International
Commission for the Conservation of Atlantic Tuna’s (ICCAT) Standing Committee on Research and Statistics
(SCRS): a conventional Beverton-Holt relationship and a two-line model. These two suggested forms for the
relationship have been considered to be equally likely in advising managers, in other words, that there is no
information that would suggest that one is more representative of the underlying relationship than the other. The
working group critically examined this hypothesis.
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Fundamentally, the real question is whether recruitment is expected to increase if spawning stock abundance is
allowed to increase through fishery management action to rebuild the stock. This question pertains even if the
precise form of the stock and recruitment relationship remains uncertain. However, of the two models considered,
the two line model essentially presumes that mean recruitment will not increase above recent levels. The Beverton-
Holt relationship would indicate that recruitment will increase if higher stock sizes are obtained.

2. Review of western Atlantic bluefin tuna stock-recruitment data and modeling at ICCAT

2.1 Western Atlantic bluefin tuna stock-recruitment data

The available data indicate that restoration of a higher level of spawning biomass could produce a higher level of
recruitment that can both sustain that level of biomass and support a higher level of catch than is currently
attainable. In general, data used in contemporary assessments do not include the pre-1970 period of available catch,
effort, and catch-at-size information for estimating stock abundance. This is because, although the catches were
large and catch per effort was high in that period, the information on catch-at-size is relatively weak for pre-1970.

In addition, the methodology used to monitor stock response to the current rebuilding plan requires additional
assumptions that are difficult to justify in order to incorporate those data, adding uncertainty to the overall
evaluation. Alternative forms of stock abundance estimation, which better accommodate the sampling characteristics
from the early part of the fishery, tend to support the view that both spawning stock and recruitment levels during
the 1950s and 1960s were similar or greater than the early 1970s.

The current assessment of western bluefin tuna indicates that recruitments of approximately 300,000 age 1 fish were
common prior to 1975, and these recruitments were produced by an average spawning biomass near 50,000 mt in
the period 1970-1975 (Figure 1). When assessment of western bluefin tuna is extended back to 1960 (Porch et al.
2001), the results demonstrate that similarly high recruitment and spawning biomass levels existed prior to 1970
(Figure 2). In contrast, for the years 1978-2005, recruitment and spawning biomass have averaged 91,000 and
16,400 mt, respectively. The transition from high biomass and recruitment to low biomass and recruitment occurred
rapidly after the mid-1970s. It appears that during this period low recruitment began to occur and juveniles were
fished heavily; this moved the spawning biomass down to a level that has not produced recruitments as high as those
that were common prior to 1975.

Estimates of annual spawning stock biomass and recruitment produced by the 2010 assessment (Figure 1)
constituted the key information evaluated by the group. As spawning biomass is estimated to have been rapidly
depleted during the 1970s, there are relatively few data points with which to establish a relationship between
spawning biomass and subsequent recruitment of one year-old juveniles. The western bluefin stock assessment does
not have any true indices of recruitment and only ‘sees’ recruits through the catch-at-size converted to catch-at-age
once they have entered the fisheries and through fishery-dependent indices. In the early 1970s, the fishery selectivity
focused on smaller fish and hence the lag between recruitment and capture by the fishery was relatively short,
particularly when the purse seine fisheries were capturing smaller fish. After these early years, selectivity appears to
have shifted to larger fish so the lag between recruitment and appearance into the fishery and detection by the VPA
is even greater. This is evidenced by retrospective analysis of the 2010 VPA, which only really detected the
apparently large 2003 year class within the past 2 years of the terminal year of the VPA (2009). The absence of
strong indicators of recruitment coupled with the slicing method of aging the catch at size further blurs the detection
of recruitment, making these data imperfect.

Two other sources of spawning stock and recruit data were also presented to the group. Stock and recruitment
estimates were output from the MAST statistical catch-at-age model (Figure 3, Taylor et al. 2011). These estimates
represent fits from an assumed Beverton-Holt stock-recruit function and incorporate potential stock mixing between
East and West.

An additional dataset was available for years 1960 to 1997, using a statistical catch-at-age model that did not require
complete size data for all years (Figure 2, Porch et al. 2001). The model also did not impose an underlying stock-



recruitment function. The results suggested that the high levels of recruitment estimated for the 1970s were not
anomalous, but typical of the era from 1960-1975 when the spawning stock biomass was also much higher. The
contrast gained by adding data from the 1960s (Figure 2) lends further support to the existence of a relationship
between spawning biomass and subsequent recruitment. It is important to note that the catch-at-age data used by
Porch et al. (2001) were derived using a growth curve that has since been revised substantially (Restrepo et al.
2010). Use of the new growth curve would likely change the magnitude of the spawning biomass and recruitment
estimates but probably not their relative trends through time. Two other facets of the Porch et al. (2001) analysis that
should be examined further are the Japanese longline CPUE series for the Gulf of Mexico (which shows perhaps
unrealistically large fluctuations during the early 1960s) and the assumption that the bluefin tuna caught by the
Japanese longline fishery off Brazil during the 1960s were of western origin.

Other important sources of uncertainty in the western bluefin data include the relative degree of maturation of
females with age, growth dynamics for the stock over time, and the degree to which perception of western spawning
population abundance and subsequent recruitment estimates are influenced by the amount and direction of fish
movement between management zones and, accordingly, the relatively greater uncertainty associated with stock
abundance estimates for eastern Atlantic and Mediterranean bluefin.

2.2 Modeling of the stock-recruitment relationship by ICCAT

Assessment modeling of the stock-recruitment relationship (SRR) has occurred over the period from the early 1980s
through 2010. Before 1984, individual scientists presented competing assessments which often showed different
relationships depending on the model and data used. Since then, Working Groups began assessing the stock and
making short-term projections using "recent” recruitment levels to forecast if the stock would increase or decrease
under the extant total allowable catch (TAC). In 1993, maximum sustainable yield (MSY)-related benchmarks were
computed for the first time from the VPA results combined with an SRR. This approach was not used again until
1998, when the western rebuilding plan was adopted. During the intervening years and several times into the future,
SSB1g75 Was often used as a proxy for SSBysy, assuming constant recruitment.

The assessments made between 1998 and 2004 used the two-line (Figure 1, red line) and/or Beverton-Holt SRRs
(Figure 1, blue line). The terms "low" and "high" recruitment scenario were introduced in 2000 for the two-line and
Beverton-Holt, respectively, and mention of a possible ecosystem explanation for a regime shift was made in 2002
(ICCAT 2004). The two-line model assumes that recruitment increases linearly with SSB from zero with no
spawners to a maximum value (Ryax) When SSB reaches a certain threshold. The SSB threshold or hinge point was
set to an average over a period of years where SSB was low. Most recently at the 2010 assessment, this hinge point
was calculated as the average SSB during 1990-1995, the period with the lowest estimated SSB, and Ryax was
calculated as the geometric mean recruitment during 1976-2006, a period over which recruitment was relatively
constant. VPA recruitment estimates for the most recent three years have generally been deemed unreliable and were
not used in the modeling.

The 2006 assessment made only short-term projections and estimated MSY benchmarks based on recent
recruitment. The two-line and Beverton-Holt SRRs were used again in the 2008 and 2010 assessments.

We summarize below the various supporting evidence that has been provided for the two-line and Beverton-Holt
SRRs.

The Beverton-Holt function is a commonly applied stock-recruit function in fisheries stock assessment modeling of
marine fish stocks (Hilborn and Walters 1992). It is typically applied as the default stock-recruit function when
there is no strong evidence to suggest an alternative form of a stock-recruit function. This model predicts that
density-dependent processes increase the larval/juvenile survival rates as spawning stock abundance becomes low.
Conversely, at high population sizes, density-dependent processes reduce survival, resulting in an asymptotic level
of maximum average recruitment.

The Beverton-Holt model has been applied under the presumption of long-term stationarity in the environmental
conditions affecting recruitment. It presumes that under long-term unfished and lightly fished conditions,
recruitment could be expected, on average, to be larger than it would be when the stock is depleted. The formulation



of the model that has been applied, allows for recruitment deviates to follow a lag 1 autoregressive pattern in which
there is a positive correlation in deviates from the deterministically predicted annual recruitment values. This allows
the model to track environmental or multi-species ecological conditions that impact recruitment over series of years,
and thus accommodates what might be termed to be mild shifts in such conditions that impact recruitment.

The two-line recruitment model fitted to data after 1980 was advanced as a parsimonious statistical model to
describe the stock-recruit data and predict future recruitment in the evaluations of the potential consequences of
alternative catch quotas. The main rationale provided for this model was that the best estimate of future recruitment
was the average of recent values for recruitment, that it was unlikely that the historic high recruitment values and
high spawning stock size values will reoccur and that if SSB drops below the lower end of observed values, that
recruitment could be expected to decline proportionally with SSB.

Skepticism about whether recruitment could be rebuilt to the levels seen prior to the mid-1970s, and therefore
support for the two-line SRR, has arisen because:

1. It has been noted that the VPA constructed recruitment fell abruptly and somewhat more rapidly than the
apparent large declines in SSB in the middle to late 1970s. A large drop in recruitment preceding a large
drop in SSB could potentially be an indication that extrinsic conditions impacting recruitment have
deteriorated and could potentially be part of the cause of the decline in SSB.

2. The apparent sharp decline in recruitment in the 1970s also causes the VPA constructed recruitment to
consistently fall short of the long-term average recruitment predicted by the “best-fit” Beverton-Holt model
for the spawning stock sizes in that period (Figure 1). When fitted to the data, the Beverton-Holt function
shows a series of positive recruitment deviates 1970-1974. The deviates turn quite strongly negative from
1975 to 1982. Following the early 1980s, the VPA predicted recruitment has remained consistently low.
This over-prediction of the Beverton-Holt model for series of years since 1974 and the consistently low
recruitment since 1975 has been conjectured by some to reflect a so-called "regime shift" such that average
conditions that impact the survival of juveniles have deteriorated and persisted and will persist in the future.

3. Some have suggested that components of the western (and eastern) population(s) appear to have been lost
for good after large harvests of large Atlantic bluefin tuna in the 1950s and 1960s and the lack of
recurrence of aggregations of large fish in these areas since then. Some very large catches of mature fish
were taken off of Brazil in the 1960s with total annual catches from this area amounting to well over
10,000 t, and large catches of large fish were also taken off of Norway in the 1950s and 1960s (Tangen
2009).

In turn, other concerns have been raised over the two-line, regime shift recruitment model.

1. The ICCAT stock-recruit data show a one way trip (i.e., both recruits and spawning stock size have shown
large systematic decreases since the early 1970s). All of the low recruitment values have occurred at the
lowest stock sizes. However, the very large cohort in 2003, which was about two thirds the average
recruitment predicted by the 2010 VPA for the early 1970s, suggests that potentially very large cohorts can
be produced with relatively small stock sizes and that, should stock size be rebuilt, similarly large cohorts
could still be possible.

2. The hypothesis that key components of the western spawning population have been lost for good and that
therefore recruitment will not return to the higher levels that occurred when these components were present
stands in contrast to the competing hypotheses of reversible range contraction and long-term fluctuations in
productivity (Petitgas 1998; Ravier and Fromentin 2001; Huse et al. 2002; Melvin and Stephenson 2007;
Frisk et al. 2009; Fromentin and Kell 2009; Tamdrari et al. 2011).

3. The regime shift hypothesis appears to be a post hoc proposal to explain the data without independent
evidence of the regime shifting.



For many fish populations, there does not appear to be a stock recruit model that fits the data well. If the purpose is
to calculate an acceptable biological catch level and to make short-term projections, then a spawner-recruit model is
not immediately needed. Instead one could use a proxy for the fishing mortality rate that produces MSY. For
instance, a proxy fishing mortality rate (such as F4q, the F that reduces spawning biomass per recruit to 40% of that
at F=0) could be used. One would then calculate the corresponding catch and project the population forward in time
using the average or median of past recruitments thought likely to occur in the near future. This approach still entails
making an assumption regarding the nature of future recruitment, does not provide targets for long-term rebuilding
plans and provides little protection against continued decline for severely depleted stocks. Such an approach is used
for crab and groundfish fisheries managed by the North Pacific Fishery Management Council, among others and has
been explored for ICCAT species (ICCAT 2010b).

3. Statistical considerations for the examination of recruitment relationships

3.1 A traditional statistical approach

Traditional statistical methods can be used with essential biological assumptions to select appropriate models to
describe the stock and recruitment relationship. This exercise was designed to provide a fresh look at the stock and
recruitment data and was performed by one of the workshop participants who does not have a history with Atlantic
bluefin tuna stock assessment.

Any biological model to be used for projections that entertains some potential for extinction needs to go through the
origin. A minimal model is therefore R=aS (i.e., a straight line through the origin). This model is a submodel of all
models considered below, and they can therefore be formally evaluated by comparing with this as the null model.
The next simplest model includes density dependence. This is needed to avoid having a stock which can only
explode or go extinct, but is not essential for management advice. Density dependence can be implemented through
a two-line relationship and a Beverton-Holt (BH) relationship, among many others.

Let R denote recruitment and S the spawning stock biomass generating those recruits. Both are measured with error,
but the errors in S will be ignored in the equations. The models will predict R conditionally on the observed S and
assume errors in Ln(R) to be independent and identically distributed measurements from a normal distribution.
Statistically the parameters are simply regression parameters, but the interpretation depends on the specific context.
Note that there are several fundamental differences in going from a null R=aS to e.g. R=aS/(1+S/K) vs going from a
null R=b to R=aS/(1+S/K):

e The former comparison starts with models which are essential for management, the latter does not.

e For an exploited stock the former implies a search from a null of proportionality to find where density
dependence occurs whereas the second implies a search from a null of constancy to find where a collapse
occurs.

e The former encapsulates a possible collapse from the outset whereas the latter implies infinite resistance to
fishing.

e Finally, the latter is not nested so statistical comparisons are not trivial.

From a statistical viewpoint there is no real difference between starting with one null model or the other since they
each have one parameter to estimate.

This approach does not solve all problems. For example the BH curve may fit better but behave unpredictably
outside the range of the data, as may a Ricker curve.

Models are fitted using (nonlinear) least squares based on log-transformed recruitment. An alternative approach is to
inversely transform recruitment and SSB, which transforms the BH relationship to a straight line, but this is only
used to verify results.



The two-line model is fitted by estimating a value, B* of biomass, such that the S-R relationship is linear to the
origin on the left but flat to the right of B*.

The regime shift assumption, as considered in SCRS analyses to date, can be tested by explicitly including a regime
shift into the model. In the two-line model this is done by estimating two different values of B*, one for each time
period (before and after 1980). For the BH model two values of K are estimated.

This implies a total of 5 models: The null, R=aS plus the BH and two-line, each of the latter with and without a
regime shift.

3.2 Statistical analysis results

Stock and recruitment data were obtained from the 2010 ICCAT western Atlantic bluefin tuna stock assessment.
Fitting different BH curves for the two time periods (i.e., before and after 1980) is not feasible as the optimal
solutions send K either to infinity or to negative values, depending on which time period or estimation method is
used. Results are therefore only considered for the remaining 4 combinations of models. Figure 4 gives all the fitted
curves. Note that several of these completely overlap.

The resulting summary statistics are seen in the following text table, giving values for the linear model, the
Beverton-Holt model, the two-line model and the two-line model with a regime shift:

Model # params Residual_df Residual SS F P
Straight line 1 38 7.6612

Beverton-Holt 2 37 7.4458 1.07 0.31
2-line 2 37 7.6612 0 1.00
2-line (regime shift) | 3 36 7.6486 0.06 0.94

The best fitting model of the lot is the simple BH model fitted to the entire time series. However, this is not
significantly better than the simple straight line (P=0.31), and the reason is obvious from Figure 4, where it is seen
that the BH is very close to a straight line for most of the data points. Since they are so close, the choice to include
density dependence is merely one of convenience in modeling projections. It is unlikely to have any effects at all on
the outcomes of short-term projections but results in different equilibrium interpretations. Note a straight line form
of the SRR is unrealistic as it implies the population can increase without limit, but over the range of the available
data may be sensible.

Given that the BH is not significantly better than the linear model, none of the other models will be either, since they
include the same number of parameters or more and they give a (slightly) worse fit when compared to the BH.

It follows that a formal (statistical) modeling approach (basically using Occam*s razor) would simply select the
linear model since none of the others are significantly better, i.e., further complications are not needed. However, it
must be stressed that the entire above exercise uses simply the VPA-estimated spawning stock and recruitment and
so any estimated stock-recruitment relationships are dependent upon the adequacy of the VPA and the range of the
available data. Some participants were concerned that the inability of either of the stock-recruitment models to fit
the data well may be due to inadequacies in the VPA model or data inputs and that more sophisticated statistical
catch at age models may be better able to capture the stock-recruitment relationship.

The two-line and the BH cannot be compared using traditional statistical methods. However, it is seen from Figure 4
and the text table that the two-line alone provides no additional information to the straight line. The reason for this is
that the best estimate of B* lands outside the range of the data. Thus the two-line model reduces automatically to the
straight line.

Finally, consider the regime shift. This can, in principle, be added to the two-line or the BH models but results in
non-convergence or implausible parameter estimates for the BH and is therefore rejected as an addition to the BH.
The improvement to the two-line model is very marginal (see summary table above). It follows that there is little
evidence in the data supporting the assumption of a regime shift. It should be noted that these methods assume that
each estimated recruitment is independent and identically distributed and that there is no error in the spawning



biomass estimate. When considering the fitted curves, the common slope of the double two-line curves (Figure 4)
coincides almost exactly with the null slope, and the B* values for each time period are basically placed outside the
range of the data for each time period.

A corresponding analysis based on stock-recruitment data for year classes 1961-1997 (based on Porch et al. 2001) is
given in Figure 5. As in the earlier analysis, there is precious little difference between the different curves, which
almost exactly coincide within the ranges of data to which they are fitted. The sole exception is the 3-parameter two-
line model, which now has 4 data points to the right of the first breakpoint. The corresponding summary statistics
are:

Model # params Residual_df Residual SS F P
Straight line 1 36 11.136

Beverton-Holt 2 35 11.127 0.027 0.87
2-line 2 35 11.136 0 1.00
2-line (regime shift) | 3 34 10.336 1.316 0.28

In particular, an F-test comparing the 3-parameter two-line model to a 1-parameter straight line gives a P-value of
0.27.

3.3 Conclusions based on the frequentist statistical analysis

The use of any particular stock-recruitment relationship is a model extrapolation with little foundation in the stock
and recruitment estimates from the VPA. A straight line through the origin would suffice to explain the data and
provide short-term projections, but, of the models examined, a BH curve would be the statistically best approach to
incorporate density dependence. Because nearly all the recent stock and recruitment estimates are clustered around
low spawning stock and low recruitment (except for 2003), there is little contrast in these recent data from which a
statistical analysis might determine which model is more likely to better predict the level of recruitment that would
come from larger stock levels.

In principle, one could try several variations on the above analysis (e.g., estimate a common value of B* but
different slopes for the two-line models, or implement/estimate the purported regime shift as a pivot point.) These
modifications are unlikely to improve the fit of the data. The above analysis includes the entire time series as
independent observations, but one might also try to drop some of the most recent years and/or include an
autoregressive lag(1) model for the residuals.

3.4 Using Bayesian methods to better understand the stock-recruitment relationship of western Atlantic bluefin tuna

An updated analysis of McAllister et al. (2001), which used a Bayesian computational approach to obtain
empirically based weightings for conflicting stock assessment results, was presented. This approach offers a
methodologically rigorous basis for computing credibilities or weights (i.e., Bayesian posterior probabilities) for
different hypotheses. Importance sampling was presented as a methodology to compute such probabilities. The
approach was illustrated using stock-recruit data for western Atlantic bluefin tuna. Alternative hypotheses were
considered on (a) regime shifts affecting future recruitment and (b) the mathematical form of the stock-recruit
function. The updated analysis uses stock-recruit data obtained from ICCAT's 2010 stock assessment of Atlantic
bluefin tuna. Bayes factors were presented for the alternative hypotheses, which reflect the ratio of Bayes'
probability of the data for a particular hypothesis to that for some reference hypothesis. Improved formulations of
prior probabilities for estimated parameters were identified that removed the influence of the priors on the values
obtained for Bayes factors.

When applied to stock-recruit data from 1970 to 2005 and presuming a regime shift in 1977, the Bayes factors
favored neither hypothesis. When the 2006 recruitment data point was added, according to the methodology of the
2010 assessment, Bayes factors favored the Beverton-Holt model by factor of 4.8 (i.e., the probability of the data
was 4.8 times higher for the Beverton-Holt model compared to the two-line regime shift model). The Bayes factors
increased to 4.9 and 5.4, respectively, when the 2007 and 2008 recruitment data points were added as sensitivity



runs. When Bayes factors were computed for the 1960-1998 stock-recruit data set provided by Porch et al. (2001),
Bayes factors continued to support the Beverton-Holt model by a factor of 2.7. The sensitivity of Bayes factors to
numerous different statistical assumptions was evaluated, including settings for autocorrelation in stock-recruit
deviates, different priors, differences in variance in recruitment deviates between regimes and the stock-recruit data
to analyze. The detailed results of the sensitivity analyses are given in McAllister (2012).

4. Decision theory

4.1 Background on decision theory approaches and criteria

Within the western bluefin tuna fishery context described in previous sections, an application of decision theory for
systematic choice under uncertainty considering different risk attitude criteria, with and without mathematical
probabilities, is suggested. Under this approach, decision-makers in the bluefin tuna fishery are expected to select
one management strategy, d, out of a set of D alternative strategies. When selecting a strategy, the fishery manager
should be aware of the corresponding consequences. These consequences are likely to be a function of the cause-
effect relationships specified in the fishery model, the estimated bio-ecologic parameters, and the possible states of
nature.

In decision analysis, it is important to be able to estimate a loss of opportunities function, L(d,8), also called a regret
matrix (Parmigiani and Inoue 2009), which reflects the resulting losses of having selected strategy d when the state
of nature occurring is 6.

If prior or posterior probabilities are available to build decision tables for fishery managers, the expected values
(EV) and their corresponding variance (VAR) can be estimated for the selected fishery performance variable, FPV
(e.g., spawning stock biomass, yield), but this can be done only if the distributions for the variables of interest
overlap under the different hypotheses. There are, however, different degrees of risk aversion and instances where
probability values are either unavailable or controversial. Should there be skepticism about subjectively or
empirically derived probabilities for different hypotheses, an associated uncertainty question arises: How should
uncertainties inherent to data collection and recruitment modeling of western bluefin tuna be addressed without the
use of probabilities of occurrence of possible states of nature? Decision theory provides alternative criteria for such
instances, including those with increasing degrees of caution in decision-making (Shotton and Francis 1997, Seijo et
al. 1998). Applying these concepts to the western Atlantic bluefin fishery, criteria with differing degrees of caution
and criteria with and without mathematical probabilities were also presented and discussed during the workshop.

4.1.1 Bayesian criterion

The Bayesian criterion is a procedure that uses prior or posterior probabilities to aid the selection of a management
strategy (i.e., bluefin tuna TAC). It requires that the fishery manager select the decision that minimizes the expected
loss of opportunities. Decisions without experimentation and data analysis use prior distributions estimated out of
experiences that are translated subjectively into numerical probabilities. Fishery decisions that are based on
experimentation and data analysis can use posterior probabilities. Posterior probabilities are the conditional
probability of state of nature 6, given the experimental data. The criterion prescribes the selection of the fishery
management option with the lowest expected value of loss of opportunities. For this, we need to build a loss of
opportunities matrix or regret matrix as mentioned above.

4.1.2 Decision criteria without mathematical probabilities: Minimax and Maximin

In the absence of sufficient observations to assign probabilities to possible states of nature in bluefin tuna fisheries,
there are two decision criteria reflecting different degrees of precaution concerning selection of fishery management
strategies: Minimax and Maximin (Anderson and Seijo 2010; Seijo et al. 2004). The Minimax criterion uses the
regret or loss of opportunity matrix to calculate the maximum loss of opportunities of each management strategy and
selects the one that provides the minimum of the maximum losses. This criterion proceeds as if nature would select



the probability distribution, defined for all possible states of nature, which is least favourable for the decision-maker
of the bluefin tuna fishery.

Maximin uses the performance variable decision table (payoff table) that estimates the resulting values for a set of
combinations of alternative decisions and states of nature. The criterion calculates a vector of the minimum values
for the performance variable (e.g., bluefin tuna spawning stock biomass or yield) resulting from each alternative
management decision. Then, the fishery manager proceeds to select the maximum of the minimum of those values.
This is the most cautious of the decision theory criteria.

4.2 Understanding the potential consequences of a wrong choice

The management advice last provided by the SCRS to ICCAT (2010c) included "Kobe 2 Strategy Matrices"
(K2SM) as requested by the Commission (Figure 6), presented separately for the two recruitment scenarios, as well
as combined. The K2SMs present useful information regarding the implications that management decisions can have
in terms of rebuilding the stock if a given recruitment scenario is true.

The workshop participants felt that managers would also benefit from being presented with additional information
related to the potential consequences of making the wrong choice. For example, what are the repercussions if the
TAGCs for the rebuilding plan were chosen on the basis of the low recruitment scenario when, in fact, the high
recruitment scenario applies? And vice-versa.

To illustrate the potential consequences of basing a decision on the wrong recruitment assumption, the workshop
participants used a simple approach of tabulating consequences in terms of short-term (average 2012-2018) and
long-term (average 2048-2050) yield and short-term (2018) and long-term (2050) spawning biomass. SSB and yield
values were obtained as medians across the 500 simulation replicates (re-estimates of the VPA obtained by bootstrap
resampling of the data inputs) projected forward in time to 2050. This approach made use of the same projections
used by SCRS to construct the K2SMs but summarized the information differently, in a way that more clearly
presents tradeoffs depending on choices. Additional metrics that could be analyzed in such a framework include
variability in yield, the number of years in which yield falls below (or rises above) a threshold, or even the time in
which it takes to discern which state of nature has the most support in the data. In addition, the workshop
participants calculated various risk-averse criteria commonly used in operations research for decision-making under
uncertainty (see Appendix 1).

The following two questions were investigated using projection methodologies employed in the 2010 stock
assessment (ICCAT 2010c):

4.2.1 Question 1. If the stock is managed following a strategy X* based on assuming one of the recruitment
scenarios, what happens if it is the "wrong" recruitment scenario?

The strategies examined, X*, included:

b Fumsy
b Fo1
o F=0.5* Fusy

These translate into five fishing mortality strategies along a continuum from 0.5*Fysy g.n= 0.03 t0 Fysy 2. = 0.16
(Table 1).

For illustration purposes, we will describe in detail the results of a single decision table and then summarize the
overall results. Evaluating the short-term tradeoffs in SSB under the five fishing mortality strategies (Table 1)
indicates that the lowest F strategy (0.5*Fusy g.1 ) is both the maximin and minimax. The maximin represents the
maximum value of the minimum outcome, in other words, the maximum SSB, that would be obtained even if the
recruitment assumption was incorrect. In this situation, that is obtained as the median of the 500 bootstrap estimates
of SSB in 2018 (26,585 mt) projected under 0.5*Fysy g4 for either recruitment hypothesis. The minimax represents



the minimum of the maximum loss of opportunity, where the maximum opportunity is the maximum SSB that could
be obtained under all considered scenarios. For each F scenario the expected SSB is subtracted from this maximum
opportunity to obtain the associated loss and the minimum of the maximum loss is the minimax.

For both short and long-term SSB (Tables 1 and 2) the lowest fishing mortality rate (0.5*Fwsy s.n= 0.03) is both the
minimax and maximin. Yield, however, demonstrates the contrast between short and long-term benefits (Tables 3
and 4). Short-term minimax and maximin are obtained by fishing at the highest F (d5: TAC at Fysy, ».; F= 0.16) but
the long-term minimum gain in yield is maximized by d3: TAC at 0.5Fy;sy 2. ; F= 0.08 strategy, and maximum loss
in yield is minimized by d4: TAC at Fy;; F=0.11 strategy (Table 5). This illustrates the tradeoff between high early
yields and much greater future yields that are obtained by an intermediate F strategy that allows biomass to build.

Note that neither of these strategies necessarily achieves ICCAT convention objectives of SSBysy or Fysy as fishing
above Fysy for a given state of nature would represent overfishing and may not allow SSB to build to the SSBysy.
Decision tables developed by the SCRS may need to consider alternative metrics such as SSB performance relative
to SSBysy, rather than simply SSB since the management objective is SSBysy:.

4.2.2 Question 2. How long could it take to rebuild the stock under various strategies X* to a level of biomass B*
where the differences in expected recruitment between the two scenarios would be substantially different?

The goal of this exercise was to determine how long it might take to observe the substantially higher level of
recruitment that is anticipated under the BH hypothesis and what levels of fishing mortality would allow these levels
to be observed, if indeed the BH hypothesis is correct. Observing these much higher levels of recruitment would
lend substantial credibility to the BH model over the two-line model. The strategies X* were the same as in (1)
above, and encompass the strategy implied by ICCAT Recommendation [10-03]. The workshop participants
suggested that reasonable values for B* would be between 30,000 and 40,000 tons. Gavaris et al. (2009) indicated
such a biomass level could inform on the likelihood of gains in average recruitment with increased spawning
biomass. Because of the longevity of bluefin tuna, the workshop participants chose to carry out simulations for 50
years.

Under the two-line hypothesis, spawning biomass and yield increase under fishing mortality scenarios lower than
the two-line Fy;sy as the stock is already at the two-line Bysy (ICCAT 2010c). However, recruitment does not
increase substantially over current levels and remains at approximately 85,000 age 1 individuals (Figure 7a-d).
Further, spawning stock biomass does not increase above 30,000 t during the 2030 time window except at very low
F or at quotas less than 1500 mt. In contrast, under the Beverton-Holt spawner-recruitment curve (Figure 8a-d),
average recruitment increases substantially above the maximum two-line recruitment level fairly early in the
projection time period. For reference, the Beverton-Holt recruitment at a SSB of 30,000 is shown on Figure 7d.
Under most levels of fishing mortality equal to or less than F0.1 (0.11), expected recruitment diverges substantially
from that expected under the two-line model. At SSB levels of 30,000 t, achieved at F levels below half of the two-
line Fysy (0.08) by 2030, expected recruitments are much higher than those expected under the two-line hypothesis.
These results indicate that modest reductions in fishing mortality rate to increase spawner biomass to an interim
milestone of 30,000 mt should be sufficient to demonstrate the higher average levels of recruitment that would then
be a foundation for higher long-term sustainable catches. It should be noted that both projections are products of the
estimated stock status trajectory of the VPA fit to the historical data (Figure 9). It should also be noted that the
projected recruitment is the median expected recruitment level unadjusted for the lognormal bias correction and that
any realized annual recruitment is likely to diverge substantially from expected values.

4.3 Insights Provided by Decision Theory Approach

The decision tables and figures presented above illustrate the expected short-term and long-term performance of a
range of harvest rates. Each of these selected rates has a logical basis, but they also can be considered as points
along a continuum of possible fishing mortality rates. Lower fishing mortality rates have the greatest positive
benefit for long-term biomass and yield, and the greatest negative effect on short-term yield. Conversely, fishing
mortality rates near the top end of the possible range have little short-term or long-term effect because these rates are
close to status quo. Examination of results from a continuum of possible fishing mortality rates would allow for
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identification of an intermediate rate that trades off some short-term loss of yield for some long-term gain in
biomass and yield. It also would be feasible to calculate the likely consequences of a step-down, say over 5 years,
from the current harvest policy down to the Fysy B-H policy.

5. Stock assessment model issues and considerations

Finally, the workshop participants identified a set of issues in the stock assessment that need further investigation
and development to continuously improve the scientific advice provided through the assessment process (see
Appendix 2). The following issues were discussed:

e Ageing

o Disappearance of the 1973 cohort

Age-specific M

Reliability of the early spawning biomass estimates

Density-dependent catchability

Other sensitivities and diagnostics

Development of a statistical stock assessment model

Stock-recruit relationships in other Thunnus species

Comprehensive analysis of the stock-recruitment relationship and reference points

While many of these issues have been previously raised, our perspective will hopefully provide new impetus for
addressing these important questions. Within the next few years, a move to a statistical assessment model is
warranted. The model would combine both the western and the eastern populations into the same model, with
mixing parameters to separate out eastern fish in the west and vice versa. The model would handle data uncertainty
in a more realistic manner and should improve estimates of recruitment and spawning stock biomass over that in the
currently use virtual population analysis (VPA) model.
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Alternative States of Nature

Alternative 1. (BH) 2. (2L) Min
F Decisions
*0.03 di1: TAC at 0.5*Fmsy b-h 26585 27725 26585
0.06 d2: TAC at Fmsy, b-h 22535 23680 22535
0.08 d3: TAC at 0.5*Fmsy 2L 20720 20430 20430
0.11 d4: TAC at F0.1 18870 18130 18130
0.16 d5: TAC at Fmsy, 2L 13760 14295 13760

Performance indicator: SSB in 2018 (mt)

*Maximin Criteria: Select the maximum of the minimum performance vector

Alternative States of Nature

Alternative 1. (BH) 2. (2L) Max
F Decisions
+0.03 d1: TAC at 0.5*Fmsy b-h 0 0 0
0.06 d2: TAC at Fmsy, b-h 4050 4045 4050
0.08 d3: TAC at 0.5*Fmsy 2L 5865 7295 7295
0.11 d4: TACatF0.1 7715 9595 9595
0.16 d5: TAC at Fmsy, 2L 12825 13430 13430

Performance indicator: SSB in 2018 (mt)

+ Minimax Criteria: Select the decision that generates the minimum of the maximum losses
vector

Table 1. Short-term decision tables based upon spawning stock biomass in 2018. The recommended decision is
shown in bold.



Alternative States of Nature

Alternative 1. (BH) 2. (2L) Min
F Decisions
*0.03 d1l: TAC at 0.5*Fmsy b-h 106150 41790 41790
0.06 d2: TAC at Fmsy, b-h 63405 30465 30465
0.08 d3: TAC at 0.5*Fmsy 2L 47285 25940 25940
0.11 d4: TAC at FO.1 29570 20500 20500
0.16 d5: TAC at Fmsy, 2L 11285 13150 11285

Performance indicator: SSB in 2050 (mt)
*Maximin Criteria: Select the maximum of the minimum performance vector

Alternative States of Nature

Alternative 1. (BH) 2. (2L) Max
F Decisions
+0.03 d1l: TAC at 0.5*Fmsy b-h 0 0 0
0.06 d2: TAC at Fmsy, b-h 42745 11325 42745
0.08 d3: TAC at 0.5*Fmsy 2L 58865 15850 58865
0.11 d4: TAC at FO.1 76580 21290 76580
0.16 d5: TAC at Fmsy, 2L 94865 28640 94865

Performance indicator: SSB in 2050 (mt)

+ Minimax Criteria: Select the decision that generates the minimum of the maximum losses
vector

Table 2. Long-term decision tables based upon spawning stock biomass in 2050. The recommended decision is
shown in bold.



Alternative States of Nature

Alternative 1. (BH) 2. (2L) Min

F Decisions
0.03 dl: TAC at 0.5*Fmsy b-h 980 972 972
0.06 d2: TAC at Fmsy, b-h 1713 1691 1691
0.08 d3: TAC at 0.5*Fmsy 2L 2011 2167 2011
0.11 d4: TAC at FO.1 2386 2400 2386
*0.16 d5: TAC at Fmsy, 2L 2813 2900 2813

Performance indicator: Average yield 2012-2018 (mt)

*Maximin Criteria: Select the maximum of the minimum performance vector

Alternative States of Nature

Alternative 1. (BH) 2. (2L) Max
F Decisions Loss of Opp.
0.03  di: TAC at 0.5*Fmsy b-h 1833 1928 1928
0.06  d2: TAC at Fmsy, b-h 1101 1209 1209
0.08  d3: TAC at 0.5*Fmsy 2L 802 733 802
0.11 d4: TACatFO0.1 427 500 500
+0.16  d5: TAC at Fmsy, 2L 0 0 0

Performance indicator: Average yield 2012-2018 (mt)

+ Minimax Criteria: Select the decision that generates the minimum of the maximum losses

vector

Table 3. Short-term decision tables based upon average yield 2012-2018 (mt). The recommended decision is shown

in bold.
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Long-term
Alternative States of Nature

Alternative 1. (BH) 2. (2L) Min

F Decisions
0.03 dl: TAC at 0.5*Fmsy b-h 3526 1384 1384
0.06 d2: TAC at Fmsy, b-h 4430 2090 2090
0.08 d3: TAC at 0.5*Fmsy 2L 4304 2327 2327
0.11 d4: TAC at F0.1 3758 2559 2559
0.16 d5: TAC at Fmsy, 2L 2242 2683 2242

Performance indicator: avg yield in 2048-2050 Yield (mt)

*Maximin Criteria: Select the maximum of the minimum performance vector

Alternative States of Nature

Alternative 1. (BH) 2. (2L) Max

F Decisions Loss of Opp.
0.03  di1: TAC at 0.5*Fmsy b-h 903 1299 1299
0.06  d2: TAC at Fmsy, b-h 0 593 593
0.08  d3: TAC at 0.5*Fmsy 2L 126 356 356
0.11 d4: TACatFO0.1 671 124 671
0.16  d5: TAC at Fmsy, 2L 2188 0 2188

Performance indicator: avg. yield in 2048-2050 Yield (mt)

+ Minimax Criteria: Select the decision that generates the minimum of the maximum losses
vector

Table 4. Long-term decision table based upon average yield in 2048-2050. The recommended decision is shown in
bold.

Criterion Minimax Maximin

short term SSB dl: TAC at Fmsy, B-H; F=0.03  d1: TAC at Fmsy, B-H; F=0.03
long term SSB dl: TAC at Fmsy, B-H; F=0.03  d1: TAC at Fmsy, B-H; F=0.03
short term yield d5: TAC at Fmsy, 2L; F=0.16 d5: TAC at Fmsy, 2L; F=0.16
long term yield d3: TAC at 0.5Fmsy 2L; F=0.08 d4: TAC at F0.1; F=0.11

Table 5. Summary of decision criteria results.
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Figure 1. The spawner-recruit relationships fit to the 2010 VVPA base model. Points represent the estimates from the
VPA.? (ICCAT 2010a)

2 SSB and recruits (age 1) represent VPA outputs. The two-line model was not fit to the data but is a product of an
assumed hinge point and an assumed maximum recruitment.
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Figure 2. Estimated relationship of spawners to recruits from 1960 to 1997 with fitted Beverton and Holt curve
using the age-structured model CATCHEM.? (Porch et al. 2001)

¥ Model assumes that bluefin tuna caught by the Japanese longline fishery off Brazil during the 1960s were of
western origin and uses an older growth curve that has since been substantially revised.
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Figure 3. Trends in spawners, eggs and recruits for the western stock calculated using the MAST model.* (Taylor et
al. unpublished data)

* The MAST catch-age-model was fitted to ICCAT stock assessment data for both stocks, electronic tag track data,
otolith microchemistry data, and conventional tag data. The model removes the effects of migrations of fish from
the eastern spawning stock into the western Atlantic Ocean from the construction of recruitment and spawner
abundance for the western stock. The model is fitted presuming a Beverton-Holt model and allows for annual
deviates from model predicted recruitment. The median age at maturity for the western stock was 12 years, and the
maximum age of fish in the model was 30 years.
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Figure 4. Stock recruitment models fit to the 2010 VPA results for the years 1971-2005.
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Figure 5. Stock recruitment models fit to the Porch et al. (2001) assessment for the years 1961-1997.
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Figure 6. K2SMs provided by SCRS in 2010 to support the Commission’s decision for TAC setting for WBFT,
consistent with its rebuilding plan. The graphics depict projected odds of success in rebuilding provided TAC’s
indicated are adhered to, based on quantified uncertainty in the WBFT 2010 stock assessment. Rebuilding
objectives, including time-frame, were first defined in the Commission’s Rec [98-07]. In these graphics, red
coloration implies probability of achieving goal, given the future recruitment hypothesis indicated and quantified

uncertainties is lower than 50%. Yellow coloration implies probability of between 50% and 60% and green >60%.

Certain probability isopleths at 50% and above are also depicted. SCRS indicated that success in achieving
rebuilding plan objectives depends mostly on belief about future recruitment potential.
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Figure 7. a. Projected SSB at fixed TACs, b. Projected SSB under fixed F, c. Projected yields and d. recruitment at
fixed F trajectories, some of which would allow growth in SSB to an informative level of 30,000t (horizontal dashed
line in a and b) under the assumption that recruitment will not increase with increasing biomass (two-line
hypothesis). Vertical dashed line in (a) and (b) represent the 2019 terminal point of the current ICCAT rebuilding
plan. The horizontal line in (d) is the recruitment estimated by the Beverton-Holt model at a biomass level of 30,000
t.
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Figure 8. a. Projected SSB at fixed TACs, b. SSB under fixed F, c. yields and d. recruitment at fixed F trajectories,

some of which would allow growth in SSB to an informative level of 30,000 t (horizontal dashed line in a and b)
under the assumption that recruitment will increase with increasing biomass (Beverton-Holt model). Vertical
dashed line in (a) and (b) represents the 2019 terminal point of the current ICCAT rebuilding plan. The horizontal

line in (d) is the maximum recruitment estimated for the two-line model.
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Figure 9. Upper plate: Time-trend of median estimates of spawning stock biomass (t) from 1970 to 2010 with
approximate 80% confidence bounds (dashes) based on bootstrapping. Center left plate: Time-trend of median
estimates of apical F on spawning age fish (ages 9 and older) from 1970 to 2010. Center right plate: Time-trend of
median estimates of recruits (age 1) from 1970 to 2007 with approximate 80% confidence bounds (dashes) based on
bootstrapping (note that age 1 abundance estimates from 2008-2010 (dots) are considered unreliable and substituted
based on an assumed SRR for the purposes of forward projections. Lower plate: Time-trend of interannual rate of
change (%) in median estimates of spawning biomass and recruits for the time-period 1971-2007.
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Appendix 1. Decision-making under uncertainty

Under a risk analysis framework applied to the question at hand (Section 4.2 Understanding the potential
consequences of a wrong choice), the calculated consequences of a given decision will generally be a function of (i)
the cause-effect relationships represented in the recruitment model built to explore management questions, (ii) the
parameter set used, and (iii) the possible states of nature concerning the alternative recruitment model/parameters
used.

The MINIMAX and MAXIMIN criteria (Seijo et al. 1998) were used. These are risk-averse criteria that work as
follows:

MAXIMIN: This criterion is used to select a decision that maximizes a minimum gain. For example, if a high SSB
is desirable: For each decision d, calculate the minimum SSB that would result from applying that decision across
the possible states of nature. Then, select the decision d that results in the largest of these minima.

MINIMAX: This criterion is used to select a decision that minimizes the maximum possible loss of opportunities for
a worse-case scenario. For example, if large losses in yield are to be avoided: For each decision d, calculate the
maximum Yield loss that would result from applying that decision across the possible states of nature. Then, select
the decision d that results in the smallest of these losses.

A formal decision-theoretic framework makes use of the probabilities that the various states of nature apply (iii,
above) to weight the outcomes by the corresponding probabilities. The workshop participants discussed at length the
calculation of the probability that the high or low recruitment scenario is true. Methods such as those of McAllister
et al. (2001) can be used to calculate these from Bayes weights. But the results obtained from these methods can be
influenced by the choice of many of the statistical settings for the analysis, e.g., the final cutoff year of the data and
the form of the priors for model parameters; a careful inspection of these is needed by the analysts to ensure that the
most scientifically defensible and objective choices are made. The workshop participants generally supported the
approach but recognized that the application was still undergoing some refinements.

In this application, the workshop participants decided to illustrate the use of decision-making under uncertainty with
and without making use of these probabilities. To illustrate the methodology of including Bayes factors, a set of
decision tables in which the Beverton-Holt and two-line relationships are considered to be equally plausible (50:50),
as was assumed in the 2010 assessment, was developed. All the Bayes factor tables were identical to the minimax
criteria, which resulted in the same decision as the maximin, except in the case of long-term yield. The long-term
yield table with Bayesian criteria equal to 0.5 is therefore included below. (Appendix Table 1). Note that if the
Bayes weights developed by McAllister (2012), which had indicated a 4.8:1 higher likelihood for the Beverton-Holt
model, were used, then the Bayesian minimax becomes the Beverton-Holt Fysy.

Alternative States of Nature

Alt. decision 1. (BH) 2.(2L) min
F Weight 05 0.5
003  d1: TAC at 0.5Fmsy b-h 903 1299 1101
0.06  d2: TAC at Fmsy, b-h 0 593 296
#0.08  d3: TAC at 0.5Fmsy 2L 126 356 241
011  d4: TACatFo.1 671 124 397
0.16  d5: TAC at Fmsy, 2L 2188 0 1094

Performance indicator: Average yield in 2048-2050 (mt)
# Bayesian minimax criteria: Select the decision that generates the minimum expected value of loss of opportunities

Appendix Table 1. Long-term decision table based upon average yield in 2048-2050. The recommended decision is
shown in bold. The Bayesian criteria use equal (0.5) weighting of hypotheses.
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Appendix 2. Stock assessment model issues and considerations

Neither the two-line model nor the Beverton-Holt model fit the stock-recruitment data well. This suggests that either
the processes determining recruitment do not conform very well to either model or that the stock assessment model
used to estimate the spawning biomass and recruitment may be misspecified, causing bias in the estimates of either
the spawning biomass, recruitment, or both. Several issues identified with the current stock assessment should be
addressed, and this may improve the scientific advice about the form of the stock-recruitment model. Most of these
issues have been previously identified and, in some cases, investigated through several different analyses. However,
further research and/or data collection is needed to resolve these issues. In particular, a statistical stock assessment
model should be developed to provide a more detailed framework to investigate the model assumptions and data
consistency.

Ageing

The current assessment model requires a time series of total catch at age. The method used to estimate the catch-at-
age matrix is based on cohort slicing using observed modes in the length composition data for young ages and the
growth curve for old ages. The catch-at-age matrix shows substantial smearing of fish into adjacent ages,
particularly starting around age 5. Estimates of recruitment require reliable estimates of catch at age, so improving
the estimation of the catch-at-age matrix should also improve the estimates of recruitment. For example, methods
that model the distribution of length-at-age (e.g., MULTIFAN) and use information on the growth curve might be
more appropriate.

Due to difficulty in determining cohorts from modes in the length composition data, a growth model is used to slice
the length composition data into age data. Biases in the growth model result in biases in the catch-at-age matrix. A
recent change in the growth model changed the results of the VPA stock assessment. Analyses should be carried out
to determine the sensitivity of the model to different assumptions about growth (e.g., sensitivity to the asymptotic
length). The growth curve is estimated from both age-length data and tag-increment data. There are now statistically
rigorous methods to simultaneously use both age-length data and tag-increment data (e.g., Everson et al. 2004), and
these methods should be applied to the western Atlantic bluefin data. The length composition data also provides
information about the growth curve and using a statistical stock assessment model that includes length-composition
data, age-length data, and tag-increment data should be considered to improve the growth estimates in addition to its
other advantages. A more flexible growth curve such as the Richards (1959) growth curve and time varying growth
should also be considered.

Disappearance of the 1973 cohort

A large cohort was born in 1973 and appears as a very high number of age 1 fish in 1974. This cohort is a dominant
feature of the catch-at-age data in the early to mid 1970s, but it disappeared quickly. By age 6 this cohort was no
longer dominant. The model estimates very high fishing mortalities for this cohort, but low exploitation rates for
neighboring cohorts. This implies that the fishery is able to target cohorts. This is most likely to occur if there is
spatial separation of age classes. An alternative hypothesis is that these cohorts came from the eastern Atlantic and
moved back to the eastern Atlantic when they matured at around age 5. A logical test of this hypothesis is to see if
the cohort appears in the catch-at-age data in the Gulf of Mexico in the mid 1980s or in the eastern Atlantic catch-at-
size. This would be conveniently done in a statistical stock assessment model comparing observed and expected data
given the model assumptions (e.g., constant selectivity). Intuitively, if constant selectivity is used, the model would
predict a high proportion of this cohort compared to neighboring cohorts. However, since the fishing mortality rates
were estimated to be high for this cohort, using cohort specific selectivity as implied by the VPA would cause this
cohort to be absent from the Gulf of Mexico. Another test of the hypothesis would be to look at the growth rates of
this cohort compared to other cohorts in the western Atlantic and to cohorts in the eastern Atlantic.

Age-specific M

The catch-at-age matrix shows a substantial decrease in the catch of a cohort a few years after it enters the fishery.
This could be due to the selectivity of the gear, but it also could be due to age-specific natural mortality. The current
assessment assumes the same value of natural mortality for all ages. The eastern Atlantic assessment (and other
bluefin tuna assessments) assume age-specific natural mortality. Age-specific natural mortality should be considered
for the western Atlantic bluefin assessment.
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Reliability of the early spawning biomass estimates

The estimates of spawning biomass in the early 1970s may be unreliable because they are composed of cohorts that
have not been observed at all ages in the catch-at-age data and are therefore dependent to some extent on the
terminal age fishing mortality assumptions. Bootstrap analysis may underestimate uncertainty in the early spawning
biomass because they do not take the model uncertainty into consideration and the early spawning biomass estimates
may be particularly sensitive to some model assumptions (e.g. asymptotic length). Similarly, recent recruitments that
have not been observed in all ages in the catch-at-age data may also be uncertain.

The recruitment and spawning biomass estimates from the model starting in 1970 should be compared with
estimates from a model starting earlier with and without Brazilian catch. This may provide insight into the reliability
of the estimates and determine if the stock-recruitment conclusions are robust to the catch off Brazil, which may be
from the eastern Atlantic spawning stock.

Density-dependent catchability

The indexes of abundance used in the western Atlantic Bluefin tuna assessment are principally based on catch rates
by the fishery. Fishery catch rates are a measure of the rate of encounter between fish and fishermen in the areas
where fishing occurs. The assessment model interprets these data as being proportional to the total abundance of the
stock throughout its range. The ecology of bluefin tuna and the searching behavior of fishermen can cause a non-
proportional relationship between catch rates and total abundance. For the bluefin tuna assessment, this means that
it is possible that the current assessment has underestimated the degree to which the abundance of bluefin tuna has
declined.

If bluefin tuna tend to expand/contract the range over which they occur as total abundance increases/ decreases, then
the density of fish where the fishery is occurring may remain relatively constant. This will cause the catch rate
observed in the fishery to be an insensitive indicator of the change in total abundance. Changes in the distribution of
fishing effort can also cause a stability of catch rates because the spatial distribution of bluefin tuna is patchy.
Effective fishermen are successful predators capable of searching out these patches of higher bluefin abundance.
Since it is extremely difficult to account for the amount of their effort that goes into this searching, the measured
catch rates principally reflect the density of fish after they have found the good patches. Assessment scientists do
not receive catch rates averaged over the range of the stock, as they would if a randomized fishery-independent
survey could be conducted. Instead they get catch rates averaged over the places where fishing occurs.

The degree to which catch rates have a non-proportional link to total abundance cannot be directly measured.
However, assessment models can use an asserted degree of non-proportionality and, in some cases, they can
internally estimate the degree of non-proportionality. Allowing the assessment model to estimate the degree of
non-proportionality for all indexes will result in greater uncertainty in the overall assessment result. This occurs
because some of the information from the catch rate trends is being used to estimate these non-proportionality
factors rather than to provide information about the trend in the stock itself. Although this result is less precise, it
should no longer be biased by an incorrect assumption of proportionality. A hybrid approach in which some well-
standardized indexes are treated as proportional to abundance and other indexes have estimated non-proportionality
factors is a common practice in assessment modeling.

Other sensitivities and diagnostics

Several diagnostics might provide insight into the reliability of the recruitment estimates. The proportion of each
recruitment attributed to the catch of each fishery should be calculated to determine how much of the recruitment
comes from poorly sampled fisheries. The proportion of each recruitment attributed to catch at each age should be
calculated to determine how much recruitment comes from poorly represented ages.

Several sensitivity analyses should be carried out to investigate the robustness of the stock-recruitment analysis. For
example, the model should be run with different maturity ogive assumptions.

28



Development of a statistical stock assessment model

In the next few years, a move to a statistical assessment model (e.g., MAST, Taylor et al. 2011; Stock Synthesis,
Methot 2000, Methot and Wetzel in press; Multifan-CL, Fournier et al. 1990) is warranted. The model would
combine both the western and the eastern populations into the same model, with mixing parameters to separate out
eastern fish in the west and vice versa. It is likely that the model would have local stock-recruitment relationships,
not a global one. There may be a need for more spatial areas to deal with local fisheries and stock composition of the
fisheries.

The model would use data disaggregated by region, season, and fleet, which would lead to more detailed
understanding of population dynamics, including recruitment and spawning stock biomass. The model would be
fitted to otolith microchemistry, genetics, tag, and archival tag data, along with the standard stock assessment data
(age and length compositions, surveys, CPUES).

The model would handle data uncertainty in a more realistic manner and could increase accuracy and precision in R
and SSB over that in the VPA model, due to errors in age data caused by the inaccurate method of cohort slicing and
potential errors in the oldest ages due to incorrect terminal fishing mortalities. The catch-at-age would be
constructed by the model using internally estimated growth and variation of length-at-age while taking the
population dynamics into consideration rather than substituting data for missing catch-at-age. Another advantage of
a statistical assessment model over VPA is that better diagnostics are available to examine the fits of the model to
the datasets and the statistical distributions of the data. A data point from an archival tag (aggregated in an
appropriate form) can be treated as coming from a single new release.

One complication that would have to be dealt with in the statistical model is the specification of gear selectivity.
(This is not an issue in VPA because age-selectivity automatically varies over time.) In examining the catch-age
data, some participants in the workshop noticed that some fisheries may have the capability to target strong year-
classes. For example, the strong 1973 year-class had fishing mortalities for ages 1-4 that were about 0.6, whereas
other cohorts had fishing mortalities near 0.1-0.2. Potential solutions could be to have different selectivity
parameters for each strong year-class, density dependence selectivity, or to model selectivity as a random walk.
Participants also noticed that cohorts adjacent to strong cohorts appeared to have larger catches as they get older,
suggesting ageing error might cause smearing of the age composition data. The statistical model uses the length data
directly and should address this issue. Workshop participants support efforts to collect data that are necessary to
construct a statistical assessment model, such as tagging information, otolith chemistry, and ageing techniques.

Stock-recruit relationships in other Thunnus species

The workshop participants reviewed tuna stock-recruitment relationships used worldwide. A key parameter of most
stock-recruitment models is steepness, h, or the ratio of recruitment expected when the spawning stock size is 20%
of the virgin stock to the recruitment expected at virgin stock size. Steepness in the Beverton-Holt model ranges
from 0.2-1 with higher values of steepness corresponding to a more productive and more resilient stock. A recent
report (ISSF 2011) conducted a meta-analysis of steepness values used for tropical, temperate and bluefin tunas
throughout the world’s oceans. Western Atlantic and Southern BFT h values were between 0.5 and 0.6, among the
lowest of all the tuna stocks examined. In contrast, Eastern Atlantic BFT had h values above 0.9. Similarly, the
annual variations in recruitment were analyzed with temperate tunas and WBFT and EBFT, in particular, exhibiting
higher levels of recruitment variability than tropical tunas.

While there is some consistency for tropical tuna stocks, the inconsistency in steepness values between Eastern and
Western bluefin and in recruitment variability between southern bluefin tuna and EFBT and WBFT make these
meta-analytic results of limited use in western Atlantic bluefin. There were several reasons for this and for the
ongoing debate about Atlantic bluefin both eastern and western. First, it has long been recognized that individual
bluefin move across the ocean. However, the current working hypothesis is that there is mixing on feeding grounds
but that the preponderance of spawning fish return to their natal grounds. Therefore, the fisheries exploiting western
Atlantic bluefin are likely to be exploiting eastern bluefin as well, but the degree to which the mixing impacts the
western Atlantic breeding population assessment is not accounted for in ICCAT's assessment. Additionally, there are
large differences in the age of maturity between Western and Eastern breeding stocks (9+ Western, 4+ Eastern), and
one study suggests that age at 50% maturity in the Gulf of Mexico may be as high as 15 (Diaz 2011).
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Comprehensive analysis of the stock-recruitment relationship and reference points

In general, reliable estimates of the steepness parameter of the Beverton-Holt stock-recruitment relationship are
unlikely, while common reference points are highly dependent on steepness. Due to the flat yield curve when

steepness is high, underestimating steepness has lower risk of lost equilibrium yield than overestimating steepness.

The implied survival of the Beverton-Holt and Ricker stock-recruitment models declines more rapidly with
abundance at low stock sizes, which is counterintuitive, and there is a new more general stock-recruitment model
that allows survival to decline more rapidly as the population reaches the carrying capacity. Changes in the spatial
distribution of the spawning stock as abundance changes might be the most important determinant of the stock-
recruitment relationship.
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