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Abstract—The aim of stock assess-
ment modeling is to evaluate current
and future stock statuses under vari-
ous management scenarios. For these
assessments, particularly short-term
projections, researchers rely heavily
on recruitment estimates. However,
accurately estimating recruitment
levels, especially for the most recent
years, is challenging because reliable
information is limited. Indices of rela-
tive recruitment can provide valuable
insights for stock assessment models
in such cases. Herein, a method for
assessing the reliability of a recruit-
ment index with diagnostic and ran-
domization tests in an age-structured
production model (ASPM) is presented.
The proposed method can be used to
evaluate whether the process vari-
ability implied by a recruitment index
for the spawner-recruit relationship
enhances the connection between
observed catches, indices of adult abun-
dance, and the assessment model’s
production function. We applied this
approach to Pacific bluefin tuna (Thun-
nus orientalis) as an illustrative exam-
ple. Results indicate that the ASPM,
with recruitment fluctuations match-
ing the recruitment index for the Sea
of Japan (ASPM-R-FIX), improved the
fits to recent adult abundance indices
over those of the standard ASPM mod-
els. The results from statistical analy-
sis further provide strong evidence that
extreme recruitment fluctuations in the
ASPM-R-FIX enhanced predictions for
recent indices for adults. This analysis
revealed a strong link between recruit-
ment variability and adult abundance,
highlighting the importance of adding
a consistent recruitment index to an
assessment model to improve manage-
ment decisions.
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The primary purposes of stock assess-
ment models are to evaluate the cur-
rent status of exploited fish populations
and to make predictions about the
future status of stocks under different
management scenarios (Hilborn and
Walters, 1992). The current status of
a stock is typically measured by using
the abundance in the terminal year rel-
ative to a hypothetical unfished state.
Both current and historical abundances
are affected by past recruitment levels
along with natural mortality, individual
growth, and catch levels. Recruitment
refers to the number of young-of-the-
year fish entering the population. The
future status of a stock is dependent
on future catches and potential future
recruitment levels. Forecasting of
future recruitments is often informed
by the distribution of estimates of his-
torical recruitment over a time period
assumed to best reflect the future.
Despite the important role recruit-
ment plays in stock assessment, there
remain considerable challenges in
estimating the magnitude of each
recruitment event (year, quarter, etc.).

Integrated assessment models are used
to estimate recruitment events by rec-
reating population dynamics (estimate
the number of fish by age, sex, etc.)
through fitting observed data (e.g., age
and size composition of catches and
indices of relative abundance) and esti-
mating observation (selectivity, catch-
ability, etc.) and system (recruitment,
growth, etc.) processes (Maunder and
Punt, 2013). In integrated assessments,
recruitment levels can be thought of as
the process variability of the spawner—
recruit (SR) relationship and are often
estimated as deviations from the expec-
tation of that relationship based on an
assumed statistical distribution (Maun-
der and Punt, 2013). When information
on recruitment is limited, the model’s
estimate of recruitment will shrink to
the expectation of the SR process.
Complicating the estimation of
recruitment levels, observations of a
cohort may not begin for several years
after hatching, as fish of those ages
may not be targeted by fisheries or be
observed in surveys. This observation
lag becomes especially problematic for
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the terminal years of the assessment model, for which
information on recent cohort strength may be limited or
entirely missing because recent cohorts have only partly,
or not yet, entered into the fishery. Further complicating
the situation is that poorly informed recruitment param-
eters will often be estimated to account for the misfit to
data components of the model due to model misspecifica-
tion (e.g., temporal variation in selectivity) or sampling
variation biasing the recruitment estimates themselves.

Indices of the relative abundance of recruits (i.e., age-0
fish) from fishery-dependent or survey observations can
improve assessment results both by enhancing the reliabil-
ity of recruitment estimates from the assessment model
and by providing information on recruitment levels prior
to cohorts of recruits entering the fisheries. However, sim-
ilar to the issues in estimating recruitments as mentioned
in the previous paragraph, the relatively free estimation
of recruitment levels and their connection to all other data
and model processes can make it problematic to determine
if the recruitment index is providing reliable information
through standard model diagnostics such as residuals
(e.g., alternative model run that included an alternative
index of recruit abundance in a recent stock assessment
for Pacific bluefin tuna; ISC, 2022). If recruitment param-
eters are poorly informed by other data, the recruitment
estimates may allow good model fits to an unrepresenta-
tive recruitment index as well as to the catch and compo-
sition data and indices of adult abundance included in the
likelihood function. This situation could affect the assess-
ment estimates of a stock’s status and its future prospects.

Herein, we describe a simple randomization proce-
dure for evaluating if a recruitment index (for age-0 fish)
provides reliable information on recruitment levels. The
method relies on the relationship between catches, trends
in adult abundance (as measured by indices of adult rela-
tive abundance), and the stock’s production function (i.e.,
the system processes of growth, natural mortality, and
SR relationship). The randomization procedure is used to
evaluate if the implied process variability in the SR rela-
tionship from a recruitment index improves the produc-
tion function’s prediction of changes in abundance given
the observed catches. We provide an illustrative example
of the use of this method through application of it to the
data and full dynamics model used for Pacific bluefin
tuna (Thunnus orientalis) because Pacific bluefin tuna
have been heavily exploited across all age groups and the
majority of the catches of this species, in terms of num-
bers, consists of age-0 fish (Suppl. Material).

Materials and methods
Overview

The procedures are outlined in 4 sections. The first section
provides a brief description of the study species we used
to demonstrate the randomization method, including its
biology and the full dynamics model used for it (for details,
see Supplementary Material). The next section is about

the conversion of the full model into a simplified version
used as the basis for the evaluation of the reliability of the
recruitment index (an age-structured production model
[ASPM]). The third and fourth sections provide explana-
tions of how we used the ASPM for the evaluation and
how we quantified the strength of the improvement in
model estimation due to inclusion of a recruitment index.
The evaluation done with the ASPM is summarized in a
flowchart (Fig. 1).

Study model

The current and future statuses for stocks of Pacific blue-
fin tuna is determined by using an age-structured, single-
sex, catch-at-length integrated model fit to data sources
compiled quarterly (by calendar season). In this model,
the full dynamics of a stock are estimated (e.g., annual
recruitment levels) along with all observation model pro-
cesses (e.g., selectivity and catchability) linking to fleets
defined by gear and country of origin. The data compo-
nents include catches and length composition by fleet, as
well as several indices of adult relative abundance. The
indices of adult abundance (Fig. 2A) are standardized
catch-per-unit-of-effort (CPUE) time series from 3 longline
fleets that target large and mature Pacific bluefin tuna:
an early time series for the fleet operating out of Japan in
1974-1992, a late time series for the fleet operating out of
Japan in 1993-2016, and a time series for the fleet oper-
ating out of Taiwan in 2000—2016. The fleets used in this
model to remove catch have annual time-varying selectiv-
ity, and the fleets associated with CPUE time series have
time-invariant selectivity. See Supplementary Material for
a further description of this full model developed by using
Stock Synthesis, vers. 3.24f (Methot and Wetzel, 2013).

Age-structured production model

The basis of our evaluation method is an ASPM (Maunder
and Piner, 2015). This ASPM is an age-structured inte-
grated version of a surplus production model (Schaefer,
1954; Pella and Tomlinson, 1969). In the ASPM, the obser-
vation and system processes are separate, as they are in
the full model, but predetermined values are specified for
most of those processes (e.g., natural mortality, growth,
SR relationship, and selectivity). The ASPM is similar to
a surplus production model in that only parameters asso-
ciated with global scaling (unfished abundance by way of
unfished recruitment) and relative scaling (depletion lev-
els and catchability) are estimated, by using only catch
data and indices of abundance.

The ASPM for the study model was developed by sim-
plifying the full model. In the ASPM, the fleet structure
(number of fleets) of the full model is retained, with each
fleet defined by country of origin, gear, and areas of oper-
ation. We made 3 main changes from the full model. First,
we removed size composition data. Therefore, the ASPM
likelihood function includes only catch by fleet and the
CPUE indices based on the early and late time series
for longline fisheries of Japan and on the time series
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Develop an ASPM from a full age-structured model

* Retain fleet structure, catch data, CPUE indices, observation errors, and data
weights.

* Remove size composition data.
* Set most processes at predetermined values.
* Fix recruitment deviations to zero.

4 I
Develop an ASPM with recruitment (ASPM-R-FIX)

1. Estimate recruitment deviations aligned with the recruitment index by using a high
weighting in the ASPM (ASPM-R-EST).

2. Run the ASPM-R-FIX by specifying recruitment deviations based on estimates from
the ASPM-R-EST and removing the recruitment index.

3. Compare the results of the ASPM-R-FIX with those of the corresponding ASPM.

s
1. Resample the specified recruitment deviations from the ASPM-R-FIX without
replacement and randomly reallocate them to the indexed years.

2. Run the ASPM-R-FIX with recruitment deviations set to the values from step 1.

3. Repeat steps 1 and 2 500 times and summarize the RMSEs for model fits to the adult
indices.

4. Compare the distribution of the RMSEs for model fits to the adult indices to the
\corresponding RMSE from the original ASPM-R-FIX. )

Evaluate ASPM-R-FIX performance by using a randomization test

Figure 1

Flowchart summarizing the steps taken to develop an age-structured production model
(ASPM) and to evaluate model performance by using a randomization test. The random-
ization method was used to examine the reliability of a recruitment index and to deter-
mine if inclusion of such an index improved model predictions. CPUE=catch per unit of

effort; RMSE=root mean square error.

for longline fisheries of Taiwan. The same starting data
weights (observation errors) given to each fleet’s catch and
CPUE index in the full model are retained in the ASPM.
For each CPUE index, the observation errors are based on
fitting a simple smoother to CPUE observations outside
the model and estimating the residual variance for both
the full model and the ASPM (for details about the full
model, see ISC, 2018). However, unlike for the full model,
reweighting (Francis, 2011, 2017) among the types of data
was not needed for the ASPM because of the exclusion of
composition data.

Second, because composition data were not included
in the ASPM, selectivity parameters for each fleet were
specified (set and not estimated) at values taken from the
full model. We developed the ASPM using 2 different selec-
tivity assumptions based on how selectivity is estimated

in the full model: 1) the selectivity of fleets varies over
time (referred to as time varying), and 2) the selectivity of
fleets is constant over time (referred to as time invariant).
Option 1 (time-varying selectivity) is the parameterization
of the applied assessment used for management because
it better approximates catch at age by considering chang-
ing fishery behaviors and fish migrations. Option 2 (time-
invariant selectivity) more fully eliminates the influence
of the quarterly observations of composition data on the
full dynamics through selectivity. However, for brevity, we
present figures and more in-depth analyses only for option
1, and results from the use of option 2 are included to ana-
lyze model sensitivity in relation to that base case.

Third, by setting recruitment deviations to zero, we
forced recruitment to be the deterministic expectation of
the SR relationship defined by Beverton and Holt (1957).
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Figure 2

(A and B) Comparison of observed (open circles) and predicted (lines) indices of abundance
of adult Pacific bluefin tuna (Thunnus orientalis) based on catch-per-unit-of-effort (CPUE)
data from longline fleets in the Sea of Japan or the Pacific Ocean from 1974 through 2016
and (C) observed recruitment indices of age-0 Pacific bluefin tuna based on CPUE data from
troll fisheries from 1980 through 2016. A randomization method, in versions of the standard
age-structured production model (ASPM) and of the ASPM with temporal recruitment fluc-
tuations fixed to match a recruitment index (ASPM-R-FIX), was used to evaluate the reli-
ability of a recruitment index and to determine if inclusion of such an index improved model
predictions. In the models, fleet selectivity was assumed to vary or remain constant over
time. In panel A, lines represent estimates from either time-varying or time-invariant mod-
els for only the Sea of Japan, and in panel B, lines indicate estimates from only time-varying
models for either the Sea of Japan or the Pacific Ocean. The gray areas in all panels (and
the blue area in panel C) represent the 95% confidence intervals around observed values.
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In the ASPM, the estimated parameters are unfished
recruitment, catchability, and those representing the ini-
tial conditions (recruitment offset for the first year of the
model and 2 parameters of equilibrium fishing mortality).
The unfished recruitment parameter in the ASPM corre-
sponds to the carrying capacity in a surplus production
model. Estimating parameters representing the initial
conditions allows the model to begin with the dynamic
period at a level of depletion consistent with the catch and
CPUE data.

Comparison of age-structured production model variants

Traditionally, the ASPM does not include estimates of
temporal variability in recruitment. However, for short-
lived species or environmentally sensitive species, simul-
taneous increases in abundance, which is reflected in the
index of adult abundance and in catch data due to high
recruitment, cannot be represented in the ASPM. Con-
sequently, with the ASPM, estimated abundance is often
much higher than that estimated with the full model, but
the ASPM still does not fit well to the index of relative
adult abundance (Minte-Vera et al., 2017). The difference
in the population scale between the ASPM and the full
model can be somewhat reduced by including the speci-
fication and estimation of recruitment variation in the
ASPM (e.g., Minte-Vera et al., 2017). Therefore, the ASPM
in which recruitment levels are estimated (ASPM-R-EST)
can have a good fit to the index of relative abundance.
However, when there is little information in the recruit-
ment index, the results will be less precise with recruit-
ment estimated in the ASPM-R-EST, and the recruitment
variation may account for bias caused by model misspeci-
fication (Minte-Vera et al., 2017; Merino et al., 2022). Con-
versely, when fluctuations in recruitment depicted in the
recruitment index are reliable, we hypothesize that add-
ing estimation of these fluctuations (process variation) to
the ASPM should improve the predictions (e.g., goodness
of fit) indicated in the adult abundance indices.

To evaluate whether including a recruitment index con-
tributes reliable information on recruitment levels, we
used our study model. Historically, the majority of catch of
Pacific bluefin tuna, in terms of numbers, has consisted of
age-0 fish (Suppl. Material), primarily taken by troll fishing
operations in the Sea of Japan, with some taken from the
Pacific Ocean. Age-0 fish caught in the Sea of Japan origi-
nate from spawning grounds in the western North Pacific
Ocean, between Taiwan and Japan, and in the Sea of Japan
itself (Uematsu et al., 2018). In contrast, age-0 fish caught
in the Pacific Ocean are spawned exclusively in the western
North Pacific Ocean. Two CPUE indices for troll fisheries,
which can be used as recruitment indices, were developed
by using generalized linear models (Ichinokawa et al.’; Fig.
2C). The index of recruitment for age-0 fish from the Sea of

! Ichinokawa, M., K. Oshima, and Y. Takeuchi. 2012. Abundance
indices of young Pacific bluefin tuna, derived from catch-and-
effort data of troll fisheries in various regions of Japan. Int. Sci.
Comm. Tuna Tuna-like Species North Pac. Ocean, Work. Group
Rep. ISC/12-1/PBFWG/11, 35 p. [Available from website.]

Japan was used in an earlier stock assessment (ISC, 2018),
and the recruitment index for age-0 fish from the Pacific
Ocean was used to monitor recruitment in that region. Both
indices for age-0 fish are used separately in the analyses
described in the next few paragraphs.

To derive the temporal recruitment levels that exactly
matched the recruitment index, we constrained the ASPM
to estimate recruitment deviations that aligned with the
variability of the recruitment index, with no error (ASPM-
R-EST), using a weighting 10 times higher than that
used for the adult abundance indices. In all other years
without a recruitment index, the deviations were main-
tained at the expectation of the SR process. We re-ran the
ASPM-R-EST with these estimates of recruitment devia-
tions specified (fixed), without the recruitment index and
the additional weighting (ASPM-R-FIX). In this context,
recruitment deviations are the parameters in the model,
and recruitment levels are the derived quantities of inter-
est, calculated by combining the deviations with the mean
recruitment.

The results from the ASPM-R-FIX were then compared
to results from the original ASPM (for a comparison of
data types used and parameters estimated among the
full model, ASPM, and ASPM-R-FIX, see Supplementary
Table). A lower root mean square error (RMSE) of the fit
to each adult abundance index in ASPM-R-FIX, relative
to that of the original ASPM, indicates a better fit and
greater consistency between the recruitment index and
indices of adult abundance given the production function.
This procedure was completed separately for the index for
age-0 fish from the Sea of Japan and the index for age-0
fish from the Pacific Ocean. Furthermore, it was con-
ducted separately for the time-invariant and time-varying
versions of the ASPM-R-FIX with the index for age-0 fish
from the Sea of Japan.

Randomization tests: performance of model with fixed
recruitment deviations

We evaluated if the ASPM-R-FIX improved fits to the
adult abundance indices relative to the associated fits of
the ASPM, using a randomization procedure for deter-
mination of the probability that any improvement in
predictions from the ASPM-R-FIX could have been due
to random chance. We resampled the fixed recruitment
deviations from the ASPM-R-FIX without replacement
and randomly reallocated them to the indexed years. The
ASPM-R-FIX was re-run with recruitment deviations
fixed at these values, and the RMSE of the fit to the indi-
ces of adult abundance was calculated. Five hundred iter-
ations of this procedure created a distribution of RMSE for
each of the 3 indices of adult abundance. The RMSE from
the original ASPM-R-FIX was compared to the RMSE dis-
tribution for the randomized version of the ASPM-R-FIX
fit to each adult abundance index. If the RMSE of the orig-
inal ASPM-R-FIX was smaller (better fit) than 95% of the
randomized ASPM-R-FIX, we would have strong evidence
that model improvement resulted from including recruit-
ment consistent with the recruitment index.
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We conducted 3 versions of the resampling experiment:
1) resampling all recruitment levels, 2) resampling only
extreme recruitment levels, and 3) resampling only mod-
erate recruitment levels. Extreme recruitment deviations
were defined as those outside the 25th or 75th percentiles.
Moderate recruitment deviations were those inside the
25th and 75th percentiles. In the analysis with resam-
pling of only extreme recruitment, moderate recruitment
deviations were fixed at year-specific values. In the exper-
iment in which only moderate recruitment levels were
resampled, extreme recruitment deviations were fixed at
year-specific values. The analysis with resampling of all
recruitment levels was used to judge if improvement for
the recruitment index was nonrandom. The experiment
with resampling of only extreme recruitment was used
to determine if improvement was due to the recruitment
CPUE only picking up extreme recruitment levels. The
analysis in which only moderate recruitment levels were
resampled was used to judge if the recruitment index was
reliable for even small recruitment fluctuations. For brev-
ity, only the analysis with all recruitment levels was done
for the time-invariant model.

Results
Performance of production model

The long-term trends in abundance as indicated in the
indices for adults include decadal periods of increasing
and decreasing abundance (e.g., a 2-way trip; Fig. 2A).
With both versions of the ASPM (time invariant and time
varying), we were able to predict the inflection point of
abundance increasing in the mid-1980s because of lower

catches and the subsequent shift to decreasing abundance
that began in the mid-1990s. The time-invariant and time-
varying versions of the model had similar fits to the adult
abundance indices, with the exception of the time-varying
model having a better fit to the index based on the late
time series for longline fisheries of Japan (1993-2016)
(Table 1).

Performance of model with fixed recruitment deviations:
goodness of fit

Both the time-varying and time-invariant ASPM-R-FIX
that included recruitment fluctuations that exactly
matched the recruitment index for the Sea of Japan (Fig.
2C) captured the long-term trends in abundance along
with some shorter-term fluctuations as indicated in the
indices of adult abundance (Fig. 2A). The time-varying
ASPM-R-FIX had improved fits to both the indices based
on the late time series for longline fisheries of Japan and
the time series for longline fisheries of Taiwan over the
fits of the ASPM to those time series (Fig. 2A, Table 1),
but the time-invariant ASPM-R-FIX had an improved fit
to only the late time series for Japan. Overall, only the
improvement in the fit to that index was substantial. With
both versions of the ASPM-R-FIX, we estimated a simi-
lar magnitude of the global scale with less uncertainty
(i.e., standard deviation) than that of both versions of the
ASPM (Table 1).

In contrast, with the time-varying ASPM-R-FIX that
included recruitment fluctuations that exactly matched
the recruitment index for the Pacific Ocean (Fig. 2C),
unfished biomass was estimated at over 2 million metric
tons, a level 2.9 times higher than that estimated with the
time-varying ASPM. This version of the ASPM-R-FIX had

Table 1

Comparison of model gradients, estimates of unfished spawning biomass, and the root mean square errors (RMSEs) for the fits to
3 indices of adult abundance for versions of the standard age-structured production model (ASPM) and of the ASPM with temporal
recruitment fluctuations fixed to match the recruitment indices based on data from the Sea of Japan or the Pacific Ocean (ASPM-
R-FIX). The models were fitted to time series of catch per unit of effort of Pacific bluefin tuna (Thunnus orientalis) from 3 longline
fleets: an early and a late time series for the fleets operating out of Japan in 1974-1992 and 1993-2016 and a time series for the
fleet operating out of Taiwan in 2000—2016. Model versions include those in which fleet selectivity was assumed to remain constant
over time or to vary over time. Biomass values are given in metric tons, and standard deviations of those estimates are provided.

ASPM-R-FIX
ASPM Sea of Japan Pacific Ocean

Model aspect compared Time invariant Time varying Time invariant Time varying Time varying
Gradient 8.95x 107° 4.14 x 107 4.28 x 107° 4.15 x 107 4.02 x 107°
Population scale

Unfished spawning biomass 807,486 814,201 665,813 674,555 2,350,090

Standard deviation (11,274) (10,723) (1689) (1345) (67,228)
Trend (RMSE)

Japan 1974-1992 0.40 0.39 0.45 041 0.39

Japan 1993-2016 0.51 0.43 0.29 0.29 0.87

Taiwan 2000-2016 0.31 0.32 0.33 0.30 0.58
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a degraded fit to the 2 recent adult abundance indices and
did not capture the long-term trends in abundance (Fig.
2B, Table 1).

Performance of model with fixed recruitment deviations:
randomization tests

With all recruitments randomized, we found no statistical
evidence of improved predictions from the time-varying
ASPM-R-FIX that included recruitment fluctuations that
exactly matched the recruitment index for the Pacific
Ocean for the 3 adult abundance indices based on the early
time series for the fleet operating out of Japan (P=0.19),
the recent time series for the fleet operating out of Japan
(P=0.62), and the recent time series for the fleet operat-
ing out of Taiwan (P=0.41) (Fig. 3). In contrast, results
from use of the time-varying ASPM-R-FIX that included
recruitment fluctuations that matched the recruitment
index for the Sea of Japan provide strong statistical evi-
dence of improved predictions for the 2 recent indices of
adult abundance (P<0.05) (Fig. 3). For the time-invariant
ASPM-R-FIX including the recruitment index for the Sea
of Japan, we found strong statistical evidence of improved
predictions for both the recent adult abundance indices
(P<0.05) (for comparisons, see Supplementary Figure).
However, no improvement is evident in the fit to the early
index of adult abundance in fisheries of Japan (time-
invariant model: P=0.48; time-varying model: P=0.22; for
comparisons, see Supplementary Figure).

When considering only the extreme recruitment fluctu-
ations in the time-varying ASPM-R-FIX fit to data from
the Sea of Japan, we found strong statistical evidence for
improved predictions for both recent adult abundance
indices (P<0.05; Fig. 4, B and C). However, with only
the extreme fluctuations used in analysis, there is no evi-
dence of improvement for the early adult abundance index
for the fleet from Japan (P=0.39; Fig. 4A). In the experiment
in which only moderate recruitment fluctuations were used,
evidence of improved predictions was strong for the recent
index of adult abundance in fisheries of Japan (P<0.05; Fig.
4B). In contrast, there was no evidence of improvement for
the early index from Japan (P=0.11) and the recent index
from Taiwan (P=0.28) in that experiment (Fig. 4, A and C).

Discussion

This work supports the notion that there is a nonrandom
and informative connection between the variability in
recruitment as depicted by the recruitment index for the
Sea of Japan and subsequent changes in adult abundance
indices given the observed catches. We assume that this
connection exists because the interannual variability in
recruitment indicated in the abundance index for age-0
fish from the Sea of Japan is close to the variability of the
true population. This improvement in population dynam-
ics as given by improved fit to indices of adult abundance
is strongest for the recent indices and weakest for the
earliest index.

This lack of connection to the early index for adult
abundance in longline fisheries of Japan can be explained
by the time series having relatively fewer observations
of cohorts born after 1980, which is the start of the time
series on which the recruitment index is based, in com-
parison to the number of observations for other indices of
adult abundance in longline fisheries. Longline fleets tar-
get Pacific bluefin tuna at ages older than 6 or 7 years, and
the longline fleet operating out of Taiwan generally tar-
gets even older fish. Consequently, only a few observations
of cohorts born after 1980 could be included in the early
longline time series, and we should not expect the recruit-
ment index to have much connection to the early data. In
contrast, Pacific bluefin tuna can live longer than 20 years,
and the recent longline CPUE indices may include more
than 15 years of observations on the strength of many
cohorts represented in the recruitment index. Additionally,
because the longline fleet operating out of Japan targets
somewhat younger adults than the longline fleet of Tai-
wan, more cohort information may be in the time series for
Japan over the same period. This difference in the number
of observations could explain why the randomization sce-
nario that evaluated only moderate fluctuations was sig-
nificant only for the recent index based on longline data
for fisheries of Japan. Additionally, the Pacific bluefin tuna
population was highly depleted after 2000, and the adult
population consisted of relatively few cohorts. Therefore,
annual recruitment levels likely had a pronounced effect
on the recent adult abundance.

It should be noted that this evaluation of the reliability
of the recruitment index is weak for the last few cohorts
in both recent time series, as these cohorts would not yet
have made it to being caught by the longline fleets. Still,
for applied work, it may be reasonable to conclude that if
the levels of recruitment for the other years were strongly
connected to adult abundance, the levels of recruitment
for the most recent years should be as well. However, this
assumption may not hold if catchability of the index is
altered by changes in data collection, environmental con-
ditions, or spatial patterns of fish distribution or by future
management actions. Therefore, these factors should be
reevaluated in the continued development and application
of this recruitment index as data for more years are added.

It should also be noted that the convenience of setting
steepness at 1.0 in developing the ASPM-R-FIX may com-
plicate comparisons between the results of the ASPM and
ASPM-R-FIX for stocks with strong maternal effects (for
which steepness is much lower than 1.0). However, in
cases involving stocks with a strong maternal effect, it
may be advisable to conduct the randomization experi-
ment by using deviations of the recruitment index around
the expected SR function estimated in the ASPM-R-FIX to
represent independent and identically distributed random
variables. More work in this area is warranted.

In this analysis, the population of Pacific bluefin tuna
appears to be one for which fishing is a major contributor
to changes in adult abundance. However, this randomiza-
tion evaluation should work, possibly better, in a system
where recruitment fluctuations are the primary driver of
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Figure 3

Distributions of the root mean square errors (RMSEs) from 500 iterations of a random-
ization method used to evaluate the fit of the time-varying versions of the age-structured
production model with fixed recruitment deviations (ASPM-R-FIX) to each of the 3 indi-
ces of abundance of adult Pacific bluefin tuna (Thunnus orientalis) based on catch-per-
unit-of-effort (CPUE) time series from longline fleets: (A) an early and (B) a late time
series for the fleets operating out of Japan in 1974-1992 and 1993-2016 and (C) a time
series for the fleet operating out of Taiwan in 2000-2016. For comparison, RMSEs are
provided for the fit of the time-varying versions of the ASPM-R-FIX with recruitment
fluctuations fixed to match recruitment indices (CPUE data for age-0 fish) from the troll
fishery in the Sea of Japan (vertical red dashed lines) or the Pacific Ocean (vertical black
dashed lines) to the 3 abundance indices. All recruitment levels were resampled without
replacement and reallocated to the respective year, and the model was run again with
recruitment deviations fixed at these values.
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Figure 4

Distributions of the root mean square errors (RMSEs) from 500 iterations of a random-
ization method used to evaluate the fit of the time-varying versions of the age-structured
production model with fixed recruitment deviations (ASPM-R-FIX) to each of the 3
indices of abundance of adult Pacific bluefin tuna (Thunnus orientalis) based on catch-
per-unit-of-effort (CPUE) time series from longline fleets: (A) an early and (B) a late
time series for the fleets operating out of Japan in 1974-1992 and 1993-2016 and (C) a
time series for the fleet operating out of Taiwan in 2000-2016. Three sampling schemes
were used in the randomization method: 1) all recruitment levels, 2) only the extreme
recruitment levels (outside the 25th or 75th percentile), or 3) only the moderate recruit-
ment levels (within the 25th and 75th percentiles) were resampled without replacement
and reallocated to the respective year, and the model was run again with recruitment
deviations fixed at these values. For comparison, the vertical dashed line in each panel
indicates the RMSE for the fit of the time-varying versions of the ASPM-R-FIX, with
recruitment fluctuations fixed to match the recruitment index (CPUE data for age-0
fish) from the troll fishery in the Sea of Japan, to the 3 abundance indices.
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adult abundance, given that adding reliable process vari-
ability to the SR function should still improve ASPM-R-
FIX predictions. In contrast, the precision with which the
recruitment index reflects actual recruitment fluctuations
will affect the evaluation method, as it does not include
this observation error. In the case of Pacific bluefin tuna,
the troll fishery used to create the recruitment index is
the largest fishery numerically in the assessment, and the
data from the Sea of Japan accounts for most catches in
the troll fishery, likely eliminating many sources of poten-
tial uncertainty. For other systems in which various forms
of sampling error are larger, the results may not be as
clear.

An important consideration in all analyses done with
models like the ASPM is elimination of the challenges
associated with fitting composition data but still retaining
the age structure of the model. Age structure is important
for work on Pacific bluefin tuna because fisheries target
different segments of the age structure of populations,
and these segments can vary somewhat from year to year.
Therefore, we used only the time-varying ASPM-R-FIX
to conduct the detailed randomizations, the scenarios in
which only extreme recruitment levels or only moderate
recruitment levels were resampled. The randomization
results from both the time-varying and time-invariant
ASPM-R-FIX were nearly identical, giving greater confi-
dence in the potential for improvement in model estima-
tion that including a recruitment index in the actual stock
assessment can bring.

The concepts behind this work are not new, and the
burden of creating the ASPM is not substantial because
software packages like Stock Synthesis offer controls
that make it relatively easy to eliminate data influence
and adjust parameterization to control model complex-
ity. It is relatively clear that adding process variability
in the recruitment index based on data from the troll
fishery in the Sea of Japan improved model predictions
of the effects of fishery catches and that such an index
should therefore be included in the applied assessment
model. Inclusion of a reliable recruitment index will
improve model predictions and understanding of the con-
sequences of past removals. A better understanding of
the historical drivers of population dynamics will lead to
more accurate predictions of the consequences of future
management decisions.

Conclusions

The results of this study indicate that the diagnostic test
in the ASPM is a useful tool for assessing drivers of both
long- and short-term dynamics of populations of Pacific
bluefin tuna and for evaluating potential model improve-
ments. Using a well-defined system with informative
contrast, we proved that one effective approach to devel-
oping a more complex model is to consider the additional
data and associated model processes that improve ASPM
performance. Notably, the time-varying ASPM-R-FIX, in
which recruitment fluctuations derived from data for the

troll fishery in the Sea of Japan are explained, was found
to have improved predictive performance for adult abun-
dance trends over the standard ASPM, particularly in
evaluations with the late index for fisheries of Japan and
the index for fisheries of Taiwan. The results of this anal-
ysis reveal a strong connection between recruitment vari-
ability and subsequent adult abundance, underscoring
the importance of integrating a consistent recruitment
index into stock assessments. Although the results show-
case the effectiveness of the ASPM-R-FIX in accounting
for process variability within the production function,
they also highlight the need to carefully consider fac-
tors such as changes in fishery practices, environmental
conditions, and data collection methods. Incorporating a
reliable recruitment index strengthens the model’s pre-
dictive capabilities, enabling more accurate management
decisions. As more observations become available, ongo-
ing evaluation and refinement of the recruitment index
will be essential to maintain the robustness of these
models.

Resumen

El objetivo de la modelacién en evaluacién de poblaciones
es evaluar el estado actual y futuro de las poblaciones en
distintos escenarios de manejo. Para estas evaluaciones,
especialmente las proyecciones a corto plazo, los inves-
tigadores se basan en gran medida en las estimaciones
del reclutamiento. Sin embargo, estimar con precisién los
niveles de reclutamiento, especialmente para los afios mas
recientes, es un reto porque la informacién fiable es limit-
ada. En tales casos, los indices de reclutamiento relativo
pueden proporcionar informacién valiosa para los mod-
elos de evaluacion de poblaciones. Aqui se presenta un
método para evaluar la fiabilidad de un indice de recluta-
miento con pruebas de diagnéstico y aleatorizacién en un
modelo de produccién estructurado por edades (ASPM).
El método propuesto puede utilizarse para evaluar si la
variabilidad de proceso que implica un indice de recluta-
miento para la relacién desovantes-reclutamiento mejora
la conexién entre las capturas observadas, los indices
de abundancia de adultos y la funcién de produccién del
modelo de evaluaciéon. Aplicamos este enfoque al atun
aleta azul del Pacifico (Thunnus orientalis) como ejemplo
ilustrativo. Los resultados indican que el ASPM, con fluc-
tuaciones de reclutamiento que coinciden con el indice
de reclutamiento para el Mar de Japén (ASPM-R-FIX),
mejoré los ajustes a los recientes indices de abundancia
de adultos respecto a los modelos ASPM estandar. Los
resultados del andlisis estadistico proporcionan ademas
evidencia sélida de que las fluctuaciones extremas del
reclutamiento en el ASPM-R-FIX mejoraron las predic-
ciones de los indices recientes de adultos. El presente
andlisis revel6 un fuerte vinculo entre la variabilidad del
reclutamiento y la abundancia de adultos, destacando la
importancia de afiadir un indice consistente de recluta-
miento a un modelo de evaluacién para mejorar las deci-
siones de manejo.
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