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Abstract

Striped marlin (Zetrapturus audax) is an oceanic pelagic migratory fish. The
stock status of striped marlin in the Indian Ocean is now considered to be overfished
and subject to overfishing. Quantifying the level of at-haulback mortality caused by
tuna longline fishing is critical to reducing fishing pressure and protecting the fate of
billfish stocks. This study was based on data from 2,482 longline fishing operations
carried out by Chinese observers in the western Indian Ocean from 2012 to 2019. The
dataset includes information on the survival status of 774 striped marlin and their
corresponding details. We used a generalized linear model (GLM) to analyze the level
of at-haulback mortality and its potential influencing factors. The results indicate that
the distribution of 774 striped marlin had a lower jaw-fork length range from 130 to
220 cm, and 51.5% of the samples died at the time of haul-back. The observed
at-haulback mortality rates showed significant differences among quarters, hook type,
bait type, longitude, and environmental variables; the GLM model revealed that
quarter, sea-surface temperature (SST), hook type, lower jaw-fork length (LJFL),
chlorophyll (CHL), and longitude had significant effects on at-haulback condition
when the fish were retrieved on board, with the quarter and sea surface temperature
having the most significant effects. The interaction term between hook type and lower
jaw-fork length also had a significant effect on at-haulback mortality, with the model
predictions showing that mortality increased with LJFL when using circle hooks, but
decreased when using Japanese tuna hooks. There has been limited observational
analysis of hooking mortality rates for striped marlin, and the present study may
provide an important reference for the conservation and management of striped marlin
stocks in the Indian Ocean.
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1. Introduction

The striped marlin (7etrapturus audax), a species of fish belonging to the family
Istiophoridae and the genus Tetrapturus, is widely distributed in tropical and
temperate waters of the Indo-Pacific oceans (Rohner et al., 2020). This species, a
large oceanic apex predator, is highly migratory (Shimose et al., 2010; Rohner et al.,
2020). In the Indian Ocean, striped marlin is a commercially valuable incidental catch
in tuna longline fisheries (Rohner et al., 2020). The 2021 stock assessment of striped
marlin by the Indian Ocean Tuna Commission (IOTC) Working Party on Billfish
(WPB) determined that the striped marlin had been overfished and was currently
subject to overfishing (Parker et al., 2018; Wang et al., 2021). It is therefore important
to reduce the harm caused to striped marlin populations by fishing pressure, and
quantifying mortality rates is critical for understanding the fate of marlin released
from commercial fisheries (Ellis et al., 2008). The relevant information obtained from
this study can be utilized to develop informed conservation and management
measures.

Mortality is one of the key parameters required for modeling species population
dynamics, and in fisheries biology, fishing mortality includes two components:
at-haulback mortality and post-release mortality (Musyl et al., 2015). Among these,
at-haulback mortality refers to the percentage of deaths in the total number of catches
when the fishing tackle is retrieved on board (Orbesen et al., 2019). With the
development of tuna longline fisheries, various marine species such as seabirds, sea
turtles, marine mammals, and elasmobranchs are harmed as bycatch (Gilman, 2011).
Reducing the mortality of associated species is a high priority for management and
conservation (Musyl et al., 2015), and observations focusing on levels of at-haulback
mortality in tuna longline catches have been conducted globally (Watson et al., 2005;
Morgan and Burgess, 2007; Campana et al., 2009; Afonso et al., 2012; Santos et al.,
2012).

Many studies have focused on specific factors affecting the level of at-haulback
mortality. These factors include sea surface temperature (Epperly et al., 2012; Kadagi
et al., 2022), salinity (May 1990), water depth (Faccin, 1983; Childress, 1989;
Hubbard and Miranda, 1991), and dissolved oxygen (Plumb et al., 1988). Additionally,
researchers have explored fish biological characteristics such as lower jaw-fork length
(Coelho et al., 2012; Rui et al., 2014) and gender (Morgan and Burgess, 2007).
Temporal and spatial factors such as capture quarter (Kadagi et al., 2022), latitude,



and longitude (Coelho et al., 2012; Kadagi et al., 2022) are also considered in these
investigations. Furthermore, operational and fishing gear characteristics such as hook
type (Watson et al., 2005; Afonso et al., 2012; Coelho et al., 2012; Epperly et al., 2012)
and bait type (Watson et al., 2005; Epperly et al., 2012), are also considered as
potential factors. It is widely acknowledged that these factors may have varying
impacts on at-haulback mortality rates for different species, necessitating specialized
studies targeting specific fish species.

Compared to research on other catches in longline fisheries, research on the
mortality of striped marlin is currently limited and has focused on post-release
mortality analyses. For example, Domeier conducted a study on the post-release
mortality of striped marlin off the Pacific coast of Mexico using pop-up satellite
archival tags (Domeier et al., 2003). Similar studies have been carried out for other
billfish species such as blue marlin (Makaira nigricans) and white marlin (Kajikia
albida) (Horodysky and Graves, 2005; Serafy et al., 2009; Musyl et al., 2015;
Schlenker et al., 2016). Therefore, it is essential to investigate the level of at-haulback
mortality and analyze the associated influencing factors for billfish species, as this can
provide more comprehensive information that can be used to enhance fishing
techniques and implement effective resource conservation management measures
(Musyl et al., 2009).

This study addresses the state of striped marlin resources in the Indian Ocean
region and the lack of information on at-haulback mortality. To achieve this, the
research utilized a dataset from the Chinese tuna longline observer program and
acquired oceanographic environmental data. A generalized linear model (GLM) was
employed to analyze the at-haulback mortality levels of striped marlin in this area.
The primary objective was to assess the impacts of various factors, including
environmental conditions, temporal and spatial factors, biological characteristics, and
fishing gear characteristics, on at-haulback mortality rates. The study aimed to predict
how the mortality rates vary under different levels of these factors. Ultimately, the
research sought to provide essential support for the conservation and sustainable

development of striped marlin resources in the Indian Ocean region.
2. Materials and methods
2.1 Data collection

The data used in this study were obtained from the Chinese Tuna Longline



Fisheries Observer Program, specifically the fishery dataset for the western Indian
Ocean region. The study period spanned the years from 2012 to 2019, encompassing a
total of 22 fishing voyages, during which 2,482 longline fishing operations were
observed. The location distribution of the recorded survey sites is shown in Figure 1,
and the main area is from 34°N-30°S, 40°E—83°E.

The Chinese tuna longline fleet consists of ultra-low-temperature longline
vessels and ice-fresh longline vessels, and the target species are mainly bigeye tuna
(Thunnus obesus) and albacore tuna (Thunnus alalunga). The main line used by the
fleet consists of nylon braid or glass filament monofilament, with a length of
70,000-249,570 m. The length of the main line between the two floats is 726—1,102 m,;
the length of the floating line is 20-40 m; the length of the branch line is 18-52 m,
and the spacing of the branch line is 30—57 m. The fleet normally uses Japanese tuna
hooks, but it also includes some circle hooks and other hook types.

Observers recorded basic information such as the date, time, location (latitude
and longitude), hook type, and bait type for each fishing trip and recorded individual
biological information of the caught species, including lower jaw-fork length and
at-haulback condition. The at-haulback condition refers to the condition of the marlin
when they are retrieved on board and was classified into four levels: alive and healthy
(A 1), slightly injured (A 2), seriously injured to near death (A 3), and dead (D). A
total of 814 striped marlins were caught on all voyages; excluding samples with
incompletely recorded information, a total of 774 striped marlin recordings were used
in this study for the at-haulback mortality analysis.

2.2 Acquisition of response and explanatory variables

The at-haulback condition of striped marlin was used as the response variable for
modeling, and in this study was a binary variable following a binomial distribution
distinguishing only between alive (comprising A 1, A 2, and A 3) and dead. In terms
of selecting potential explanatory variables, apart from considering biological
characteristics, gear characteristics, and temporal-spatial information, marine
environmental factors have also been suggested to influence at-haulback mortality

rates for different fish species. For example, Coelho and Mufioz-Lechuga (2019)



found that at-haulback mortality of swordfish (Xiphias gladius) increased with sea
surface temperature; Plumb et al. (1988) found that an environment with a high
concentration of dissolved oxygen significantly reduced at-haulback mortality.
Additionally, Sippel et al. (2007) found that chlorophyll concentration affected the
foraging condition of striped marlin; May (1990) found that at-haulback mortality of
striped bass (Morone saxatilis) increased with decreasing salinity. Therefore, this
study selected sea surface temperature, sea surface salinity, chlorophyll, and dissolved
oxygen as potential environmental explanatory variables for analyzing the at-haulback
mortality rate. Environmental data were downloaded from the Copernicus Marine
Service website (CMEMS, https://marine.copernicus.eu/). The names, types, and
ranges of all explanatory variables selected for this study are shown in Table 1.
2.3 Establishment of a GLM

Prior to model construction, the Variance Inflation Factor (VIF) was calculated
for all continuous variables to address the issue of correlations among explanatory
variables. Variables with VIF values below 5 were considered to have no significant
problem of multicollinearity, while those with VIF values exceeding 5 were removed
to ensure model accuracy and avoid the impact of collinearity (Ghani and Ahmad,
2010). A Pearson correlation analysis was conducted to assess the associations
between continuous variables. the closer the absolute value of the correlation
coefficient is to 1, the stronger the correlation between the variables, while the closer
the absolute value of the correlation coefficient is to 0, the weaker the correlation
between the variables (Gogtay and Thatte, 2017). By integrating these two criteria,
ten candidate explanatory variables were selected for the GLM modeling in this study.

The response variables followed a binomial distribution with a 0-1 response, and
thus the relationship between the at-haulback condition of the striped marlin and the
influencing factors was expressed using a GLM wherein the link function was a
logarithmic function in the binomial distribution family. The expression formula for

this model is:
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where P is the probability of a striped marlin dying after being retrieved onboard; g
is the intercept of the model; (1=1,2,3...10) are coefficients estimated by the
maximum likelihood method. "Quarter" represents the quarter when the striped marlin
was caught; "HT" represents the type of hook when the striped marlin was caught;
"LJFL" represents the lower jaw-fork length of the striped marlin; "Lon, Lat"
represent the longitude and latitude, respectively, when the striped marlin was caught;
"SST, SSS, DO, and CHL" represent sea surface temperature, sea surface salinity,
dissolved oxygen, and chlorophyll, respectively, at the locations where the striped
marlin were captured; "BT" represents the type of bait used when the striped marlin
was caught, and  is the error term of the model.

The names, types and ranges of all explanatory variables selected for this study
are shown in Table 1. For model building, all of the explanatory variables were
employed initially, and a backward stepwise regression approach based on the Akaike
Information Criterion (AIC) was applied. The goal was to select the model with the
lowest AIC as the initial best-fitting model for subsequent analysis (Akaike, 1998).
After establishing the initial model, possible interaction terms were taken into
consideration and added to the model. The same stepwise screening process described
earlier was then used to determine the final model.

For model validation, the Hosmer—Lemeshow test is commonly used to assess
the goodness of fit for binary logistic regression models (Hosmer et al., 2013).
Additionally, the Area Under The Curve (AUC) of the Receiver Operating
Characteristic Curve (ROC) is a widely used evaluation metric to measure the
performance of binary classification models and is employed in K-fold
cross-validation (Fushiki, 2011). The level of model fit for at-haulback mortality was
estimated by K-fold cross-validation. Since a binary classification model was used in
this study, cross-validation was conducted by randomly dividing the original dataset
into K subsets. One subset was used as the validation dataset, while the remaining K-1
subsets were used as the training dataset to build the model (Fushiki, 2011). The

cross-validation process was repeated K times until each subset was used as the



validation dataset; in this study K=10. Finally, the area under the ROC curve was
calculated as well as the 95% confidence interval of the model. The AUC should be in
the range 0.5—-1.0, with higher AUC values indicating a better predictive ability of the
model, and lower AUC values suggesting a poorer predictive ability (Bradley, 1997).

All statistical analyses were performed using RStudio (version 4.1.3). The
package "car" was used to perform VIF screening of continuous variables; the
package "GGally" was used to present the results of correlation analyses; the
packages "visreg" and "ggplog2" were used to show the relationship between
explanatory and response variables; the software package "cvAUC" was used for
cross-validation, and site maps were drawn using the software ArcMap (10.8).
3. Results
3.1 Description of the sample

The LJFL distribution of 774 samples ranged from 130 to 220 cm (mean LJFL =
188.4 + 18.2 cm), with the dominant group falling within the range of 190-200 cm
that accounted for 40% of the total sample (Figure 2 A). For quarter, the highest
number of striped marlin were captured during the second quarter, accounting for
32%, while the catches in the first and fourth quarters were both approximately 24%,
and the third quarter was the least, accounting for only 20% (Figure 2 B). For hook
type, the majority of striped marlin were caught using Japanese tuna hooks,
comprising 49% of the total. Circle hooks were the second most common, accounting
for 41%. Other hook types represented only 10% of the total (Figure 2 C).
3.2 Screening of explanatory variables

The VIF test indicated that after removing the latitude of capture and dissolved
oxygen (VIF > 5), all other continuous variables had VIF values below 5. The Pearson
analysis for continuous variables showed that the correlation coefficients between
latitude and DO, latitude and SST, and DO and SST were all greater than 0.8. High
correlations suggested strong linear relationships between the variables (Figure 3).
Based on the results of the VIF test and Pearson correlation analysis, the latitude and
DO were finally removed from the analysis. The preliminary model was constructed

using variables such as LJFL, longitude, SST, SSS, and CHL.



3.3 Proportions of at-haulback mortality

Of the 774 marlin samples, 399 were dead when the fish were retrieved on board,
while the remaining 375 were alive, representing an overall at-haulback mortality rate
of 51.5%. Regarding the variables such as quarter, hook type, and bait type, the
observed at-haulback mortality rates were significantly different between categories.
The at-haulback mortality rate was notably lower during the third season and when
using sardine as bait, whereas it was higher when using circle hooks, which differed
significantly from the other categories (X-squared = 89.613, df = 3, p < 2.2e-16;
X-squared = 17.053, df = 2, p = 0.0001981; X-squared = 79.339, df = 2, p-value <
2.2e-16) (Figure 4 A-C).

In this study, continuous variables such as longitude, LJFL, and environmental
variables were grouped by quartiles to analyze the trends in observed mortality rates.
The results revealed that the mortality rate of striped marlin caught in the region east
of 60°E was significantly lower than in the region west of 60°E. Additionally, smaller
striped marlin exhibited a notably higher survival rate, particularly under
low-temperature conditions. Furthermore, the mortality rate showed a declining trend
with increasing SSS and CHL (Figure 4 D-H).

3.4 Prediction of the probabilities of at-haulback mortality

The deviance effects of each explanatory variable on the model are shown in
Table 2. Among the variables used to explain at-haulback mortality of striped marlin,
Quarter and SST exhibited the most significant impacts on the model deviance,
followed by hook type and LJFL. Lastly, the effects of longitude and CHL had
relatively smaller effects on the at-haulback mortality of striped marlin, although they
remained statistically significant variables in the model. Furthermore, the interaction
between hook type and LJFL also had a significant effect, and the deviance effect
value was high.

Regression diagnosis and comparison were performed on the model before and
after adding the interaction term, and the final model included the interaction term.

There was no overfitting or over-spreading of the two models. In terms of



goodness-of-fit, the simple model had an R? of 0.2037, whereas after incorporating
the interaction terms, the model fit improved significantly, resulting in an R? of
0.2535. Furthermore, the average AUC of 100 cross-validation for the simple model
was 0.712, with a 95% confidence interval of (0.663, 0.758). After adding the
interaction term, the mean AUC for 100 cross-validation of the model was 0.759, with
a 95% confidence interval of (0.694, 0.805). This enhancement indicates that the
model has become more accurate and reliable with the inclusion of interaction terms.

For the best-fitting GLM model, the effects of explanatory variables on the
at-haulback mortality rate are shown in Figure 5. Quarter (Figure 5 A) remained the
most influential factor affecting the mortality rate, even after incorporating the
interaction terms. There were significant differences in mortality rates among
different quarters. The highest mortality rate was observed in the fourth quarter,
reaching 77.8%. The first and second quarters had lesser rates, while the third quarter
showed significantly lower mortality at only 51.5%. This was followed by SST
(Figure 5 B), where we observed that the mortality rate increased with higher SST,
ranging from 0.5% to 85.4%. In terms of hook type (Figure 5 C), the mortality rate of
striped marlin caught with Japanese tuna hooks was higher (67.4%), followed by
circle hooks (47.9%), and the lowest mortality rate of striped marlin was recorded
when using other hook shapes (38.3%). For LJFL (Figure 5 D), mortality rates
increased with sample size, ranging from 37.0% to 78.4%. Finally, the factors that had
the least effect on at-haulback mortality of striped marlin were CHL (Figure 5 E) and
longitude (Figure 5 F). The mortality rate increased with higher CHL, ranging from
64.4% to 95.4%. Moreover, the mortality rate was higher when the capture location
was further east, with a range of 55.5-88.0%.

The interaction between hook type and LJFL was also an important explanatory
variable. The effect of LJFL on the at-haulback mortality of striped marlin was
affected by hook type. When using circle hooks, the mortality rate increased with
LJFL (Figure 6 A), whereas the opposite trend occurred when using Japanese tuna
hooks and other hooks, declining with larger LJFL (Figure 6 B—C). In addition, for the

smaller striped marlin, mortality was significantly less with circle hooks, while



Japanese tuna hooks consistently exhibit higher mortality rates (Figure 6 A-B).
4. Discussion

According to the IOTC’s 20th Working Party on Billfish (WPB), the average
annual catch of striped marlin in the Indian Ocean from 2017 to 2021 was 2,946 tons
(I0TC, 2022), and the stock is chronically highly depleted (Parker et al., 2018; Wang
et al.,, 2021). Among the various fishing methods used for striped marlin, gillnetting
and longline fishing are the most prominent, contributing to 59.5% and 27.0% of the
total catch, respectively (IOTC, 2022). There is a notable lack of information and
research regarding the mortality rates of striped marlin resulting from these fishing
practices in the Indian Ocean region, a situation that will affect the development of
conservation management measures such as control of fishing mortality and
promoting the practice of live release. Therefore, conducting dedicated research and
gathering relevant data are of paramount importance to ensure the conservation and
protection of marlin in the region.
4.1 Comparison of at-haulback mortality for striped marlin

In this study, 51.5% of the total fish sampled died when the striped marlin were
retrieved on board. Although no specific studies on the mortality rate of the same
species were found, we were able to compare our results with the at-haulback
mortality rates of other billfish or swordfish species. For example, Kerstetter and
Graves (2006) found that mid-Atlantic longline white marlin had an at-haulback
mortality rate of 34.4%, while at-haulback mortality rates were even higher near the
Caribbean Sea and the Gulf of Mexico, reaching 50%. In the Venezuelan longline
fishery, Jackson and Farber (1998) found an at-haulback mortality rate of 51.4% for
blue marlin. In the Indian Ocean, at-haulback mortality of longline swordfish was
64% (Guo et al., 2022), which was similar to the average rate of 67.5% observed in
north Atlantic longline swordfish fisheries (Epperly et al., 2012). In general, we
observed that the at-haulback mortality rate of striped marlin in the western Indian
Ocean was comparable to the highest rates observed in other regions for billfish
species but significantly lower than that of swordfish (Table 3). This difference may

be due to the fact that billfish inhabit shallower water layers than swordfish (Brill et



al., 1993; Pepperell and Davis, 1999; Horodysky et al., 2007; Dewar et al., 2011).
Additionally, the result could be influenced by species-specific physiological
characteristics, operating area, fishing techniques, hook types, and habitat preferences.
4.2 Factors affecting at-haulback mortality of striped marlin

In this study, quarter was the most important factor influencing the mortality of
striped marlin in the western Indian Ocean. The seasonal variation in mortality may
be related to the physiological characteristics of the species. According to the findings
of Pillai and Ueyanagi (1978), the spawning of striped marlin occurs from November
to January, based on the distribution of juveniles. During the spawning period, the
broodstock are in a less favorable physiological condition, making them more
vulnerable to fatal injuries caused by fishing activities (Kopf et al., 2012). As a result,
the mortality rates were notably higher in the fourth and first quarters.

SST was a secondary factor. At-haulback mortality of striped marlin increased
with SST (Figure 5 B), a trend that was consistent with the findings from mortality
studies on swordfish conducted by Portuguese longline fleets in the Atlantic and on
tuna and swordfish by U.S. longline fleets in the same region. These studies
consistently demonstrate that the survival rates of swordfish and elasmobranch
species tend to decrease with increasing temperature (Gallagher et al., 2014; Coelho et
al., 2019). Water temperature may be directly related to the physiological limitations
of fish (Muoneke and Childress, 1994). As the water temperature increases and the
dissolved oxygen concentration decreases, resulting in increased respiratory demand
for fish, the insufficient supply of dissolved oxygen limits metabolic activity
(Bartholomew and Bohnsack, 2005; Rubalcaba et al., 2020), thereby reducing the
recovery capacity of captured individuals (Guida et al., 2016). In addition, injured
individuals are more susceptible to infection in warmer water (Muoneke, 1992). In
conclusion, rising sea surface temperatures intensify the decline in the survival
probability of the caught fish. Implementing fishing operations in times/zones with
lower water temperatures can significantly mitigate the mortality rate of these
magnificent fish.

The effect of hook type on at-haulback mortality was also significant, a result



that has been repeatedly confirmed in studies of many other species (Carruthers et al.,
2009; Gilman et al., 2016). Specifically, the health status of sharks, swordfish, tuna,
and other fish caught with circle hooks was better than their counterparts using
Japanese tuna hooks, and thus circle hooks were effective in reducing at-haulback
mortality. This result may be due to the fact that the tips of circle hooks curve inwards
perpendicular to the shank and usually hooks into the mouth or jaw of the catch (Ward
et al., 2009), reducing the risk of fatal injury. In contrast, Japanese tuna hooks with
tips parallel to the shank are more likely to become embedded in deeper locations
(e.g., in the stomach and throat), resulting in severe bleeding (Cooke and Suski, 2004;
Kerstetter and Graves, 2006) that damages internal organs and leads to a higher
mortality rate. This phenomenon is supported by the present study, as the at-haulback
mortality of striped marlin caught on circle hooks was significantly lower than with
Japanese tuna hooks (Figure 5 C). Therefore, encouraging the use of circle hooks may
be a beneficial management measure to reduce at-haulback mortality (Bowlby et al.,
2021; Knotek et al., 2022). However, it is essential to acknowledge that some studies
have concluded that hook type does not have a significant differential effect on
at-haulback mortality (Kerstetter and Graves, 2006; Coelho et al., 2012), and the
effectiveness of hook type may vary according to species.

There are species-specific differences in the factors affecting hooking
mortality, including fish size (Diaz and Serafy, 2005; Morgan and Burgess,
2007; Morgan and Carlson, 2010). For example, Morgan and Carlson (2010) found
that the mortality of sandbar sharks (Carcharhinus plumbeus) increased with
LJFL, contradicting the results of Diaz and Serafy (2005) and Morgan and
Burgess (2007), who found that the mortality of blue sharks (Prionace glauca),
sandbar and blacktip sharks (Carcharhinus plumbeus), and blacktip sharks
(Carcharhinus plumbeus) decreased with increasing LJFL. In our study, we
observed a positive correlation between at-haulback mortality and LJFL in striped
marlin from the western Indian Ocean (Figure 5 D). This may be because larger
individuals require greater tension when captured by longline equipment, and

excessive struggle increases blood lactate levels and is more likely to allow



the hook to penetrate the tissue completely, thereby increasing mortality
(Morgan and Carlson, 2010; Gilman and Huang, 2017). At the same time, larger
individuals are more prone to swallow the hook, causing significant internal injuries
(Yokota et al., 2006). In addition, the captured large striped marlin were
concentrated in areas with high temperatures (Figure 3). These individuals
are more thermally sensitive (Portner et al., 2007; see the section on the effects of
SST) and are thus more likely to die. Therefore, the relationship between
at-haulback mortality and LJFL variation among different species may not be
a universal pattern; rather, it is influenced by various interacting factors,
necessitating specialized studies for specific species. The interaction between
hook type and LJFL further confirmed this hypothesis, and the relationship between
predicted mortality and LJFL differed across different hook types (Figure 6), similar
to the differences observed in at-haulback mortality rates of swordfish in this region
(Guo et al., 2022).

Finally, CHL and longitude contributed very little to the deviation explanation of
at-haulback mortality in striped marlin but were still significant variables in the model.
The specific mechanism by which at-haulback mortality of striped marlin increases
with increasing CHL is unknown. However, according to Sippel et al. (2007), striped
marlin are visual predators and prefer to hunt in sufficiently clear waters. For billfish
species, including striped marlin, adequate food availability is crucial to meet their
metabolic demands (Hyde et al., 2006). Therefore, waters with higher CHL are less
conducive to foraging by striped marlin, a factor that may account for the relatively
poor physical condition of individuals in these waters. For longitude, we found that
the farther east the capture location, the higher the mortality rate. Mortality rates
affected by capture location have been found in other studies, for example, blue
sharks and crocodile sharks (Pseudocarcharias kamoharai) have higher mortality
rates in the equator and south Atlantic than in the northeast Atlantic, while the trend in
shortfin mako (Isurus oxyrinchus) was opposite (Coelho et al., 2012). In the western
Indian Ocean, Guo et al. (2022) also observed that at-haulback mortality in swordfish

decreased with capture locations oriented towards the east.



4.3 Research Outlook

This study conducted an analysis of the factors affecting the at-haulback
mortality of striped marlin in the western Indian Ocean, using data collected from
fisheries observers along with matched environmental information. However, there
remain other potential factors that are thought to affect at-haulback mortality in
longline catches (Broadhurst et al., 2005; Campana et al., 2009; Braccini and Waltrick,
2019). For example, previous research has indicated that the mortality of blue sharks
increases with soak time, and reducing the soak time of longline gear can effectively
lower the mortality of caught species (Diaz and Serafy, 2005; Campana et al.,
2009). Additionally, Broadhurst et al. (2005) made a significant observation,
highlighting the importance of the location where the fish is hooked in determining
the mortality rate. Hooking deep into the fish (e.g., the esophagus, stomach, and gills)
tended to result in high mortality rates. Similarly, Braccini and Waltrick (2019) found
that hook depth significantly affected at-haulback mortality in western Australian
elasmobranch species, potentially due to trauma resulting from rapid decompression
in deep waters (Al6 s et al., 2008). It is essential to acknowledge that these factors
were not included in the current analysis due to limitations in available data. However,
encouraging future research to incorporate these factors through specialized
experimental designs and advanced instrumentation can provide valuable insights into
their impact on at-haulback mortality.
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Table 1 Scope of each continuous explanatory variable and the classification of each

categorical explanatory variable evaluated for importance in at-haulback mortality of

striped marlin.

Explanatory Name Type Scope/Classification
Variable
Biological Lower Continuous 130 cm — 220 cm
Characteristics Jaw-Fork
Length
Sea Surface ~ Continuous 15.90°C —30.70°C
Environmental = Temperature
Factors Sea Surface ~ Continuous 34.34%0 — 36.28%o
Salinity
Chlorophyll ~ Continuous 0.06 mg'm=—0.84 mg'm
Dissolved Continuous 196.06 mmol-m=—251.74
Oxygen mmol-m™
Quarter Categorical  First (Jan, Feb, Mar)/Second (Apr,
Temporal-Spatial May, Jun)/Third (Jul, Aug,
Elements Sept)/Forth (Oct, Nov, Dec)
Longitude Continuous 40°E — 83°E
Latitude Continuous 34°N - 30°S
Fishing Gear Hook type  Categorical Japanese Tuna Hook/Cirle
Characteristics Hook/Others
Bait type Categorical Mackerel/Sardine/Others




Table 2 Analysis of deviance in the GLM model for at-haulback mortality of striped

marlin after adding the interaction term.

Df  Deviance Resid. Resid. Pr(>|z|)

NULL 773 1072.25
Quarter 3 94.727 770 977.52 <0.05
SST 1 66.852 769 910.67 <0.05
Hook type 2 12.848 767 897.82 <0.05
LJFL 1 9.763 766 888.06 <0.05
CHL 1 7.259 765 880.80 <0.05
Lon 1 4.827 764 875.97 <0.05
Hooktype : 2 56.598 762 819.37 <0.05

LJFL

Note: "Df" is the degrees of freedom. "Deviance" is the interpretation deviation.
"Resid.Df" is the residual degrees of freedom. "Resid.Dev" is the residual deviance.

The definitions of the abbreviations are listed in the notes for equation 1.



Table 3 Comparison of at-haulback mortality for billfish and swordfish in longline

fisheries in various oceans.

Reference Oceans Species At-haulback
mortality
White
K
erstetter and Graves Mid-Atlantic marlin/Kajikia 34.4%
(2006) )
albida
Kerstetter and Graves Caribbean Sea and Gulf of .Whlte o
(2006) Mexico marlin/Kajikia 50%
albida
Jackson and Farber Atlantic Blue m‘arl%n/Makazra 51.4%
(1998) nigricans
Guo et al., 2022 Indian Ocean Swordfish/Xiphias 64%
gladius
Epperly et al., 2012 North Atlantic Swordfish/Xiphias 67.5%

gladius
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Figure 1. Distribution of tuna longline survey sites recorded by fisheries observers,

2012-2019.
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Figure 2. Distribution of lower jaw-fork length of striped marlin in the western Indian
Ocean from 2012 to 2019. The definitions of the abbreviations are listed in the notes

for equation 1.
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Figure 3. Visualization of Pearson's correlation analysis for continuous explanatory

variables. The definitions of the abbreviations are listed in the notes for equation 1.
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Figure 4. Proportions of striped marlin at-haulback conditions (dead vs. alive) with
the various categorical and continuous explanatory variables considered in this study.
The continuous variables are categorized by quartiles. The definitions of the

abbreviations are listed in the notes for equation 1.
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Figure 5. Effects of different explanatory variables on at-haulback mortality of striped
marlin in the Indian Ocean. (The solid black line indicates the predicted probability of
mortality as a function of the explanatory variable, and the grey shaded area indicates
the 95% confidence interval of the variable. Short lines at the top and bottom of the
figure indicate the numbers of fish that died and survived under that explanatory

variable. The definition of the abbreviation is described in the notes for equation 1.
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Figure 6. Interaction between lower jaw-fork length (LJFL) and hook type on
at-haulback mortality of Indian Ocean striped marlin. (The different boxes indicate
the change in at-haulback mortality of Indian Ocean striped marlin with LJFL when
using the hook type (circle hook, Japanese tuna hook, others). Short lines at the top
and bottom of the figure indicate the respective numbers of fish that died and survived

under the LJFL.



