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RESEARCH ARTICLE
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Abstract

In the context of stock assessment and fishery conservation, determining catch per unit effort (CPUE) accurately and
reliably is essential. This study estimated trends in the relative abundance of blue sharks (Prionace glauca) in the Indian
Ocean from 2005 to 2022. Blue sharks constitute a resilient bycatch species in pelagic tuna and swordfish longline
fisheries. We employed a multimodel approach that included delta-lognormal, zero-inflated negative binomial, and
vector autoregressive spatiotemporal (VAST) models to standardize catch rates recorded by observers in the Taiwanese
large-scale longline fishery. Our analysis concentrated on the CPUE of blue sharks, including standardizing the number
of fish caught per 1000 hooks. Model residual analysis indicated that the VAST model was the most favorable of the
models considered. Although the overall pattern of the standardized CPUE series indicated neither overexploitation nor
a consistent downward trend, this pattern revealed fluctuations in the relative abundance of blue sharks rather than a
clear and consistent upward trend from 2005 to 2022. The observed stability in blue shark catches by the Taiwanese
large-scale longline fishery suggests that blue shark stocks in the Indian Ocean are currently at an optimal utilization
level. Future research enhancements could involve incorporating environmental factors into the proposed model and
utilizing longer-term observations to enrich the depth and scope of the present research findings.

Keywords: Blue shark, Catch per unit effort standardization, Stock assessment, Zero-catch problem

1. Introduction fishery practices [4,5] to preserve the diverse marine
life found in the Indian Ocean.

The blue shark (Prionace glauca), a resilient
bycatch in pelagic tuna (Thunnus spp.) and sword-
fish (Xiphias gladius) longline fisheries [6,7], has an
estimated annual mortality figure of 10.74 million
[8]. In the Indian Ocean, at fewest ten other bycatch
shark species coexist, and the blue shark accounts
for 2.0% of the catch [9]. This species is classified as
“Near Threatened” on the International Union for
Conservation of Nature Red List [10]. Despite the

onitoring the Indian Ocean's ecosystem and

fisheries is crucial for maintaining the so-
cioeconomic and ecological well-being of the region.
Monitoring nontarget species, such as sharks, is
particularly crucial because of their evolutionary
uniqueness [1] and their high vulnerability to
overfishing [2], especially close to coral reefs [3].
Understanding pelagic shark abundance trends is
essential for implementing timely and sustainable
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ecological importance of blue sharks [11], current
data focus mainly on landings from major com-
mercial fisheries, overlooking assessments of dis-
carded, illegal, and unreported catches, all of which
pose risks to the broader ocean ecosystem [9,12,13].
Concerns regarding the reliability of stock assess-
ments, with only 72% of catches reported in 2019
[14], contribute to the underestimation of unre-
ported landings and discards in these fisheries [15].

In the field of fisheries science, catch per unit
effort (CPUE) indices play a crucial role in evalu-
ating resource abundance. Owing to inherent biases
and ongoing challenges associated with fishery-
dependent data, these indices are often assumed to
be directly proportional to abundance [16,17].
Standardizing catch and effort data is a vital step in
mitigating potential biases and ultimately yielding a
reliable and unbiased indicator of fishery resource
abundance [4,18]. However, given that the shark
catch data set frequently includes zero values and
substantial aggregations [19,20], scientists must
meticulously examine these data. Scientists closely
examine cases with CPUE rates greater than or
equal to zero, resulting in the creation of predictive
models. These models—known as ‘“combined,”
“two-stage,” or “hurdle” models—consist of bino-
mial components that estimate the probability and
magnitude of a catch (excluding zero catches).

Typical CPUE standardization models, such as
generalized linear models [21] and generalized ad-
ditive models [22], are limited in their ability to handle
fixed effects, interactions, and high zero-value data
[23]. The delta-lognormal (DLN) modeling technique
is recognized for its suitability in relation to data sets
that contain high quantities of zero-value data [24,25].
In tuna longline fisheries, where sharks are common
bycatches, DLN modeling is recommended to
address the challenge of excessive zero catches
effectively. Additionally, the zero-inflated negative
binomial (ZINB) model [26] demonstrates effective-
ness in modeling “extra” zero data to yield a larger
proportion than expected, possibly due to reporting
errors or misidentifications [27]. ZINB modeling is
commonly applied in CPUE standardization for shark
bycatches in tuna longline fisheries, offering a supe-
rior fit compared with alternative models such as
Poisson, negative binomial (NB), and zero-inflated
Poisson regression models [20].

In an alternative context, generalized linear mixed
model (GLMMs) [28] have become effective in
handling nonnormal response data by incorporating
both fixed and random effects [29]. GLMMs are
highly versatile and commonly employed for CPUE
standardization. Of importance is the inclusion of a
year-area interaction term, which highlights the

necessity to consider temporal and spatial covariates
in the model's application. The assumption is based
on the belief that annual abundance trends diverge
across study regions [30,31]. However, a critical
limitation of GLMMs is their failure to explicitly
account for spatial autocorrelation in observations.
The incorporation of spatiotemporal statistical
models has become indispensable in modern stock
assessments, offering precise estimations by
addressing spatial and spatiotemporal variations
[32,33]. The effectiveness of the vector autore-
gressive spatiotemporal (VAST) model [34] is
evident in how the model estimates relative abun-
dance indices for highly migratory species, such as
the shortfin mako shark (Isurus oxyrinchus) [35,36],
blue shark (P. glauca) [35], chub mackerel (Scomber
japonicus) [37], bluefin tuna (Thunnus thynnus) [38],
and yellowfin tuna (Thunnus albacares) [39]. The
VAST model exhibits promise for delivering more
accurate and more biologically meaningful esti-
mates compared with conventional models [40].

Reliable abundance indices for blue sharks in the
Indian Ocean are crucial for stock assessment and
future planning. Accordingly, the present study
employed a multimodel approach (DLN, ZINB, and
VAST) to standardize CPUE data in the Taiwanese
large-scale longline fishery from 2005 to 2022 by
using observers’ records. This approach addresses
uncertainties in fishery-dependent data, including
zero-catch data, and also accounts for structural
uncertainty. Despite the limited number of catch
rate studies conducted on a hemispheric scale, our
findings provide valuable insights that bridge a
research gap related to assessment of the status of
blue sharks in the Indian Ocean.

2. Materials and methods

2.1. Overview description

This section outlines the methods used for esti-
mating CPUE, involving two main steps: data
collection and standardized modeling of shark
CPUE. Fig. 1 illustrates two key research processes,
namely data acquisition and analysis.

2.2. Fishery observer data

Scientific observers from the Overseas Fisheries
Development Council of Taiwan provided data
regarding blue shark (BSH) catch and effort in the
Taiwanese large-scale longline fishery from 2005 to
2022 for blue shark collected specifically by these
vessels. The data set used for the present analysis
included BSH catch quantities, the number of hooks,
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Fig. 1. Schematic illustrating the overarching steps involved in predicting CPUE in this study.

and spatiotemporal data such as year, month, day,
latitude, and longitude data for each fishing opera-
tion. Other variables included in our models were
branch lines between floats (i.e.,, hooks per basket
[HPB]), vessel size (CTNO), and target species (GRP).

2.3. Data filtering and initial data exploration

Before standardization, we excluded incomplete
data sets lacking essential information such as that
related to latitude, longitude, hooks, and HPB. We
determined CPUE through calculations of the
number of BSH captured (n) per 1000 deployed
hooks. Nominal CPUE was computed using the

ni

formula CPUE = e = Zx 1000, where n; repre-

sents the catch number, e; denotes the correspond-
ing fishing effort (number of hooks in this instance),
and i refers to individual observations within the
data set. From 2005 to 2022, the data set recorded an
effort of 71,494,053 hooks, resulting in the capture of
50,032 blue sharks. Fig. 2 illustrates the geographical
distribution of observed fishing catch and effort,
demonstrating area stratification and presenting
nominal CPUE data for each area stratum.

Despite variations in nominal CPUE, 53.8% of the
fishing sets in the Indian Ocean recorded zero BSH
catches, as illustrated in Fig. 3. This finding high-
lights the potential influence of confounding factors
on catches and emphasizes the importance of stan-
dardization to address these factors.

2.4. Statistical modeling of standardized CPUE

Zero BSH catches (CPUE = 0), as illustrated in
Fig. 3, prompted the adoption of three

methodologies for CPUE standardization to address
mathematical challenges. These methodologies ae
detailed in the following subsections.

2.4.1. DLN model

Introduced by Lo et al. [24], the DLN model in-
tegrates two distinct models: one for estimating
positive catch proportions and one for predicting
positive catch rates.

Within the DLN model, the following lognormal
framework is incorporated for positive catch
events:

In(CPUE) = u + Year + Quarter + Area + HPBC + ¢

Additionally, a binomial model is implemented to
estimate the proportion of positive catches for BSH
(PA), as expressed as follows:

PA = u + Year + Quarter + Area + HPBC + ¢,

In this model, the gear configuration HPB (HPBC)
is divided into four classes: shallow (HPB < 5), middle
(5 < HPB < 10), deep (10 < HPB < 15), and ultradeep
(HPB > 15). In addition, quarters are classified as
the first quarter (January—March), second quarter
(April—June), third quarter (July—September), and
fourth quarter (October—December.). The parame-
ters consist of u for the mean, ¢ for the normal
random error term, and &, for the binomial error
distribution. The area stratification used for the
analysis is visually depicted in Fig. 1.

To obtain the final estimate of the annual abun-
dance index, we multiplied the estimated marginal
means of the annual effects from the lognormal
and binomial components while incorporating
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Fig. 2. Geographical distributions of the observed fishing effort (i.e., number of hooks) (a) and fishing catch (i.e., catch in number) (b) along with area
stratification (c) and nominal CPUE data (d) for each area stratum by the Taiwanese large-scale longline fishery operating in the Indian Ocean from
2005 to 2022. The colors of each area in (c) are consistent with those in (d). The boxes in (d) depict the middle 50% of the data, whereas the small

circles indicate outliers or extremes in CPUE.

appropriate bias correction [24]. This approach is
used in the best-fitting model, which is described by
the following equation: Standardized CPUE =
CPUE x PA.

2.4.2. ZINB model
The ZINB method [26] is often used for data sets
that have a high number of zero catches. This

Zero hurdle
1.0

method distinguishes between zero and nonzero
counts, employing a count model to handle over-
dispersion in both situations. Furthermore, the
model includes a binomial component to account
for the presence of “extra” zeros, which occur more
frequently than expected under various count dis-
tributions [41].
The count model is expressed as follows:

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Observed BSH (positive)

100

1

Count BSH
(=]

-

e

;

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Year

Fig. 3. Distribution of catch numbers (zero and positive values) in the Taiwanese large-scale longline fishery in the Indian Ocean.
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Catch = Year + Quarter + Area + HPBC

The probability distribution of a ZINB random
variable Y is composed of two components:

(Part 1: Count models—NB; Part 2: Binomial,
link = logit)

w+(1—w)(1—k)F fory=0

)

F(y—irl)I‘(%) (1+k2)

Pr(Y=y)=

1) (ku)?

= fory>0

Here, k is the NB dispersion parameter, A is the
mean, and ® is the probability of drawing an
observation consistently resulting in zero.

The generation of standardized CPUE series for
BSH was derived through the application of
adjusted means, specifically least squares means, for
the effect parameters within the optimal ZINB
model.
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2.4.3. VAST model

Our study utilized the VAST model [34], which is
notable for its ability to effectively manage spatio-
temporal correlations by addressing catch variations
across temporal and spatial dimensions and by
capturing spatial heterogeneity and autoregressive
effects. The VAST model is adaptable and can
accommodate individual differences and non-
normal data distributions.

The default structure of the VAST model uses a
delta-GLMM, which divides the catch probability
distribution into (1) encounter probability and (2)
expected catch rate conditional on catch occurrence
[34]. To improve computational efficiency, the VAST
model utilizes predefined spatial knots to assess
correlations in spatial and spatiotemporal effects.
The estimation process involves k-means analysis,
which divides all grid cells into 200 spatial knots
(Fig. 4). Researchers assume that spatial and
spatiotemporal random effects originate from their
nearest spatial knot, following the methodology of
Griiss et al. [40].

The prediction of BSH CPUE is detailed as
follows:
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Fig. 4. Distribution of the 200 core knots within the VAST model, with “Northing” indicating northward distance and with “Easting” representing

eastward distance.
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We modeled the encounter probability (p) for
observed CPUE (i) by using a logit-linked linear
predictor:

logi f(Pi) =B1(t;) + Loawn (si) + Lae(si, ) + Ls161(v:)
+ Zz;ll (k)Q(i, k) + Z:p:l% (p)X(si tip)

Additionally, we modeled the positive catch
rate (1) for observed CPUE (i) using a log-linked
linear predictor:

log(4i) = B,(ti) + Luawa(s;) + Leaea(si, ti) + Ls202(v;)
2 0QR + D T 2 ()X (st )

The terms in these equations are defined as
follows:

B(t): intercept in year t; w(s;): spatial variation at
location s; L, scaling factor (sd); ¢(s;t;): spatiotem-
poral variation at location s; in year t; L scaling
factor (sd); 6(v;): vessel/targeting effects on catch-
ability, and 6(v;)~Normal (0,1); L;: scaling factor (sd);
QG,k): catchability covariate (s); A(k): associated
catchability parameter (s); X(s;t;,p): habitat covariate
(s); v(p): associated habitat parameter (s).

The probability of catching data ¢ for sample i was
calculated as follows:

Pr c=0 _ 1- pi

¢i>0 )\ pi x Lognormal(c;| log(%), 02,)

Annual abundance index I was estimated as
follows:

I(t)= ZZ; [Area(k) x Density(k,t)]
= {Area(k) x [logi (p;) x log(%)] }

2.5. Model selection

The final optimal DLN, ZINB, and VAST models
were chosen on the basis of the lowest Akaike infor-
mation criterion (AIC) weight [42]. In addition, after
model selection, we conducted a thorough goodness-
of-fit test by using the analysis of deviance method.
This process involved evaluating the significance of
each model term (Year, Quarter, Area, HPBC) in
explaining the variation in the response variable. The
F-test and associated p values from the analysis of
deviance tables provided information regarding the
statistical significance of each term in the DLN model,
whereas the chi-squared test (y*) provided similar
information for the ZINB model. After a rigorous
goodness-of-fit assessment, we selected the models
that best captured the observed data patterns for
further analyses.

2.6. Computational procedures

All statistical analyses and visualizations in this
study were conducted using the R language for
statistical computing. We used R version 3.6.3 for
the DLN and ZINB models, and R version 4.2.2 [43]
for the VAST models. The “glm” function was
employed for DLN analysis, and the ZINB models
were computed using the “zeroinfl” function in the
“pscl” package. The VAST models were imple-
mented using the VAST R package (version 3.10.1).
Additionally, graphical outputs were produced
using the “ggplot2” package [44].

3. Results

3.1. Exploring diagnostics and model selection

Blue shark bycatch data exhibit numerous zero
values and a right-skewed distribution (Fig. 5). The
DLN models with the lowest AIC values were
“In(CPUE) = u + Year + Quarter + Area + HPBC
(AIC = 25,645)” for the lognormal component and “PA
= u + Year + Quarter + Area + HPBC (AIC = 33,581)”
for the binomial component. In the ZINB model, the
best fit for the Indian Ocean region was “BSH =
Year + Quarter + Area + HPBC (AIC = 94,218),” which
addressed zero inflation and overdispersion in catch
data. Regarding the VAST models, the optimal model
was “BSH = Year + Latitude + Longitude
(AIC = 65,632),” which comprised 10,949 coefficients,
including 43 fixed and 10,906 random coefficients.
These selections were made after an evaluation of AIC
values. Consequently, these most favorable models
were utilized for further analyses.

All examined variables (Year, Quarter, Area, and
HPBC) significantly contributed to explaining
observed deviations. The analysis of variance col-
umns in Tables 1 and 2 display high significance
levels (p < 0.001) for the main effects included in the
final models. Year effects accounted for the majority
of the variability, followed by Quarter effects,
whereas the influences of Area and HPBC in the
ZINB model were relatively minor.

Diagnostic assessments confirm that CPUE as-
sumptions are based on lognormal distributions,
which approximate normality. DLN residual distri-
butions and Q—Q plots revealed no significant de-
viation from model assumptions (Fig. 6a, b). In ZINB
modeling, rootogram results aligned with ZINB as-
sumptions (Fig. 6¢) because the observed values
(bars) closely matched the predicted line (red line),
indicating satisfactory model fit. However, the Q—Q
plot indicated deviation from the ideal normal dis-
tribution (Fig. 6d). VAST DHARMa residual
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Fig. 5. Density distribution of BSH catch in number in the Taiwanese large-scale tuna longline fishery in the Indian Ocean, 2005—2022.

histograms depicted an even distribution with no

trend, indicating model adequacy (Fig. 6e). The

Table 2. Deviance table for the ZINB model of blue sharks in the Indian

. . Ocean.
Q—Q plot was nearly linear, suggesting an accept- > >
able overall distribution (Fig. 6f). Source Df X Pr >x)
Year 17 2181.63 <2.2e-16 ok
3.2. Annual trend of standardized catch rate index Quarter 3 239.96 <2.2e-16 -
. ; Area 1 789.12 <2.2e-16 ok
for BSH in the Indian Ocean HPBC 1 195.63 <220-16 .

dian Ocean—obtained from the DLN, ZINB, and

Table 1. Deviance tables for the DLN model of blue sharks in the Indian Ocean.

) X . Significance codes: 0: “***; 0.001: “**”; 0.01” “*7; 0.05” .”; 0.1:
The standardized CPUE series for BSH in the In-

Lognormal framework positive catch rate

Source Df Deviance Resid. Df Resid. deviance F Pr (>F)

NULL 13,706 43.608

Year 17 5.119 13,689 38.489 108.968 <2.2e-16 Hokk
Quarter 3 0.252 13,686 38.237 30.360 <2.2e-16 o
Area 1 0.040 13,685 38.197 14.399 0.0001485 ok
HPBC 1 0.380 13,684 37.817 137.629 <2.2e-16 o
Binomial model

Source Df Deviance Resid. Df Resid. deviance F Pr (>F)

NULL 30,147 41,546

Year 17 960.37 30,130 40,585 56.492 <2.2e-16 *E*
Quarter 3 63.33 30,127 40,522 21.111 1.139e-13 o
Area 1 124.16 30,126 40,398 124.160 <2.2e-16 okok
HPBC 1 325.10 30,125 40,073 325.103 <2.2e-16 ok

Significance codes: 0: “***”; 0.001: “**7; 0.01” “*”; 0.05: “.”’; 0.1” “ ; 1.
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Fig. 6. Diagnostic results for the DLN, ZINB, and VAST models applied
to longline BSH bycatch data. The histogram of the residuals (left) and
the Q—Q plot (right) illustrate the results for the DLN model (a, b),
ZINB model (c, d), and VAST model (e, f). In the Q—Q plot, the thick
black lines represent the consistency between theoretical CPUE and
predicted CPUE, and the circles indicate abnormal data points.

VAST models—is illustrated in Fig. 8. A noticeable
pattern of interannual fluctuations was observed in
both the nominal and standardized CPUE for BSH
from 2005 to 2022. Specifically, the annual values for
standardized CPUE closely mirrored those of nom-
inal CPUE during this period (see Fig. 7). Nominal
CPUE consistently recorded lower values compared
with standardized CPUE; this result highlights the
effectiveness of the standardization process in
reducing variability associated with explanatory
variables.

Over time, standardized CPUE reveals fluctua-
tions in the relative abundance of BSH. A slight
drop occurred from 2009 to 2010, followed by annual
increases from 2010 to 2013. Subsequently, a decline
occurred from 2013 to 2015, and then a significant

rise occurred from 2015 to 2022 (see Fig. 7). The
years 2019—2020, possibly affected by COVID-19,
experienced disruptions in fishing activities, which
could have influenced the observed trends.
Although the overall pattern does not indicate
overexploitation or a consistent downward trend,
the relative abundance of BSH demonstrates fluc-
tuations rather than a clear and consistent upward
trend from 2005 to 2022.

3.3. Modeling of spatiotemporal distribution
dynamics of BSH

Fig. 8 illustrates the projected spatial density pat-
terns of BSH from the optimized VAST model from
2005 to 2022. The Indian Ocean is identified as a sig-
nificant habitat for BSH, with a wide distribution
range and some degree of stability over the years. The
temporal density distributions for BSH closely match
those of the nominal CPUE (Fig. 7). Regarding the
spatial distribution, BSH is most densely located
along the southern boundary of the Indian Ocean,
covering a large part of the equatorial and southern
areas, particularly in 2009, 2013, 2018, and 2022. Dif-
ferences in sampling locations between 2013 and 2015
(displayed in Fig. 8) may have contributed to the
observed variations in both nominal CPUE and
standardized CPUE. Additionally, the hotspots in the
Indian Ocean exhibit a more irregular distribution in
the broader temporal-spatial context.

4. Discussion

In the large-scale tuna longline fishery of the In-
dian Ocean, we used multimodel methodologies to
analyze shark captures and to clarify instances of
zero BSH catch observations. No signs of over-
exploitation or a consistent downward trend in the
abundance of BSH emerged across the analyses
conducted from 2005 to 2022; rather, the data
revealed substantial interannual fluctuations
without a clear upward trend. These findings align
with the findings of Wu and Tsai [45] from the
2004—2019 Indian Ocean Tuna Commission report,
suggesting optimal utilization of BSH stock. The
diagnostic results informed the fitting of three
models to the observers’ data from the fishery,
namely the DLN, ZINB, and VAST models. Model
residual analysis for nontarget shark species (see
Fig. 6) indicated that the VAST model was the most
suitable, suggesting that the VAST model's ability to
account for spatial variations in CPUE data could
improve the accuracy of the assessment. Addition-
ally, including spatial and temporal random effects
enabled the model to effectively address inherent



112 JOURNAL OF MARINE SCIENCE AND TECHNOLOGY 2024;32:104—115

Time Series of Index CPUE Standardization

2.0

-
o

Relative Abundance
°

0.5

2005 2007 2009 2011

2015 2017 2019 2021

Year

Fig. 7. Relative annual nominal CPUE and annual standardized CPUE for the three models.

correlations and disparities in the CPUE data set
[46]. Overall, the present study's approach consti-
tutes an objective methodology for addressing the
treatment of zero catches when analyzing bycatch
CPUE in a variety of contexts, as supported by the
present models used.

The DLN model, frequently applied in studies
regarding nontarget species [47,48], effectively
manages data sets with zero values. The model's

effectiveness in this regard has been particularly
evident in studies involving blue and mako sharks
[49—52]. In the present study, we employed the delta
method to create two models. The first of these
models predicted the probability of capturing at
fewest one specimen per set by using a binomial
distribution with a logit link function. The second
model estimated the mean catch rate under the
condition of capturing at fewest one specimen,

Northings

Eastings

Fig. 8. Estimated log density of BSH by year in the alternative index from the VAST model for former time series (2005—2022).
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assuming that log-transformed catch rates (from
positive sets) followed a normal distribution. This
approach is particularly beneficial for continuous
response variables with numerous zeros, as
demonstrated in our study, where CPUE was
derived as catches per effort (1000 hooks).

In their investigation of oceanic whitetip sharks,
Brodziak and Walsh [27] emphasized the efficacy of
ZINB modeling. They assessed five models, namely
Poisson, NB, zero-inflated Poisson, ZINB, and delta-
gamma models. The ZINB model demonstrated
notable effectiveness in scenarios characterized by
high shark catch rates, consistent with similar find-
ings in studies regarding mako sharks [53,54] and
silky sharks [55]. However, the ZINB model may
overestimate coefficients in data sets with high
quantities of zero values [20]. In the present study,
BSH catches with zero values comprised only 53.8%
of the total (see Fig. 3); this proportion contrasts with
the high zero-catch rates observed in some studies
regarding Taiwanese large-scale longline fishing
[54,55]. On the basis of this comparison, we assert
that the DLN model was marginally more suitable
for CPUE standardization in our study.

Conversely, the modeling process encountered
difficulties due to imbalances in factor levels, partic-
ularly variable interactions. These imbalances hin-
dered effective capture and led to conflicts, such as
those observed between the GRP and CTNO factors
in this study. Although we utilized extensive data sets
from scientific observers, not all available data were
included in this study. However, the key variables
that influenced nominal BSH CPUE—namely Year,
Quarter, Area, and HPBC—were found to be essen-
tial. These fundamental variables consistently
aligned with the CPUE standardization findings of
related studies regarding sharks [51,54,55].

Furthermore, studying highly migratory species
such as blue sharks presents a number of chal-
lenges. These challenges arise from variations in
fishing practices, geographic regions, GRP, and gear
types used by nations such as Japan, Indonesia,
Portugal, and France, each of which has its own
longline fisheries targeting various species. There-
fore, recognizing the potential for significant varia-
tions in fishery mortality rates owing to variations in
contributing factors is crucial.

Our study employed a spatiotemporal modeling
approach to estimate relative abundance indices in
fished and unfished regions. We employed area-
weighted methods that extend beyond traditional
approaches such as DLN and ZINB modeling. The
VAST model is particularly comprehensive in
dealing with spatiotemporal variation, considering
the need to consider such variation associated with

environmental changes or depletion, unlike methods
that rely solely on large spatial areas for prediction
weighting. As a result, the adoption of spatiotem-
poral models for standardizing fishery-dependent
CPUE data is likely to increase [40]. Although the
reliance on observer data and specific data set attri-
butes may limit the degree of improvement in model
fit, our findings confirm the effectiveness of the VAST
model in addressing spatiotemporal variation [40].
The observed changes in abundance from year to
year for most sharks deviate from their expected
biological behavior (Fig. 3) [56]. Management mea-
sures, such as quota reductions, are unlikely to in-
fluence the catch rates of blue sharks given that
pelagic longline fisheries do not typically target such
measures. Furthermore, the catch rates considered in
the present analysis included animals that were kept,
discarded because of death, or released alive. Most
relative abundance indices used in stock assessments
for highly migratory populations, such as tunas and
billfishes, rely on fishery-dependent CPUE data
because of a lack of fishery-independent surveys [57].
The spatiotemporal standardization approach, as
described by Xu et al. [39], offers notable advantages
by providing a relatively representative index for the
entire population. This approach considers catch
rates in fished and unfished areas by using an area-
weighted approach, unlike the sample-weighted
nominal index, which places disproportionate
emphasis on heavily fished areas. Additionally, the
spatiotemporal approach accounts for variations in
fishing efficiency among vessels by considering dif-
ferences in vessel characteristics. These observations
highlight the potential benefits of using the spatio-
temporal standardization approach [40] and suggest
avenues for further improvement in future studies.
The observed declines in BSH catches in 2005 and
2015, which may have been due to reduced fishing
efforts in the southern Indian Ocean, was clearly
visible in the log-density data for those years (Fig. 8).
However, these findings provide only a partial un-
derstanding of the stock status because of potential
limitations in spatial coverage. To address this lim-
itation, a more comprehensive approach that in-
cludes fishery-independent data, such as surveys, as
well as sole reliance on commercial fishing records
for abundance indices, is crucial. Robust studies are
essential for thoroughly evaluating the status, ecol-
ogy, and distribution of BSH in the Indian Ocean.
Our modeling efforts revealed zeros in catch data,
and both the DLN and ZINB models demonstrated
effectiveness in fitting shark bycatch data. The
introduction of regional patterns that detail size- or
sex-specific habitats holds promise for enhancing
the management of blue shark populations. Despite
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certain limitations, such as the absence of environ-
mental effects in the standardization model and a
relatively short time series, the conclusions of our
study remain valid and provide valuable informa-
tion regarding the population dynamics of Indian
Ocean blue sharks. To extend the contributions of
the present study, future research efforts should
prioritize longer observer data time series and the
inclusion of environmental factors to yield more
comprehensive understanding.

Ethics Information

The study used data on blue sharks that was
collected from the Overseas Fisheries Development
Council of Taiwan. Since the study relied on pre-
existing data and did not involve any direct inter-
action with live animals, ethical clearance is not
applicable.

Conflicts of interest

The authors named in this study have confirmed
that they do not have any conflicts of interest,
whether financial or otherwise.

Acknowledgments

The authors thank the Overseas Fisheries Devel-
opment Council, Taiwan for providing shark catch
and effort data of longline fisheries. We also thank
two anonymous reviewers for their helpful com-
ments, which greatly improved this manuscript.
This study was financially supported by the Fish-
eries Agency, Ministry of Agriculture (Taiwan)
under Contract No. 112AS-6.4.1-FA-F2(5) and
113AS-6.4.1-FA-F2(5). This manuscript was edited
by Wallace Academic Editing.

References

[1] Stein RW, Mull CG, Kuhn TS, Aschliman NC, Davidson LN,
Joy JB, et al. Global priorities for conserving the evolutionary
history of sharks, rays and chimaeras. Nature Ecology &
Evolution 2018;2(2):288—98.

[2] Dulvy NK, Simpfendorfer CA, Davidson LN, Fordham SV,
Brautigam A, Sant G, et al. Challenges and priorities in shark
and ray conservation. Curr Biol 2017;27(11):R565—72.

[3] Simpfendorfer CA, Heithaus MR, Heupel MR, MacNeil MA,
Meekan M, Harvey E, et al. Widespread diversity deficits of
coral reef sharks and rays. Science 2023;380(6650):1155—60.

[4] Maunder MN, Punt AE. Standardizing catch and effort data:
a review of recent approaches. Fish Res 2004;70(2—3):141—59.

[5] Clarke SC, Harley SJ, Hoyle SD, Rice JS. Population trends in
Pacific Oceanic sharks and the utility of regulations on shark
finning. Conserv Biol 2013;27(1):197—209.

[6] Aires-da-Silva AM, Gallucci VF. Demographic and risk an-
alyses applied to management and conservation of the blue
shark (Prionace glauca) in the North Atlantic Ocean. Mar
Freshw Res 2007;58(6):570—80.

[7] Coelho R, Fernandez-Carvalho J, Lino PG, Santos MN. An

overview of the hooking mortality of elasmobranchs caught

in a swordfish pelagic longline fishery in the Atlantic Ocean.

Aquat Living Resour 2012;25(4):311-9.

Clarke SC, McAllister MK, Milner-Gulland EJ, Kirkwood G,

Michielsens CG, Agnew DJ, et al. Global estimates of shark

catches using trade records from commercial markets. Ecol

Lett 2006;9(10):1115—26.

Huang H-W. Bycatch of high sea longline fisheries and

measures taken by Taiwan: Actions and challenges. Mar Pol

2011;35(5):712—20.

[10] Rigby C, Barreto R, Carlson ], Fernando D, Fordham S,
Francis M, et al. Prionace glauca. The IUCN red list of
threatened species 2019: E.T39381A29158502019; 2019.
p- 2019-23.

[11] Lucrezi S, Matiza T. Sharks, tourism and conservation: a test
of causative and mediating effects on scuba divers’ attitude.
Mar Pol 2024;160:105996.

[12] Lascelles B, Notarbartolo Di Sciara G, Agardy T, Cuttelod A,
Eckert S, Glowka L, et al. Migratory marine species: their
status, threats and conservation management needs. Aquat
Conserv Mar Freshw Ecosyst 2014;24(S2):111—27.

[13] Liu K-M, Su K-Y. Updated standardized CPUE, size and
spatial distribution of blue shark (Prionace glauca) caught by
the Chinese Taipei longline fishery in the Atlantic Ocean.
Collect Vol Sci Pap ICCAT 2023;80(4):306—36.

[14] IOTC. Report on IOTC Data Collection and Statistics. Vic-
toria, Seychelles: Indian Ocean Tuna Commission; 2019.

[15] IOTC. Review of the statistical data available for bycatch
species Mahé, Seychelles. Indian Ocean Tuna Commission;
2021.

[16] Hua C, Zhu Q, Shi Y, Liu Y. Comparative analysis of CPUE
standardization of Chinese Pacific saury (Cololabis saira)
fishery based on GLM and GAM. Acta Oceanol Sin 2019;
38(10):100—10.

[17] Ducharme-Barth ND, Griiss A, Vincent MT, Kiyofuji H,
Aoki Y, Pilling G, et al. Impacts of fisheries-dependent
spatial sampling patterns on catch-per-unit-effort standard-
ization: a simulation study and fishery application. Fish Res
2022;246:106169.

[18] Hoyle SD, Campbell RA, Ducharme-Barth ND, Griiss A,
Moore BR, Thorson JT, et al. Catch per unit effort modelling
for stock assessment: A summary of good practices. Fish Res
2024;269:106860.

[19] Martin TG, Wintle BA, Rhodes JR, Kuhnert PM, Field SA,
Low-Choy SJ, et al. Zero tolerance ecology: improving
ecological inference by modelling the source of zero obser-
vations. Ecol Lett 2005;8(11):1235—46.

[20] Minami M, Lennert-Cody CE, Gao W, Roman-Verdesoto M.
Modeling shark bycatch: the zero-inflated negative binomial
regression model with smoothing. Fish Res 2007;84(2):
210-21.

[21] McCullagh P, Nelder JA. Generalized linear models. Lon-
don, UK: Chapman & Hall; 1989.

[22] Wood SN. Generalized additive models: an introduction
with R. London, UK: Chapman & Hall; 2006.

[23] Forrestal FC, Schirripa M, Goodyear CP, Arrizabalaga H,
Babcock EA, Coelho R, et al. Testing robustness of CPUE
standardization and inclusion of environmental variables with
simulated longline catch datasets. Fish Res 2019;210:1—13.

[24] Lo NC-h, Jacobson LD, Squire JL. Indices of relative abun-
dance from fish spotter data based on delta-lognornial
models. Can J Fish Aquat Sci 1992;49(12):2515—26.

[25] Pennington M. Estimating the mean and variance from
highly skewed marine data. Fishery Bull 1996;94:498—505.

[26] Lambert D. Zero-inflated Poisson regression, with an appli-
cation to defects in manufacturing. Technometrics 1992;34(1):
1-14.

[27] Brodziak J, Walsh WA. Model selection and multimodel
inference for standardizing catch rates of bycatch species:
a case study of oceanic whitetip shark in the Hawaii-
based longline fishery. Can ] Fish Aquat Sci 2013;70(12):
1723—40.

[8

—_—

9

—



JOURNAL OF MARINE SCIENCE AND TECHNOLOGY 2024;32:104—115 115

[28] Breslow NE, Clayton DG. Approximate inference in gener-
alized linear mixed models. ] Am Stat Assoc 1993;88(421):
9-25.

[29] Hazin HG, Hazin FH, Mourato B, Carvalho F, Frédou T. Stan-
dardized catch rates of swordfish (Xiphias gladius) Caught by
the brazilian fleet (1978-2012) using generalized Linear mixed
models (GLMM) using delta log approach. Collective Volume
of Scientific Papers ICCAT 2014;70(4):1875—84.

[30] Forrestal FC, Goodyear CP, Schirripa M, Babcock E,
Lauretta M, Sharma R. Testing robustness of CPUE stan-
dardization using simulated data: findings of initial blind
trials. Collect Vol Sci Pap ICCAT 2017;74(2):391—403.

[31] Miyabe N, Takeuchi Y. Standardized bluefin CPUE from
the Japanese longline fishery in the Atlantic including
those for mixing studies. ICCAT Col Vol Sci Pap 2003;55:
1190—-207.

[32] Griiss A, McKenzie JR, Lindegren M, Bian R, Hoyle SD,
Devine JA. Supporting a stock assessment with spatio-tem-
poral models fitted to fisheries-dependent data. Fish Res
2023;262:106649.

[33] Hodgdon CT, Tanaka KR, Runnebaum J, Cao J, Chen Y.
A framework to incorporate environmental effects into stock
assessments informed by fishery-independent surveys: a
case study with American lobster (Homarus americanus).
Can ] Fish Aquat Sci 2020;77(10):1700—10.

[34] Thorson JT. Guidance for decisions using the Vector Autor-
egressive Spatio-Temporal (VAST) package in stock,
ecosystem, habitat and climate assessments. Fish Res 2019;
210:143—61.

[35] Kai M. Spatio-temporal changes in catch rates of pelagic
sharks caught by Japanese research and training vessels in
the western and central North Pacific. Fish Res 2019;216:
177-95.

[36] Kai M, Thorson JT, Piner KR, Maunder MN. Spatiotemporal
variation in size-structured populations using fishery data:
an application to shortfin mako (Isurus oxyrinchus) in the
Pacific Ocean. Can J Fish Aquat Sci 2017;74(11):1765—80.

[37] Shi Y, Zhang X, Yang S, Dai Y, Cui X, Wu Y, et al. Con-
struction of CPUE standardization model and its simulation
testing for chub mackerel (Scomber japonicus) in the
Northwest Pacific Ocean. Ecol Indicat 2023;155:111022.

[38] Hansell AC, Becker SL, Cadrin SX, Lauretta M, Walter IIIJF,
Kerr LA. Spatio-temporal dynamics of bluefin tuna (Thun-
nus thynnus) in US waters of the northwest Atlantic. Fish Res
2022;255:106460.

[39] Xu H, Lennert-Cody CE, Maunder MN, Minte-Vera CV.
Spatiotemporal dynamics of the dolphin-associated purse-
seine fishery for yellowfin tuna (Thunnus albacares) in the
eastern Pacific Ocean. Fish Res 2019;213:121—31.

[40] Griiss A, Walter IIIJF, Babcock EA, Forrestal FC, Thorson JT,
Lauretta MV, et al. Evaluation of the impacts of different
treatments of spatio-temporal variation in catch-per-unit-
effort standardization models. Fish Res 2019;213:75—93.

[41] Zuur AF, Ieno EN, Walker NJ, Saveliev AA, Smith GM.
Mixed effects models and extensions in ecology with R.
Springer; 2009.

[42] Akaike H. Information theory and an extension of the
maximum likelihood principle. Selected papers of hirotugu
akaike. Springer; 1973. p. 199—213.

[43] Core RD. A language and environment for statistical
computing. http://wwwR-projectorg; 2022.

[44] Wickham H, Chang W, Wickham MH. Package ‘ggplot2’.
Create elegant data visualisations using the grammar of
graphics Version 2016;2(1):1—189.

[45] Wu X-H, Tsai W-P. Updated standardized catch rates for
blue shark caught by the Taiwanese large-scale tuna longline
fishery in the Indian Ocean. 2021.

[46] Han Q, Shan X, Jin X, Gorfine H. Overcoming gaps in a
seasonal time series of Japanese anchovy abundance to
analyse interannual trends. Ecol Indicat 2023;149:110189.

[47] Hoyle SD, Lee SI, Kim DN. CPUE standardization for
southern bluefin tuna (Thunnus maccoyii) in the Korean
tuna longline fishery, accounting for spatiotemporal varia-
tion in targeting through data exploration and clustering.
Peer] 2022;10:e13951.

[48] Marin-Enriquez E, Ramirez-Pérez ]S, Ruiz-Dominguez M,
Izquierdo-Pena V, Sanchez-Cardenas R, Cruz-Escalona VH,
et al. Effect of marine climate and baitfish availability on the
tuna baitboat fishery CPUE OFF northwestern Mexico.
Ocean Coast Manag 2023;232:106418.

[49] Megalofonou P, Damalas D, Deflorio M, De Metrio G.
Modeling environmental, spatial, temporal, and operational
effects on blue shark by-catches in the Mediterranean long-
line fishery. ] Appl Ichthyol 2009;25:47—55.

[50] Mejuto J, Garcia-Cortés B, Ramos-Cartelle A, De la Serna J,
Gonzalez-Gonzalez I, Fernandéz-Costa J. Standardized catch
rates of shortfin mako (Isurus Oxyrinchus) caught by the
spanish surface longline fishery targeting swordfish in the
atlantic ocean during the period 1990—2010. Collect Vol Sci
Pap ICCAT 2013;69(1):1657—69.

[51] Tsai W-P, Sun C-L, Liu K-M, Wang S-B, Lo NC. CPUE
standardization and catch estimate of blue shark by Taiwa-
nese large-scale tuna longline fishery in the North Pacific
Ocean. J Mar Sci Technol 2015;23(4):21.

[52] Cortés E. Stock status indicators of mako sharks in the
western North Atlantic Ocean based on the US pelagic
longline logbook and observer programs. Collect Vol Sci Pap
ICCAT 2017;74(4):1639—63.

[53] Kai M. Updated CPUE of shortfin mako, Isurus oxyrinchus,
caught by Japanese shallow-set longliner in the North Pa-
cific. 2017. ISC/17/SHARKWG-1/07.

[54] Wu X-H, Liu SYV, Wang S-P, Tsai W-P. Distribution patterns
and relative abundance of shortfin mako shark caught by the
Taiwanese large-scale longline fishery in the Indian Ocean.
Regional Studies in Marine Science 2021;44:101691.

[55] Li CY, Wu X-H, Vanson Liu SY, Wang S-P, Tsai W-P. Catch
rates and distribution pattern of the silky shark, Carcharhi-
nus falciformis, caught by the Taiwanese large-scale longline
fishery in the Indian Ocean. J] Mar Sci Technol 2021;29(5):
673—84.

[56] Cortés E. Standardized catch rates of blue sharks in the
Western North Atlantic Ocean from the US pelagic longline
logbook and observer programs. Collect Vol Sci Pap ICCAT
2016;72(4):1067—82.

[57] Maunder MN, Sibert JR, Fonteneau A, Hampton ], Kleiber P,
Harley SJ. Interpreting catch per unit effort data to assess the
status of individual stocks and communities. ICES ] Mar Sci
2006;63(8):1373—85.


http://wwwR-projectorg

	Multimodel approach to a support stock assessment of standardized catch and effort data: A case study of blue shark (Prionace glauca) in the Indian Ocean by the Taiwanese large-scale longline fishery
	Recommended Citation

	Multimodel Approach to a Support Stock Assessment of Standardized Catch and Effort Data: A Case Study of Blue Shark (Priona ...
	1. Introduction
	2. Materials and methods
	2.1. Overview description
	2.2. Fishery observer data
	2.3. Data filtering and initial data exploration
	2.4. Statistical modeling of standardized CPUE
	2.4.1. DLN model
	2.4.2. ZINB model
	2.4.3. VAST model

	2.5. Model selection
	2.6. Computational procedures

	3. Results
	3.1. Exploring diagnostics and model selection
	3.2. Annual trend of standardized catch rate index for BSH in the Indian Ocean
	3.3. Modeling of spatiotemporal distribution dynamics of BSH

	4. Discussion
	Ethics Information
	Conflicts of interest
	Conflicts of interest
	Acknowledgments
	References


