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Discussions: The purpose of the paper is to inform the WPB that the standardized CPUE index for swordfish caught by
the Portuguese pelagic longline fleet in the Indian Ocean has been updated to cover the period 2000-2024 using a
Tweedie GLMM.

Feedback: The authors of the paper request review and comments from the WPB that the standardization approach
used, the model configuration, validation and sensitivity analysis presented, are adequate for the intended use of the
index.

Conclusion: The authors seek endorsement that this updated standardized CPUE series from the EU.Portugal pelagic
longline fleet can be used as an index of relative abundance for the 2026 IOTC swordfish stock assessment.
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Abstract

The Portuguese pelagic longline fishery in the Indian Ocean started in the late 1990’s, targeting mainly swordfish in
the southwest. This document updates that analysis with regards to catch, effort and standardized CPUE trends for the
Portuguese fleet operating in the Indian Ocean. Nominal annual CPUEs were calculated as kg/1000 hooks and were
standardized with Tweedie Generalized Linear Mixed Models (GLMMs) using year, quarter, area and targeting ratios
as fixed factors, and the vessel effect as a random variable. Model goodness-of-fit and validation was carried out with
AIC, deviance explained and residual analysis. Overall, the standardized CPUE series showed an initial high level in
2000-2003, a decline through the mid-2000s with a partial recovery in 2007-2008, a lower and relatively stable period
between 2009 and 2021, and an increase in the most recent years (2022—2024), though potential gear-related effects
may contribute to this recent pattern and warrant further investigation. The results present an updated annual index
of abundance for the swordfish captured by the Portuguese pelagic longline fleet in the Indian Ocean that can be
integrated in stock assessment models for that species in the region.

Key-words

CPUE standardization, fishery indicators, Indian Ocean, pelagic longline fisheries, swordfish, Tweedie GLMM
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1. Introduction

The Portuguese pelagic longline fishery in the Indian Ocean started in the late 1990’s and has traditionally targeted
swordfish (Xiphias gladius, SWO) even though, in certain areas and seasons, it also catches relatively high quantities
of sharks, particularly the blue shark Prionace glauca, BSH.

The Portuguese fishing vessels operating in the I0TC area of competence consist only of pelagic longliners targeting
swordfish, traditionally ranging in size from 35 to about 50m. The number of vessels licensed increased from the
beginning of the fishery in 1998 (five vessels) until 2009 (24 vessels). The number of active vessels followed a similar
trend, with a peak in 2006 (17 vessels); however, during the last years, the active vessels in the convention area
decreased to 3 in 2018, and only 2 in the more recent years.

Given the objective of conducting a swordfish stock assessment for the Indian Ocean in 2026, and following previous
working documents presented by the authors in previous years for previous assessments and other swordfish related
work (Santos et al., 2012, 2013, 2014, Coelho et al., 2017, 2020, 2023), this study provides an updated overview of the
swordfish catches by the Portuguese pelagic longline fishery operating in the Indian Ocean between 1998 and 2024.
Specific objectives are to present new information on the catch, effort and standardized CPUE trends that can
contribute to the 2026 stock assessment of swordfish in the Indian Ocean.

2. Material and methods

2.1. Catch and effort

The historical catch and effort data from the Portuguese longliners targeting swordfish in the Indian Ocean were
compiled and analyzed. This included information on the catches, fishing effort in number of hooks per set and
geographical location integrated from VMS data (Table 1). This data contains almost the entire time series for the
Portuguese pelagic longline fleet operating in Indian Ocean.

The spatial catch and effort was mapped and plotted in order to identify the major areas of operation of the fleet in
the Indian Ocean. The CPUE, measured in swordfish (SWO) biomass per 1000 hooks (kg/1000 hooks), was plotted along
the quarters of the year, in order to describe the patterns of the catches of this species by the fleet in that region and
seasons.
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Table 1: Effort (number of fishing sets and hooks) with catch, effort and location information carried out by the
Portuguese pelagic longline fleet in the Indian Ocean between 2000 and 2024 and used for this analysis.

Year Sets Hooks

2000 275 355200
2001 631 1080400
2002 647 1109900
2003 575 837650
2004 370 457800
2005 143 164200

2006 1801 1953620
2007 1325 1477170

2008 238 299800
2009 482 524150
2010 457 556854
2011 633 782000
2012 516 689343
2013 1312 1557998
2014 863 977752
2015 1302 1418400

2016 1449 1703550
2017 1413 1621500

2018 833 893600
2019 767 811000
2020 564 593800
2021 584 648200
2022 534 591200
2023 592 655400
2024 569 682800

Total 19022 | 22615887

2.2. CPUE standardization

The CPUE analysis was carried out using the official fisheries statistics collected by the Portuguese Fisheries authorities
(DGRM), that is composed mostly of electronic logbook data to which VMS data was added for spatial locations.
Operational data at the fishing set level was used, with the catch data referring to the total (round) weight of swordfish
captured per fishing set. The data series begins in 1998 but the standardization model used data from 2000 onwards
because of limited information in the initial two years of the fishery.

For the CPUE standardization, the response variable considered for this study was catch per unit of effort (CPUE),
measured as biomass of live fish (kg) per 1000 hooks deployed. The standardized CPUEs were estimated with
Generalized Linear Mixed Models (GLMMs).

There were some fishing sets with zero swordfish catches that resulted in a response variable of CPUE=0. Those zeros
for SWO catches are minimal in the dataset given it is a main target species, but they were used in the models and
need specific models specification and error distributions to not cause mathematical problems when fitting the
models. Coelho et al. (2014) tested three different methodologies, specifically Tweedie, Gamma and Lognormal
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models. At the time, the Lognormal with an added constant was used, given that it is a simpler model to fit and the
low percentage of zeros allows such type of approach (Campbell, 2004; Shono, 2008).

For this update, we run both Tweedie and Lognormal models, the Tweedie because it has the advantage of being a
single model that can fit both the mass of zeros and the continuous positives, and the Lognormal with an added
constant to provide a continuity of the previous CPUE standardization procedure used. The Tweedie distribution is a
member of the exponential dispersion family, defined by a power parameter (p). When this takes values 1< p < 2, it
allows to fit a continuous response with a mass at zero in the same model, which is appropriate for CPUE data that can
include zero-catch sets without requiring an additive constant (Shono, 2008; Foster and Bravington, 2013). The
Lognormal model with an added constant (c = 10% of the mean nominal CPUE; Campbell, 2004) was retained as a
sensitivity to provide continuity with previous CPUE standardization procedures.

Santos et al. (2014) tested multiple sensitivity runs in the SWO CPUE standardization, including sensitivities to the
model type, the use of ratio factor and the definition of the area effects. Additionally, Coelho et al. (2015) tested
targeting effects to this fleet by using ratios and cluster analysis, demonstrating that both had very similar behaviors
in this fleet (fleet targeting mainly SWO but with BSH as a secondary target). Therefore, this update of the SWO CPUE
is based on the base case from those previous studies. As such, based on the sensitivity analysis and the previous CPUE
standardizations provided by Coelho et al. (2017, 2020, 2023), the covariates considered and tested in the base case
models for this work were:

e Year: analyzed between 2000 and 2024;
e Quarter of the year: 4 categories: 1 = January to March, 2 = April to June, 3 = July to September, 4 = October

to December;

e Area: Using a GLM Tree area stratification based on Ichinokawa & Brodziak (2010) approach;
e Ratio: based on the SWO/SWO+BSH ratio of captures;

e Interactions: first order interactions were tested and used if significant with the AIC criteria;
e Vessel ID: used as a random variable in the GLMM.

The significance of each explanatory variable was assessed with likelihood-ratio tests on sequential model additions
(each variable tested against the previous, simpler model), and by analyzing the deviance reduction (and proportion
of total deviance) explained by each covariate. Goodness-of-fit and model comparison was carried out with the Akaike
Information Criteria (AIC). Model validation was carried out with a residual analysis. The final estimated indices of
abundance were calculated as estimated marginal means (Lenth, 2024) for the year factor.

The ratio factor was defined as the percentage of swordfish catches related to combined swordfish and blue shark
catches. This ratio is in general considered a good proxy indicator of target criteria more clearly directed at swordfish
versus a more diffuse fishing strategy aimed at the two main species (SWO and BSH). Moreover, it has been consistently
applied to other fleets that have a similar method of operation, such as the Spanish fleet, with applications both to the
Atlantic and the Indian Ocean (e.g., Ramos-Cartelle et al., 2011; Mejuto et al., 2012; Santos et al., 2013, Coelho et al.,
2015a). The ratio factor was calculated for each set and then divided into ten categories using the 0.1 quantiles.
However, recent works have also suggested the use of cluster analysis to define target effects as explanatory variables
in the standardization models (He et al., 1997). This approach has been used with success in the Indian Ocean by
Nishida and Wang (2014) for swordfish, and has also been tested in blue shark both in the North Atlantic by Coelho et
al. (2016) and Indian Ocean by Coelho et al. (2015). In those later studies, this approach was tested as a sensitivity
analysis but not selected in the final model as the EU.Portugal fleet consistently targets SWO and to a less extent BSH,
and as such the information obtained with the cluster analysis is very similar to using SWO/BSH ratios.
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2.3. Software

All statistical analysis for this paper was carried out with the R Project for Statistical Computing version 4.5.1 (R Core
Team, 2025) using several additional libraries: tidyverse (Wickham et al., 2019), ggplot2 (Wickham, 2016), glmmTMB
(Brooks et al., 2017), Ime4 (Bates et al., 2015), emmeans (Lenth, 2024), DHARMa (Hartig, 2024), car (Fox and Weisberg,
2019), sf (Pebesma, 2018), and rnaturalearth (Massicotte and South, 2024).

3. Results and Discussion

3.1. Spatial distribution in the catch and effort

The areas of operation in the Indian Ocean in terms of fishing effort for the Portuguese pelagic longline fleet, for the
period between 1998 and 2024 are shown in Figure 1. Most of the effort took place in the south and southwest regions
(Figure 1).

Effort distribution

Hooks
(x1000, log)

1000
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1
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Figure 1. Effort distribution of the Portuguese pelagic longline fleet for the 1998-2024 period in the Indian Ocean. The
total effort over that period is represented in 5x5 grids with darker colors representing areas with more effort in
number of hooks.

The SWO catches are much more spread throughout the southern Indian Ocean region (Figure 2). There seems to be
a higher concentration particularly in the SE Indian Ocean, as well as in some particular areas of the SW Indian Ocean
(Figure 2).
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SWO CPUE distribution
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Figure 2. SWO CPUE distribution for the Portuguese pelagic longline fleet for the 1998-2024 period in the Indian Ocean.
The mean CPUEs are represented in 5x5 grids with darker colors representing areas with higher SWO CPUE mean
values. Only cells with >= 5 sets are represented.

3.2. Yearly and seasonal variability in the catch and effort

The total effort of the Portuguese longline fleet in the Indian Ocean remained relatively constant between 1999 and
2004, followed by an increase during 2006-2007 and then a sharp decrease in the 2008 (Figure 3). Since then, between
2009 and 2016 the effort increased again to values higher than in the early 2000’s and closer to the 2006-2007 period.
Since 2018 there has been a decrease that has been relatively stable from then until 2024 (Figure 3).

The total swordfish catches also tended to follow this general trend, with a peak during 2006-2007, followed by a sharp
decrease in 2008, and then a more steady and progressive increase until 2017, and then a decrease but stable period
since 2018 until the present (Figure 3). In terms of ratios of swordfish compared to the swordfish + blue shark catches,
the ratios were lower in the first years of the fishery, and higher in the most recent period since 2005, with a slight
progressive decreasing trend until the present (Figure 3).

The increase after 2005 might be a result of a change in the fishery, namely in terms of gear material, i.e. the
replacement of the traditional multifilament by nylon monofilament gear which provides higher swordfish catches.
Whereas, the slight decrease after 2008 is probably related by another change in the fishing gear (nylon monofilament
by wire leaders) and bait (mackerel alternating with of squid, or instead of, in areas/periods of higher shark
abundance). Several authors (Ward et al., 2009; Vega and Licandeo, 2009; Afonso et al., 2011) have demonstrated that
higher blue shark catch rates are obtained when wire leaders are used.
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Figure 3: Descriptive plots of the total effort in sets (A), the total catch of swordfish (B), and the ratio of swordfish
compared to the swordfish and blue shark catches (C), for the Portuguese longline fleet operating in the Indian Ocean.

No major pattern or trend was observed in the swordfish CPUE along the quarters of the year, and a high inter- and
intra-annual variability was noticed (Figure 4).
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Figure 4. Quarterly swordfish CPUE (kg/1000 hooks) by the Portuguese pelagic longline fleet in the Indian Ocean, per
year. In the boxplots the middle lines represent the median, the box the quartiles, the whiskers the non-outlier range
and the points the outliers.

3.3. CPUE data characteristics

The nominal time series of the swordfish CPUE for the Portuguese pelagic longline fleet operating in the Indian Ocean
is presented in Figure 5. There was a tendency for the CPUE to increase substantially in the first years of the fishery
between 2000 and 2008, followed by a decrease until 2014, and then another increase in the most recent years, with
current CPUEs similar to the period 2009-2013. In the last year of the series, especially after 2022, the nominal CPUEs
increased again (Figure 5).

The lower nominal CPUE in the early years of the time series was most probably related to the use of the traditional
Spanish style longline gear in the period. It is known that the currently used monofilament gear (Florida style) is more
efficient (see Vega and Licandeo, 2009; and references therein). It is worth noting that the entire Portuguese fleet
shifted to the new gear by the mid-2000.

The percentage of fishing sets with zero catches of SWO in the Indian Ocean was very low, specifically 0.49%. This level
of low percentages of fishing sets with zero SWO catches are similar, for example, to what has been previously reported
by the Spanish fleet targeting swordfish in the same area, which reported values of fishing sets with zero catches
generally lower than 1% (Ramos-Cartelle et al., 2011), and also for the Portuguese fleet operating along wider areas of
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the Indian Ocean (Santos et al., 2013, Coelho et al. 2017). The nominal swordfish CPUE distribution was highly skewed
to the right and became more normal shaped in the log-transformed scale (Figure 6).

Nominal SWO CPUE
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Figure 5. Nominal CPUE series (kg/1000 hooks) for swordfish caught by the Portuguese pelagic longline fishery in the
Indian Ocean, between 2000 and 2024. The shaded band represents + 1 standard error.
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Figure 6: Distribution of the nominal swordfish CPUE captured by the Portuguese longline fleet in the Indian Ocean in
non-transformed (top plot) and log-transformed (bottom plot) scales.
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3.4. Spatial area stratification

The area stratifications followed a GLM tree approach for optimization based on the AIC drop. The final areas selected
(5 areas) are shown in Figure 7.

There are some differences in the SWO nominal CPUE in those areas, in general with higher values in the SE Indian
Ocean, followed by the more tropical regions and then the remaining areas (Figure 8).

GLM-tree area stratification
10°N ——— - T

120°E

Figure 7: Spatial area stratification for the SWO CPUE captured by the Portuguese longline fleet in the Indian Ocean.
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Figure 8: CPUE (median, interquartile range and dispersion) in each of the spatial areas defined by the GLM tree
stratification procedure for the SWO CPUE captured by the Portuguese longline fleet in the Indian Ocean.

3.5. CPUE base model

The model explained a substantial portion of the variability in CPUE, with a marginal R? of 0.33 (variance explained by
the fixed effects alone) and a conditional R? of 0.67 (variance explained by fixed and random effects combined). The
contribution of the vessel random effect to the total variance explained therefore reflects relevant between-vessel
differences in catchability that are accounted for in the standardization. All four fixed explanatory variables in the final
model were highly significant and contributed to explaining part of the deviance (Table 2). The variable that
contributed most was the ratio, followed by year, and then the season and spatial area effects.

First-order interactions between Quarter, Area and Ratio were tested as additions to the simple-effects model. None
of the candidate interactions reached stable convergence, even with extended iteration limits, and the simple-effects
model was therefore retained as the base case. This is consistent with the structure used in previous assessment cycles
for the SWO CPUE standardization (Coelho et al., 2017, 2020, 2023).

The Tweedie power parameter (p) was estimated at 1.54, noting that when 1 < p < 2 the distribution is a compound
Poisson-Gamma that is appropriate for continuous positive data with a fraction of zeros.

Table 2. Sequential analysis of deviance for the Tweedie GLMM standardizing SWO CPUE for the Portuguese pelagic
longline fleet in the Indian Ocean (2000-2024). Variables were added cumulatively. Df: total parameters; dDf:
parameters added; dDeviance: deviance reduction; Chisq and P-value: likelihood-ratio test for each addition; AIC and
dAIC: Akaike Information Criterion and its change (delta) versus the previous model. Note: all models use vessel effect
as a random variable.
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Model df dDf dDeviance | deviance Chisq P_value AlIC dAIC
Null 3 NA NA 287777.7 NA NA 287783.7 NA
add_Year 27 24 2090.1 285687.6 2090.1 0 285741.6 -2042.1
add_Quarter 30 3 584.8 285102.9 584.8 2E-126 285162.9 -578.8
add_AreaCat 34 4 529.8 284573.1 529.8 2E-113 284641.1 -521.8
add_RatioFac 43 9 7663.3 276909.8 7663.3 0 276995.8 -7645.3

3.6. Model validation

The model was validated based on simulation-based residuals (DHARMa residuals) and the diagnostic plots indicated
that the Tweedie GLMM provided an adequate fit. The dispersion test was non-significant (p = 0.95), confirming that
the Tweedie family correctly accommodated the variance structure of the response. The Kolmogorov-Smirnov
goodness-of-fit test and the outlier test were formally significant (p < 0.01). However, both tests are highly sensitive
to large sample sizes and detect even minor departures from the theoretical distribution, which is expected in this case
when using a large dataset in the models. The visual analysis of the residuals against fitted values showed no systematic
patterns (Figure 9), supporting the model's adequacy for the standardization.
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Figure 9. Residual analysis (based on simulation-based DHARMa residuals) for the final Tweedie GLMM model used for
the swordfish CPUE standardization in the Indian Ocean.

3.7. Sensitivity analysis

The sensitivity analysis comparing model error distributions (Tweedie vs Lognormal+c) demonstrates that the
differences in the final standardized CPUE are minimal. The two indices were strongly correlated (r = 0.91), with the
Tweedie index slightly higher in years of higher CPUE and slightly lower in years of lower CPUE. The overall trend,
however, is consistent between the two model structures (Figure 10)
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Figure 10. Sensitivity analysis comparing model error structures for the SWO CPUE standardization in the Indian Ocean.
Both models are scaled to mean = 1 over their own series. The points represented in the plot are the nominal CPUEs.

3.8. Final standardized SWO CPUE series

The standardized swordfish CPUE index (in kg/1000 hooks) for the Portuguese pelagic longline fishery in the Indian
Ocean between 2000-2024, suggested to be used in the SWO stock assessments is presented in Figure 11 and the
detailed values in Table 3.

Overall, the standardized CPUE series showed an initial high level in 2000-2003, a decline through the mid-2000s with
a partial recovery in 2007-2008, a lower and relatively stable period between 2009 and 2021, and an increase in the
most recent years (2022-2024). There are large differences between the nominal and standardized series, especially
in the earlier years, meaning that the variables included in the models (other than year) seem to be accounting for the
variability in CPUEs, which is the objective of the standardization process, i.e., to remove fishery-dependent effects to
account only for the relative biomass change through time.

It is important to highlight that the 2022-2024 period shows a marked increase in the standardized index, with values
approaching those observed at the beginning of the series and exceeding the 2009-2021 average.

Recent technological developments in pelagic longline fleets, namely the adoption of trapline-equipped longline gear
by some vessels, have been shown to substantially increase swordfish catch rates per unit of effort deployed (Coelho
etal., 2025, 2026). This represents a fishery-dependent effect that is not currently accounted for in the standardization
model, and may therefore inflate recent CPUE values relative to what would reflect a true change in stock abundance.
At this stage there is data collection procedures in place for the Portuguese pelagic longline fleet in the Indian Ocean,
but the data collected so far is still limited and it is not fully known when this practice stared, so how much it can
potentially affect this CPUE standardization

Future updates of this index should consider explicitly modelling the trapline effect as an additional covariate, once
sufficient data on gear configuration becomes available across the fleet
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Figure 11. Final standardized CPUE series for SWO captured by the Portuguese pelagic longline fleet in the Indian Ocean
using a Tweedie GLMM. The solid blue line refers to the standardized index, and the solid points are the nominal
CPUEs. The blue band represents the 95% confidence interval.

Table 3: Standardized SWO CPUE index (kg/1000 hooks) for the Portuguese pelagic longline fleet in the Indian Ocean
between 2000 and 2024, suggested to be used in future stock assessments. This table includes the nominal CPUEs and
the index values (standardized in kg/1000 hooks), with the respective 95% confidence intervals (Cl) and coefficient of
variation (CV, %).

Nominal Standardized CPUE

Year

CPUE Stdz CPUE | Lower 95%Cl | Upper 95%CI cv
2000 530.1 799.1 659.4 968.4 9.8
2001 464.7 791.2 656.2 954.0 9.5
2002 572.4 795.1 660.1 957.8 9.5
2003 699.7 768.9 636.6 928.8 9.6
2004 622.2 646.1 535.5 779.7 9.6
2005 691.4 498.0 407.1 609.2 10.3
2006 992.3 692.8 578.6 829.4 9.2
2007 1019.8 736.2 614.7 881.6 9.2
2008 1191.6 896.6 742.2 1083.2 9.6
2009 890.3 558.8 463.9 673.2 9.5
2010 915.7 617.1 512.1 743.5 9.5
2011 1008.3 671.7 559.1 807.1 9.4
2012 1017.7 639.4 531.5 769.3 9.4
2013 895.5 626.7 522.6 751.4 9.3
2014 601.2 540.0 449.5 648.7 9.4
2015 1030.8 689.1 574.7 826.2 9.3
2016 836.3 616.3 514.1 738.9 9.3
2017 913.9 644.3 537.5 772.4 9.2
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2018 818.9 616.2 438.3 866.3 17.4
2019 775.8 607.7 505.7 730.3 9.4
2020 744.7 597.0 496.2 718.2 9.4
2021 704.8 620.6 515.8 746.7 9.4
2022 938.2 779.4 647.8 937.6 9.4
2023 1104.0 830.1 690.5 998.0 9.4
2024 1169.2 840.3 699.0 1010.1 9.4
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