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account the personal traits of the employees and with the foresight that these traits may

cause accidents. Statistically significant relationships were determined in this analysis, as a

Keywords: result of the five-factor personality inventory adapted into Turkish and the questionnaire

Maritime
» i covering the accidents (Occupational accident and marine casualty) on the ships of 156
ersonaltity

Occupational accident leaders (Masters, chief engineers and chief officers). Participants who don’t have an
Marine casualty ‘occupational accident’ history have higher conscientiousness and agreeableness
Five-factor personality inventory personality traits than those who have occupational accident history; when considered as
facets, it was understood that they had a higher sense of duty, self-discipline, and ideas. In
addition, relationships were determined between ‘marine casualty’ and personality traits
only in the context of facets. It is seen that participants who don’t have marine casualty
history have higher gregariousness and lower values compared to those who have marine
casualty history. Evaluations were made and some conclusions were reached with the
understanding that the relationships identified in this study are similar to the results of the

research conducted in this field of different sectors.
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Introduction

Besides the fact that seafarers at ships have a different
subculture from others (Maurizio, 2013) and are exposed to
social isolation (Sampson & Thomas, 2003), the maritime
sector which we can call a human system, shaped by the effects
of some factors (technology, environment and organizational)
on the performance of employees (Rothblum et al., 2002) is a
sector which the human factor is largely (about 80%) effective
in accidents (Bea et al., 1997).

There are many studies showings that there is a relationship
between accidents that result from a combination of errors or
chains of errors, including a human error by making the wrong
decision, taking inappropriate action, or inaction (Rothblum et
al., 2002) and personality traits that are relatively consistent and
permanent, although each individual’s unique mental,
emotional, social and physical characteristics vary over time
(Ewen, 2010).

In the literature review, it is seen that there are many studies
that determine the relationship between personality traits and
occupational accident (Thoms & Venkataraman, 2002; Cellar et
al., 2001; Clarke & Robertson, 2005; Pourmazaherian et al.,
2017), accident propensity (Kog et al., 2014), safety behaviors
(Beus et al., 2015; Pourmazaherian et al., 2017) medical error
and problem solving tendency (Babaei et al., 2018), job
engagement (Ongore, 2014), leadership (Ozbag, 2016), cultural
intelligence and intercultural communication competence
(Yeke & Semercioz, 2016), etc.

This study is important because there are very few studies
investigating the relationships between the personality traits of
the leaders in the maritime sector and the accidents (e.g.,
Makarowski et al., 2020), and also it is the first study in this
sector in Turkey.

Using the adaptation of the ‘Five-Factor Personality
Inventory’, this study aims to examine whether there is a
significant relationship or not between the personalities of
leaders who are actively working at sea and occupational
accidents or serious/very serious maritime accidents on their
ships.

The ‘International Personality Item Pool’ which was
developed by Goldberg (1999) was used to create the item pool
of the questionnaire of this study (IPIP, 2019). The ‘Five Factor
Personality Inventory’ questionnaire which was created by
selecting the relevant items from the aforementioned pool with
the support of linguists, professional experts and psychologists,
was conducted with a group of 156 Turkish oceangoing

masters, chief officers and chief engineers.

Materials and Methods

The survey method was adopted as the data collection
method in this research. In the questionnaire created for the
purposes of the research, there are 5 main factors and 3 facets
for each main factor with 60 questions (reduced to 40 questions
in the analysis phase). In this part of the study, validity and

reliability findings for the mentioned inventory are included.

Demographic, Occupational and Descriptive Findings

The respondents are a very experienced sample group
considering that 52.6% of them are over 40 years old, or in other
words, 77.5% of them are over 35 years old. It can be seen that
53.8% of the participants are oceangoing masters, 25.6% of
them are chief engineers and 20.5% of them are chief officers in

terms of their ranks at the ship (Table 1).

Table 1. Demographic statistics

Item Category Frequency (n) Percentage

Between 24-29 4 2.6%
Between 30-35 31 19.9%
Between 36-39 39 25.0%
Age Between 40-45 25 16.0%
Between 46-50 21 13.5%
Age 51 and over 36 23.1%
Total 156 100.0%
Master 84 53.8%
Chief Officer 32 20.5%
Rank
Chief Engineer 40 25.6%
Total 156 100.0%

When the occupational accidents and marine casualties that
took place at ships of the participants are examined (Table 2), it
is seen that 80.8% of them have an occupational accident

history and 48.7% of them have a marine casualty history.

Personality Measurement Tool

First of all, some maritime companies were interviewed, with
their written approval, the survey link was sent to the leaders
working on their ships and these seafarers answered the
questionnaire electronically of their own free will. All the
information covering their answers has not been shared with
anyone, including these mentioned companies. The
respondents are still actively working at ships, and they are all
Turkish citizens. The five-factor personality inventory which
was adapted into Turkish was used only in this study, and the

details about its validity and reliability are explained below.
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Table 2. Occupational statistics

Item Category Frequency (n) Percentage
Never 30 19.2%
1-2 times 80 51.3%
How many “Occupational Accidents” occurred in your department during your 3-5 times 32 20.5%
leadership at ship (while you were Captain and/or Chief Officer or Chief 6-10 times 8 5.1%
Engineer)? 11-15 times 4 2.6%
More than 15 2 1.3%
Total 156 100.0%
Never 80 51.3%
o i ‘ . 1-2times 63 40.4%
How many “Marine Casualty” occurred during your time leading at ship (while i
. ) . ) . 3-5 times 11 7.0%
you were Captain and/or Chief Officer or Chief Engineer)? i
6-10 times 2 1.3%
Total 156 100.0%

Table 3. Bartlett test of sphericity of each main factor, Cronbach’s alpha value ranges of facets and ranges of items’ factor scores

Ranges of Items’ Factor Scores

Cronbach’s Alpha Value Ranges of

Bartlett Test of Sphericity

Facets
Neuroticism 0.540-0.867 x*(15)=83.278 Sig.=0.000 0.534-0.636
Extraversion 0.479-0.861 x*(36)=179.517 Sig.=0.000 0.597-0.766
Agreeableness 0.431-0.874 ¥2(45)=257.333 Sig.=0.000 0.563-0.707
Conscientiousness 0.512-0.888 ¥2(28)=152.600 Sig.=0.000 0.582-0.709
Openness to experience 0.507-0.768 %2(28)=84.175 Sig.=0.000 0.583-0.659

Explanatory Factor Analysis and Cronbach’s Alpha
reliability analyzes were applied separately for each main factor
within the scope of validity and reliability analyzes of 5 different
main factors belonging to the five-factor personality inventory.
Before the explanatory factor analysis, Kaiser Meyer Olkin
(KMO) sampling adequacy value and Bartlett’s Test of Sphericity
statistics were checked. Cronbach’s Alpha reliability analyzes
were applied to control reliability levels of the scale and facets.

The Bartlett test of sphericity values of each main factor, the
Cronbach’s alpha value ranges of the facets of each main factor
and the factor score ranges of the items of the questionnaire are
listed for this scale in Table 3.

As a result of the reliability analysis covering all the
questionnaire questions, the Cronbach’s alpha value of the
developed scale was determined as 0.761. When Table 3 is
examined, it can be seen that the Cronbach’s alpha value ranges
of the facets of main factors are between 0.534-0.766 and the
factor score ranges of the items are between 0.431-0.888. As a
result, it is understood that the validity and reliability levels of

the scale which was developed are sufficient (Ozdamar, 2016).

Findings Covering the Effects of Personality Traits on

Accidents

The results of the independent sample t-test in terms of
personality traits, which was applied to compare the five factors
and their facets between ship leaders who have occupational
accident history (126 people) and ship leaders who don’t have
an occupational accident (30 people) are provided in Table 4.
When Table 4 is examined, agreeableness (t(154)=2.262,
Sig.<0.05) and responsibility (t(154)=2.607, Sig.<0.05) as main
factors; self-discipline (t(154)=2.353, Sig.<0.05), sense of duty
(t(154)=2.658, Sig.<0.05) and ideas (t(154)=3.017, Sig.<0.05) as
facets of factors draw attention. It can be seen for those traits
that averages of ship leaders who don’t have occupational
accident history are higher than ship leaders who have
occupational accident history; and there is a statistically
significant difference between them at the 5% significance level.

The results of the independent sample t-test in terms of
personality traits, which was applied to compare the five factors
and their facets between ship leaders who have marine casualty
history (76 people) and ship leaders who don’t have marine

casualty history (80 people) are given in Table 5.
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Although no significant difference is found as the main ship leaders who don’t have marine casualty history are higher
factors between the personality traits of the leaders on board than ship leaders who have marine casualty history; there is an
and marine casualty; gregariousness (t(154)=1.983, Sig.<0.05) opposite relationship for the facet of values, and there is a
and values (t(154)=-2.201, Sig.<0.05) as facets of factors (Table statistically significant difference between them at the 5%
5) are noticed. It can be seen for gregariousness that averages of significance level.

Table 4. Independent sample t-test findings examining differences in main factors and their facets by occupational accident history

Trait Occupational Accident History N X S.D. t(154) Sig.

Anger Not have 30 4.383 0.838 1.927 0.056
Have 126 4.028 0.924

Anxiety Not have 30 3.217 0.806 0.302 0.763
Have 126 3.167 0.817

Immoderation Not have 30 3.867 0.694 0.988 0.324
Have 126 3.714 0.773

Neuroticism Not have 30 3.822 0.529 1.666 0.098
Have 126 3.636 0.554

Gregariousness Not have 30 3.544 0.652 1.260 0.209
Have 126 3.331 0.872

Assertiveness Not have 30 4.544 0.406 1.900 0.059
Have 126 4.349 0.526

Excitement-Seeking Not have 30 2.178 0.654 -0.856 0.393
Have 126 2.315 0.816

Extraversion Not have 30 3.422 0.399 1.029 0.305
Have 126 3.332 0.441

Trust Not have 30 4.050 0.708 1.921 0.057
Have 126 3.776 0.701

Modesty Not have 30 3.133 0.805 0.917 0.360
Have 126 2.979 0.835

Altruism Not have 30 4.450 0.578 1.689 0.093
Have 126 4.242 0.612

Agreeableness Not have 30 3.878 0.436 2.262* 0.025
Have 126 3.666 0.468

Self-Discipline Not have 30 4.517 0.676 2.353* 0.020
Have 126 4.143 0.805

Sense of Duty Not have 30 4.850 0.214 2.658* 0.009
Have 126 4.651 0.396

Competence Not have 30 4.517 0.464 0.581 0.562
Have 126 4.456 0.522

Conscientiousness Not have 30 4.628 0.359 2.607* 0.010
Have 126 4.417 0.407

Ideas Not have 30 4.400 0.563 3.017* 0.003
Have 126 4.016 0.641

Emotionality Not have 30 2.333 0.913 -1.326 0.187
Have 126 2.552 0.784

Values Not have 30 3.356 0.955 0.886 0.377
Have 126 3.190 0.909

Openness to experience Not have 30 3.363 0.427 1.184 0.238
Have 126 3.253 0.466

Note: * Indicates statistical significance at 5% significance level, X: Mean, S.D.: Standard Deviation, t: T-test statistic, (Includes test

degrees of freedom in parentheses), Sig.: Significance value.
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Table 5. Independent sample t-test findings examining differences in main factors and their facets by marine casualty history

Trait Marine Casualty History N X S.D. t(154) Sig.

Anger Not have 80 4.206 0.920 1.547 0.124
Have 76 3.980 0.903

Anxiety Not have 80 3.219 0.822 0.668 0.505
Have 76 3.132 0.806

Immoderation Not have 80 3.838 0.783 1.594 0.113
Have 76 3.645 0.725

Neuroticism Not have 80 3.754 0.518 1.921 0.057
Have 76 3.586 0.578

Gregariousness Not have 80 3.500 0.794 1.983* 0.049
Have 76 3.237 0.864

Assertiveness Not have 80 4.383 0.517 -0.086 0.932
Have 76 4.390 0.506

Excitement-Seeking Not have 80 2.271 0.796 -0.286 0.775
Have 76 2.307 0.783

Extraversion Not have 80 3.385 0.476 1.056 0.293
Have 76 3.311 0.384

Trust Not have 80 3.841 0.704 0.218 0.828
Have 76 3.816 0.718

Modesty Not have 80 3.021 0.919 0.189 0.850
Have 76 2.996 0.727

Altruism Not have 80 4.250 0.595 -0.673 0.502
Have 76 4.316 0.626

Agreeableness Not have 80 3.704 0.459 -0.070 0.944
Have 76 3.709 0.480

Self-Discipline Not have 80 4213 0.787 -0.036 0.971
Have 76 4.217 0.806

Sense of Duty Not have 80 4.722 0.360 1.118 0.265
Have 76 4.655 0.392

Competence Not have 80 4431 0.583 -0.921 0.358
Have 76 4.507 0.420

Conscientiousness Not have 80 4.455 0.419 -0.065 0.948
Have 76 4.459 0.394

Ideas Not have 80 4.158 0.639 1.371 0.172
Have 76 4.018 0.644

Emotionality Not have 80 2.481 0.813 -0.446 0.656
Have 76 2.539 0.816

Values Not have 80 3.067 0.934 -2.201* 0.029
Have 76 3.386 0.874

Openness to experience Not have 80 3.235 0.461 -1.073 0.285
Have 76 3.314 0.457

Note: * Indicates statistical significance at 5% significance level, X: Mean, S.D.: Standard Deviation, t: T-test statistic, (Includes test

degrees of freedom in parentheses), Sig.: Significance value.
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Although a significant relationship could not be determined
between age groups and occupational accidents, a significant
relationship could be determined between age groups and
maritime casualty. The Chi-Square test findings that test the
differences in terms of marine casualty history according to age
groups are presented in Table 6. When Table 6 is examined, it
can be seen that the majority of the leaders in the age group over
46 have a history of marine casualty, while the majority of the
leaders in the lower age groups do not have a history of marine
casualty.

Serious marine casualties occur in very small numbers in the
professional life of seafarers. It is understandable that these
numbers increase with advancing age. For this reason, it is quite
natural that ship leaders (especially aged 46 and over) who are
definitely masters or chief engineers have more marine casualty

backgrounds than chief officers.

Results and Discussion

Itis understood that there is a negative relationship between
the occupational accident histories of the leaders at ship and
conscientiousness and agreeableness among the main factors.
When considered in the context of facets of main factors, there
is also a negative relationship between the occupational
accident histories of the leaders and sense of duty, self-
discipline, and ideas (Table 4).

No significant relationship could be found between the
marine casualty and the five main personality traits of the
leaders at the ship. However, some important relationships

could be determined in the context of facets of some main

factors. It can be seen that, while marine casualties are in a
negative relationship with gregariousness, it is in a positive
relationship with the values facet (Table 5).

Beus et al. (2015) examined the relationships between
personality and unsafe behaviors, they found a negative
relationship with conscientiousness and agreeableness, and a
positive relationship with neuroticism and extraversion.
According to this study, sensation seeking, altruism, anger and
impulsiveness are also personality traits as facets that affect
safety behaviors (Beus et al., 2015).

Cellar et al. (2001) investigated the relationships between
workplace accidents and personality traits by self-reports of the
participants, as in this study. They found an inverse
relationship between only conscientiousness and agreeableness,
and the accidents as main factors that are parallel to the
relationships found in our study.

Clarke & Robertson (2005) discussed the relationship
between personality traits and occupational/non-occupational
accidents. According to this study, low conscientiousness and
low agreeableness are effective personality effects in
occupational accidents, while extroversion is only related to
non-occupational accidents (such as traffic accidents).

Pourmazaherian et al. (2017) carried out a study in the
construction sector, which is one of the risky sectors, and the
authors indicated that neuroticism, conscientiousness and
agreeableness are effective in both occupational and non-
occupational  accidents while conscientiousness and
agreeableness personality traits are much more significant in

improving safety performance.

Table 6. Chi-square test findings that test the differences in terms of marine casualty history by age groups

Marine Casualty History
Age Group Statistics Total
Not Have Have

Frequency (n) 25 10 35
Between 24-35

Percentage (%) 31.3% 13.2% 22.4%

Frequency (n) 37 27 64
Between 36-45

Percentage (%) 46.3% 35.5% 41.0%

Frequency (n) 18 39 57
46+

Percentage (%) 22.5% 51.3% 36.5%

Frequency (n) 80 76 156
Total

Percentage (%) 100.0% 100.0% 100.0%

Chi-Square Test Statistics

$2(02)=15.636*

Sig.=0.000

Note: * Indicates statistical significance at 5% significance level, ¥2: Chi-square test statistic, (Includes the degree of freedom of the chi-

square test in parentheses.), Sig.: Significance value.
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Many of the studies investigating the relationship between
personality traits and accidents show that the conscientiousness
factor is the most effective personality trait (Arthur & Graziano,
1996; Cellar et al., 2001; Clarke & Robertson, 2005). Christian
et al. (2009) especially emphasized the conscientiousness
personality trait as the determinant of safety performance in
their meta-analytical path model.

A person who is deficient in planning and systematic
decision making in unexpected situations has low
conscientiousness and may be exposed to accidents. In
addition, the reason for the low sense of duty under the
conscientiousness personality trait may be related to the fact
that a person is disrespectful to authority, socially incompatible
and experiencing social deviation (West et al., 1993).

Like the conscientiousness personality trait, it is understood
that people with low agreeableness also have more accidents
history (Cellar et al., 2001; Clarke & Robertson, 2005). People
with low agreeableness may be weaker in cooperating with
others and may react more aggressively to situations. However,
if individuals had high levels of agreeableness; they would both
comply more with safety-related corporate policies and care

more about the safety of their colleagues (Drew, 2014).

Conclusion

Taking into account the many risks in the maritime
industry, it is understandable that people working at ships have
much higher rates of injury and death compared to those
working on the land (Borch et al., 2012; Roberts et al., 2014).
Beyond the mere reactive process of incident investigations,
this sector needs behavior-based approaches that are proactive
and examine the situation before accidents occur (Rothblum et
al., 2002). There is also a need for human-based safety
approaches based on understanding and even accepting
internal feelings, needs and perceptions among employees
(Geller, 2006).

Much more research is needed on the impact of personality
traits for accidents in the maritime industry. If the selection of
personnel in the leadership position for maritime companies
becomes widespread by conducting personality tests and
maritime schools choose students based on their personality
traits, it may allow a reduction in the number of accidents or
deaths in the long run.

In addition, it may be useful to conduct an international
survey with more ship leaders to determine the personality-
accident relationship, including near misses which are the

precursors of an accident.

As a final recommendation, it should be ensured that the
system used to detect non-technical skills in aviation is also

applied in maritime sector especially during promotions.
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Introduction

Since ancient times, natural products have played a
significant role in diagnosing, treating, and preventing
numerous ailments. The therapeutic characteristics of chemical
compounds in natural products are optimized and augmented
for human medical applications (Gnanavel et al., 2019). The
plant-based and herbal medications generated from natural
resources that are considered pure, healthy, and safe have
grown in popularity over the years (Van Wyk & Prinsloo, 2020).
As a result, several herbal-based pharmaceutical sources are
now commercially accessible and offered as an alternative
therapy and dietary supplement to treat various illnesses (Woo
et al,, 2012). In addition, the availability of novel metabolites
with diverse uses such as cosmeceuticals, nutraceuticals,
agrochemicals, medicals, and other relevant chemical
industries has stimulated marine drug research in recent years
(Rengasamy et al., 2020). It has been considered that the marine
ecosystem is an excellent source of natural compounds with
several functions (Hentati et al., 2020). Seaweeds are marine
plant organisms capable of producing a wide range of active
metabolites with a wide range of medical applications, which
they also use to defend themselves against other invading
species (Kolanjinathan et al., 2014). As results of these novel
metabolites, seaweed has become one of the most important
sources of natural components used in pharmaceuticals,
accounting for 30% of the global market in 2018. It was
expected to be greater than USD 10,486.8 billion (Rengasamy et
al., 2020).

Seaweeds, or known as macroalgae, are marine
photosynthetic, non-flowering plant-like organisms that are
categorized into three major groups depending on their
predominant which are
(Chlorophyta), brown (Ochrophyta), and red (Rhodophyta)

seaweeds (Baweja et al., 2016). They can be found all across the

pigment compositions, green

world’s coastlines, from the warm tropics to the freezing and icy
polar regions (Mahadevan, 2015). Seaweeds are commercially
sold, with approximately 83% of its total global production is
for direct human consumption (Mahadevan, 2015). They are
commonly consumed in Asian countries as fresh, dried, or as
ingredients in prepared foods (Kiling et al, 2013). The
remaining percentage is used as a source of phycocolloids
extracted for the application in food (Fleurence., 2016),
cosmetic (Morais et al., 2021), medical (Shelar et al., 2012) and
other related industries (Hentati et al., 2020). There are 221
species of seaweeds are utilized in total, with 145 species used

for food and 101 species used for phycocolloid synthesis

(Fleurence et al, 2018). Seaweeds are also employed in
aquaculture as probiotics (Vatsos & Rebours, 2015), animal
feed additive (Makkar et al., 2016), fertilizer (Ruban &
Govindasamy, 2018), and as water purifier (Arumugam et al,,
2018). In this context, the goal of this article is to provide
general information about seaweeds, including their biological
features, potential therapeutic properties, potential risk factors,
and some of the extraction methods used. Furthermore, due to
their distinct metabolite contents, this study also investigates
the relevance and applications of seaweeds as major marine

bioresources in numerous industries.

Materials and Methods

This study reviewed the available articles regarding the
information about seaweeds and their novel metabolites. The
study searched the keywords: seaweeds, bioactive compounds,
bioactive properties, extraction, and characterization methods
in Google Scholar, Pubmed, Web of Science, Science Direct,
Mendeley and Scopus databases from 2011 to 2021. Articles
published after the date of this review were not considered. In
addition, online thesis and conference proceedings were also

taken into account.

General Structure and Characteristics of Seaweeds

Seaweeds are large and diverse group of macroscopic
multicellular, benthic (some species), non-flowering, plant-like
organisms found in the world’s aquatic environments (Zamani
etal., 2013; Kalasariya et al., 2021). They can be extremely small
or very huge, reaching lengths of up to 60 meters (Yu et al.,
2014). Although many seaweeds have plant-like features, they
are still not classified as true plants because they lack a
specialized vascular system (Yu et al., 2014; Kalasariya et al,,
2021; Morais et al., 2021). This vascular system is an internal
conducting system that connects all organs and distributes
fluids,
throughout the plant body (Lucas et al., 2013). Seaweeds, on the

nutrients, and numerous signaling molecules
other hand, receive nutrients straight from the seawater and
hence do not require an internal conducting system (De San,
2012). Seaweeds are eukaryotic organisms (Charrier et al.,
2017) , they are macroalgae and thalloids in nature, which
means they have basic thallus structures but no real leaves,
stems, or roots, unlike other terrestrial plants. They do,
however, have roots-like structures known as holdfasts or
rhizoids (Rao et al., 2019). Seaweeds, like terrestrial plants, serve
vital roles in marine ecology as primary producers. They are

photosynthetic organisms, which means they can transform
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sunlight energy into materials for growth (Sudhakar et al.,
2018). Seaweeds include pigments such as chlorophyll, which
aids in the absorption of sunlight for photosynthesis and is
responsible for their green color (Chen et al, 2017). Other
pigments found in seaweeds are responsible for their intriguing

colors, such as red and brown seaweeds (Morais et al., 2021).

Basic Parts of Seaweed

Some seaweeds employ holdfast, a root-like structure used
only for anchoring, to attach themselves to the ocean floor.
Other seaweeds, such as floating seaweeds, may have floating or
air sacs that maintain them above the water’s surface and
expose them to sunlight for photosynthesis. Another seaweed
component is stipe, a stem-like structure that holds the blades
to the water’s surface. Blades are primary photosynthetic leaf-
like flattened parts that absorb sunlight. Furthermore, thallus
refers to the fundamental or advanced body-like structure of
seaweeds that can conduct photosynthesis with all its parts
(Figure 1) (Suryanarayana Murty & Banerjee, 2011; Baweja et
al., 2016; Sudhakar et al., 2018).

=

Blade

Gas bladder

Holdfast

Figure 1. Basic parts of seaweed (Ha et al., 2021)

Chlorophyta
(Green)

Ochrophyta

Seaweed (Brown)

Rhodopyhta
(Red)

Classification of seaweeds

Based on their photosynthetic pigments, seaweeds are
classified into three categories: brown (Ochrophyta or Class
Phaeophyta), green (Chlorophyta), and red (Rhodophyta).
There are around 10,000 seaweed species, including about 2000
brown, 1500 green, and 6500 red seaweeds (Collins et al., 2016;
Gutiérrez-Rodriguez et al., 2018). Furthermore, seaweeds are
classified using molecular techniques based on evolutionary

processes (Figure 2) (Ruggiero et al., 2015).

Distribution of Seaweeds

With an average depth of 5 km, the water surface covers
more than 70% of the earth’s surface (Baweja et al., 2016), to
which seawater accounts for more than 90% of all water on the
planet earth (Sudhakar et al., 2018). Moreover, oceans support
floating forests with a broad range of marine animals and
plants, where the marine vegetation is more primordial and
diversified than the terrestrial vegetation (Baweja et al., 2016).
Algae are photosynthetic plant-like creatures that are the sole
primary producers in the oceans (Sudhakar et al., 2018), with a
photosynthetic efficiency (PE) that is 6-8% greater than that of
terrestrial plants (1.8-2.2%) (Ashraf et al., 2016; Gutiérrez-
Rodrguez et al, 2018). Seaweeds, also known as marine
macroalgae or edible macroalgae, are benthic marine algae that
thrive in brackish or saltwater environments (George &
Mathew, 2017) found in shallow and open water up to 180m
deep (Khalid et al., 2018). They are the most numerous marine
vegetation and one of the essential biomass producers in the
ocean that gives food and shelter to aquatic life (Ghadiryanfar
et al., 2018). However, the distribution of seaweeds in the
marine environment is limited only to the littoral and
sublittoral zones. (Premarathna et al., 2019a). They may be
found to a depth where 0.01% photosynthetic light is accessible
(George & Mathew, 2017).

Chlorophyll (a and b) and
Xanthophylls

Primary endosymbiosis

Chlorophyll (a and c) and Xanthophylls

Secondary endosymbiosis

Chlorophyll (a and d), Phycoerythrin

and Phycobilin

Primary endosymbiosis

Figure 2. Classification of seaweeds
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Table 1. Factors that affect the distribution of Seaweeds (adapted from Baweja et al., 2016)

Physical Parameters

Chemical Parameters

Biological Parameters

Substrate, temperature, light quality and quantity,

dynamic tidal activity, winds, and storms.

Salinity, pH, nutrients,

gases, and pollution level.

Herbivores, microbes, epiphytes, endophytes,

symbionts, parasites, and diseases.

Table 2. Some pigment content of seaweeds (adapted from Yu et al., 2014)

Seaweeds Pigments

Green seaweeds
Brown seaweeds

Red seaweeds

a-, -, and y-carotene, chlorophylls a and b, lutein, siphonoxanthin, and siphonein
Chlorophylls a, c1, and ¢2, -carotene, and fucoxanthin

Chlorophyll a, r-phycocyanin, allophycocyanin, c-phycoerythrin, a- and p-carotene

Table 3. Chemical composition of seaweeds (% dry weight)

Chemical composition of seaweed

Species

Protein® Lipids® Ash® References
Green seaweeds: 32.7-3.3 13.04-1.57 27.5-19.59 Cerna, 2011% Misurcov4 et
Caulerpa sertularioides, C. lentillifera, C. al., 2011% Gosch et al.,
patentiramea, D. tenuissima, Ulva sp., Caulerpa sp., 2012% Fleurence et al.,
C. glomerata, Codium sp., Enteromorpha sp., 20187 Susanto et al., 2019%
Halimeda sp., M. oxyspermum, U. clathrata, U. Pefialver et al., 2020¢
lactuca
Brown seaweeds: 25.70-5.4 11.91-0.38 39.3-20.71 Cerna, 2011% Gosch et al.,
Costaria costata, D. bartayresii, D. dichotoma, H. 2012% Fleurence et al.,
fuziformis, Laminaria sp., S. japonica, Sargassum sp., 2018% Susanto et al., 2019%
S. macrodontum, A. nodusum, Dictyota sp., D. Penalver et al., 20204
antartica, U. pinnatifida, Padina sp., Sargassum sp.,
B. bifurcata, F. vesiculosus, S. latissima, S. fusiforme,
U.pinnatifida
Red seaweeds: 47.0-2.3 5.0-0.64 44.03-17.50 Cernd, 2011% Misurcovd et

Laurencia papillosa, C. crassicaulis, C. yendoi, G.
longissima, M. japonica, Palmaria sp., A. concinna, A.
multifida, A. taxiformis, Bryothamnion sp., C.
officinali, D. simplex, E. duperreyi, Eucheuma sp., G.
acerosa, Gracilaria sp., G. turuturu, H. formousa,
Hypnea sp., Chondrus sp., Laurencia sp., O.
secundiramea, P. palmata, P. brasiliense, Porphyra

sp., S. filiformi, V. obtusiloba, P. capillacea, ]. rubens

al., 2011% Fleurence et al.,
2018% Susanto et al., 2019
Penalver et al., 20204

In addition, their vertical and horizontal distribution
differences demonstrate their adaptation to their surroundings.
As a result, several species are confined to sheltered coves and
bays, while others may be restricted to exposed cliffs along the
coast or at the reef’s margins. Different species of seaweeds may
exist in a variety of transitional habitats; hence, the combined
effects of various physical, chemical, and biological parameters

on the distribution of seaweeds may determine the existence or

absence of a species in a habitat (Table 1) (Baleta & Nalleb,
2016).

Production of Seaweeds

The Food and Agriculture Organization of the United
Nations’ recently published World State of Fisheries and
Aquaculture Reports held biennially until 2018 (FAO, 2020). In
the output of FAO, the total world fisheries and aquaculture

production, roughly 54.1%, is represented by aquaculture, and
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in terms of overall world aquaculture production, coastal and
marine aquaculture production accounted for around 55.2%. In
the total coastal and marine aquaculture production,
approximately 51.3% of it is represented by seaweeds with 32.4
million tons of total production, followed by mollusks with 17.3
million tons, approx. 27.4%, finfish with 7.3 million tons,
approx. 11.6%, crustaceans with 5.7 million tons, approx. 9.1%,
and other aquatic resources with 0.4 million tons, approx. 0.6%
(Chopin & Tacon, 2021). In June 2021, FAO published a
factsheet for the Global seaweeds and microalgae production
from 1950-2019. According to the report, the global algal
production, including cultivation and wild harvest, has
increased more than 60 times since 1950, from 0.56 million tons
of wet to 35.82 million tons in 2019. The increased in seaweed
production is largely due to cultivation, which accounts for
34.74 million tons, or nearly 97% of total production, whereas
natural harvesting produced only 1.08 million tons of wet
(FAO, 2021a).

In 2019, around 97% of total world seaweed production
(cultivated and wild) is centered in Asia, where China
(20,351,442 tons, approx. 56.82%) is the top producer, followed
by Indonesia (9,962,900 tons, approx. 27.81%), the Republic of
Korea (1,821,475 tons, approx. 5.09%), the Philippines
(1,500,326 tons, approx. 4.19%), the Democratic People’s
Republic of Korea (603,000 tons, approx. 1.68%), Japan
(412,300 tons, approx. 1.15%), Malaysia (188,100 tons, approx.
0.53%). Other countries such as in Americas, Europe, Africa,
and Oceania contributes only 1.36%, 0.08%, 0.41%, and 0.05%

of the total world seaweeds production (cultivated and wild),

respectively (FAO, 2021a). Species group of seaweeds such as
brown seaweeds: Laminaria/Saccharina sp. (12,411,987 tons,
approx. 34.65%), Undaria sp. (2,566,316 tons, approx. 7.16%),
red seaweeds: Kappaphycus/Eucheuma sp. (11,685,174 tons,
approx. 32.62%), Gracilaria sp. (3,695,231 tons, approx.
10.32%), and Porphyra sp. (2,984,573 tons, approx. 8.33%) are
the top 5 species of seaweeds that contribute to the 99.84% of
the world production of seaweeds both in wild and cultivation
(FAO, 2021a). Furthermore, the value of the seaweed farming
business might be far higher, particularly if monetary value is
assigned to the ecological services supplied by seaweeds
(Chopin & Tacon, 2021).

Bioactive components and biological properties of

seaweeds

Seaweeds are renowned for their ability to produce a diverse
range of biologically active macromolecules. Significant
components of seaweeds are pigments, phenolic compounds,
lipids, proteins, vitamins, minerals, and carbohydrates
(polysaccharides) (Bedoux et al., 2014). Many studies have
revealed that algae are the most abundant source of these
bioactive chemicals, particularly polysaccharides that can be
sulfated and non-sulfated (Jiménez-Escrig et al., 2011; Jesumani
etal, 2019; Venugopal, 2019; Hentati et al., 2020; Rengasamy et
al., 2020). Sulfated polysaccharides are represented by agars,
carrageenans, fucoidans, and galactans, while non-sulfated
polysaccharides are represented by alginates and laminaran
(Rupérez et al., 2013; Hentati et al., 2020).

Table 4. Vitamin content (mg/100g dw) of seaweed (adapted from Skrovénkové (2011) and Martinez-Hernéndez et al. (2018)).

Vitamin content

Seaweeds
E C Bi2 B3 B2 B1 A
Green seaweeds: 19.70-2 746.4-<0.223  142* 1.09-<0.5  0.559-0.02 4-<0.02 9581-0.01
Caulerpa lentillifera, C. fragile,
U. lactuca, U. pertusa, U.rigida,
E. flexousa
Brown seaweeds: 3.43-1.4 785.1-153.8 99.1-4.4* 61.2-1.58 11.7-0.02 5-0.02 0.481-0.04
Alaria esculenta, F. vesiculosus,
H. elongata, L. digitata, L.
ochroleuca, S. japonica, S.
latissima, U. pinnatifida, S.
hemiphylum,
Red seaweeds: 13.9-0.267 711.9-107.1 760-122.4*  11.0-1.89 1.91-0.36 1.56-0.073  4.8-1.59

Chandrus crispus, Gracilaria sp.,
G. changii, P. palmata, P.
umbilicalis, P. yezoensis, K.
alvarezii, Porphyra sp.

Note: * ug/kg
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Pigments

Seaweeds include three forms of pigments: chlorophyll,
carotenoid, and phycobiliproteins, all of which have great
potential as ingredients for nutraceutical, as physiologically
due to their anticancer,

active agents antiangiogenic,

antidiabetic, anti-inflammatory, antioxidant, and
immunomodulatory characteristics, as well as used as food
dyes. Chlorophylls are greenish pigments that are soluble in
lipids and are essential for photosynthesis in seaweeds. The
most common algal carotenoids include astaxanthin, carotenes,
fucoxanthin, lutein, lycopene, neoxanthin, violaxanthin, and
zeaxanthin. Carotenoids are tetrapenoid molecules that aid in
seaweed photosynthesis. However, among these carotenoids,
fucoxanthin, derived from brown seaweed, is the most
prevalent, having potential applications in the food business.
Finally, phycobiliproteins are pigments soluble in water and
occur as proteins. Phycobiliproteins are composed of three
different pigments: phycoerythrin is the most prevalent red
pigment, allophycocyanin is the light-blue pigment, and
phycocyanin is the blue pigment. These three pigments show
different forms of protein, different bilin contents, and spectral

properties (Table 2) (Aryee et al., 2018; Cherry et al., 2019).

Phenolic Compounds

Seaweed contains catechins, flavonoids, phenolic acids,
phlorotannins, tannins, and other phenolic chemicals. Thus,
seaweed species have a considerable effect on the kind and
quantity of phenolic chemical extraction. Bromophenols,
flavonoids, and phenolic acids are abundant in green and red
seaweeds. Brown seaweeds have complex polymers mostly of
phlorotannins and phloroglucinol oligomers (1,3,5-trihydroxy
benzene). Seaweed polyphenols have been linked to many
activities, antibacterial, anticancer,

biological including

antidiabetic, anti-inflammatory, antiobesity, antioxidant,
antiproliferative, antitumor, and antiviral effects (Montero et

al., 2017; Gémez-Guzman et al., 2018; Cotas et al., 2021).
Lipids

The majority of seaweeds have low lipid concentrations of
up to 5% by weight of the dry weight (DW) sample (Table 3)
(MiSurcovd etal., 2011). However, there are a number of species
with total lipid content greater than 10% dw (Table 3), making
them viable candidates for oil-based goods (Gosch et al., 2012).
The total lipid content varies according to geographical

location, interactions, light intensity, salinity, seasonal change,

species, and temperature (Susanto et al., 2019). Seaweed lipids,

on the other hand, include large quantities of Polyunsaturated
Fatty Acids (PUFAs) such as Linolenic acid, Stearidonic acid,
Eicosapentaenoic acid (as n-3 PUFAs), and Arachidonic acid
(as n-6 PUFAs). In addition, various bioactive chemicals,
including sterols, are found in lipids (Luo et al., 2015; Pérez et
al., 2016; Susanto et al,, 2019). These sterols, which are mostly
represented by cholesterol and clionasterol, are important
bioactive substances with fundamental nutritional and
biological qualities such as anticancer, antiobesity, antioxidant,
antitumor, antiviral, and are effective in the prevention of
cardiovascular disorders, The main nutritional components
discovered in seaweeds are fucosterol and isofucosterol (Kendel

etal., 2015).

Proteins

The concentration of protein in seaweed varies according to
species, seasonal cycle, and seasonal fluctuation factors. It is
generally higher for red seaweeds (up to 47% of the dry weight),
medium for green seaweeds (35% of the dry weight), and lower
for brown seaweeds (24% of the dry weight) (Table 3) (Cerna,
2011; Fleurence et al., 2018). Because seaweeds include non-
protein nitrogen, their protein content has been overstated, and
nitrogen-to-protein conversion ratios smaller than 6.25, often
employed for feed components, have been recommended
(Makkar et al., 2016). Furthermore, seaweeds include essential
amino acids, including glycine, alanine, proline, arginine,
glutamic acid, and aspartic acid (Gullén et al., 2020).
Phycobiliproteins are of particular interest among algal
proteins because, by enzymatic breakdown, peptides with
established hypertensive action may be produced by blocking

the angiotensin I converting Enzyme (Furuta et al., 2016).

Vitamins

Seaweeds are high in fat-soluble vitamins, including vitamin
A, vitamin D, vitamin E, and provitamin A, as well as water-
soluble vitamins, including vitamin C, folic acid, pantothenic
acid, niacin, riboflavin and vitamin B such as vitamin B12,
vitamin B6, vitamin B3, vitamin B2, and vitamin B1 (Hentati et
al., 2020). However, some of them only in relatively low content
(Skrovankovd, 2011) because the vitamin content of seaweeds
varies depending on the species. Green seaweeds, for example,
had vitamin E concentrations ranging from 8.8-12.0 mg/kg, red
seaweeds ranging from 10-26 mg/kg, and brown seaweeds
ranging from 1.6-122 mg/kg dried weight (Biancarosa et al.,
2018). For vitamin C concentrations, green seaweeds have
0.0347-1.25g/100g, red seaweeds have 0.0353-1.61g/100g, and
brown seaweeds 0.0345-1.85g/100g dried weight, and as for
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essential vitamin B3, green seaweeds range from 0.005-
1.0g/100g, red seaweeds range from 0.0951-0.10g/100g and
brown seaweeds range from 0.612-0.90g/100g dried weight
(Hentati et al., 2018). In addition, the contents of Vitamin B12
in seaweeds also vary. For example, green seaweeds are between
0.06 and 0.786 g/100 g; red seaweeds are between 0.0961 and
1.34g/100g, and brown seaweeds range between 0.0164 and
0.0431g/100g dried weight (Table 4) (Hentati et al., 2018;
Cherry et al., 2019).

Minerals

Seaweeds also have a significant concentration of minerals
(8-40%), including Na, K, Mg, Fe, and others (Table 5)
(Cofrades et al., 2017; Lorenzo et al., 2017). Calcium is the most
visible mineral, and it is found in the highest concentration in
plant sources. They also contain a lower Na/K ratio than other
foods often found in Western diets, which is advantageous for
maintaining a healthy cardiovascular system (Circuncisdo et al.,
2018). In addition, seaweeds contain substantial quantities of
iodine, and their consumption can aid in treating iodine
deficiency (Zava & Zava, 2011).

Polysaccharides (Hydrocolloids)

Phycocolloids, are hydrocolloids (substances that form a
viscous solution when mixed with water) derived from
seaweeds. In 2019, the total global import and export of
seaweeds and seaweed-based hydrocolloids ($1.74 billion) are
estimated at $2.9 billion and $2.65 billion, respectively (FAO,
2021b).

phycocolloids, including major seaweed polysaccharides like

Numerous polysaccharides are derived from
alginate, agar, and carrageenan, which are economically
valuable for the pharmaceutical and nutraceutical sectors
(Gnanavel et al, 2019). Depending on the species, seaweed
polysaccharides range from 4% to 76% by dry weight. Brown
seaweeds contain alginates, fucoidans, and laminarin; red
seaweeds have carrageenans and agarans; green seaweeds
include ulvans. These seaweeds polysaccharides are primarily
sulfated (such as agars, carrageenans, fucoidans, and galactans)
and non-sulfated (such as alginates and laminaran)
polysaccharides that are high in dietary fiber. In addition, they
may have prebiotic properties that have been related to the
antibacterial, anticancer, anticoagulant, antihyperlipidemic,
anti-inflammatory,  antiobesity, antioxidant, antiviral,
gastroprotective, and immunomodulatory effects (Seong et al.,
2019; Gullon et al., 2020; Hentati et al., 2020). Important
hydrocolloids, such as agar, carrageenan, and alginates, are also

called phytochemicals. They are primarily utilized in human

and animal foods, dairy products, confectionery, textiles, paper
industries, and in certain other countries, as manure. (Pal et al.,
2014).

Red (Rhodophyta) Gelidiella or

Pterocladia, Gelidium, and Gracilaria are sources of agar which

seaweeds such as
composed of two polysaccharides, such as agarose (for gelling)
and agaropectin (for thickening). However, agarose is
accounting for around 70% of the total in the mixture. Agar also
contains hydrophilic galactans consist of a(1-4)-3,6-anhydro-
L-galactose, and p9(1-3)-D-galactose (Lee et al., 2017) and it is
the first hydrocolloid with the European registration number
E406. The Food and Drug Administration (FDA) has
designated agar as Generally Recognized as Safe (GRAS) for use
as a food additive which approximately 80% of are produced
globally. The remaining 10-20% were employed in the
pharmaceutical and other biotechnology sectors. Agar may be
used in a variety of ways depending on its quality. Low-grade
agar is used in foods and industrial applications such as
adhesives, casting, impression, paper coating, textile printing
dyeing, and other applications. In the medical and
pharmaceutical fields, medium grade agar is employed as a gel
substrate in biological culture media, anticoagulant agents,
bulking agents, capsules, laxatives, and tablets. Finally, highly
purified agar, a high-grade agar, is utilized in intermolecular
biology separation procedures like electrophoresis, gel
chromatography, and immunodiffusion (Pal et al., 2014; Abdul
Khalil et al., 2018). On the other hand, carrageenan with
European registration name E407 is similar to agar that are
derived from red seaweeds but mostly from the species of
Kappaphycus alvarezii, E. denticulata, E. spinosum, B. gelatinae,
C. crispus, Gigartina sp., and Hypnea sp., making up as much as
half of the dry weight (Abdul Khalil et al., 2018). It is the general
name for a group of naturally occurring water-soluble sulfated
galactans with alternate backbones of a(1-4)-3,6-anhydro-D-
galactose, and P(1-3)-D-galactose (Subaryono, 2018). There are
three basic types of Carrageenan that are commercially
classified, these includes iota (1)-carrageenan, kappa (x)-
carrageenan, lambda (A\)-carrageenan, although other types of
carrageenan are also reported such as p-carrageenan, v-
carrageenan (Rhein-Knudsen et al, 2017). Carrageenan is
mainly used in different foods as emulsifiers, thickeners,
stabilizers, and protective coating on fresh-cut packaged food.
However, since red seaweeds have a variety of species and
compositions, this makes the carrageenan as one of the most
challenging phycocolloids to characterized. (Abdul Khalil et al.,

2018).
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Alginates, with a European registration number of E401 to
E405 are derived from brown seaweeds such as Ascophyllum
nodosum, E. maxima, L. digitata, L. hyperborean, L. japonica, L.
nigrescens, M. pyrifera, Sargassum sp. and other brown
seaweeds. Alginates are copolymers of a(l1-4) linked a-L-
galactouronic and PB-D-mannouronic acids (Ramnani et al,
2012; Abdul Khalil et al., 2018). It is mainly utilized in the food
and pharmaceutical industries due to binding metal ions and
generating viscous solutions. It is used as gelling agents and also
as sizing agent for cotton yarn in the textile sectors. Alginate
comes in two types: acid and salt. The asalginic acid is the acid
type, it is a linear polyuronic acid, whereas the salt type is an
important component in the cell wall of brown seaweeds,
accounting from 40 to 47% of the algal biomass by dry weight
(Pal et al., 2014; Abdul Khalil et al., 2018).

Potential risk factors of seaweeds

Seaweeds, well-known for their health advantages and high
concentrations of essential components, might represent a
health danger by absorbing high quantities of heavy metals and

Iodine from the environment (Filippini et al., 2021).

Exposure to Heavy metals

There are approximately 145 species of seaweeds that are
consumed globally in amounts as high as 97,000 tons annually
in some countries such as Japan (Cheney, 2016). Porphyra sp. is
one of the famous edible seaweed in Southeast Asia and around
the world. In Japan, it is known as “nori” and is eaten as nori
sheets with the Japanese delicacy “sushi.” It is also known as
“kim” in Korea, “zicai” in China, “purple laver” in the Britain
and Ireland, “karengo” in New Zealand, and “Laver” in the
United States, United Kingdom, and Canada (Baweja et al,,
2016). According to Rubio et al. (2017), red seaweeds,
particularly the Porphyra species, have more trace and
dangerous elements. As a result, the average cadmium (Cd)
level in conventional farming is two points higher (0.28 mg/kg)
than in organic cultivation (0.13 mg/kg). Furthermore, 4g per
day of seaweeds intake helps increase the dietary intake of
metals like magnesium (Mg) and chromium (Cr). In addition,
the average aluminum (Al), cadmium (Cd) and lead (Pb) daily
intakes were 0.064, 0.001, and 0.0003 mg/day, respectively.
According to the research, exposure to these toxic metals (Al,
Cd, and Pb) did not pose serious health risks. But, other
should

recommendation of the author (Rubio et al., 2017).

hazardous metals also be monitored as per

Exposure to Arsenic

Another critical health concern connected with seaweed is
arsenic. Arsenic species can be harmful (inorganic arsenic, a
carcinogen of class I), innocuous (arsenobetaine), or potentially
dangerous (fat-soluble arsenic, arsenosugars, and other
organoarsenic). The International Agency for Research on
Cancer has identified inorganic arsenic as a human carcinogen
capable of causing bladder, skin, and lung cancer. Arsenic use
has also been related to an increased risk of heart diseases and
diabetes (Murai et al., 2021). Arsenic is naturally accumulated
in seaweeds, particularly Hijiki, an edible brown seaweed
(Flora, 2015) that is harvested and consumed in Japan. It is sun
dried, boiled, then dried again until it is completely black. It is
frequently used as a topping for cooked rice or as a breakfast
condiment. However, because of the high levels of arsenic,
people were warned not to consumed too much of it
(Mouritsen et al., 2018). This wet Hijiki has 0.22 mg of
inorganic arsenic per serving (20g), accounting for 80% of the
arsenic content (Yokoi & Konomi, 2012) that exceeds the
World Health Organization’s recommended daily intake
standards. However, there are no evidence of the health
consequences of arsenic poisoning induced by the inorganic
arsenic from Hijiki has been shown. It has been claimed that
adverse effects on people’s health are rare unless they consume

vast amounts of Hijiki (Murai et al., 2021).

High Iodine Concentrations

Excessive iodine content is another potential concern of
seaweeds (Bouga & Combet, 2015). Seaweed absorbs iodine
from seawater and is hence an excellent source of iodine in the
diet. Eating enough seaweeds may help to eliminate iodine
deficiency. Too much iodine, on the other hand, is hazardous
to one’s health (Yeh et al., 2014). Kombu (S. japonica), wakame
(U. pinnatifida), and nori (Porphyra sp.) are edible seaweeds
that are commonly consumed in Asia and have a high
concentration of iodine. According to Yeh et al. (2014), the
highest average iodine content is found in kelp (S. japonica),
commonly known as Kombu in Japan, with 2523.5 mg/kg,
followed by wakame (139.7 mg/kg) and nori (36.9 mg/kg).
Kombu is a popular food and dietary supplement, notably in
Japan. However, research suggests that kombu contains a high
iodine concentration, implying that consuming too much
kelp/kombu supplements on a daily basis for an extended
period of time may represent a risk to consumers, such as
thyroid dysfunction or hyperthyroidism (Dasgupta & Wahed,

2014). Iodine levels in seaweed can be extremely high and even

Ot
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hazardous. Surprisingly, Japanese people’s high iodine
consumption is regarded as one of the reasons they are among
the healthiest people on the planet. In Japan, however, the
average daily consumption of Iodine is estimated to be 1,000-
3,000 pg (667-2,000% of the RDI). This poses a concern to
people who consume seaweed daily, as the tolerable upper limit
(TUL) for adults is 600 g/d (EFSA) and 1100 g/d (World Health
Organization) (Zava & Zava, 2011; Cherry et al., 2019).
Furthermore, several studies have found a link between
excessive iodine intake and illnesses such as hypo- and
hyperthyroidism, goiter, and thyroiditis, whereas, iodine
deficiency causes hypothyroidism (Combet et al., 2014;
Desideri et al., 2016; Aakre et al., 2020). Many of the symptoms
of hyperthyroidism may differ from different individual
person. According to the National Institute of Diabetes and
(NIDDK),

fatigue or

Digestive and Kidney Diseases common

hyperthyroidism symptoms include muscle
weakness, diarrhea, hand tremors, heat intolerance, mood
swings, nervousness or irritability, rapid and irregular
heartbeat, sleeping difficulties, weight loss, and goiter (an
enlarged thyroid that causes the neck to appear bloated and can
obstruct regular breathing and swallowing) (NIDDK, 2016).
However, the epidemiological research describing the risks and
benefits of consuming iodine from seaweeds is inconclusive

(Cherry et al., 2019).

Uses of Seaweeds

As previously indicated, seaweeds have a high
concentration of bioactive compounds. Previously, seaweed
was mainly used as a vegetable and consumed as raw. It is also
an excellent source of gelling and thickening ingredients in food
for humans and animals (Hentati et al., 2020). A new study has
shown its potential for alternative medicine in recent years.
Antibacterial (Moubayed et al., 2017), anticancer (Haq et al,,
2019), (Liu et al, 2018),

(Gunathilaka et al., 2020), antiestrogenic (Teas et al., 2013),

anticoagulant antidiabetic
antifungal (De Corato et al., 2017), antihyperlipidemic (Yim et
al., 2019), antimycotic (Saito & Lal, 2019), antihypertensive
(Seca & Pinto, 2018), anti-inflammatory (Saraswati et al., 2019),
antiobesity (Sun et al., 2018), antioxidant (Hermund, 2018),
antiviral (Gheda et al., 2016), immunomodulatory (Palstra et
al., 2018), neuroprotective (Silva et al., 2018), tissue healing
(Premarathna et al., 2019b) and thyroid-stimulating properties
have been demonstrated in red, brown, and green seaweeds
(Khalid et al., 2018). Furthermore, seaweeds are used in the

cosmetic and pharmaceutical industries (Hentati et al., 2020).

They are now a possible energy source as biofuels (Del Rio et
al., 2020) and important as biobased goods (Nakhate & van der
Meer, 2021) and biopolymers (Jumaidin et al., 2018). In
addition, Seaweeds are also employed in aquaculture as
probiotics (Vatsos & Rebours, 2015; Nazarudin et al., 2020)
animal feed additive (Makkar et al., 2016; Morais et al., 2020),
water purifier (Arumugam et al., 2018), bio-elicitors (Agarwal
et al, 2021), plant fertilizer (Ruban & Govindasamy, 2018),
biostimulants (Pereira & Cotas, 2019) and as seaweed-based
liquid oganic fertilizer to other seaweed such as to stimulate the

growth and quality of G. verrucosa (Nasmia et al., 2020).

Extraction of Seaweeds

To extract novel metabolites from seaweed without causing
degradation, modern techniques such as Enzyme Assisted
Extraction (EAE), Microwave Assisted Extraction (MAE),
Ultrasound-Assisted Extraction (UAE), Supercritical Fluid
Extraction (SFE), and Pressure Solvent Extraction (PSE) have
been employed (Table 6) due to its advantages over the
traditional techniques. However, to generate extracts
containing the necessary bioactive components, the process
parameters of each technique must be modified (Cikos$ et al.,
2018).

Table 6 shows the seaweed extraction process (common
bioactive compounds extracted, advantages and limitations of
green extraction method). Table 6 also shows the differences,
advantages and limitations of the modern (green) techniques.
EAE has advantages for industrial applications since it can be
scaled up, it has a high catalytic efficiency and specificity, and it
is a safe method of extraction because the enzymes utilized are
food grade level. However, the full benefits of this extraction
process can only be realized if the limitations such as expensive
cost, lengthy extraction time that can range from hours to days,
lack of substrate specific enzyme availability, and enzymatic
hydrolysis efficacy are overcome. UAE on the other hand, is an
extraction approach that has been employed in the industrial
extraction of bioactive chemicals from many natural resources,
and it has recently been shown that it can also be used in the
extraction of new metabolites from seaweeds. For SFE, this
approach is quite expensive for the extraction due to the high
pressure equipment requirements, but it can also be utilized for
the extraction of new metabolites from seaweeds. In fact, it is a
very promising method of extraction because it produces
extracts with great purity and no residues. MAE and PLE, on

the other hand, are quite risky because they require high
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Table 6. Seaweed extraction process (adapted from Admassu et al. (2018), Kadam et al. (2015), Praveen et al. (2019))

Extraction Method

Procedure

Bioactive Components

Advantages

Limits

Enzyme- Assisted
Extraction (EAE)

*Incorporating food-grade enzymes
such as cellulase, a-amylase, pepsin,
viscozyme, cellucast, termamyl,
ultraflo, carrageenase, agarase,
xylanase, kojizyme, neutrase,
alcalase, and umamizyme into
seaweeds.

* Degradation of glycosidic bonds

and other internal bonds

*Fucoxanthin
*Lipids
*Phlorotannins

*Phenolic compounds

*Time efficiency

*High catalytic efficiency
& specificity

*Enzymes employed are
eco-friendly, non-toxic,
and food

grade level

*High yield

*High possibility for

industrial scale-up

*Slow extraction
procedure (takes hours
to days)

*Enzymatic hydrolysis
effectiveness is very
low if the material’s
moisture content is
very low

*Limited owing to its

costly price

Microwave-Assisted
Extraction (MAE)

*Most researched extraction
technique.

*Microwave energy was used to heat
solvent-containing samples.
*Dielectric and total volumetric
heating by microwaves.

*2.45 GHz

*Sulfated polysaccharides,

such as fucoidan, ulvan,

and rhamnan sulfate.

*Short treatment time
*Can utilize organic
solvents and water

*Ideal for thermally labile
chemicals

*Better than traditional

and Soxhlet methods

*The only solvent that
can be used is one with
a high dielectric
constant, and a low
dissipation factor
*High capital cost
*Potential explosion
danger, especially with
MAE closed vessels

Ultrasound-Assisted
Extraction (UAE)

*Ultrasonic radiation pressure was

used to generate intense mixing and

*Polyphenols

* Fucose and uronic acid

*Short treatment time

*Less solvent usage

*Extraction efficiency

varies according to

agitation, which promotes * Laminarin *High extraction yields plant matrix
Extraction. *Compression and *Phycobiliary proteins *Low cost *Solvents with low
rarefaction (pressure variation and *Taurine surface tension,
cavitation) * Antioxidants viscosity, and vapor
*20 kHz pressure are preferred
*50-60 kHz *Excessive sonication
may degrade extract
quality
Supercritical Fluid *The supercritical fluid’s *Fatty acids (w-3) *Technology for green *Expensive high-
Extraction (SFE) temperature and pressure are both *Carotenoids, Extraction pressure equipment is
Pressurized greater than the critical point. * Fucoxanthin, *Extracts with excellent required.

*Fluorotannins

* Volatile compounds
*Polyphenols,
*Cytokinins,

* Auxins, Microelements,

and macro elements

purities and no residues
*Extracts made without
the use of solvents
*Extraction of
thermolabile compounds
requires a short

extraction period.

*Polar chemicals may
be difficult to remove.
*Processing costs and
energy usage are both
high.

Pressurized Solvent
Extraction (PSE)/
Pressurized Liquid
Extraction (PLE)

Reaction

*To extract analytes, a relative
amount of solvent (toluene, hexane,
or acetone) was used at high

temperatures and pressure.

*Polyphenols
*Fluorotannins

*Neo antioxidants,
*Amino acids
*Polysaccharides
*Fucoidan

*Total organic carbon

*Minerals

*Green extraction
method (water can be
used as solvents)
*Extraction efficiency is
high, using fewer
solvents.

*Extraction time is

limited.

*The cost of the
required high-pressure
equipment is too
expensive.
*High-temperature
extraction may cause
thermolabile

compounds to degrade.
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Table 7. Extraction method of different species of seaweeds

Extraction Method

Species

References

Enzyme-Assisted Extraction (EAE)

Macrocystis pyrifera, C. chamissoi, S.
boveanum, S. anguistifolium, F. irregularis, P.
palmata, C. crispus, C. fragile, S. muticum, O.
pinnatifida, C. tomentosum, U. armoricana,

S. ilicifolium, S. polycystum

Kulshreshtha et al., 2015; Rodrigues et al.,
2015; Hardouin et al., 2016; Naseri et al.,
2020; Vasquez et al., 2019; Sabeena et al.,
2020

Microwave-Assisted Extraction
(MAE)

Gelidiella. acerosa, U. pinnatifida, S.
fusiformis, L. japonica, F. vesiculosus, G.
vermiculophylla, G. racemosa, E. prolifera, F.

virsoides, C. barbata, E. radiata

Rodriguez-Jasso et al., 2011; Michalak et
al., 2015; Charoensiddhi et al., 2015;
Singh et al.,, 2017; Dobrinci¢ et al., 2021

Ultrasound-Assisted Extraction
(UAE)

Ascophyllum nodosum, S. muticum, O.
pinnatifida, C. tomentosum, S.binderi, T.
ornate, K. alvarezii, E. denticulatum, S.

mcclurei, G. turuturu

Cecile et al., 2015; Kadam et al., 2015;
Rodrigues et al., 2015; Youssouf et al.,
2017; Thao My et al., 2020

Supercritical Fluid Extraction (SFE)

Ulva flexuosa, D. membranacea D. lingulatus,
S. hemiphyllum, L. vadosa, S. muticum, U.

pinnatifida, G. tenax, Z. marina, P. oceana, C.

Zheng et al., 2012; Quitain et al., 2013;
Pérez-Lopez et al., 2014; Becerra et al,,
2015; Michalak et al., 2016; Machmudah

glomerata, U. clathrata, P. fucoides, G.

mammillaris

et al.,, 2018; Sevimli-Gur & Yesil-Celiktas,
2019

Pressurized Solvent Extraction (PSE)

dichotoma, C. baccata, H. elongate, S.

japonica, S. muticum

Ulva intestinalis, U. lactuca, F. vesiculosus, D.

Séanchez-Camargo et al., 2017; Otero et
al., 2018

temperatures. Thermolabile chemicals may deteriorate as a
result of high-temperature extraction (Kadam et al., 2015;
Admassu et al., 2018; Cikos et al., 2018; Praveen et al., 2019).
Table 7 shows the different species of seaweeds that has been

extracted using these novel green methods of extraction.

Purification of seaweed extracts

Given that every biological matrix, including seaweeds, is a
complicated combination of different macromolecules and
micromolecules, it is critical to eliminate all extra materials
while retaining those containing the biomolecules of interest.
As a result, it is vital to use analytical methods to characterize
these bioactive chemicals. This is usually achieved by first
preparing the sample and then extracting it by various methods
using the required solvents and within each phase of the
procedure, the necessary number of substeps is determined by
the matrix’s complexity and the type of target biomolecule
under investigation. Finally, the extracted bioactive chemicals
are subjected to various types of chromatography as well as
identification procedures such as mass spectrometry (Misra et
al., 2015; Batool & Menaa, 2020).

Conclusion

Seaweeds, are regarded as an economically important
biological resource because they contain a diverse range of
bioactive compounds, such as different pigments, phenolic
compounds, lipids, vitamins, proteins, minerals,
polysaccharides, polyunsaturated fatty acids, and other
essential bioactive compounds with a wide range of biological
functions. Seaweeds are commercially sold as fresh and extracts,
mainly in the food industry, pharmaceutical industry,
cosmetics industry, and many other industries. Although
seaweeds are generally healthy and safe, they may still pose
significant risks, notably high iodine concentration, heavy
metals, and arsenic exposure. However, there is still a lacked of
information on this manner because the epidemiological study
is still inconclusive. Furthermore, various green extraction
techniques were employed to isolate bioactive components,
then purified using chromatographic analysis to confirm the

extract’s purity.
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extraction of molecules in or attached to membranous structures is a delicate process. In

this study, we optimized the protein extraction technique for a cell wall deficient strain of

Keywords: Chlamydomonas reinhardtii, which is also a preferred material for most of the recombinant
EZIZHZS)}ZZZSZ“S protein production studies. Liquid nitrogen (LN) was evaluated for efficient protein
Protein extraction from wall-less strain. The results were compared with sonic treatments, which
Wall-deficiency were optimized in terms of applied power and duration. The results showed that sonication

at 25% power for 20 seconds of three rounds provided optimum results for the protein
integrity and extraction yield (74.13+2 pg/mL and 185.32+5 mg/g). Although LN has
provided similar results in terms of protein content compared to sonication, (70.15+4.43
pg/mL and 175.37£11.09 mg/g maximum), it revealed low efficiency in extracting intact

proteins from sub-compartments of the cell.
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Introduction based proteins (Chiong et al., 2016; Bleakley & Hayes, 2017).
Microalgae species such as Chlorella sp. (Lai et al., 2019) and

Algae have been used as a valuable food source for centuries Scenedesmus sp. (Patnaik et al., 2019) are well known natural
due to their high protein, lipid, and pigment content (Kay, protein sources utilized as food supplements or feed additives.
1991; Wells et al., 2017; Torres-Tiji et al., 2020). Food scarcity In addition, microalgae cells have been used effectively to
caused by climate change in the world has increased the interest produce recombinant proteins for many years (Gong et al,,

in algae as an alternative protein source to plant- and animal-

[
* Corresponding author ;

E-mail address: arzuyildirim78@gmail.com (A. Yildirim) [=]
32


http://dergipark.org.tr/en/pub/masteb
http://www.masteb.com/
https://doi.org/10.33714/masteb.1057346
mailto:arzuyildirim78@gmail.com
https://orcid.org/0000-0001-9836-3181
https://doi.org/10.33714/masteb.1057346

Yildirim (2022) Marine Science and Technology Bulletin 11(1): 32-40

2011; Rasala & Mayfield, 2015; Doron et al., 2016, Dyo &
Purton, 2018). Proteins accumulated by the expression of
exogenous genes can be localized in different parts of the cell.
Some recombinant products can be stored inside the cytoplasm,
while others can accumulate in membranous structures such as
chloroplast or mitochondria. Therefore, it is important to
consider both the complete lysis of all organelles and the
protection of the target molecule for efficient cell disruption.

C. reinhardtii is a widely studied algal species as a model
organism at both physiological and molecular levels (Hummel
et al., 2012; Saloméa & Merchant, 2019). It is also a host for
production of several recombinant proteins such as
therapeutics, edible vaccines, or antimicrobials (Rosales-
Mendosa et al., 2012; Ahmad et al., 2020). C. reinhardtii cell wall
consists of  hydroxyproline-rich  glycoprotein  layers
(Goodenough & Heuser, 1985) that give robustness to this
unicellular organism; however, it also constitutes an obstacle to
deliver or extract material of interest.

Cell disruption techniques are widely studied for their cost-
effectiveness, energy consumption, and molecular integrity of
the target product (D’Hondt et al., 2017; Dixon & Wilken, 2018;
Sotto-Sierra et al., 2018). Enzymatic treatment is one of the
simple methods used to eliminate the cell wall. C. reinhardtii
produces its own enzyme called autolysin during the vegetative
and sexual stages of its life cycle to lyse the wall structure occurs
around zoospores, zygospores and gametes (Jaenicke et al.,
1987). However, the use of this enzyme for disruption can result
in partial lysis of the cell and may require long incubation
periods. In addition, the enzyme can either be bought
commercially, which increases the implementation costs, or it
can be produced from microalgae itself, which adds an extra
step to the disruption process. Cell wall-less species of
microalgae such as Dunaliella salina is easier to study in terms
of cell disruption. Similarly, using a mutant strain without a cell
wall is also a preferable strategy providing an advantage for
breaking the cell (Lam et al., 2017).

Freeze-thaw is a simple disruption technique for creating
pores in the cell wall and membranes during the thawing of the
ice crystals that occurred at the freezing step (Dixon & Wilken,
2018). Liquid nitrogen (LN) provides fast freeze of the cells due
to extremely low boiling point (-196°C). Sonication, on the
other hand, is based on the formation of cavitation bubbles by
ultrasound waves and disruption of the cells by mechanical
shear stress (Avhad et al., 2014). Sonication stands out as a more
powerful technique with moderate energy consumption for

breaking the cell wall and internal membranes compared to the

freeze-thaw method, however, it is usually preferred to use two
techniques together or to use them in combination with other
techniques to obtain better results (Gerde et al., 2012; Sotto-
Sierra et al., 2018; Stirk et al., 2020). Both methods have the
advantage of avoiding the use of chemicals or the need to
remove external materials such as beads. It is also possible to
apply heat control in sonication to protect degradable
molecules such as proteins and lipids. In this study, the LN and
sonication methods were compared and optimized for protein
isolation from a wall deficient strain of C. reinhardtii

concerning yield and structural integrity

Materials and Methods

Strain, Media, and Culture Conditions

C. reinhardtii strain cc-3395 cwd arg7-8 mt- (cell wall
deficient strain carrying mutation on ARG7 gene encoding
argininosuccinate lyase) was ordered from Chlamydomonas
Resource Center (chlamycollection.org). The cells were first
grown on agar plates containing TAP medium (Harris, 1989)
with addition of 100 pg/mL arginine. A loop of cells was scraped
from the plate and inoculated in a 100 mL SGII medium (Sager
& Granick, 1953) containing 100 pg/mL arginine (SGII-A) in
250 mL flask. This culture was grown for 6 days on a shaker at
100 rpm under 30 pmol photon m-2 s—1 illumination at 25°C
and utilized as the stock culture for the inoculation of larger-
scale production. The stock culture was washed twice with fresh
SGII-A medium and re-suspended in 30 mL of fresh medium
before inoculation of 1.55 L final SGII-A culture medium in a 2
L glass bottle. Mixing and aeration was supplied to the culture
by an air pump through a 2 pm filter. The culture was grown
for 6 days under the same conditions provided for stock culture.
The culture was aliquoted into 50 mL falcon tubes and used in

disruption experiments (Figure 1).
Cell Density Measurements

Cell counts were performed at the beginning and the end of
the cultivation by a Neauber hemocytometer. Dry weight per
mL of the culture was identified by filtration of 50 mL of grown
culture and drying the biomass at 65°C overnight. The culture
was started with 3.2x10° cell/mL and ended at 1.19x10° cell/mL
on the final day.

Sonication-Assisted Disruption

Three replicates of four falcon tubes with 50 mL of the

culture (12 falcons in total) were centrifuged at 4000 rpm at
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a) Freeze-Thaw

b) Liquid Nitrogen (LN)

¢) Sonication

Figure 1. Graphical abstract of the experimental setup

+4°C and cell pellet was kept at -80°C overnight. Frozen cells
were partially dissolved on ice and 500 pL of cold TBS
containing 0.05% Tween 20 and 1 mM phenylmthylsulfonyl
fluoride (PMSF) was added to resuspend and dissolve all the
pellet. These cell-solution mixes were transferred into 1.5 mL
Eppendorf tubes and kept on ice during the sonication process.
Cell disruption was performed by using a 3 mm sonicator probe
tip (Bandelin Sonoplus 2070: 70W HF power, 20 kHz) with a 5
cycle, 10% or 25% power, 20 sec or 30 sec durations for 3
complementary rounds (3x) with 10 seconds of resting time in
between the rounds for each tube (Table 1). 50 pL of the lysed
cells were separated for the later use at microscopic
observations. The remaining lysates were centrifuged at 13,400
rpm (max) at +4°C for 25 minutes. Supernatants containing
total soluble proteins (TSP) were transferred to new 1.5 mL

Eppendorf tubes and kept at +4°C until protein analysis.
Conventional Freeze-Thawing and Use of Liquid
Nitrogen

Three replicates of four falcon tubes containing 50 mL of the
culture (12 falcons in total) were centrifuged at 4000 rpm at
+4°C. Six of the cell pellets were kept at +4°C and remaining 6
of them were frozen at -80°C overnight. All samples were placed
on ice and 500 pL of cold TBS containing 0.05% Tween 20 and
1 mM PMSF was added after partial thawing of the -80°C
samples. Thawing was completed by continuous pipetting on
ice and samples transferred into 1.5 mL Eppendorf tubes. Three
replicates from each +4°C and -80°C samples were frozen the
second round in liquid nitrogen (LN) for 10 seconds and were

partially thawed at room temperature for 6 minutes then placed

on ice (Table 1). After completing the thawing process, 50 uL of
the lysed cells were separated for microscopic analysis.
Remaining lysates were prepared for protein analysis as

described for sonication.

Fluorescent microscopy

20 uL of each of the lysed sample was prepared on glass slide
for microscopic observations. Chlorophyll autofluorescence
was captured at 450 nm excitation spectrum using Leica
DM4000B LED fluorescent microscope (Leica, Wetszlar,

Germany) and Leica imaging software.

Protein quantification and PAGE analysis

Protein quantifications were measured by Bradford assay
(Bradford, 1976). Two standard curves were generated to get
more accurate estimations using Bovin Serum Albumin (BSA)
as the standard protein molecule; the first one with 10, 20, 30,
40 and 50 pg/mL BSA for smaller amount of protein
quantifications as in the control sample (C4) and the second
curve with 100, 200, 300, 400 and 500 pg/mL BSA for larger
quantities (rest of the samples). 2x Laemmli Buffer with 10%
mercaptoethanol was added on to 10 pl of each extract and
denatured at 95°C for 5 minutes before gel loading. All 20 uL of
each sample was loaded to the gel. PageRuler™ Prestained
Protein Ladder 10 to 180 kDa (ThermoFisher Scientific #26616)
was loaded to the first lane as protein marker. Proteins were
separated on 4-20% polyacrylamide gel (Miniprotean® TGXTM
Precast Gels, BioRad, U.S.) at 120 volts and stained in
Coomassie Brilliant Blue for 15 minutes and destained

overnight on a shaker at 120 rpm.

Ot

34

s



Yildirim (2022) Marine Science and Technology Bulletin 11(1): 32-40

Table 1. Description of freeze-thaw, liquid nitrogen and sonication methods applied in this study

Freeze-Thaw Control Parameters

C4 +4°C overnight

C80 -80°C overnight

Liquid Nitrogen

LN4 C4 + Liquid Nitrogen (-196°C)

LN80 C80 + Liquid Nitrogen (-196°C)

Sonication

S10-20 C80 + Sonication; 10% power, 20 seconds, 3 rounds
S10-30 C80 + Sonication; 10% power, 30 seconds, 3 rounds
$25-20 C80 + Sonication; 25% power, 20 seconds, 3 rounds
$25-30 C80 + Sonication; 25% power, 30 seconds, 3 rounds

Table 2. Mean values of protein concentrations obtained from each disruption experiment

ug/mL protein in liquid culture mg/g protein per dry weight
Freeze-Thaw Control
C4 0.98+0.24 2.46+0.60
C80 49.11+3.65 122.78+9.12
Liquid Nitrogen
LN4 62.07+1.72** 155.18+4.29**
LN80 70.15+4.43* 175.37£11.09*
Sonication
$10-20 59.57+2.95 148.93+7.39
S10-30 60.14+2.42 150.35+6.05
$25-20 74.13+2.00** 185.32+5.00**
$25-30 73.79+5.44%* 184.46+13.60**

Note: * indicates significance level is 0.05; ** indicates significance level is 0.01

Statistical analysis Protein concentraitions (mg/g dry weight)

Experiments were conducted as three independent

175.37
replicates. Statistical significance (p<0.05) between groups were T

. . . . . 155.18
determined by two-tailed t-test analysis using Microsoft Excel. . L

122.78

Results and Discussion

Protein concentrations

The results obtained from protein quantification analysis

are summarized in Table 2. A considerably higher protein yield
2.46
was obtained from the cells pre-frozen overnight at -80 degrees —

(C80) compared to the control culture at +4°C (C4). Liquid ca c80 LN4 LN&O
nitrogen (LN4) provided significantly higher protein yield

compared to both results obtained from C4 and C80 samples Figure 2. Protein concentrations from the freeze-thaw and LN

(p<0.005 and p<0.05, respectively) (Figure 2). Remarkably, the experiments. (See Table 1 for the codes)
results obtained by LN revealed similar amount of protein to No significant difference for protein concentrations was
the trials performed by sonication. observed between LN4 and 10% power (S10-20, S10-30) or

LN80 and 25% power sonication treatments (525-20, $25-30),
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regardless of the duration. Sonication treatments were
evaluated in terms of both the level of power and duration of
the application (Figure 3). The applied power rather than the
application time emerged as a more important factor for
protein recovery. Both 25% power applied samples with 20 and
30 seconds of application times (S25-20, S25-30) provided a
higher amount of protein than the samples subjected to
disruption with 10% power at the same durations (S10-20, S10-
30) (p<0.05). Comparing the results of all disruption
experiments, sonication for 20 seconds of three rounds using
25% power (525-20) provided the highest amount of protein in
this study (74.13%2 pg/mL and 185.32+5 mg/g).

Protein concentrations (mg/g dry weight)

184.46

185.32 i
148.93 150.35 I I
$10-20 $10-30 $25-20 $25-30

Figure 3. Protein concentrations from the samples sonicated in

different application conditions (See Table 1 for the codes)

SDS PAGE analysis

10 wl of each protein extract was loaded on the gel for
polyacrylamide gel electrophoresis (PAGE) analysis. The
results showed consistency in terms of the concentration of
extracted proteins. However, differences were observed in the
protein bands obtained from different disruption techniques.
The protein bands above 180 kDa (Figure 4, frame 1: fI) and
around 25 kDa (Figure 4, frame 2: f2), provided different results
between the application of LN and sonication. A partial
degradation was also observed in between the sonication trials

(525-30) for the protein bands in fI depending on the duration.
Disruption efficiency

The autofluorescence property of the chlorophylls inside
the cell was used to observe the cell lysis efficiency (Figure 5).
While the integrity of the cells was preserved in the C4 control,
the cells in the C80 samples were visualized as dispersed

clusters. Chlorophyll fluorescence could still be observed in the

samples that are disrupted with liquid nitrogen. Chlorophyll
release was very low in only freeze-thawed samples (data not
shown), and autofluorescence was preserved in intracellular
structures. On the other hand, very weak autofluorescence
signal was obtained from the sonicated samples, which were

observed as pale cell residues.
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Figure 4. Protein profiles of the disrupted samples obtained
from SDS PAGE analysis

Discussion

Proteins constitute approximately 40-60% of microalgae
cells (Wang & Yin, 2018). Several techniques have been
evaluated as a protein extraction method for C. reinhardtii
(Newman et al., 1991; Bensalem et al., 2020). Cell wall removal
is the main objective in most the cell disruption studies.
Extraction of proteins from within the cell begins with cell lysis.
Species with a cell wall require more rigorous methods, and the
lack of this structure provides an advantage in terms of
extraction success. In a previous study, Lam et al. (2017)
obtained 3 times higher results with the cell wall-deficient strain
of C. reinhardtii than the wild type in their study, in which they
evaluated the effectiveness of the pulsed electric field (PEF)
method in cell disruption. Removing the cell wall with autolysin
pre-treatment was also reported to result a significantly higher
yield of proteins Sotto-Sierra et al. (2017). Nevertheless, the
complete disintegration of the membranous structures in the
cell and the separation of proteins without degradation is a
sensitive process. In this study, the effects of easy to apply
freeze-thaw method, liquid nitrogen use and sonication
application, in terms of protein extraction and molecular
integrity for a wall-deficient strain of C. reinhardtii were
compared.

Freeze-thawing technique is usually used in combination

with most of the disruption methods. Freezing cells in very low
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Figure 5. Chlorophyll autofluorescence of each sample after the disruption treatment

temperatures followed by thawing may damage the cell wall in
the media due to melting of the ice crystals. However, its effect
on the cell membranes is limited. The first step of this study was
to investigate the concentration of proteins that can be
extracted by keeping the wall-less cells at -80°C overnight
(C80).

Disrupting the cells with liquid nitrogen after -80°C freezing
step (LN80) resulted the highest amount of protein yield in
between the freeze-thawing trials (Figure 2). Quantification
analysis using liquid nitrogen revealed similarities with the
sonication trials, indicating that freeze-thawing cells with LN
would be sufficient to provide proteins for the wall-deficient
strain of C. reinhardltii.

Sonijcation is one of the most effective mechanical
disruption techniques that can effectively eliminate microalgal
cell walls, which may contain cellulose, polysaccharides, and
glycoproteins (Kuhavichanan et al., 2018; Alhattab et al., 2019).
However, in this study, it was revealed that even in the absence
of a cell wall, cell lysis should be planned with care for effective
product recovery. Ultrasonic power and processing time are
two important parameters for extracting high-value products
from microorganisms, including microalgae. (Zheng et al,
2021). Kuhavichanan et al. (2018) reported that increasing the
processing time of sonication treatment resulted in higher
protein yields for green microalga Coelastrum sp. However, in
our study, no significant difference was found between the
times applied as 20 seconds for 3 rounds (60s in total) and 30
seconds for 3 rounds (90s in total). Instead, higher protein yield
was achieved by the increase of applied power (percent
amplitude).

Extraction efficiency and molecular integrity was also
observed by the SDS PAGE analysis. The weak protein bands

observed in C4 were presumably due to partial lysis occurred

during centrifugation. The freeze-thaw method alone was
insufficient for the extraction of protein bands above 180 kDa
(Figure 4, frame 1: fI) and around 25 kDa (Figure 4, frame 2:
f2), even using liquid nitrogen. Protein degradation occurred as
the power increased in sonication applications with longer
duration (S25-30) for the protein bands in fI. 55 kDa and 15
kDa bands of RubisCo protein (Sudhani et al., 2015) were
observed in all samples Figure 4. RubisCo is an important
protein responsible for carbon fixation in photosynthetic
organisms and is localized in the chloroplast stroma in C.
reinhardtii or in membrane-free mini-organelles called
pyrenoids, which are also located within the chloroplast
(Borkhsenious et al., 1998). The faint protein bands of about 25
kDa (f2) in freeze-thawed samples was presumably due to
protein degradation. It is also possible that these bands are
coming from subunits or organelles such as mitochondria,
which have a small and double-layered membrane structure
and therefore are more difficult to lyse with the freeze-thaw
method. On the other hand, the protein bands at the same size
have been previously reported to be the light-harvesting
complex (LHCII) by Sotto-Sierra (2017) referring to White &
Melis (2006). LHC proteins are known to be localized in
thylakoid membranes of chloroplast in microalgae (Grewe et
al., 2014). As a result, sonication turned out to be more effective
than freeze-thaw methods, including liquid nitrogen, for
complete lysis of the chloroplast.

Chlorophyll autofluorescence is a technique being used to
easily detect the photosynthetic efficiency simply by measuring
the excess light re-emitted by the chlorophyll molecules during
photosynthesis (Maxwell & Johnson 2000). In our study, the
autofluorescence of the chlorophylls was used to observe the
cell lysis efficiency (Figure 5). Both LN and sonication assisted

disruption methods were able to disperse the cell. However, the
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weak chlorophyll signals in LN treated samples were presumed
to be pigments stuck into the partially disrupted chloroplast. To
ensure the efficiency of LN treatment for the wall-deficient
strain, further examination in a subcellular level should be

conducted.

Conclusion

Microalgae are one of the important sources of natural
proteins. Besides their nutritional value, they are also used
successfully as a host system for recombinant protein
production. It is important to determine the effective method
and conditions for the extraction of proteins produced in
microalgae. Although wall-deficient strains stand as easier to
disintegrate, more elaborate and optimized methods need to be
developed for the isolation of sensitive molecules such as
proteins. In overall evaluation of this research, considering both
the protein concentration and the molecular composition, the
most efficient method to extract proteins from the cell wall-
deficient C. reinhardtii was found to be by the sonication
treatment at 25% power for 20 seconds for 3 rounds. Liquid
nitrogen use as the second round of freeze-thawing was
promising for obtaining high protein yield for this strain.
However, using two techniques in combination (freeze-thaw
and sonication) resulted in better end products. Since the strain
choice of this study is also a well-known and highly preferred
material for recombinant protein expression studies, these
findings may serve the scientific community who works in that

research field as well.
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the course of millions of years, plays a crucial role in their locomotion and swimming performance.
In this paper, hydrodynamic impacts of the cephalofoil tip eidonomy (tip bump) in the eye bulb
region of a scalloped hammerhead shark, Sphyrna lewini, are studied with the aid of computational

fluid dynamics (CED). In this regard, two separate geometries are designed here; one corresponding

to the real geometry of the hammerhead shark’s cephalofoil with a tip bump (eye bulb region) and

Keywords:
Cephalofoil another one, a modified version with a flat tip without the aforementioned bump. Turbulent flows
Hammerhead sharks encountered in the problem are simulated using the Lam-Bremhorst turbulence model at different

Bionic winglet angles of attack (AoA) and a sideslip angle, at high Reynolds number, 10°, corresponding to the
CFD

Functional eidonomy

swimming of a juvenile hammerhead shark with a speed of 1 m/s. The results show that the strength
(circulation) of the wing tip vortices reduces by the external geometry of the hammerhead’s

Ichthyology cephalofoil tip; in this sense, ‘cephalofoil tip’ with its unique morphology behaves as a winglet.
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Introduction utilize the concept of repetitive ‘body deflection’ in vast varieties

to propel themselves in the aquatic environment.

In general, two major factors determine the swimming
performance and locomotion of swimming animals, including:
animal’s body deflection as a function of time (i.e., deflection
dynamics) and animal’s external morphology or eidonomy
(Taheri, 2021a). Many marine faunas such as fishes (including

sharks and rays), cetaceans (whales and dolphins), and jellyfish,
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Computational fluid dynamics (CFD) can be successfully
adopted to simulate fluid flow generated in the downstream
wake of a swimming animal and also locomotion and
propulsion generation by aquatic animals; such as anguilliform
and carangiform swimmers (Borazjani, 2008), jellyfish (Taheri,

2018a; Miles and Battista, 2019), swimming nematode (Battista,
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2020; Taheri, 2021b) and manta rays (Fish et al., 2016), to name
a few.

External morphology (eidonomy) of a swimming animal in
interaction with its habitat (aquatic environment), as a major
factor, determines important fluid flow phenomena
encountered in the swimming process, such as: vortical
structure generation and merger, flow separation and
reattachment, etc. In other words, the presence of some
morphological features on the external surface of the animal’s
body can potentially bring some favourable hydrodynamic
effects for locomotion and swimming of the animal. For
example, a wavy/undulatory geometric pattern at the leading
edge of humpback whale’s flippers leads to the formation of
streamwise vortices; this leads to a stall delay and can typically
provide better hydrodynamic performance at post-stall region
(Miklosovic, 2004; Taheri, 2018b). As other instances of
hydrodynamic effects of the external morphology, one can
consider effects of ventral pleats on the belly of humpback
whales (Taheri, 2018¢), denticles on the sharkskin (Domel et al.,
2018), ridges on the carapace of leatherback turtles (Bang et al.,
2016) and longitudinal ridges on the dorsal area of whale sharks
(Taheri, 2020). As an example of adverse (unfavourable)
hydrodynamic effects of the external morphology on the
locomotion, one can look at the effects of manta ray injuries
(geometric deficiencies), generated by predator’s attacks or
boat strikes, on the manta ray gliding performance (Taheri,
2021c). In the present paper, external geometry of the scalloped
hammerhead shark’s cephalofoil is examined for possible
favourable hydrodynamic characteristics.

Hammerhead sharks, Sphyrnidae family, are among
charismatic aquatic animals in ocean and sea inshore. In this
family, Sphyrna lewini as a scalloped hammerhead shark is a
seasonally migratory shark and can be found worldwide in
warm/tropical sea/ocean waters, such as the ‘Persian Gulf in
the south of Iran. Their maximum total body length can reach
3.7-4.2 m at maturity (Copmpagno et al.,, 2005). In general,
hammerhead shark is among agile swimmers in its habitat
including ocean and sea inshore from the surface to deep waters
(deeper than 275 m). Their swimming speed is about 1 m/s at
cruise and can reach about 10 m/s at burst swimming (Ketchum
et al,, 2014). These species can be simply identified by the
special shape of their head, i.e., cephalofoil, resembling a
hammer-shape (Figure 1). The abovementioned unique
morphology provides a higher level of stereoscopic vision
(Copmpagno et al., 2005; McComb et al., 2009; Kuznar, 2017),
olfactory (Kajiura et al., 2005; Kuznar, 2017) and electro-

sensory capabilities (Kuznar, 2017) for the aquatic animal.

Researchers have also studied the functionality of cephalofoil in
the enhanced manoeuvrability of hammerhead sharks (Kajiura
etal., 2003; Gaylord et al., 2020).

{(Front view)

¥ ___:kla
Cephalofoil tip
{Eve bulb region)

(Isometric view)

Figure 1. Geometry of the cephalofoil tip (eye bulb region) of a
scalloped hammerhead shark, S. lewini [real geometry: top
(source: twofishdivers) & middle (source: Suneko, Flickr);

bottom: 3D modelled geometry]

In the present study, the evolution and characteristics of the
‘tip vortexX’ induced by the special morphology of the
cephalofoil tip of a scalloped hammerhead shark are studied
(Figure 1). Our results indicate a ‘winglet-like’ behaviour for the

cephalofoil tip of the hammerhead shark.
Materials and Methods
Computational fluid dynamics (CFD) is adopted here to

study flow passing around the cephalofoil of a scalloped

hammerhead shark, S. lewini. In general, numerical flow
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simulations can provide a comprehensive and more complete
data set to investigate details of the flow field without
limitations of the experimental techniques. In principle, CFD
simulations can behave as a platform or numerical ‘test rig’ to
study fluid flow phenomena in details and from different
angles, which can be extremely helpful to grasp underlying
mechanisms involved in the physics of the problem. Here, the
comparative CFD simulation technique, as a powerful method
in the field of bionic designs and Biomimetics, is utilized to
explore the effects of the external morphology of the cephalofoil

tip on the ‘tip vortex’ characteristics.

Geometry Models of Hammerhead Shark’s Cephalofoil

Two geometries are designed to observe the hydrodynamic
effects of the cephalofoil tip. The first model resembles the real
geometry of the hammerhead shark’s cephalofoil with tip
bump, basically generated by the presence of the eye bulb
(Figure 2, part A). Another geometric model is a modified
version, identical to the first model except for the tip region,
which is flat here without the abovementioned bump (Figure 2,
part B). To construct a 3D model of the cephalofoil (Figure 2,
part A), hydrofoil ribs of a scaled-down cephalofoil model are
scanned and digitalized in some selected planes perpendicular
to the lateral (z) axis. Overall, a total number of 13 cross-
sections and 2 guide curves representing L.E. and T.E. of the
cephalofoil (in the plane defined as y=0) are generated in
MATLAB with high resolution and imported into the
SolidWorks CAD environment. Then, the cephalofoil model is
constructed by applying a so-called ‘Lofting process’. The
aforementioned process is performed by stitching the
successive rib-section curves one by one, controlled by 2 guide

curves.

Figure 2. Adopted 3D cephalofoil geometry for a scalloped
hammerhead shark: A) Real cephalofoil- geometry with a tip

bump (eye bulb); B) Modified cephalofoil- imaginary geometry
with a flat tip, i.e., without the tip bump (eye bulb)

Numerical Methodology

For upcoming simulations, inflow velocity is set based on a
prescribed Reynolds number, i.e., 10% corresponding to the
swimming of a juvenile hammerhead shark at low swimming
speed mode with a velocity equal to 1 m/s. Water current in the
aquatic environment is another factor that contributes to the
calculations. In general, ocean currents vary widely
geographically. As an instance, in western North Atlantic
Ocean, fastest current speed is about 2.5 m/s near the ocean
surface and its gulf current speed is equal to 1.8 m/s. A
combination of the swimming speed with ocean and sea
currents generates a wide range of angles of attack (AoA) and
sideslip angles for the hammerhead shark. It is also worth
mentioning that adult scalloped hammerhead sharks spend the
majority of their time swimming at a rolled angle (Royer et al.,
2020) to reduce transports costs (Payne et al., 2016). Figure 3
shows the coordinate system adopted to define AoA (@) and
sideslip angle () for all upcoming simulations. In this regard,
the shark’s body and its cephalofoil are placed in a fixed
position in space and the aforementioned angles a and i are
defined by a blowing angle relative to the streamwise (x)
direction. In the planned computation campaign here, a total
number of 20 simulations at different AoAs and a sideslip angle

are performed.

(A

)

Figure 3. Coordinate system adopted for turbulent flow
simulations over the cephalofoil; A) angle of attack (AoA), B)
sideslip angle
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Computational Domain and Grid Generation

The computational domain is considered as a cube around
the cephalofoil. To minimize the boundary effects, it extends
2.5 times of the cephalofoil span (b) in y and y* vertical
directions; 2 and 3 times of cephalofoil span in x and x*
streamwise directions, respectively and 2 times of cephalofoil
span in z and z* lateral directions (Figure 4). A larger extension
in x* direction allows capturing tip vortices in full size in the
computational domain. SolidWorks meshing tool with an
adaptive mesh capability is adopted in the present study to
construct a computational grid around the cephalofoil. After a
mesh convergence test, a well-converged grid with a maximum
of 2 million elements is adopted for all upcoming simulations.
As one can see in Figure 4, through three levels of mesh
refinements a smooth transition between the coarse mesh in the
outer-flow region and fine mesh in the near-body zone is
obtained. It is visible that the adaptive mesh can properly
capture all fine features of the cephalofoil geometry and its

corresponding boundary layers.

I |
1
.

el s
okt e

: f]sometric)

Figure 4. Computational domain with an adaptive grid

generation around the cephalofoil geometry of S. lewini

Flow Solver & Turbulence Treatment

Incompressible Navier-Stokes equations are the governing
equations of turbulent flows passing over the hammerhead
shark’s cephalofoil. Turbulence at high Reynolds number,
Re ~105, is treated here using the Lam-Bremhorst turbulence
model (Lam & Bremhorst, 1981) by SolidWorks Flow
Simulation (SFS) solver. The solver utilizes the finite volume
method along with the URANS-SIMPLE technique to obtain
numerical solutions of the flow fields. In this regard, multigrid,
conjugate gradient and operator-splitting techniques are also
adopted for an efficient computing performance (Sobachkin &
Dumnov, 2013).

For upcoming numerical flow simulations, ‘inflow’ is set as
a prescribed inlet velocity with a blowing angle, as already
explained (Figure 3). All other boundaries are set as ‘outflow’ in
the solver. For the calculations, inflow turbulence intensity and
length scale are set as 0.1% and 810, respectively. SES solver
applies a rigorous statistical strategy based on a dynamic
calculation of dispersion of flow variables like velocity,
pressure, etc. to ensure reaching the lowest residual level for the

convergence.

Cephalofoil Tip Vortex Strength

A vortex can be viewed as a relatively long-lived structure in
a 3D flow field, which involves a centreline (vortex core) and a
border. This entity makes the fluid particles rotate around its
centreline in a circular/spiral pattern. To quantify the strength
of a vortex, one should see how much powerful the vortex is to
make the adjacent fluid particles rotate around its centreline. In
this regard, the concept of ‘circulation’ can be adopted as a
practical measure to quantify the strength of a vortex.
Circulation (I") around a closed curve C in the flow field (here

around the vortex core) is defined as below:
F=§ﬁcﬁ’.d5c’=fA$.ﬁ’dA (1)

In the above equation, U and @ denote velocity and vorticity
vectors, respectively. In addition, d¥ stands for differential line
element vector along the curve C and 7 is the unit vector
perpendicular to the cross-sectional area A (surrounded by the
closed curve C).

In general, tip vortices are produced by moving a finite wing
in a fluid environment, due to spanwise flow motion which rolls
up from the bottom of the wing (high pressure region) to the
upper surface of the wing (low pressure region) around the
wing tip. This lateral fluid flow motion superimposed with the

freestream bulk flow produces a spiral vortical structure

Ot

44

s



Taheri (2022) Marine Science and Technology Bulletin 11(1): 41-51

originating from the wing tip, namely a ‘tip vortex’. The
formation of this kind of vortices leads to an energy loss for the
wing flow system, and ultimately increases the ‘induced drag’ of
the wing. Wingtip devices are typically utilized to diminish or
minimize the effects of tip vortices via controlling/suppressing
tip vortex formation, like: winglets, sharklets and wingtip
fences. In general, wings with winglets generate shorter and
weaker tip vortex, compared to the wings without winglets.

By moving in the streamwise direction and getting farther
from the wing tip, the vortex core diffuses in the lateral
directions and circulation (strength of vortex) reduces under
the effects of viscosity. ‘Kevin’s circulation theorem’ describes
the evolution of circulation in a flow field, here for an
incompressible flow field. Mathematically ‘Kevin circulation

theorem’ can be written as below:

bro_ dp
pt Cp

- $v(Vx@).dx (2)
barotropic term dif fusive,vis cos ity ef fects

Where % denotes a material temporal derivative operator.
p and pare pressure and density, respectively. v also represents
kinematic viscosity. The first term on the RHS of Eq. (2) is
negligible for most cases, except for barotropic flows. For our
application here, ie., flow over the cephalofoil of a
hammerhead shark, the first term is omitted. The second term
on the RHS of the equation indicates the effects of viscosity, as
a monotonic decrease in circulation. In other words, the
diffusive characteristics of viscosity tends to spread the vortex
in the lateral direction towards its border and to decrease
circulation quantity by getting farther and farther from the
cephalofoil tip in the streamwise direction.

In the present research, to investigate evolution of the ‘tip
vortex strength’, surface integral of the axial vorticity w,, as a
major part of the circulation quantity, is considered over a
rectangular window (Eq. (1)). The window is defined as
Az X Ay = [—0.3...0.3] X [—0.3...0.3]around the vortex core
at each streamwise position behind the cephalofoil, i.e.,
x/b =0.25, 0.5, 0.75, 1.0, 1.5, 2.0, 3.0; where bis the cephalofoil
span. In this regard, the vortex core at each vertical plane
behind the cephalofoil is tracked by an in-house developed code
using image processing techniques. The vortex core determines

the centre of the abovementioned rectangular window.

Validation Test Case

Before switching to comparative CFD simulations of
cephalofoil geometries, the adopted numerical strategy is first

applied for simulations of fluid flow over a rectangular wing

with unity aspect ratio at Re = 1.5 X107, as a validation test case
(Taheri, 2021a). For low-aspect ratio wings, tip vortices are
getting dominant over a larger portion of the wing; in this sense,
lift coefficient slope decreases by lowering aspect ratio
(Houghton et al, 2015). Figure 5 exhibits a very good
agreement in variations of lift coefficient for the present
numerical strategy in comparison to the experimental curve
(Chen et al., 2012) and theoretical curve (Lowry & Polhamus,
1957). This validates the proposed numerical strategy to

simulate flow over the cephalofoil of the hammer head shark, S.

lewini.
0.8 E : T I I I
- Cr- ——@—— Numerical simulation
06— =~ —+ —&—— Experiment (Chen etal)
O — — — Theory (Lowry-Polhamus 1937)
- e}
04 =
02

: 10 e 12 14
Figure 5. Lift coefficient versus AoA obtained from the adopted
numerical strategy for a low-aspect ratio rectangular wing at
Re ~ 1.5 x 10°

Results and Discussion

As mentioned, to study the hydrodynamic effects of
cephalofoil tip eidonomy on tip vortex formation and
evolution, a series of comparative turbulent flow simulations
are performed. In the following sub-sections, obtained results

are presented and discussed in details.

Bionic Winglet Behaviour at AoA

As discussed earlier, hammerhead sharks experience a wide
range of AoAs and sideslip angles in their swimming envelope.
Here, the effects of AoA variations on tip vortex evolution and
characteristics are considered for the real and modified
cephalofoil geometries (Figure 2). To detect the ‘tip vortex’
structure in the wake of a cephalofoil, different techniques can
be adopted. In general, vortex detection schemes are classified
into Eulerian and Lagrangian techniques; each with relative
advantages and disadvantages. Basically, Eulerian techniques
rely on the velocity gradient at a local point, such as 4,-
criterion. Figure 6 shows vortical structures developed over a
cephalofoil for the real and modified geometries at @ = 8° and
a = 16°, captured by A, = —1. As one can see in the figure, the

real cephalofoil (with tip bump) produces a shorter and weaker

45

s



Taheri (2022) Marine Science and Technology Bulletin 11(1): 41-51

u, (f;uf;] A T W

-0.500

A) Modified cephalofoil

0.100

L) Tip vortices

Secondary

horseshoe vortices

0.

700 1.300

3

e ———

o

B) Real cephalofoil

Figure 6. Tip vortices captured by A,-criterion (4, = —1) for both real and modified cephalofoil geometries, coloured by axial velocity

field

a=F o =16°

tip vortex in its wake for both AoAs compared to the modified
version. Secondary horseshoe vortices, bounded to the
planform, are also generated and getting intensified by
increasing AoA.

The evolution of flow separation zones (defined as, u,, < 0)
at different AoAs and a sideslip angle is also visible in Figure 7.
As one can see in the figure, for a < 16°, the topology of
uncoherent separation zones is very similar for both cephalofoil
geometries, although some minor differences exist. By
increasing AoA, separation zones are getting larger and finally
getting merged at a = 24°. For a > 16°, separation zone
topology of the real cephalofoil deviates from the modified
counterpart. At sideslip angle 1 = 20°, separation zones are

getting inclined, relative to the streamwise (x) direction. A

o =20
Figure 7. Flow separation zones over the real and modified geometries of the cephalofoil for different AoAs and a sideslip angle

o =2¥ w=20". aa=10°

different separation pattern forms for each version of the
geometries, correlated to the wingtip eidonomy.

To visualize fluid flows passing over the cephalofoil, a tracer
particle dynamic study has been performed here. In this regard,
10* spherical water particles with a diameter of 10" m are
continuously released from the cephalofoil surface and are
convected downstream by the bulk freestream flow. Ideal
reflection is also applied for the fluid particle and wall
interactions in the separation and recirculation zones, if any.
Figure 8 indicates particle dynamics over the real cephalofoil.
As one can see in the figure, primary tip vortices originating
from the wing tip region and secondary vortices originating
from the adjacent area of the wing tip are generated by special

eidonomy of the cephalofoil. Later, more explanations about
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the possible effects of these weak secondary vortices are
provided. In addition, counter-rotating tip vortices are
captured by iso-contours of axial vorticity, as w, = +1 1/s
(Figure 8).

w, /) N

-1.00 -0.60 -0.20 0,20 060 1.00

u, Eruj."{sﬁl m

-0.500

0.100 0700  1.300

Figure 8. Tracer particle study result, superimposed with
vorticity field at a downstream plane, i.e.,x/b = 1.5, behind the
real cephalofoil at & = 24°

To further investigate characteristics of tip vortices of the
cephalofoil, the evolution of axial vorticity fields at different
downstream planes, perpendicular to the streamwise (x)
direction, is considered here. As an example, Figure 9 exhibits
axial vorticity fields behind the cephalofoil in the rectangular
window 4z X 4y = [—0.3...0.3] x [—0.3...0.3] around the tip
vortex core. The planes are placed at x/b =0.25, 0.5, 1.0, 1.5,
2.0, and 3.0; where bis the cephalofoil span. As one can see in
the figure, at x/b =0.25 an intensive tip vortex forms along
with a weaker adjacent secondary vortex. It is also visible in the
figure, by getting farther downstream at a larger distance from
the cephalofoil trailing edge, viscosity acts more on the vorticity
field and tends to reduce the vorticity gradient in the field, in
accordance to ‘Kevin’s circulation theorem’, Eq. (2). In this way,
the maximum concentrated vorticity at x /b =0.25 (visible with
dark color) are getting lower and lower towards x/b =3.0.
Diffusion process, implemented by viscosity, spreads the tip
vortex in the lateral directions through its boundary and

increases the so-called ‘vortex-affected area’. In other words,

vortex tip cross-section grows under the effects of viscosity,
although its strength (circulation) exhibits an overall decrease
by getting farther from the cephalofoil tip according to ‘Kevin’s
theorem’. It is worth mentioning that this decrease is not always
monotonic in the case of cephalofoil geometry, in the following
of this sub-section the reason will be presented and discussed in
details. Another important observation visible in Figure 9 from
x/b =0.25 to 3.0 is the ‘merger event’ of the tip vortex and the
adjacent secondary vortex; this process potentially contributes
to the variation of circulation, as discussed shortly in the

following.

-3 2.3 2 -1.5 4 4.5 0

o I

e

-

‘ x/ k=10

x/b=0.5 x/b=2.0

Adjacent vort 1 R

Tip vortex |

x/b=0.25 | xfb=151

Figure 9. Evolution of tip vortex for the real cephalofoil in the

streamwise direction at @ = 8°, captured by axial vorticity field

As explained before, to quantify the possible effects of the
cephalofoil tip geometry on the ‘tip vortex’ characteristics,
variation of circulation (as a measure of vortex strength) in the
streamwise (x) direction is considered here. As an instance,

Figure 10 shows the variation of circulation (I') in the
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streamwise direction at « = 16° and the maximum AoA in the
present study, i.e., « = 28°. As one can see in the figure, the
circulation curve of the tip vortex for the real cephalofoil (with
tip bump) is lower than one for the modified cephalofoil
(without tip bump) at all streamwise positions for both AoAs.
By increasing AoA, the effect is getting more pronounced. The
curves demonstrate that cephalofoil bump in the eye bulb
region of a hammerhead shark behaves as a winglet and
produces a weaker tip vortex (with lower circulation value)

compared to the version without the tip bump.

0.35
03
0.25
0.2 _
0.15 |
0.1 _ '
0‘05 - ool

Real, AoA=28 degree "
— #— - Modified, AoA=28 degree -

N LA

0.115

!

0'11 ...........

0105

reprrrrpTrTa

—:::é: — {}— - Real, AoA=16 degree
0.1 i —8— Modified, AoA=16 degree

0.0950 1 5 3

Figure 10. Variation of circulation for the real and modified
cephalofoil geometries of the hammerhead shark in the

streamwise direction at @ = 16° (bottom) and « = 28° (top)

It is also important to notice that for an individual single
vortex ‘Kevin’s circulation theorem’ suggests that the
circulation of tip vortex in streamwise direction monotonically
decreases by viscosity, such as circulation curve obtained for the
real cephalofoil geometry at &« = 28° in Figure 10. On the other
hand, as shown in the figure for @ = 16°, there exists an initial
decrease in the circulation curve up to about x/b = 0.6. In the
interval, 0.6 < x/b < 2.0, circulation increases and for x/b >
2.0 circulation decreases again in the streamwise direction for

both versions of the cephalofoil geometry. The physics

responsible for the abovementioned behaviour is the ‘merger
phenomenon’ of the tip vortex and the secondary (adjacent)
vortex, as mentioned earlier (Figure 9). In fact, the monotonic
decrease for the circulation in the interval 0 < x/b < 0.6, as
predicted by ‘kevin’s theorem’ is valid for a single tip vortex. At
x/b = 0.6 (marked by a vertical red arrow in Figure 10), tip
vortex and the secondary (adjacent vortex) start to interact over
the interval 0.6 < x/b < 2.0 in a nonlinear fashion and are
completely merged at around x/b = 2.0 and forms a stronger
single vortex with higher level of circulation (strength). This
process explains the observed nonlinear increase of the
circulation over 0.6 < x/b < 2.0. For x/b > 2.0, circulation
of the single resultant tip vortex (resultant of the merger
phenomenon) decreases again under the viscosity effects in a
nonlinear fashion as predicted by ‘Kevin’s circulation theorem’.
Figure 11 shows similar trends for variations of circulation of
tip vortices in the streamwise direction at other simulation
AoAs for the real and modified cephalofoil geometries. It is also
visible in the figure that the strength of cephalofoil tip vortices

gets augmented by increasing AoA.

0.16 —
W . | —=— Real, AoA=8 degree
T — e - Modified, AoA=8 degree
‘r‘ P = Real, Aof =12 degree
R = Modified, AoA=12 degree
i | ——ke— Real, AoA=16 degres
Tl = e - Modified, AoA=16 degree
- o | —&— Real, AoA=20 degree
014 - I = Modified, AoA=20 degree
R ! | —a— Real, AoA=24 degres
— #— - Modified, AoA=24 degree
& Real, Aok =26 degree
- Modified, AoA=26 degree

0.12

0.06

Figure 11. Variations of circulation (I") in the streamwise
direction (x/b) for the real and modified cephalofoil

geometries at all simulation AoAs
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Bionic Winglet Behaviour at Sideslip Angle

As mentioned before, hammerhead sharks are agile
swimmers, facing to a wide range of AoAs, sideslip and roll
angles in their manoeuvres. Here in the final section, turbulent
flows over both geometric versions of the cephalofoil are
simulated at a sideslip angle ¥ = 20° along with a = 10°.
Figure 12 depicts vortical structure captured by A, = —1

criterion.

u, (mf:] -:____,_.—_.

0.700

-0.500 0.100 1.300
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tip vortices

B) Modified cephalofoil

’2 ' Planform-bounded
] horseshoe vortex

A) Real cephalofoil

Figure 12. Vortical structure formation over the real and
modified versions of the cephalofoil at sideslip angle () = 20°
and a = 10°)

As one can see in Figure 12, tip vortices are deflected and
getting inclined due to the sideslip blowing angle 1 = 20°. A
planform-bounded horseshoe vortex is also generated near the
cephalofoil tip for the real version of the geometry, which is not
present for the modified version of the geometry. Figure 13
depicts the variation of circulation in the streamwise direction
for the flow simulation at the sideslip angle ¥ = 20°. As it is
visible in the figure, the circulation quantity decreases in the
streamwise direction in agreement with Kevin’s theorem. The

real geometry of the cephalofoil behaves slightly better than the

modified version at the sideslip angle, although the difference
in circulation vanishes by getting farther downstream in the

streamwise (x) direction.

-7 ———— Real cephalofoil
:{ — #— - Modified cephalofoil

Figure 13. Variations of circulation behind the cephalofoil for

both geometric versions in the streamwise direction at ) = 20°
and a = 10°

Conclusion

In the present research, it was shown that the special
eidonomy of the cephalofoil tip of a scalloped hammerhead
shark, S. lewini, exhibits winglet-type behaviour. It produces
weaker and shorter tip vortices, similar to the functionality of
winglets for airplanes. In fact, by special hammerhead-shape of
the head and the corresponding position of its eyes, S. lewini
takes advantages of wider ocular vision, olfactory and electro-
sensory capabilities. In addition, bump at the cephalofoil tip
(basically formed by the eye bulb) brings a favourable
hydrodynamic characteristic for the swimming hammerhead
shark by reducing the strength of tip vortices over a wide range
of AoA and sideslip angles. It was also shown that the observed
local increase in the circulation of the tip vortices in the
streamwise direction corresponds to a nonlinear merger of the
cephalofoil tip vortex and another vortical structure,
originating from an adjacent region of the cephalofoil tip.
Following a nonlinear transition period (after the merger
event), a monotonic decrease in the circulation is restored, as
expected by ‘Kevin’s circulation theorem’ under the effects of
viscosity. As turbulent flow simulations suggest, winglet effects

of the cephalofoil tip decrease at sideslip angles.
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Black soldier fly larva can renovate biological trashes into valuable nutrients, for
instance, proteins, lipids, and chitin, which decrease ecological encumbrance happening
due to organic wastes accumulation. Even though rapid demand for proteinaceous food is
predictable, insects got less attention in the animal feed business primarily due to technical
and monetary hurdles. Moreover, many times research highlighted the consumer and
producer preferences for insects’ meal potential in livestock feeding. This review is
anticipated to elucidate the prominence of black soldier fly larvae meal as a substitute to
conventional feedstuffs including soybean and fishmeal and soybean oil ensuring
productive, cost proficient, environmentally friendly, least land necessitating, least

pathogenic risk, immunity-boosting, purely organic and everlasting source of non-

conventional protein feedstuff for aquatic habitats.
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Introduction

Aquaculture is the most rapidly developing commerce
globally. Approximately half of the global food demand is met
by fish production and it will increase up to 70% until 2030
(Obiero et al., 2019). Aquaculture has been increasing widely
since the last decade (FAO, 2016). Aquaculture comprises a

* Corresponding author

E-mail address: ralishah1211@gmail.com (S. R. A. Shah)

52

variety of species and farming approaches, succeeding in
various communal, financial, nutritive, and eco-friendly
aftermaths (Gephart et al., 2020). The evolution of worldwide
aquaculture upsurges the ultimatum for aqua feedstuffs. Feeds
delivers nutrient to fish for quicker development, existence and
support their vigorous lifespan. It represents the key of the

entire operative budget in aquaculture approximately 60%
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(Pauly & Zeller, 2017). The global manufacturing of
aquaculture feed was about 0.04 billion tons in 2018 (Mo et al,,
2018). There is a necessity of alternative protein resources for
fish feeding because fish and soybean are also the staple food of
human. Moreover, poisonous gas emissions and land erosions
occur due to soybean cultivation (Cottrell et al., 2020). Almost
12% of the 0.171 billion tons of entire fish production was used
to produce fishmeal and fish oil in 2016 (Gerber et al., 2013).
The monitoring scheme varies commonly amongst countries
globally about the use of insect feeding to animals and
consumer preferences and acceptance about insect utilization
(Lahteenmaki-Uutela et al., 2017). In 2001, (EC 999/2001)
because of Bovine Spongiform Encephalopathy (BSE),
processed animal proteins (PAPs) were excluded due to
contagious BSE persepective (European Parliament and
Council, 2009). In the following year (European Parliament and
the Council of the EU, 2002), the list of feedstuffs intended for
animal feeding were outlined along with their maximum
tolerable inclusion levels (Verstraete, 2013).

On 16 January 2013, Annexes I and IV to EC Regulation No:
999/2001 was amended along with directive 2002/32/EC and
EC Regulation No: 56/2013 acknowledged the use of non-
ruminant originated processed animal proteins to be
permissible in aquaculture (European Parliament, 2013).
Nonetheless, insects were not specifically enclosed in the raw
material directory of the European Commission. So, on 24 May
2017, EC amended annexes X, XIV and XV to EU Regulation
No: 142/2011 and Annexes I and IV to EC regulation No:
999/2001 and EU Regulation No: 2017/893 was publicized
whose Annex II specifically stated the farmed insect derived
proteins to be utilized for the aquaculture, farmed animals
other than fur animals and pet animals (European
Commission, 2017) and it allowed use of three species of
Crickets including Gryllus assimilis, Acheta domesticus and
Gryllodes sigillatus; two species of Mealworms including
Alphitobius diaperinus and Tenebrio molitor; common house
fly (Musca domestica) and black soldier fly (Hermetia illucens).
Moreover, in this regulation the fat extracted from these insects
was allowed to be fed to every sort of animal. Annex III to
Regulation No: 767/2009 forbids the use of feces and digestive
tract content although these ingredients are used in other
countries for insect production. Rendering to EC Regulation
No: 1069/2009 broadcasted on 21 October 2009, insects are
well-thought-out as ‘farmed animals’ and therefore, for their
feeding the use of dung, kitchen waste comprising meat and
fish, are not permissible (European Parliament and Council,
2010).

The present review illustrates the importance of black
soldier fly larva in aquaculture feeding as an economical, more
and productive

environmentally friendly, immunizing

ingredient.
Black Soldier Fly (BSF) as Eco-Friendly Feed

Ingredient

Feed and food demand puts a key environmental impact
worldwide that could be increased up to 80% by 2050 due to the
nonexistence of high-tech modification and alleviation
processes (Wiseman et al., 2019). Livestock is considered to be
the most environmentally detrimental of all the evolutionary
happenings with immense primary and secondary influences to
global warming (75% of total agricultural emissions)
(Springmann et al., 2018). Owing to less feed efficacies, poor
intestinal fermentation in cattle, and higher gaseous emanation
in feces there is extensive ecological humiliation as land
deprivation, harm to natural habitats, greenhouse effects, and
stress on aquatic and land species (Sakadevan & Nguyen, 2017).
Restaurant, bakery and kitchen waste is getting increased
consideration for its management due to its undesirable
ecological, social and health influences (Teigiserova et al,
2020). Undeniably, the EU expected this Sort of waste material
volumes to about 100 million tons per year in the European
Union countries recommending that the forecast for 2020 is
140 million tons (Guo et al., 2021). According to the European
Union Waste Framework Directive (2008) efficient utilization
of such sort of organic wastes must be the foremost stratagem
to decline the ecological hazards in Europe.

Keeping this in view, the environmental responsiveness of
insects as food and feed has been studied widely with
orientation to alternatively sustainable, ecologically and
economically sufficient protein sources (Gahukar, 2016).
Biotransformation of BSF larvae and contribution to the
greenhouse emissions could be changed according to the
diversity and availability of the substrates (Rahmi et al., 2020).
The feeding of bio-wastes to BSF has direct effect on the larvae
growth performance, waste conversion ratio, and nutritional
contents of BSF larvae (Raksasat et al., 2020). In comparative
research conducted about putrefaction of organic wastes by BSF
larvae versus aerobic bacteria by Perednia et al. (2017), it was
reported that larvae consumed the waste material within one
week with 28% of CO, emission while bacterial decomposers
utilized it within 45 days with 50% CO, discharge in the
environment. It was reported that the BSF larvae converted

about 45% of the biomass fed into valuable feedstuff enriched
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with protein, fats and chitin. In research conducted about BSF
larvae growth on restaurant waste and vegetable/fruit waste, it
was determined that CH, and N,O emissions were very low as
compared to the conventional protein feedstuffs (Bosch et al.,
2019). According to Bosch etal. (2019), the impact of BSF larvae
on environmental pollution was relatively very low as
compared to the soybean and fishmeal when BSF was grown on
manure and food waste. Rearing of BSF larvae by using bovine
manure and other metropolitan waste emits lower greenhouse
gases rather than using beet pulp as a substrate for larvae
growth. Similarly, larvae have grown on municipal wastes and
has emitted 2.1 kg of CO,and 0.05 m*land has been used per kg
of larval protein (Salomone et al, 2017). Moreover, it was
reported that there is no significant conservational influence
when animal feedstuffs like sorghum, DDGs, beet pulp, poultry
feed is being used for BSF rearing. It was scientifically evaluated
in a research trial where BSF larvae was grown on manure
containing an antibiotic, tetracycline residues (Caligiani et al.,
2018) and insecticides (Lalander et al., 2016) and it significantly
degraded these residues, thus it could be stated that BSF
production assists to eliminate the ecological hazards and

public health concerns.

BSF as Immunity Booster Ingredient

BSF larvae have immune regulating properties due to some
of antimicrobial peptides and chitin present in them. In a study,
broiler chicks were confronted orally with Salmonella and
Escherichia coli and fed with mealworm as a substitute to
antibiotics, as a result, the cecal contents of Salmonella and E.
coli were decreased along with the rising level of serum IgG and
IgA and it was indorsed due to the effectiveness of chitin
content of insects acting as probiotic (Islam & Yang, 2017). In
a study conducted on chick manure, house fly larvae reduced
the levels of E. coli, Salmonella enteritidis and Campylobacter
jejuni (Nordentoft et al., 2017). Similarly, black soldier fly larvae
have been reported to reduce E. coli O157:H7 and S. enterica
serovar enteritidis in poultry manure (Erickson et al., 2004).
Research on broilers show that feeding BSF larvae initiates
immune response against Salmonella enterica serovar
Gallinarum, a typhoid fever causing strain in chicks. (Provost
etal, 2011). Moreover, using 0.2% chitosan obtained from BSF
larvae reduced the number of S. enterica serovar Typhimurium
in broilers (Menconi et al., 2014).

A phenolic compound, melanin, is a bio-active component
that is used as a feed additive to prevent stress and tumors in

farmed animals (Cordero & Casadevall, 2020). Melanin that

imparts black color to black soldier fly is eumelanin and it has
a wide range of antibacterial and antifungal action (Ushakova
et al, 2017). In a study, the extract of BSF larvae was evaluated
for antibacterial action by the agar diffusion method. The
concentration of 320 mg/ml showed a potent (P<0.05)
bactericidal action against Salmonella and E. coli due to the
presence of chitin and 49.5% lauric acid, a strong antibacterial
saturated fatty acid (Harlystiarini et al, 2019). Similarly,
methanol extract of BSF larvae has shown a reduction in growth
and proliferation of gram-negative bacteria including Neisseria
gonorrhoeae, Klebsiella pneumoniae, Shigella spp. (Choi et al.,
2012). Not only BSF larvae show activity against gram-negative
bacteria but also against gram-positive bacteria. A new
defensin-like peptide 4 (DLP4) was harvested from the
hemolymph of BSF

chromatography and resulted to have strong antibacterial

larvae and it was purified by
activity against MRSA (methicillin resistant staphylococcus
aureus) (Park et al., 2015). Similar to this, cecropin-like peptide
1 (CLP1) was extracted and purified from the hemolymph of
BSF larvae and evaluated to have good inhibitory activity
against gram-negative bacteria (Park & Yoe, 2017). Anti- H.
pylori peptides were extracted from the hemolymph of BSF
larvae and were used to combat metronidazole resistance
against these bacteria (Alvarez et al, 2019). In a study, two
antimicrobial peptides extracted from BSF larvae termed as
Hidefensin-1, Hidiptericin-1 decreased the growth of
Streptococcus pneumoniae and Escherichia coli by bacterial
membrane lysing (Xu et al., 2020). The lyophilized BSF larvae
methanol extract was evaluated to have good action against
Staphylococcus aureus and pseudomonas aeruginosa. After
HPLC, the extract showed a strong activity against methicillin
resistant staphylococcus aureus (MRSA) (Park et al., 2014).
Hexanedioic acid or apidic acid from BSF has shown growth
inhibition effects against MRSA, Staphylococcus aureus,
Klebsiella pneumonia and Shigella dysenteriae in dose
dependent manner (Choi & Jiang, 2014). Recombinant attacin-
like peptide obtained from BSF has shown bacteriostatic
activity against MRSA and E. coli (Shin & Park, 2019).

Based upon above-mentioned studies it is clear that BSF
larvae have many sorts of antimicrobial peptides that prevent
the animals from diseases and averts the use of antibiotics in

feed and certainly discourage antibiotic resistance.

BSF Production and Larvae Defattening Techniques

For the production of BSF larvae, there are some optimum

parameters that should be controlled for their proper BSF
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breeding and larva hatching. The nutritional profile varies with
respect to the substrate used for larvae rearing. For instance, in
a study aiming to research breeding techniques of BSF, it was
shown that the best larvae density was 2 larva/gram of the feed
and optimum oviposition was 8500 individuals/m’® under a
maximum of sunlight exposure. The prepupae provided with
soybean meal, euphorbia leaves supplemented with colza oil
were enriched in C18:2n-6 fatty acid, a fatty acid essential for
the growth of tilapia fish. The prepupae provided with soybean
meal and fish offal were enriched in C20:5n-3, a fatty acid
healthy for humans. Moreover, for optimum production, a
temperature of 26.7+0.49°C and light duration of not less than
12 hours is required. The cost of larva production using
soybean and fish offal was 1.83 USD per kg of the larvae
(Gougbedji et al., 2021). According to Bekker et al. (2021), the
effects of moisture content in the substrates was evaluated on
the growth rate of the larvae and the results showed highest
growth efficiency (0.62) at 45% moisture and lowest (0.52) at
75% moisture content. BSFL larvae have approximately 30% fat
as dry matter basis. High fat level causes the product prone to
lipid peroxidation making unpleasant texture and flavor.
Moreover, it may cause smearing and blocking of the pelleting
machines. A simple and competent method to defat BSF larvae
is the mechanical extraction by a screw press as used in oil
extractions of nuts and seeds. At 100°C the fat is squeezed from
the larvae by screw press giving cake and liquid. Further
processing separates protein meal from the cake and BSF larvae
fat from the press liquid (Matthéus et al., 2019). Another way to
extract fat from the BSF larvae is microwave assisted solvent
extraction method. In this method, first of all larvae cell
disruption is performed by a rotor-stator homogenizer. Then,
the insect slurry is dried in a thermal dryer. Then the dried
insect powders (about 20 g) are placed in holder with hexane
solvent. This lipid extraction process is performed using a
microwave equipment. The liquid part consisting of lipids and
solvent, and residual defatted insect powders are physically
divided after lipid extraction by centrifugation (Feng et al.,
2019). According to 2-methyloxolane (2-MeO) has better lipid
extraction capability, improved bioactivity in the BSF oil, and
comparatively superior protein quality in the defatted flour as
compared to n-hexane and hence it is the best solvent for BSF
larvae fractionation (Ravi et al., 2019). In another study, organic
solvents were compared with inorganic solvent and the results
showed that organic acid increase the lipid extraction yield as
45% in case of organic solvent that was 35% in case of inorganic
solvents. Organic lactic acid increased the lipid purity from 75%
to 85% with 60% of protein purity (Soetemans et al., 2019).

Many protease enzymes are used for lipid extraction to fast the
process in solvent extraction method. Among them, protamex
is the more effective enzyme during pretreatment increasing
the fat fraction 2.2 times more as compared to when no enzyme
was used (Su et al., 2009). Another technique for larvae fat
extraction is by using CO, supercritical extraction method. In
this method, 10-18 mm sized crushed larval powder is
delivered to carbon dioxide supercritical extraction machine at
350 bar pressure for 6 hours and it produces a powder with
maximum 5% of fat (Kim et al., 2019). Another way to extract
fat from larvae is by wet mode fractionation (WMF). In this
method, BSF larvae are steam blenched to obtain pulpy texture.
After that BSF larvae juice and press cake is obtained. The BSF
juice part is homogenized and incubated with enzymes and
subsequent centrifugation gives four phases (lipid, cream,
aqueous and solid residuals) having more aqueous and solid
fraction. Moreover, the press cake contains 60 % of the chitin
in it (Ravi et al., 2021).

Significance of BSF in Aquaculture

Insects are the most valuable feedstuffs for fish feeding and
amongst the insects, the nutritional profile of the black soldier
fly larva is very close to and sometimes better than fishmeal.
Moreover, insects are easy to house and grow, cause an
insignificant environmental influence and have high protein
ratio as compared to conventional feedstuffs (Llagostera et al.,
2019). Many studies signify the importance of the BSF larvae in
fish farming. In a recent study, the fish meal was replaced fully
and partially by BSF prepupae for climbing perch Anabas
testudineus. The results showed that final weight and crude
protein of fillets were similar to the control group while crude
fat and protein efficiency ratio was better in the 100 percent
replacement group (Vongvichith et al., 2020). In a 56-day trial,
soybean meal was replaced with defatted BSF larvae meal and
fed to juvenile grass carp and the results showed no significant
difference in feed efficiency, productivity. However,
triglyceride content and total antioxidant status was better in
100% BSF fed group as compared to soybean fed group (Lu et
al., 2020). Defatted BSF larvae meal was replaced with fish meal
and fed to Japanese seabass (Lateolabrax japonicus) without any
significant effect on final weight, hepatic and gastric
histopathology, antioxidant status and immunity. Moreover,
deposition of lipids in the liver was reduced in BSF fed groups
as compared to the control (Wang et al., 2019). Fish meal was
replaced with BSF larvae meal and fed to juvenile rainbow trout

(Oncorhynchus mykiss) for intestinal microbial population
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effect and results indicated the proliferation of lactic acid
bacteria, Megasphaera, Pectinatus, Selenomonas, Zymophilus,
actinobacteria and Bacillaceae (Huyben et al., 2019). Similarly,
fish meal replacement was performed with BSF larvae meal for
juvenile Jian carp and it was reported to have significant effect
on body weight gain (Zhou et al., 2018). Partially defatted BSF
larvae meal was replaced with fish meal and fed to rainbow
trout (Oncorhynchus mykiss) without any significant difference
on the growth rate, villus and crypt depth and dorsal fillet
quality and higher apparent digestibility coefficient of dry
matter and crude protein were seen for BSF fed groups as
compared to fish meal group (Renna et al., 2017). Partially
defatted BSF larvae meal was fed to rainbow trout diet as a
replacement to fish meal and the results showed no difference
in growth and performance while higher concentration of
Hydroxyproline in BSF fed groups was seen as compared to the
control group (Dumas et al., 2018). According to (Muin et al.,
2017), fish meal can be substituted up to 50% with BSF larvae
meal without affecting growth performance and efficient feed
utilization. Fish meal and soybean meal were substituted with
BSF larvae and fed to Nile tilapia without having any adverse
effect on fish meat quality parameters, growth and feed
efficiency (Devic et al., 2018). BSF full-fat larvae meal was used
as a replacement to fishmeal and fed to zebrafish and the result
showed a better lipid profile in the meat of the fish
(Zarantoniello et al., 2018). Many studies have shown that 50%
substitution of the fish meal with BSF larvae meal is the best
conciliation between ingredient bioavailability and appropriate
fish development and production (Zarantoniello et al., 2020;
Oteri et al., 2021). Fish meal was replaced with BSF prepupae
meal and fed to European seabass (Dicentrarchus labrax)
juveniles and results showed that there is no significant
difference in weight gain, feed utilization and plasma metabolic
parameters. Moreover, the apparent digestibility coefficient of
histidine, arginine and valine was more in BSF fed groups as
compared to the control (Magalhdes et al., 2017). Recently,
European seabass (D. labrax) was confronted with Vibrio
alginolyticus and fed with BSF larvae meal as a partial
substitution to fishmeal and the result showed a linear
significant decrease in tissue and blood malondialdehyde level
and increase in superoxide dismutase, catalase and glutathione
peroxidase enzyme activities. Moreover, the serum lysozymes
and phagocytic actions was increased in BSF larvae fed groups
as compared to the control group (Abdel-Latif et al., 2021). Fish
meal was replaced with BSF larvae meal in the diet of juvenile

white shrimps and results showed that there was no significant

difference in weight gain and feed conversion as compared to
the control group (Cummins et al., 2017). Partial replacement
of fishmeal was done with BSF larvae meal and fed to rainbow
trout juveniles without decreasing growth performance, feed
conversion rate and product quality (Stadtlander et al., 2017).
In another study, rainbow trout were fed with BSF larvae meal
as compared to the fishmeal in control. The physical and
chemical analysis of the dorsal fillets were performed after
freezing them for 120 days. The results showed that higher
levels of replacement did not alter the pH, color, shear force and
water holding capacity while the monounsaturated fatty acids
in the flesh were lower as compared to the control (Secci et al.,
2019). Juveniles of Argyrosomus regius were fed with BSF larvae
meal as replacement to fish meal and the results showed that
saturated fatty acids and polyunsaturated fatty acids, lauric acid
and plasma glucose levels were increased with respect to the
increasing level of BSF larvae meal supplementation in the
experimental diets as compared to the control (Guerreiro et al.,
2020). In a 65-day feeding trial of BSF larvae meal as
replacement to fish meal in yellow catfish showed increased
growth performances and serum lysozyme action enhancing
immune response as compared to the control group (Xiao et al.,
2018). In another study, juveniles of African catfish (Clarias
gariepinus) were fed with BSF larvae as a substitution to
fishmeal and the results showed that the group supplemented
with 50% of the BSF meal have highest body weight gain, better
growth rate and nutrient utilization indexes, improved
superoxide dismutase and catalase activity contributing to
valuable antioxidant status as compared to the control group
(Fawole et al., 2020). Nile tilapia (Oreochromis niloticus)
juveniles were fed with BSF larvae meal as replacement to
fishmeal for 3 months and the results showed that the growth
parameters and feed efficiency were not significantly different
(P>0.05) amongst all of the experimental groups. Moreover, the
lysozyme and peroxidase activity were enhanced in BSF fed
groups as compared to the control group (Tippayadara et al.,
2021). In 42 days feeding trial of BSF larvae meal as replacement
to fishmeal in juvenile barramundi (Lates calcarifer), the results
showed no significant difference on growth but the immunity
and intraperitoneal fat were improved in BSF fed group as
compared to the control (Chaklader et al., 2020). There are
many more studies which indicate the positive influence of BSF
larvae meal in aquaculture without influencing growth and

health performance.
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Conclusion

Based on the above-mentioned studies, black solider fly
larva is an effective replacement for fish meal and soybean meal
for feeding aquaculture without any negative impact on
production. The nutritional profile of BSF larvae varies with
respect to organic wastes being used. Growing BSF larvae on
vegetables, fruits, kitchen wastes and leftover poultry wasted
feeds produce larvae having an excellent nutritional profile.
Moreover, the essential amino acids contents are also good in
BSF larvae as compared to expensive soybean and fish meal.
Generally, the protein and fat content of BSF larvae is very
equivalent to soybean and fish meal. Substitution of
conventional protein ingredients don’t have any negative
effects on the production and product quality if used in a
With

environmental impact, BSF larvae are very cheaper to grow

limited percentage. respect to economics and
because they only need biowastes, and very little land and labor
are required for BSF farming. It helps to reduce the impact of
organic wastes on land and convert them to organic fertilizers.
BSF larvae do not release any poisonous gases in the
environment as compared to soybean. There is no uncertainty
to conclude that BSF larvae production for aquaculture has the
potential to decrease the feed costs and it provides supernatural,
environmentally friendly, and immunity boosting feed to

aquatic habitats.
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Introduction gross and above in January 2020 which equals 2,06 billion

deadweight tons. Maritime transportation constituted 12% of

Maritime transportation has the major share of 90% of the
worldwide trade (Anonymous, 2022a), 90% of the outer freight
transportation, and 40% of the inner freight transportation
(Fan et al., 2018). According to United Nations Conference on
Trade and Development (UNCTAD) (2020), maritime

transportation was done by 98.140 commercial ships of 100
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worldwide transportation energy need (USEIA, 2016) and
consumed 300 million tons of fossil fuels which were 72% of
residual fuels (heavy fuel oil), 26% distillate fuels (marine diesel
oil, marine gas oil), and 2% of liquefied natural gas (LNG) in
2015 (IMO, 2015).
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Figure 1. Maritime transportation CO, emissions between 2012 and 2018 (data retrieved from IMO, 2020)

Despite maritime transportation being the most efficient
way of transportation and emitting less CO, per ton-km than
other types of transport (Balcombe et al, 2019), it has a
considerable contribution to worldwide environmental impact
(Lister et al., 2015). A study states that the amount of
greenhouse gas (GHG) emissions of international maritime
transportation is comparable to the GHG emissions of
Germany (Olmer et al., 2017). The maritime transportation
GHG emissions, CO,, methane (CH,), and nitrous oxide (N,O),
rise from 977 million tons to 1,076 million tons and CO,
emissions increased from 962 million tons to 1,056 million tons
from 2012 to 2018 (IMO, 2020). It can be seen that CO,
emissions are the major GHG emissions from maritime
transportation. Figure 1 shows voyage-based international
shipping and total shipping CO, emissions between 2012 and
2018.

Maritime transportation CO, emissions are in increasing
even though the efforts of the International Maritime
Organization (IMO), which is an agency of the United Nations
that develops regulations for international maritime
transportation. It is observed that the increase rate of voyage-
based international shipping CO, emissions is lower than the
total shipping CO, emissions increase rate. The reason is IMO’s
efforts to control and mitigate CO, emissions slows down the
increase rate of the voyage-based international shipping, on the
other hand, the global fleet number is increased and the total
shipping CO, emission increase rate is higher. The total CO,
emissions from maritime transportation are approximately
3.1% of the total worldwide CO, emissions, but IMO predicts

that the amount of the CO2 emissions will grow between 50%

to 250 by 2050 (IMO, 2015) if there will be no mitigation plan
or strategy.

IMO started its effective intervention to mitigate CO,
emissions with the Regulations on Energy Efficiency for Ships.
This regulation entered into force on 1 January 2013 by an
amendment to MARPOL Annex VI (IMO, 2011). The purpose
of the regulation is to control and mitigate CO, emissions both
from the new building and existing ships. The regulation came
with terms, the Energy Efficiency Design Index (EEDI), the
Ship Energy Efficiency Management Plan (SEEMP), and the
Energy Efficiency Operational Indicator (EEOI). The EEDI is a
mandatory design index for the new building ships. It
determines the design index limits for specific ship types and
directs the use of energy-efficient materials, technologies, or
engines. The maximum allowable EEDI limit has been reduced
every five years by 10% in general (Dere & Deniz, 2020), but it
varies according to specific ship types. The SEEMP is another
mandatory term that aims to increase shipboard operation
efficiency of ships doing international maritime transportation.
The SEEMP comprises operational measures such as ship speed
optimization, speed reduction (slow steaming), trip
optimization, weather routing, etc. Moreover, the EEOI is a
voluntary operational indicator that shows voyage-based CO,
emissions per transport work of ships (Zincir & Deniz, 2016).

The latest regulation of IMO on CO, emissions is IMO Data
Collection System (DCS) which is an amendment again to
MARPOL Annex VI and is entered into force on 1 March 2018
(Anonymous, 2022b). The regulation aims to record the annual
CO, emissions from ships larger than 5000 gross tonnage and

above. After the emission data is recorded by the shipping
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Table 1. Candidate measures of IMO Initial GHG Strategy (IMO, 2018)

Short-term Measures

Mid-term Measures

Long-term Measures

Enhancement of EEDI and SEEMP

low-carbon and zero-carbon fuels,

Implementation program for alternative

Development and provision of zero-

carbon or fossil-free fuels

including an update of national action

plans
Development of technical and operational

energy efficiency measures

Establishment of an existing fleet
improvement program reduction

Speed optimization, speed reduction

Operational energy efficiency measures

for both new and existing ships

Encourage and facilitate the general
adoption of other possible
new/innovative emission reduction

mechanisms

Market-based measures for emission

Further, continue and enhance technical

cooperation and capacity-building

activities
Measures to reduce methane and volatile
organic compounds
Development and update of national
action plans
Continue and enhance technical
cooperation and capacity-building
activities
Encourage port developments and
activities
Initiation of research and development
activities on marine propulsion,
alternative low-carbon, and zero-carbon
fuels, and innovative technologies
Incentives for initiators of new
technology development
Development of lifecycle GHG/carbon
intensity guidelines for all types of fuels
Undertake additional GHG emission

studies

Development of a feedback mechanism

companies, data have to be reported to the flag State after the
end of each calendar year. Furthermore, IMO has an Initial
Greenhouse Gas Strategy for maritime transportation that aims
to diminish GHG emissions by 50% in 2050, compared to 2008
(ICCT, 2018). The Initial Strategy also aims to reduce CO;
emissions per transport work at least 40% and 70% in 2030 and
2050, respectively, when it is compared to 2008. It is the first
action of IMO to help the worldwide goals of the Paris
Agreement on climate change (Serra & Fancello, 2020). IMO
proposes candidate measures for short-term (2018-2023), mid-
term (2023-2030), and long-term (2030-...) in the Initial

Strategy (IMO, 2018). Table 1 shows candidate measures for
short-, mid-, and long-term.

IMO announced its Initial GHG Strategy, but the route to
achieving GHG, especially CO, emissions, reduction goal is left
to maritime stakeholders and flag states. At the meeting, IMO
MEPC 75 on 16-20 November 2020, new technical and
operational measures, the Energy Efficiency Existing Ship
Index (EEXI) and the Carbon Intensity Indicator (CII),
respectively, were adopted (de Kat, 2020) to speed up the
decarbonization action of global maritime transportation. The

EEXT is a technical measure and is going to enter into force on
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1 January 2023. It is similar to the EEDI and shows the energy
efficiency level of the ship, but it is going to be applied to
existing ships. An attained EEXI will be calculated for each
existing ship, and this index has to meet the required maximum
EEXT of this type of ship. On the other hand, the CII is a new
operational indicator that will be applied after 2025. The annual
operational CII will be collected from shipping companies as
part of the IMO DCS, and an operational rating from A to E
(five-point scale) will be given to each ship (Psaraftis &
Kontovas, 2021). The CII does not have any strict enforcement,
but well-known cargo shippers can prefer higher rated-ships to
transport their cargoes.

Various ways or combinations of different ways provide
CO; emission reduction. Shipboard efficiency improvement
actions on compressed air systems (Dere & Deniz, 2019a) or
cooling water systems (Dere & Deniz, 2019b) can decrease CO,
emissions to some extent. Balcombe et al. (2019) state that LNG
is the main actor in alternative fuels. Biofuels, hydrogen,
nuclear power, electric propulsion, and carbon capture and
storage of the
decarbonization. The study of Yalcin & Suner (2020) shows that

system are some routes for higher
using hydrogen reduces carbon emissions and related health
risks (Suner & Yalcin, 2017; Yalcin & Suner, 2020). Using
methanol as an alternative fuel with an advanced combustion
concept (Zincir et al., 2019) and fuel cell application on a ship
(Inal & Deniz, 2020; Inal & Deniz, 2021) can be other
decarbonization methods in maritime transportation. To
achieve effective decarbonization, multiple measures should be
applied and stronger policy is required. A study was made on a
systematic assessment of the technical feasibility of
decarbonized maritime transport by 2035 (Halim et al., 2018).
According to the study, the governments should involve in the
decarbonization action and put some policies or regulations
including zero-carbon operations, more stringent energy
efficiency targets, a speed limit, and a low-carbon fuel standard.
Moreover, ports’ infrastructure should be improved by shore
power facilities for cold ironing, battery charging stations, and
alternative fuel bunkering facilities.

The IMO Initial GHG Strategy is a complicated process and
there are various organizational, economic, technical, and
political challenges and barriers (Serra & Fancello, 2020). The
Strategy should be discussed more in detail from the
perspective of both policymakers and ship owners/operators.
The flag states which agreed on the Strategy should prepare
their roadmap to remove the barriers for decarbonization of

maritime transportation and contribute to the global

decarbonization action by organizing shipowners and ship
operators.

There are some studies in the literature that are based on
interviews with the industry to see the progress of
decarbonization in various sectors. Sovacool et al. (2018) have
a study on national and regional transport challenges of Nordic
countries about climate policy priorities. The study had 227
expert interviews from Denmark, Finland, Iceland, Norway,
and Sweden. The experts are the stakeholders of transport
technology, policy, and practice. The results of the study
showed that fossil fuel intensity (42%) was the highest
challenge, long travel distances (17%), public transport
infrastructure (16%), congestion (15%), population density
(10%), and electrification of transport (10%) follow it. A
qualitative interview study was made with Greek shipowners
about the decarbonization of maritime transportation
(Koustoumpardis, 2019). The shipowners indicate that the
LNG as an alternative fuel and electric propulsion are the main
routes for the decarbonization of maritime transportation.
Furthermore, an appropriate legislative framework must be
established for successful decarbonization. Shell & Deloitte
(2020) did a market survey study to understand the maritime
industry trends. According to their study, more than 90% of
maritime industry stakeholders count decarbonization as their
business strategy. Another sector-based study was conducted in
Italy (Sofia et al, 2020). The study focused on the
decarbonization of various sectors including energy, transport,
and household in 2030. According to the study, electrification
is the road map for the decarbonization of maritime
transportation in 2030. The world’s largest container shipping
company, Maersk, has declared their objective to be zero-
carbon by 2050 (A.P. Moller-Maersk, 2018).

Turkey is one of the important flag states with its 1528
vessels (449 national flagged-vessel, 1079 foreign flagged-
vessel) above 1000 gross tons and above (UNCTAD, 2020).
Nevertheless, when the literature search is done, there are not
many studies on the decarbonization of Turkish maritime
transportation. The status of Turkish maritime transportation
and opinions of Turkish shipowners and ship operators on the
decarbonization of maritime transportation is unknown. This
study aims to fill the literature gap by conducting a survey
study. A questionnaire about the decarbonization of maritime
transportation is formed and it is sent to Turkish shipowners
and ship operators. The answers to the questionnaires are
analyzed and the status and opinions of the Turkish maritime

sector are discussed.
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Table 2. Participants’ profile

Qualification Percentage

Education Level Undergraduate 60,1
Master 32,1
Doctorate 7,8

Department Management 5,3
Operation 21,1
Technical 47,9
Personal 15,3
Other 10,5

Company Experience 1-3 years 26,8
4-6 years 31,6
7-9 years 26,3
10+ years 15,3

Onboard Ship Experience 1-3 years 37,4
4-6 years 31,6
7-9 years 15,3
10+ years 15,8

Table 3. Question frames were used in the survey

Notation Topic Description

T1 Assess the knowledge level about maritime decarbonization strategies.

T2 Assess the company culture about decarbonization.

T3 Assess the knowledge about EEDI, SEEMP, and EEOL

T4 Assess the knowledge about EEXI, and CIL

T5 Assess the usage ability of DCS and MRV.

T6 Assess the seaman's knowledge about decarbonization.

T7 Assess the company procedures and improvements on the decarbonization.

T8 Assess the operational energy efficiency applications.

T9 Assess the point of view market-based measures approaches such as taxes, levies.

T10 Assess the point of view on renewable energy sources for decarbonization.

T11 Assess the point of view on hybrid and electrical propulsion.

T12 Assess the point of view on capital and operational expenditures of new technologies.

T13 Assess the point of view on the maritime education curriculum.

T14 Assess the point of view on the governmental approaches.

T15 Assess the point of view on the class societies.

T16 Assess the point of view on the professional chambers and NGOs.

Note: Abbreviations: DCS: Data Collection System; EEDI: Energy Efficiency Design Index; SEEMP: Ship Energy Efficiency Management

Plan; EEOL: Energy Efficiency Operational Index; EEXI: Energy Efficiency Existing Ship Index; CII: Carbon Intensity Index; MRV:

Monitoring, Reporting, and Verification; NGO: Non-governmental Organizations.

Methodology

To understand the point of view and current status of the
maritime industry, a questionnaire which is formed by 29
questions has been prepared. The survey contains different
questions types to match the research data. Four questions

types; multiple-choice, numeric open-ended, Likert scale, and

ranking scales have been used. The descriptive information of
the participants and their percentages are given in Table 2. The
questionnaire answers are entered into SPSS Statistics Version
25.0 to analyze the data. According to gathered data from the
participants, four main categories have been formed; education
level, department, company experience, and onboard ship

experience. The categories will be used to elaborate and
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understand the bias among different responses for the same
questions.

As can be seen in Table 2, the four main categories have
different subtitles. The education level of the participants is
divided into three undergraduate levels, a master level, and a
doctorate level. The graduate-level participants are the majority
but slightly in front of the master level. However, participants
with a doctorate are the minority as expected. Secondly,
participants are also categorized according to their
departments. Companies may have different departments
however, the major four -management, operation, technical,
and personal- are the same for all. Therefore, besides these four
departments, another is also added and 5 subtitles are formed
for the department category. The majority of the participants
are from the technical department of the companies. Thirdly
and fourthly, company and onboard ship experiences are
selected as categories. Both are divided into same-year scales; 1-
3, 4-6, 7-9, and 10+ years. The majority of the participants are
in 1-3 years.

The questionnaire has been formed by 29 questions from
different perspectives. Therefore, they are clustered under 16

topics and given as question frames in Table 3.

Results and Discussion

The responses were given in five scales where 1 is very weak
and 5 is very good. Table 4 gives the evaluation scales for each
question, Table 5, Table 6, Table 7 and Table 8 give the mean of

the responses respecting education level, department, company

experiences, and onboard ship experiences of the participants,

respectively.

Table 4. Evaluation scales for the questions

Evaluation Scale Indication
1 Very Weak
2 Weak

3 Moderate
4 Good

5 Very Good

Table 5 shows the mean value of the answers according to
the education level of the participants and the total average
value of the answers. The values of T1 - knowledge level of
maritime decarbonization strategies, T3 - knowledge about
EEDI, SEEMP, and EEOI, and T14 - governmental approaches
indicate no relation to the education level. Because the mean
values under three education levels do not show a meaningful
trend. When T2 results are checked, it is observed that the
participants with a higher education level think that the
company culture on decarbonization action does not adequate.
The doctorate-level participants have a lower mean value of
2,33 than the total average value of 3,16. These participants see
company culture on decarbonization as weak. T4 - knowledge
of EEXI, CII results show that the participants with a higher
education level think that the company that they work do not
aware of new decarbonization regulations such as EEXI or CII
The participants with doctorate-level think that the company
has a very weak awareness of new decarbonization regulations
by the mean value of 1,67. T5 - usage ability of DCS and MRV

Table 5. Results of the topics according to the education level of participants

Topic No Undergraduate Master Doctorate Average
T1 3 4.13 3 3.47
T2 3.38 3.25 2.33 3.16
T3 4 4 4 4
T4 3.13 3.38 1.67 3
T5 3.63 3.13 3.34 3.37
T6 2.5 2.75 2 2.53
T7 3.38 3 2.67 3.1
T8 2.63 3.38 3.34 3.05
T9 4.5 4 3.67 4.16
T10 4.5 3.75 3.67 4.05
T11 4.5 4.13 4.67 4.37
T12 3.88 4.25 4.33 4.11
T13 1.88 1.5 2.67 1.84
T14 2 1.75 2 1.89
T15 2.5 2.37 2.67 2.47
T16 1.75 1.5 2 1.68
68
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Figure 5. Average response results of the topics according to the onboard ship experience of the participants

results slightly change with the education level of participants.
The participants with doctorate-level think that the company
has a very weak awareness of new decarbonization regulations
by the mean value of 1,67. T5 - usage ability of DCS and MRV
results slightly change with the education level of participants.
The participants with a higher education level think that the
DCS and MRV are moderately applied, but with a lower mean
value. With a higher education level, the participants think that
the crew knowledge on decarbonization (T6) action is lower.
The higher educated participants also answer with lower values
at company procedures and improvements on decarbonization
(T7) topic, which means the higher educated participants do
not think that the procedures and improvements are enough for
the decarbonization action. T8 - operational energy efficiency
applications results show that higher educated participants are
more satisfied with the applications on ships. On the other
hand, when the education level increases the mean value of the
answer reduces. Since these participants do not think that
market-based measures (MBMs) are an effective solution for
the decarbonization of shipping (T9). It is a surprise that the
participants with a higher education level give lower value at
T10 - renewable energy sources. The master level (3,75) and
doctorate level (3,67) participants think renewable energy
sources are a moderately effective solution for decarbonization.
This can be because these participants have higher knowledge
of renewable energy systems, and do not think that they are easy
to apply on ships in the Turkish fleet. On the other hand, master
and doctorate-level participants think that hybrid and electric
propulsion can be a good option for decarbonization (T11). But
they also answer that capital and operational expenditures are
important factors for the new technologies (T12). The higher

mean value with the higher education level can be related to

higher knowledge and awareness of the participants on the new
technologies with the increasing education level. One of the
important topics, T13 - the maritime education curriculum, the
result shows that in general nobody thinks maritime education
is adequate for the decarbonization action in Turkey. They give
points between 1,5 and 2,67 which corresponds to very weak
and between weak and moderate, respectively. The participants
with doctorate-level give the highest points with 2,67. It can be
because they got education from undergraduate to doctorate
level and they think that they have more enough knowledge on
decarbonization. The higher educated participants think that
class societies (T15) and chambers and NGOs (T16) in Turkey
have knowledge and awareness on decarbonization action from
weak to moderate (2.67) and weak (2), respectively.

Table 6 shows the mean value of the answers according to
the department of each participant and the total average value
of the answers. The values of T1 - knowledge level of maritime
decarbonization strategies, and T3 - knowledge about EEDI,
SEEMP, and EEOI are directly showing that the participants
from the management and technical departments of the
companies are much more aware of the way of decarbonization
in the global maritime industry. T4 - knowledge of EEXI, CII,
and T5 - DCS and MRV usage results show that the
participants from management and technical departments of
the company consider that their knowledge is fairly well and
relatively enough for the industry. When T2 results are
checked, it is observed that the participants from operational
and personal departments think that the company culture on
decarbonization action does not adequate. As expected, the
participants from the management and personal department

think that the crew knowledge on decarbonization (T6) action
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Table 6. Results of the topics according to the department of participants

Topic No Management Operational Technical Personal Other Average
T1 4.7 2.5 4.21 3.6 2.5 3.48
T2 4.78 2.25 3.46 2 3 3.16
T3 4.8 3.5 4.45 2.1 3.2 4.1
T4 3.55 2.2 4.1 2 2.1 3.1
T5 3.66 3.25 4.8 2.2 2.8 3.37
T6 4.1 2.25 2.36 4.07 2.5 2.53
T7 4.9 2.25 3.37 2.1 2.9 3.11
T8 4.68 2.75 3.1 2.9 3 3.05
T9 4.9 3.76 4.27 2.1 1.85 4.16

T10 4.8 3.75 4.18 4 4 4.05
T11 4.9 3.75 4.64 3.2 4.1 4.37
T12 4.9 4.2 4.1 2.3 4.7 4.21
T13 3.1 2.5 1.46 4.1 1.2 1.94
T14 2 1.5 1.97 3.6 1.5 1.89
T15 2.8 2.78 2.45 2.2 1.1 2.08
T16 2 1.25 1.91 1.4 1.6 1.78
Table 7. Results of the topics according to the company experience of participants
Topic No 1-3 years 4-6 years 7-9 years 10+ years Average
T1 3 3.43 3.8 4.9 3.48
T2 3.42 2.83 2.8 4.7 3.16
T3 3 4.17 4.6 4.82 4.04
T4 3.29 2.33 3.2 4 3
T5 3.29 3.67 2.89 5 3.37
T6 2.29 2.33 2.81 4 2.53
T7 3.57 2.5 2.64 4.9 3.2
T8 3.14 2.53 3.21 4.8 3.12
T9 4.14 4 4.2 5 4.16
T10 3.72 4.17 4.4 4 4.06
T11 4.43 4.33 4.2 4.7 4.37
T12 4.43 4 3.6 5 4.11
T13 1.57 2.04 1.84 3.08 1.85
T14 1.43 2 241 2.13 1.9
T15 2.57 2.67 1.65 4.23 2.39
T16 2.17 1.72 1.68 2.31 1.82

is high. However, results from other departments are in
contrast. The participants from management also answer with
higher values at company procedures and improvements on
decarbonization (T7) topic and operational energy efficiency
applications (T8), which means the management team thinks
that the procedures and improvements are enough for the
decarbonization action. Almost all participants think that
market-based measures (MBMs) are an effective solution for
the decarbonization of shipping (T9) since the average is one of
the highest. The participants from whole departments think
renewable energy sources (T10) and hybrid and electric

propulsion (T11) can be good options and effective solutions

for decarbonization. Hybrid systems show slightly better
performance compared to renewable energy, this can be as
same as table 5, because these participants have higher
knowledge of renewable energy systems, and do not think that
they are easy to apply on ships in the Turkish fleet. When T13
- the maritime education curriculum, T14 - governmental
approaches, T15 - class societies, and lastly T16 - NGOs and
chambers are under the scope, the participants give the lowest
points in general. The result shows that nobody thinks neither
maritime education is adequate for the decarbonization action
nor chambers and NGOs (T16) in Turkey have knowledge and

awareness on decarbonization.
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Table 8. Results of the topics according to onboard ship experience of participants

Topic No 1-3 years 4-6 years 7-9 years 10+ years Average
T1 3.67 2.67 4.61 4 3.38
T2 2.89 3 4.69 3.67 3.06
T3 3.67 3.83 5 5 4
T4 2.78 2.33 4.9 4.33 3
T5 2.56 3.83 5 4.33 3.37
T6 2.33 2.33 4.5 2.67 2.53
T7 2.89 2.83 5 3.67 3.11
T8 3 2.67 4.6 3.33 3.05
T9 3.89 4.17 5 4.67 4.16

T10 3.89 4.33 2.3 4.67 4.05
T11 422 4.33 4.8 4.67 4.37
T12 4.2 4.33 4.1 4 4.1

T13 1.89 1.67 2 2 1.84
T14 2 1.8 2 1.67 1.89
T15 2.67 2.17 2 2.67 2.47
T16 1.89 1.5 1 1.66 1.68

Table 7 shows the mean value of the answers according to
the company experience for each participant and the total
average value of the answers. In general scope, it can be said that
the more experienced participants are more aware of the
decarbonization in shipping. The values of T1 are drawing a
meaningful trend line in coherence with experience. The same
point of view is valid also for other topics. From T1 to T12, the
knowledge of decarbonization, usage of alternative energy
systems, crew awareness, and related regulations and
equipment ability is increasing with company experience. This
can be clearly observed from the answers of the 10 years plus
experienced participants. The mean value of the experienced
participants is higher than 4/5, therefore they believe that the
knowledge, awareness, technological maturity, and base are
enough at the personal and company level. However, the last
four topics, T13, T14, T15, and T16 show the worse
performance according to participants. Education curriculum,
alternative supports, and informative letters from chambers,
NGOs, or governmental branches seem like the weakest points
in front of the Turkish maritime industry on the
decarbonization roadmap.

Table 8 shows the mean value of the answers according to
the onboard ship experience of each participant and the total
average value of the answers. In general, while the sea
experience increases, the general knowledge on the
requirements of the decarbonization for the industry increases.
T3, T9, T10, T11, and T12 have received greater points and
showed better performance according to almost from all the

participants from every scale of experience. This means, the

participants believe that although capital and operational
expenditures are high, renewable energy and hybrid propulsion
systems are important on the way of the decarbonization.
Moreover, the results are showing that the participants have
more information on the current documentation rather than
the incoming ones. This is the perfect reflection of difference
between T3 and T4. On the other hand, T13, T14, T15, and T16
are rated as the weakest points for the industry in front of the
decarbonization. All participants consider that the maritime
education and also governmental, societies and NGOs

contribution to the industry are not enough for this new era.

Conclusion

In this paper, a survey study has been carried out to show
the current status of the Turkish maritime industry on
decarbonization action. The questionnaire with 29 questions
was prepared and sent to the participants from different
companies with different departments, education levels, and
experiences. By this questionnaire, the readiness and awareness
level of the Turkish maritime industry were evaluated. The
main findings of the study are:

- According to the analysis of the participant answers by
the education level, higher educated participants think
that company culture on decarbonization, knowledge
on upcoming decarbonization regulations, application
of DCS and MRYV, crew knowledge on decarbonization
action, company procedures on decarbonization, and
MBMs to achieve decarbonization are not adequate.

Moreover, they think that the knowledge of the class
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societies, NGOs, and chambers in Turkey do not have

sufficient knowledge to assist companies. All
participants, regardless of their education, think that the
maritime curriculum is weak.

- Depending on the departments, the analysis shows that
management and technical departments are much more
aware of the decarbonization action. The knowledge of
DCS and MRV usage and upcoming regulations of EEXI
and CII is fairly well for these departments. On the other
hand, operational and personal departments think that
the company culture on decarbonization does not
adequate. The crew knowledge on decarbonization is
high according to the management and personal
departments. All departments think that renewable
energy sources and hybrid and electric propulsion can
be good options for decarbonization. On the contrary,
maritime  education curriculum, governmental
approaches, knowledge of the class societies, NGOs, and
chambers get the lowest points in general.

- It is observed that the participants with more company
experience are more aware of the decarbonization in
shipping. The knowledge of decarbonization, usage of
alternative energy systems and options, crew awareness,
and related regulations increase with the company
experience. The weakest points are the maritime
education curriculum, informative letters from

chambers, NGOs, or governmental branches.

- Another observation is while the sea experience
increases the knowledge on the decarbonization action
increases. The participants believe that renewable
energy and hybrid and electric propulsion systems are
important for decarbonization, despite their capital and
operational expenditures. Generally, the participants
have more information on the current regulations rather
than the incoming ones. Another common point is all
participants think that maritime education and the
contributions of the class societies, NGOs, chambers,
and governmental branches are not sufficient for
decarbonization at Turkish maritime industry.

The main conclusions of this survey study are the maritime
education curriculum has to be updated by considering
decarbonization actions and maritime stakeholders such as
class societies, NGOs, chambers, governmental branches have
to give adequate informative letters, bulletins, seminars, etc. to
improve the knowledge and awareness of the Turkish maritime

industry on the decarbonization of shipping. In the future

studies, periodical surveys can be performed to see the
improvement of the industry and to determine the readiness
level of the new technologies. This study shows a preliminary

analysis as an overview of the industry.
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Introduction

Shipping, as a massive international mode of
transportation, is becoming increasingly important to global
trade and economic development. This increase in marine
operations raises the risk of potential ship accident. It is defined
by IMO as death, serious injury or loss of a person from ship,
loss or abandonment of a ship, material damage to a ship,
contact with land, collision of ships and severe damage to the
environment directly in connection with the operation of a ship
(International Maritime Organization, 2008). Studies on
marine accidents indicate that over 75 % of marine accidents
occur due to human error (Berg et al., 2013; Wrobel, 2021).
Despite building ships equipped with modern technology and
setting new rules and regulations to increase the safety, marine
accidents still occur (Erol & Bagar, 2015). As effects of accidents
may be catastrophic to environment, economy and lives,
quantification of human error contribution which is accepted
as the main cause of marine accidents is of vital importance for
maritime domain. As the industry adopts to the autonomous
vessels which is expected to reduce human intervention to
maritime transportation, the topic is particularly crucial to
examine in the maritime domain recently (Hoem et al., 2019).
The main goal of the autonomous ships is announced as
improving the maritime transportation safety by means of
reducing human error, which indicates importance of the
subject (Ahvenjérvi, 2016). Although autonomous ships can
navigate safely in open seas, it is thought that navigation in
confined waters will need human support for safe navigation.
Navigation is more complicated at confined waters such as
canals, rivers, straits and port areas due to difficulties like heavy
ship traffic, proximity to dangers and many other
complications (van Westrenen, 1995). The rapid expansion of
marine transportation, particularly in recent decades, has
resulted in congested marine traffic in confined waters (Wu et
al., 2020). Growing ship size has also been highlighted as a
navigation and manoeuvring difficulty in previous research
(van Westrenen, 1996). All these complications are pointing
out that support of professionals who are aware of the dangers
at local waterways is crucial for safe navigation of ships at
confined waters. Maritime pilotage is a profession that provides
this support to the ships navigating at confined waters in order
to ensure safe passage of ships from these dangerous waterways.
With the knowledge and experience it provides, pilotage has
vital role on risk reducing during passage from dangerous

fairways (Ugurlu et al., 2017).

Many researchers studied ship accidents and their reasons
in the last decades. Mutual point of these studies is presenting
human error as the major reason of maritime accidents. The
most popular technique used in maritime domain for human
error identification is the Human Factors Analysis and
Classification System (HFACS) which is developed from
Reason’s Swiss Cheese model (B. Wu et al., 2022). Chen et al.
(2013) proposed HFACS for maritime accidents (HFACS-MA)
in line with HFACS, Hawkins’ SHEL and Reasons’ Swiss Cheese
Models. HFACS has four main causal categories for classifying
human errors; unsafe acts, preconditions for unsafe acts, unsafe
supervision and organizational influences. In the framework
proposed in their study, external factors are integrated in the
main causal factors of traditional HFACS. In the study, authors
analysed capsizing reasons of a ship in the port and found out
that preconditions are the primary factors with 34.8%
frequency which are followed by unsafe acts (26.1%), unsafe
supervisions (21.7%), organizational influences (13%), and
external factors (4.3%), respectively (Chen et al., 2013). Ugurlu
et al. (2018) recommended HFACS for passenger vessel
accidents (HFACS-PV), and examined 70 ship collision and
contact accidents involving passenger vessels by using their
proposed framework. In the framework, operational conditions
are integrated in the main four causal categories of HFACS
structure. Findings of the study reveal that unsafe acts are the
primary factors contributing to accident occurrence with
35.01% frequency which are followed by preconditions for
(30.37%), (19.92%),
organizational influences (11.21%), and unsafe supervision
(3.48%), respectively (Ugurlu et al., 2018). Yildirim et al. (2019)

unsafe acts operational conditions

studied collision and grounding incidents by using HFACS.
This study demonstrated that decision errors, resource
management failures, violations, skill-based errors and
communication errors are the main human errors leading to
accidents (Yildirim et al,, 2019). Erdem & Akyuz (2021) used
Success Likelihood Index Method (SLIM) and interval type-2
fuzzy sets (IT2FSs) to evaluate the potential impact of human
errors in maritime domain. Due to the significant threats to the
marine environment, a loading procedure onboard a
containership was evaluated in the study. The results revealed
that safety culture, fatigue, time limitation, and experience are
deeply influential on crew performance (Erdem & Akyuz,
2021). Uflaz et al. (2022) outlines the principles of fuzzy-based
shipboard operation human reliability analysis (SOHRA),
which is used to quantitatively assess human error during ship
preparation procedures for navigation. The overall human

error probability for preparing the ship for sailing is found to

77

s



Denmirci et al. (2022) Marine Science and Technology Bulletin 11(1): 76-87

be 1.49E-01. It is stated that the study will provide practical

contributions to shore-based safety professionals, ship
managers and masters of the ship (Uflaz et al., 2022).

Though human factors in maritime accidents are studied
frequently, effects of human factors on accidents under pilotage
are very limited. For instance, Graziano et al. (2016) classified
human errors in collision and grounding accidents by the
Technique for the Retrospective and Predictive Analysis of
Cognitive Errors (TRACEr) taxonomy. A total of 52 accident
reports involving 64 ships were analysed and 289 obtained task
errors were classified by TRACEr. The results revealed that
28.7% of the task errors are classified under navigation tasks
and pilotage errors has the highest share with 43.6% among
navigation subtasks. This result indicates that 12.5% of the task
errors are related to pilotage activities among the grand total
(Graziano et al.,, 2016). Park et al. (2019) investigated the
relation between pilots’ age and accidents under pilotage. The
study indicated that after pilot retirement age was increased
from 65 to 68, ship accidents under pilotage increased seriously.
They also underlined that fatigue is one of the main
contributors to human errors thus, resting hours of the pilots
should be rescheduled to reduce the fatigue (Park et al., 2019).
Ernstsen & Nazir (2020) studied a systematic human error
reduction and prediction approach (SHERPA) to investigate
the types of errors and error remedies encountered in pilotage
operations. Analysis of SHERPA results revealed that action

omission is the most frequent human error contributing to

accidents where communication error is the second most
frequent one (Ernstsen & Nazir, 2020).

International Group of P&I Clubs (IGP&I) published a
report about P&I claims involving vessels under pilotage
between years 1999-2019 (IGP&I, 2020). As reported, there are
1,046 incidents resulting liabilities in excess of 1.82 billion USD.
These numbers indicate that ship accidents which occur under
pilotage has an average liability of 1.74 million USD per
incident, demonstrating fatality of the results in case of failure
at maintaining safety of navigation during pilotage waters.
Incident categories and statistics for the years between 1999-
2018 are shown in Table 1, however, since the data for 2019 are
limited, they are not included in the Table 1. The report also
points out that general cause of the incidents is insufficient
performance of the bridge team and suggests that effective
master-pilot exchange and good bridge resource management
are crucial for the safe navigation under pilotage. At the loss
prevention poster published by West of England P&I Club for
navigation with pilot, it is highlighted that navigation in
pilotage waters is mutual task of the bridge team and the pilot
(IGP&I, 2020). Potential risks listed in the poster while
navigating with pilot are failures at communication,
cooperation and situation awareness which are connected to
human element. All this information leads us conclude that the
majority of accidents under pilotage are caused by human error
which is also the major cause for shipping accidents in general
(Erol & Basar, 2015; Macrae, 2009; Sanchez-Beaskoetxea et al.,
2021).

Table 1. Categorization of the incidents occurred during pilotage (IGP&I, 2020)

Year  No. of Incidents Total Coast Average Cost Per Incident  Allision & Contact ~ Collision = Grounding  Navigation
1999 33 $21,761,748 $659,447 26 6 1 0
2000 47 $35,371,471 $752,584 29 13 5 0
2001 70 $51,090,973 $729,871 45 21 4 0
2002 52 $41,662,008 $801,192 38 9 4 1
2003 56 $106,305,096 $1,898,305 35 16 3 2
2004 59 $76,596,850 $1,298,252 29 20 10 0
2005 46 $39,563,866 $860,084 20 20 5 1
2006 54 $112,306,540 $2,079,751 29 20 5 0
2007 57 $306,538,481 $5,377,868 30 20 6 1
2008 57 $50,811,280 $891,426 31 22 4 0
2009 38 $149,212,660 $3,926,649 26 10 2 0
2010 32 $70,436,063 $2,201,127 23 7 2 0
2011 59 $76,077,997 $1,271,310 32 25 2 0
2012 74 $130,646,688 $1,765,496 49 21 4 0
2013 42 $107,118,832 $2,550,448 25 13 4 0
2014 79 $144,241,993 $1,825,848 39 32 7 1
2015 70 $134,125,800 $1,916,083 40 25 4 1
2016 42 $66,593,613 $1,585,562 27 9 6 0
2017 45 $42,425,808 $942,796 32 10 2 1
2018 34 $58,769,271 $1,728,507 25 8 1 0
Totals 1,046 $1,821,657,039 $1,741,545 630 327 81 8
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In all the studies mentioned above, realizing that human
factors contributing to maritime accidents during pilotage are
not studied comprehensively is our main motivation to conduct
this study. Within this scope, critical factors and causal
relations among them that cause maritime accidents with
presence of pilot are determined by using multi-criteria
decision-making methods (MCDM), Decision Making Trial
and Evaluation Laboratory (DEMATEL). Moreover, preventive

actions are proposed based on determined critical factors.

DEMATEL Method

DEMATEL (The Decision Making Trial and Evaluation
Laboratory) is one of the Multi Criteria Decision Making
(MCDM) methods, and was developed in 1972 by the Battelle
Memorial Institute of Geneva Research Center to visualize the
structure of complicated causal relationships through matrixes
or digraphs (Gabus & Fontela, 1972). In the terms of the
structural modelling approach, DEMATEL method has many
advantages and capabilities such as analysing causal relations
between criteria of the system, converting the interdependency
relations into cause and effect group, detecting most critical
criteria, reflecting relative relation of the criteria, and so on (Si
et al., 2018). Thanks to its advantages and capabilities,
DEMATEL method is used to solve complicated problem in
many application areas such as engineering (Zhang vd., 2020),
social science (Demirci & Uygur, 2021),
(Buyiikozkan & Giileryiiz, 2016).

The main steps applied of the DEMATEL method are

introduced as follows and its flowchart is presented in Figure 1.

and energy

Step 1
Determination of the expert group

2

Step 2
Obtaining direct relation matrix

2

Step 3
Calculation of the normalized direct-relation matrix

L 2

Step 4

r Derivation of the total relation matrix ﬂ

Step 4.1 Step 4.2
Constructing cause and effect diagram Visualizing critical relations

Figure 1. Flowchart of the DEMATEL method

Step 1: Determination of the Expert Group

This step includes the determination of experts who know
the problem well and can evaluate it from different perspectives
for problem-solving. These experts should be people who have

experienced or observed the problem.

Step 2: Obtaining Direct Relation Matrix (A)

Secondly, each experts’ evaluation for criteria comparison is
obtained by using scale between 0 and 4, presented in Table 2
(Akyuz & Celik, 2015). Arithmetic means of expert evaluations
for each comparison which shown in Eq. (1) is used as the direct

relation matrix.

Table 2. Corresponding relationship of evaluation criteria

Linguistic terms Numerical values
No impact (No) 0
Very low impact (VL) 1
Low impact (L) 2
High impact (H) 3
Very high impact (VH) 4
0 ap - an
a0 Q2n
A=|" 1
: a32 0 a3n ( )
Any Az 0

Step 3: Calculation of the Normalized Direct-Relation
Matrix (S)

The normalization of matrix A can be achieved with
following Eq. (2) and Eq. (3), respectively (Si et al., 2018). Thus,

each element of matrix S should be in the range of 0 to 1.

1

— n N
k= maxi<isn Zi:l a” (2)

S=KxA (3)

Step 4: Derivation of the Total Relation Matrix (M)

Total relation matrix M is derived using Eq. (4) from S. In

this Equations, I denotes the identity matrix (Soner, 2021).
M=SI-5"1 4)

Step 4.1: Constructing cause and effect diagram

In this step, the sum of row and columns of total relation
matrix are calculated by using Eq. (5) and Eq. (6), respectively
(Xia et al., 2015). In these equations, while 7; denotes all direct
and indirect influence given by criterion i to all other
parameters, ¢; denotes the degree of influenced impact.
= [Z?ﬂ mij]nxl (5)
G = [Xami]

M =ml~j,

(6)

1xn

i,j=12,--n.
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where r;denotes sum of rows in total relation matrix and refers
all direct and indirect influence given by criterion i to all other
criteria. Similarly, ¢; denotes sum of columns in total relation
matrix and refers all direct and indirect influence received by
criterion j from others.

To construct cause - effect diagram, r; + ¢; and r; - ¢; values
are calculated. In the diagram, these values define coordinates
of criteria and refer horizontal and vertical axis values,
respectively. r; — ¢; value is named as relation and if relation
value is positive, criterion j can be grouped into cause group,
otherwise it can be grouped into effect group. When i=j, r; + ¢
value shows importance of criterion and is called as
prominence. While the visualization of relation among criteria
with cause-effect diagram, all relation which have indirect and

direct effect between criteria are taken into account.
Step 4.2: Visualizing critical relations

The total relation matrix contains all direct and indirect
relations between criteria. For this reason, with the aim of
filtering some minor effects between criteria and exploring
critical relations between criteria, the threshold value (8) can be
defined with summation of standard deviation and mean of m;;
figures from total relation matrix (Xia et al., 2015). The values
over threshold value shows critical relations. These values

present effects of criteria on each other.

Application and Results

Over one-third of the total human population lives within

60 miles of coastal areas. For this reason, maritime accidents

Table 4. Information about the experts

happened in near coastal areas excessively affect people,
environment and property. To prevent accidents in coastal
areas, many preventive measures has been taken by government
and private sector organisations. Some of the major and well-
known measures are pilotage service, navigation aids, vessel
traffic service (VTS), traffic separation scheme. Among all these
measures, the pilotage service stands out as the first and most
effective measure in terms of directly intervening in the ship's
manoeuvre to prevent the accident. Therefore, when examining
the human factor in accidents that occurred under pilotage, the
relationship between pilots and ship crew should be considered.
In this study, to begin the analysis, critical human-related
criteria that have vital role in maritime accident under pilotage
area were determined with the help of accident investigation
reports published by GISIS and expert opinions. Criteria
determined are presented in Table 3.

In the first step, initially, professionals who are considered
to be directly influential in ship control and have at least 15
years of experience were selected as experts. Information about

the experts consulted in this study is given Table 4.

Table 3. Human criteria

Codes Criteria

C Master Experience

G Pilot Experience

G Bridge Team Management

C Maneuvering Team

GCs Communication

(0% Fatigue

C; Understanding & Application of Instructions
Cs Crew Training

Experts Competency Current Position Experience in Year

Expert 1 Oceangoing Master Master 15 Years

Expert 2 Oceangoing Master Pilot 17 Years

Expert 3 Oceangoing Master Harbour Master 21 Years

Expert 4 Oceangoing Chief Officer Port Captain 18 Years

Expert 5 Oceangoing Chief Officer VTS Operator 15 Years

Table 5. Direct-relation matrix
Criteria C C; (O GCs Cs (07 GCs
G 0.000 3.000 4.000 3.800 4.000 4.000 4.000 4.000
G 3.200 0.000 3.800 3.200 3.600 4.000 3.600 2.200
G 3.800 3.400 0.000 3.400 4.000 3.800 4.000 3.400
Cy 4.000 3.400 2.800 0.000 4.000 3.800 4.000 3.800
GCs 3.600 3.400 4.000 4.000 0.000 4.000 4.000 3.000
Cs 3.600 3.400 4.000 4.000 4.000 0.000 4.000 3.400
G 3.600 2.800 4.000 4.000 3.000 3.000 0.000 3.400
Cs 4.000 3.400 4.000 4.000 3.600 4.000 4.000 0.000
80
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Table 6. Normalized direct relation matrix

Criteria G C GCs C, GCs Cs C; Cs
C 0.000 0.111 0.148 0.141 0.148 0.148 0.148 0.148
G 0.119 0.000 0.141 0.119 0.133 0.148 0.133 0.081
G 0.141 0.126 0.000 0.126 0.148 0.141 0.148 0.126
C 0.148 0.126 0.104 0.000 0.148 0.141 0.148 0.141
GCs 0.133 0.126 0.148 0.148 0.000 0.148 0.148 0.111
Cs 0.133 0.126 0.148 0.148 0.148 0.000 0.148 0.126
(07 0.133 0.104 0.148 0.148 0.111 0.111 0.000 0.126
GCs 0.148 0.126 0.148 0.148 0.133 0.148 0.148 0.000
Table 7. Total direct-relation matrix
Criteria (O C GCs C, Cs Cs C; Cs
C 2.382 2.231 2.572 2.557 2.541 2.567 2.657 2.307
G 2.226 1.897 2.298 2.271 2.265 2.299 2.368 2.014
G 2.422 2.168 2.358 2.460 2.457 2.476 2.569 2.213
(O 2.430 2.170 2.455 2.350 2.459 2.478 2.570 2.226
GCs 2.431 2.181 2.501 2.491 2.343 2.496 2.584 2214
Cs 2.463 2.210 2.535 2.525 2.505 2.400 2.618 2.256
(07 2.262 2.012 2.328 2.319 2.272 2.295 2.275 2.072
Cs 2.524 2.254 2.586 2.575 2.543 2.580 2.671 2.190
To solve complex relations among criteria presented in
Table 3, experts were asked to compare these criteria by using <" e 10 0 2 jt@" E*,q%
the linguistic terms in Table 2. After the comparison, direct o, o
relation matrix in Table 5 is achieved by calculating the average "
of each experts’ opinion (Step 2). : ‘%‘)
Normalization of the direct-relation matrix, Step 3, Eq. (2) &Q > ;g\,
and Eq. (3) have been used respectively and normalized direct- 3 N " a‘g
relation matrix is presented in Table 6. § ) : %
To obtain total relation matrix, as the Step 4, Eq. (4) have % . : §

been utilized and the matrix presented in Table 7. Threshold
value is calculated from this matrix (Step 4.1). In this matrix,
mean of the all elements and standard deviation are calculated
as 2.379 and 0.169, respectively. Threshold value (2.548) has
been determined by adding one standard deviation to mean of
elements. In Table 7, bold numbers indicate elements over
threshold value and refer critical relations. These relations are
visualized with the help of chord diagram and presented in
Figure 2. The chord diagram is built by using “circlize” package
in R programming language.

In the application of the Step 4.2, with the help of Eq. (5)
and Eq. (6), relation (r;- ¢;) and prominence (;+ ¢;) values has
been derived in Table 8 and thus, DEMATEL diagram has been

constructed as shown in Figure 3. In this figure, red and green

points denote cause and effect criteria, respectively.

00\"\’20 \

Figure 2. Critical relation between criteria

& -
543

F: atigue

Table 8. Values of 7;, ¢;, r;+ ¢jand ri - ¢;.

Criteria i C; T+ ¢ ri—¢
C 19.814 19.141 38.955 0.673
C, 17.640 17.123 34.762 0.517
Cs 19.123 19.633 38.756 -0.510
Cy 19.138 19.548 38.687 -0.410
Cs 19.241 19.385 38.626 -0.144
Cs 19.511 19.592 39.103 -0.081
C; 17.836 20.311 38.147 -2.476
Cs 19.923 17.492 37.416 2.431
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Figure 3. The cause-effect relation diagram
Sensitivity Analysis

Testing reliability of the experts’ evaluation and being clear
certainty of the main results/findings in the DEMATEL
method, sensitivity analysis is conducted. Sensitivity analysis
makes it possible to verify whether the results of the DEMATEL
are varied by experts’ evaluation (Seker & Zavadskas, 2017). In
the analysis, experts’ evaluations are weighted within the
various scenarios in order to detect the effect of criteria

compared by experts on the results. According to six scenarios

given in Table 9, firstly, equal weights (Scenario 1) are given for
each experts’ evaluation as applied in Step 1. Then, different
weights are given for each expert in the five scenarios to analyse
the evaluations how much effect to causal relation between
criteria. With the given weights in each scenario, direct relation
matrix is calculated by using weighted arithmetic mean.

Afterwards, other steps explained in the section 2 are
applied in MS Excel to obtain final DEMATEL results, (7; + ¢;)
and (7; - ¢;) values. Obtained results are given in Table 10 and
presented in Figure 4.

The results obtained from the sensitivity analysis for each
scenario show that the overall effect on the cause-and-effect
criteria remained the same, even if the experts’ evaluations were
weighted differently. The fact that the lines connecting the
criteria are parallel or overlapped for each scenario in Figure 3
shows that the experts are of the similar or same opinion in
pair-wise comparison of the criteria. As a result, the approaches
of experts to the causal relationship between human factors are

unbiased and adequate for this study.

60
Sensitivity Analysis

50 ‘\/o—o—o-—\ =0—ri +¢j (1)
=@==1i - ¢j (1)
40 \./.: ® . _\ ri+¢j(2)
=@==1i - ¢j (2)
20 \/ﬁ—.—‘=t=g=_‘ i+ (3)
ri- ¢j (3)
20 —Q—ri + ¢j (4)
—@=1i - ¢j (4)
10 =@==ri + ¢j (5)
—@=1i - ¢j (5)
0 *o—*—-ﬁ-ﬂ\/ =i + ¢j (6)
—=@=1i - ¢j (6)

Cl1 C2 C3 C4

-10

C5

C6 C7 C8

Figure 4. Cause and Effect diagram of sensitivity analysis for each scenario

Table 9. Given weights in each scenario

Experts Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6
Expert 1 0.20 0.10 0.30 0.25 0.20 0.15
Expert 2 0.20 0.15 0.10 0.30 0.25 0.20
Expert 3 0.20 0.20 0.15 0.10 0.30 0.25
Expert 4 0.20 0.25 0.20 0.15 0.10 0.30
Expert 5 0.20 0.30 0.25 0.20 0.15 0.10
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Table 10. (r; + ¢;) and (r;- ¢;) values obtained in each scenario

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6
rit ¢ ti- ¢ rit ¢ ti- ¢ rit ¢ ti- ¢ rit+ ¢ ti- ¢ rit+ ¢ ti- ¢ rit+ ¢ ri- ¢
38.955 0.673 47.527 0.834 33.178 0.333 50.362 0.273 38.355 1.199 31.803 0.710
34.762 0.517 42.560 1.330 29.337 -0.042 46.008 -0.211 34.611 0.504 27.498 1.012
38.756 -0.510 47.632 -0.458 32.600 -0.497 49.579 -0.576 38.546 -0.633 31.813 -0.414
38.687 -0.410 47.573 -0.625 32.463 -0.207 49.376 -0.173 38.611 -0.529 31.774 -0.517
38.626 -0.144 47.360 0.023 32.607 -0.144 49.235 -0.182 38.313 -0.411 31.860 0.000
39.103 -0.081 47.887 0.232 33.111 -0.246 50.244 -0.345 38.653 -0.213 32.045 0.155
38.147 -2.476 46.625 -3.042 32.337 -2.106 49.370 -2.363 37.779 -2.414 31.003 -2.593
37.416 2.431 46.837 1.706 30.948 2.908 47.109 3.577 37.039 2.498 31.292 1.646
. . Moreover, it has the highest degree of influential impact index
Findings

The significant relationships of each factor are explained
using a cause-effect diagram which created according to Table
8. The findings obtained from the model created by using
expert opinions are divided into two different groups as follows;

cause and effect factors.

Cause Factors

In order to clearly assess the most common and critical
human factors on accidents during navigation under pilotage,
it is essential to focus on the cause factors that have positive
value of 7; — ¢;. As shown in cause-effect diagram (Fig. 1), Cy,
C; and Cg are in cause group. In cause group, Cs (Crew
Training) has the highest #; — ¢;value (2.43) among the all
factors. This means that Cg has a more significant impact on the
whole of the process. Furthermore, Cs has the highest #; value
(19.92) among the causal factors from the point of influential
impact degree. Following that, C, (Master Experience) has the
second highest 7; — ¢;value (0.67) and is the second most
important causal factor among all factors. C; has the second
highest degree of influential impact (7;) value which is 19.81.
Therefore, it has a great influence on the entire process. Also,
Cs and C; have critical effect on C;,C,, Ce, and C;. Moreover, C,
is found as the third most critical factor which means that it had

a considerable influence on the entire process (#; — ¢j= 0.52).
Effect Factors

In Figure 1, the factors below the horizontal x-axis are
considered as the effect group. As can be clearly seen from
Figure 1, it shows that influential factors can be easily affected
by other factors. According to the cause-effect diagram, Cs
(Fatigue) has the highest 7; + ¢jvalue (39.10) among the effect
factors. In addition, #; — Cjvalue of Cs is very high (-0.08). This
means that Cs is the least affected factor among the whole

process and has significant effect on the other factors.

(f; = 19.51). Considering 7; + ¢;value, the other parameters
are sorted by Cs, C4, Cs and Cy, respectively and they had also
great impacts on the entire process as effect factors.
Furthermore, C; (understanding & application of instructions)
has the lowest 7; — ¢jvalue (-2.48) and this means that C; is
easily affected from other factors. Specifically, C; is critically
affected by Ci, Cs, C4, Cs, Cs and Cs. It is also observed that
Bridge Team Management (Cs) has the second highest 7; + ¢;
value (38.76) among the other effect factors.

Discussion

The human factor is accepted the primary cause of the
majority of marine accidents. The human factor, which
accounts for 75-96% of maritime accidents involving modern
ships, is a major issue that must be recognized and addressed.
One of the most difficult tasks for investigators is determining
the reasons of human error because the role of human influence
in these errors is revealed by the combination of many
parameters that are ignored after an accident. However, it is
possible to determine the source of human errors that occur in
many accidents by analysing them with the right people who
are experts in their fields. That is why this study is of essential
importance. In this study, the human factor in accidents that
may occur with pilot onboard was investigated by using the
DEMATEL method by taking expert opinions. In the report
published by the Canadian Transportation and Safety Board
(CTSB), it is seen that 273 incidents that occurred in the
Canadian pilotage waters from 1987 to 1992. CTSB also
reported that 42% of incidents involving misunderstandings or
lack of communication between the pilot and the captain or
watch officer. Hetherington et al. (2006) stated that the term
“misunderstanding” represents a lack of situation awareness
and poor team working as well as inadequate communication

(Hetherington et al., 2006). In this context, many companies
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have implemented Bridge Team Management (BTM) courses
because they are recommended by the IMO. Although BTM
courses are compulsory for deck officers, there is still lack of
skills, which increases the possible accident risks. According to
MSC-MEPC.2/Circ.13, the that

implemented to seafarers should be simple, clear and

rules and regulations
comprehensive.

The results also emphasize the significance of collaboration
once again. Crew training, master and pilot experiences were
found to be associated with the occurrence of marine accidents
with presence of pilot. In order to minimize the effect of such
human factors on the occurrence of accidents, it is necessary to
continually improve the quality of maritime training and
standards to meet the constantly changing needs, and to
provide regular knowledge by updated trainings to all crew.
Akyuz & Celik (2014) emphasized the need for routine and
special training to lead personnel and all crew members in order
to improve ship safety standards. Additionally, it is
recommended that the safety training officer on board
implement an effective training program coordinated with the
Master (Akyuz & Celik, 2014). The significance of pilot
experience is found to be low in maritime accidents with
presence of pilot, however errors originated by pilots are
considered to be caused by fatigue and communication failures
instead of pilot experience. Fatigue is not only a problem to be
prevented in order to improve the individual well-being of
seafarers but it is also one of the most important human factors
that can increase the risk of accidents and fatal disasters. Crew
member performances are affected by fatigue due to its effects
of reducing situation awareness, causing planning
deficits/errors, leading to inability to adapt to new knowledge,
frequent forgetfulness and concentration difficulties.
Moreover, crew performance is directly related to management
policies, cultural factors, experience, training and so on (MSC-
MEPC.2-Circ.13, 2013). Rothblum et al. (2002) stated that
human factors such as fatigue, stress, health, situation
awareness, and cultural diversity might cause to unsafe
situations (Rothblum et al., 2002). Moreover, extended hours
on duty are contributed to marine accidents that could be
attributable to fatigue (Raby & McCallum, 1997). The authors
also examined 98 ship casualty reports and found that fatigue
was effective in 23% of cases. One of the most common human
factors is seafarer fatigue. Several factors such as working hours,
extended work, the short period of rest between working hours
and excessive workload can contribute to fatigue (Smith et al.,
2007). Therefore, work rest hours of both pilot and ship crew

should be reconsidered and revised in order to provide effective

work/rest periods and minimize fatigue. In order to reduce the
possibility of human error as much as possible, preventive
actions should be proposed and discussed with all stakeholders
in light of the findings. Our observations are in agreement with
previous studies regarding the human factor is an important
factor in marine accidents (Trucco et al., 2008; Tzannatos, 2010;
Fan et al., 2018).

Conclusion

Ship

environmental, and economic problems, posing a hazard to

accidents have caused global ecological,
human life. Especially, accidents in confined waters in recent
years (Ever Given) have seriously damaged global trade and
powerful economies around the world. Therefore, to prevent
accidents in these areas, many preventive measures has been
taken by government and private sector organisations.
Although pilotage is taken as one of the major preventive
measures in coastal areas, accidents still occur in coastal areas
such as canal, strait, and port area. In addition, preventive
measures are taken with national and international rules and
regulations in order to minimize the effect of other human-
induced factors that have a significant impact on accidents.

In present study, the DEMATEL method was used to solve
the complex relationships among human factors considered as
affecting accidents with presence of pilot at confined waters. As
aresult of the study, it is found that master experience (C,) and
crew training (Cs) have influential role on the other factors.
Furthermore, understanding & application of instructions (C;)
is most affected by other factors. As an interesting result of the
study is that pilot experience (C,) is among the influential
factors and is less impressive than the others. This imply that
the main cause of maritime accidents is caused by human
factors originating from the ship and points out the importance
of seafarer's competences and skills in safe ship management.
To ensure the reliability of the obtained results, sensitivity
analysis was performed and it is revealed that the experts’
evaluations on the human factors are consistent in case of
different weights too.

With the help of DEMATEL results, we believe that the
maritime stakeholders can determine their policies for the
prevention of accidents and regulate relation between critical
human factors. In future studies, the scope of the study can be
expanded by considering the environmental and ship-related
factors that are thought to have an effect on the maritime

accident under pilotage.
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Introduction

Crab fishing is one of the primary livelihoods in a coastal
community. In the Philippines, as an archipelagic country,
crabbers are common to find. Since crabs are among the most
vital aquatic resources of the Philippine waters (Camacho &
Aypa, 2001), they also provide a family living. Among the
BSCs,

scientifically known as Portunus pelagicus, which are either sold

commercially significant crab species are the
in the live state or as processed products locally or exported
mainly to Taiwan, Hongkong, Japan, and the USA (Camacho &
Aypa, 2001). In the Philippines, BSCs constitute a crucial part
of the local fisheries production. P. pelagicus, over 90% of the
crabs landed, was the main species in the country’s crab fishery
since it started in the 1950s (Ingles, 2004). In the first quarter of
2018, the BSC fisheries production amounted to 5,923.67
metric tons, contributing 0.01% to the total Philippine fisheries
production (PSA, 2018a).

BSC fisheries occur throughout the Philippines (BFAR,
2013). The fishing activity of P. pelagicus started in the
Philippines as early as the 1950s (Mesa et al., 2018). The BSC
fishery is a multi-gear activity where crabbers are usually
artisanal and capture crabs by gleaning, bamboo trap use, crab
lift nets (Romero, 2009; Gadhavi et al., 2013), crab pots, and gill
nets (Del Norte-Campo et al., 2004; Ingles, 2004; Germano &
Melgo, 2003). The most common artisanal gear used in shallow
water is crab pots or panggal, but crabbers also use the bottom
set gillnets, otter trawl, crab lift net or bintol, and push net
(Mesa et al., 2018). In the study of Ingles (2004) and Mesa et al.
(2018), they have identified eleven different fishing gear types
used in catching BSCs in the Western Visayan Sea. Five out of
these eleven crab gears are considered as one of the major
fishing gears used by crabbers. Gadhavi et al. (2013) also
mentioned that a large number of fishers around Sikka, Gulf of
Kutch, Gujarat, India is engaged in artisanal crab fishery using
spears, traps, and other traditional gears like umbrella net and
fence net. Different specifications of crabbing gears and
crabbing operations were also discussed by Romero (2009),
particularly used as well in the Visayan Sea. Hence, few
publications show several fishing gears used in this type of
species with its unique specifications and operations depending
on the location it is being utilized.

In Tigbauan, a coastal municipality in Iloilo, central
Philippines, BSC fishing activities have been practiced for years.
This practice provides a livelihood for the crabbers.
Accordingly, different fishing gears are used to catch BSC. The

fishing gears, gear operations, and fishing practices are not well

(Pers.
Tigbauan, Iloilo). Thus, this study aimed to assess the BSC

documented Comm. Municipal Aquaculturist,

capture fishery practices in Tigbauan, Iloilo, central
Philippines.

Specifically, this study aimed to;

(1) survey the crabbers’ socio-demographic profile,
crabbing gears and gears modifications (if there is any), and
crabbing practices which emphasized the operation of crabbers
with specified gear used;

(2) assess whether the municipal ordinance has regulatory
measures regarding BSC fishery management; and

(3) measure the level of crabbers’ awareness about the

ordinance (if there is any).

Materials and Methods

Study Site and Duration

A household survey (HS) of the various crabbing villages in
Tigbauan, Iloilo, central Philippines, was conducted for a
month in October 2019. The study covered the five Tigbauan
coastal villages engaged in crab fishing: Barroc, Atabayan,

Baguingin, Namocon, and Parara Norte (Figure 1).

Data Gathering

Preliminary survey and key informant interview (KII) were
carried out with the Municipal Fisheries Officer and the
president of the Barangay Fisheries and Aquatic Resources
Management Council (BFARMC) in each sampling station to
have an overview of the crab fishery in the municipality. After
which, a one-on-one HS was done with the crabbers. A semi-
structured questionnaire was developed and used to address the
objectives of this study. The survey had included individual
fishers who engaged in crabbing activities either part-time or
full-time, as adopted in the study of de la Cruz et al. (2018), who
were available and willing to participate in the study. The survey
questions included information on the crabber’s socio-
economic profile, namely age, sex, civil status, educational
attainment, number of dependents, and average monthly
income from crabbing. For the gear preference and crabbing
practices, each crabber was asked the following: type of gear
used or preferred; dimension or number of gear units; soaking
time of gears; the frequency of crabbing; bait used, if any; and
companion in crabbing. Regarding BSC fishery management
awareness, the respondents were asked about what type of
problems and concerns related to crabbing experiences,
knowledge on any government or non-government regulatory

measures to manage the BSC resource, and suggestions to
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address their issues and concerns and to manage the resources
effectively.
Fishing gears used in crabbing and its specification were

described and documented.

Data Analysis

A database was made on the socio-demographic profile of
the crabbers using IBM SPSS Statistics version 20. The data
were tabulated and thoroughly analyzed. Qualitative data were
analyzed using descriptive statistics, and mean scores were

derived for all quantitative results.

Results and Discussion

Crabber’s Socio-Demographic Profile

A total of 24 crabbers were interviewed from five villages of
Tigbauan: Parara Norte, Namocon, Baguingin, Atabayan, and
Barroc. Only two out of the total interviewed crabbers were not
members of the BFARMC. Atabayan village has the highest
percentage of crabbers (45.8%), followed by Baguingin (25%),
Namocon (16.7%), Parara Norte (8.3%), and Barroc (1%)
(Table 1). All crabbers were male, aged from 27 - 72 years old,
married with 6-10 household members, and practiced Roman
Catholicism. About 79.2% of them resided in the area for more
than 30 years. The majority (33.3%) graduated high school,
20.8% attained vocational courses, 4.2% had gone into college,
and only 4.2% successfully gained a degree.

Each crabber varied in their years of crab fishing from more
than 30 years to just 1 to 5 years of engagement. Half of the total
count of crabbers already owned a lot of permanent residents,
but half of them were informal settlers (Table 1). Crabbers’
houses, made of semi-concrete materials, were provided by
electricity from Iloilo Electric Company (ILECO) and available
water supply from a deep well or water pump.

Table 1. Crabbers count per village in Tigbauan, Iloilo,

Philippines
) Crabbers’ Percentage
Village ..
Count Composition (%)

Barroc 1 4.2
Namocon 4 16.7
Atabayan 11 45.8
Parara Norte 2 8.3
Baguingin 6 25
Total 24 100

Most crabbers (54.2%) had an average monthly income of
PHP 1,000.00 (US$ 19.46) — PHP 5,000.00 (US$ 97.28). About
29.2% of the respondents had an income of PHP 6,000.00 (US$

116.74) — PHP 10,000.00 (US$ 194.57) and 8.3% earned PHP
11,000.00 (US$ 214.03) - PHP 15,000.00 (US$ 219.85) monthly.
Only 8.4% of the crabbers earned an average monthly income
of more than PHP 26,000.00 (US$ 505.88) (Table 2). During the
1st semester of 2018, a family of five needed around PHP 10,481
(US$ 03.93) monthly to meet their minimum basic food and
non-food needs. This represents an increase of about 11% from
the 1st Semester of 2015 to the Ist half of 2018. On the other
hand, a family of five needed around PHP 7,337 (US$ 142.76)
per month to meet their minimum basic food needs (PSA,
2018b). The study revealed that the average income mostly
crabbing households in Tigbauan Municipality was way below
the indicated poverty threshold. Though some of the crabbers
engaged in other livelihood opportunities, such as carpentry,
fish vending, and construction works, the marginal
contribution from these earnings to the household income was
still inadequate to supplement the basic and other needs of the
family. Other sources of income are needed for the crabbing
families to live a decent life. The reason for this state of living,
according to them, was the decline in catch of BSC and other
target crabs as well as the increasing number of crabbers in the
area, which contributed to the lowering of catch per crabber.
Another aspect was their educational attainment. The lack of
formal education beyond high school severely limits alternative
employment opportunities (Rhodes et al., 2001). This might be
one factor that limits the crabbers from having a high-paid job.
However, as per observation, the crabber’s children were all

sent to schools aiming to have a better future.

Crabbing Gears and Practices

The crabbing villages in the Municipality of Tigbauan,
Hoilo, used two types of fishing gears in their crabbing
operations namely bottom-set gillnet or crab entangling net
and crab pots. Ingles (2004) pointed out in his paper that these
two are the major crabbing gears used in the Philippines.
Namocon, Atabayan, Baguingin, and Barroc used crab pots,
while Parara Norte was the only village that used bottom-set
gillnet or crab entangling net. The use of this other type of gear
in Parara Norte was due to the influence and assistance given
by the government through projects implemented by the
Bureau of Fisheries and Aquatic Resources (BFAR), an agency
of the Philippine government under the Department of
Agriculture responsible for the development, improvement,
management, and conservation of the Philippines’ fisheries and
aquatic resources. This particular village was the only

beneficiary of the implemented project done in their locality.
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Table 2. Socio-demographic profile of crabbers in Tigbauan, Iloilo, central Philippines

Respondents (24) Crabbers’ Count Percentage Composition (%)
Gender
Male 24 100
Years of Residence
16 — 20 years 2 8.3
21 - 25 years 1 4.2
26 - 30 years 2 8.3
>30 years 19 79.2
Total 24 100
Religion
Roman Catholic 24 100
Civil Status
Married 24 100
Household Members
1-5 10 41.7
6-10 14 58.3
Total 24 100
Educational Attainment
Elementary level 2 8.3
Elementary graduate 4 16.7
High School level 3 12,5
High School graduate 8 33.3
College level 1 4.2
College graduate 1 42
Vocational course 5 20.8
Total 24 100
Average monthly income (PHP)
1,000 - 5,000 13 54.2
6,000 — 10,000 7 29.2
11,000 - 15,000 2 8.3
26,000 - 30, 000 1 4.2
31,000 - 35, 000 1 4.2
Total 24 100
Years of engagement in crab fishing
1-5 5 20.8
6-10 3 12.5
11-15 4 16.7
16 - 20 1 4.2
21-25 2 8.3
26 - 30 2 8.3
More than 30 7 29.2
Total 24 100
Owned a lot
Yes 12 50
No 12 50
Total 24 100
Tenure of house
Informal settlers 12 100
Member of BFARMC
Yes 22 91.7
No 2 8.3
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Figure 1. Map of the study site

Crab pot

A crab pot is a type of gear designed for catching
commercially important crab species. The gear is locally known
as bubo pangasag, panggal or timing (Mesa et al., 2018) and is
more favored among crabbers due to its cheaper cost, and it
catches less by-catch (Romero, 2009). The gear used in
Tigbauan, Iloilo, has a frustum shape with different sizes or
dimensions. Crab pots used in shallow waters are larger than

the ones used in deeper waters.

Crab pots used in shallow areas are usually made of ground
wire for the frame, which is also served as sinker of the gear,
wrapped around with polyethylene net and have an opening
made from plastic hexagonal mesh-shaped wire having a
dimension of height is 15.24 cm; diameter at the top is 35.56
cm; diameter at the bottom is 43.18 - 48.26 cm. The door with
a rectangular-shaped, where the catch is collected, which is
17.78 x 17.78 cm, has an opening, which serves as an entry point
of target species, measuring 20.32 cm (Figure 2). Another entry

point design is circular, having a diameter of 11.43 cm, and is
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made of green-colored plastic hexagonal mesh-shaped wire
(Figure 3). Crab pot cost per unit is PHP100.00 (US$1.90). The
only distinct design used in the shallow area is the collapsible
crab pot design that was donated to a fisherman from Sweden.
It is made of a color black coated steel bar frame with black
netting and with a rectangular shape having the following
dimension: length is 59.70 cm; width is 17 cm; height is 15.20;

and with an opening of 20.30 cm. Net mesh size is number 14.

The openings or found on both sides of the gear (Figure 4).

Figure 2. Crab pot used in shallow waters in Namocon,

=3 . X

Tigbauan, Iloilo, central Philippines, showing the (a) side view
of the crab pot, (b) top view with the door, (c) opening or the
entry point of the crab and (d) mesh net where the bait is being
put and tied inside the crab pot

Figure 3. Crab pot used in shallow waters in Namocon,
Tigbauan, Iloilo, central Philippines with circular-shaped entry

point

In deeper waters, crab pots are made of bamboo wrapped
with polyethylene green-colored net and monofilament nylon.
According to crabbers, white nets have been used recently
because it is easier to clean and more visible for crabs to see the
bait inside the trap. Crab pots’ sizes are almost uniform in the
three villages with a height of 11.43 to 15.24 cm, a top diameter
of 30.48 cm, and bottom diameter of 40.64 cm, an opening of
10.16 cm, which is made of green colored plastic chicken wire
and a mesh size of 2.5 cm (Figure 5). Sinkers used are made of
cement attached inside directly built in the flooring of the pot
for the stability of the gear when deployed underwater. The said

gear can accommodate 10 pieces of small size crabs or 3 - 4

pieces of large sizes. Crab pot typically costs PHP70.00 (US$
1.36).

Figure 4. Collapsible crab trap designed from Sweden used in
shallow waters in Namocon, Tigbauan, Iloilo, central
Philippines showing the (a) top view of crab trap, (b) collapsed
form, (c) opening or the entry point of the crab, (d) side view of

the crab trap and (e) escape point of small size crabs

Figure 5. Crab pots used in deep water operation in Tigbauan,
Iloilo, central Philippines for crab fishing operation; (a) crab
pot use in Barroc, (b) crab pot use in Baguingin and (c) crab pot

use in Atabayan

Bottom-set gillnet/Crab entangling net

The bottom set gillnet or the crab entangling net is a type of
gillnet anchored and fixed on the seafloor. The gear is locally
known as palubog, palugdang or pukot (Mesa et al., 2018). The
net used in the village of Parara Norte is made of monofilament
polyamide (PA), having a length of 600 m. Mesh sizes vary
every 200 m. Monofilament PA size number 4 (approx. 85 mm)
or size number 5 (78.5 mm) on first 200 m, size number 4.5
(approx. 85 mm) on second 200 m (middle part), and size
number 3 (130 mm) on the last 200 m. The design was made by
local fishers to maximize the chance of catching more crabs.
The mainline was made of a monofilament PA size number 6
attached with rubber floaters. The footrope was also made of
monofilament PA size number 6 with leads that serve as sinkers

(Figure 6).
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Figure 6. Bottom-set gill net used in Parara, Tigbauan, Iloilo,

central Philippines for crab fishing; (a) monofilament net with
number 5 mesh size, (b) nylon used for mainline and footrope,
(c) floaters attached at the mainline and (d) lead sinkers

attached at the footrope

Crabbing Practices/Operation

The crabbing operation varied in each area according to its
fishing gear used. For the bottom-set gill net or crab entangling
net, the setting is usually done in the morning at around 5
o’clock, and hauling is done on the next morning at around 5-
8 o’clock. Soaking time is approximately 24 hours. The said
operation is also similar to that is shown in the study of Romero
(2009) and Mesa et al. (2018). However, Romero (2009) added
that due to the eagerness of crabbers to gain more income, they
would be setting out their operation further using bigger boats
for 2-3 days at sea to catch more BSCs. Motorized banca,
approximately 3 gross tons (GT) (Figure 7), is used by two
persons for their crabbing operation. On the other hand,
crabbers in the Western Visayan Sea use bigger boats with the
size of 10-30 ft long powered by 8, 10-16 HP engines (Romero,
2009). Peak season in using bottom-set gill net is during
southwest monsoon or habagat, i.e., June to October of the year,
while lean season happens every November to December.

The bottom-set gillnet or crab entangling net has a total
stretch length of 600 m. During operation, nets are deployed at
the desired depth. Mesh size varies every 200 m-length of the
net with a hanging ratio of 0.6. The distance from the surface of
the water to the mainline is approximately 9-10 m. The net used
has a mesh size count of 50 knots down. Lead sinkers tied in the
rope line will serve as the weights to keep the net at a desired
level of depth (Figure 8).

Crab pot fishing operation in the four villages varied as well.

Namocon village operates in shallow waters, while villages such

Figure 7. Motorized banca used by two crabbers in Parara

Norte, Tigbauan, Iloilo, central Philippines
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Figure 8. Lay-out of crab fishing operation using bottom-set
gillnet or crab entangling net in Parara Norte, Tigbauan, Iloilo,

central Philippines

as Baguingin, Atabayan, and Barroc operate in deeper waters.
The setting of crab pots in shallow waters is done by carrying
the pots to the fishing area and setting it manually by crabbers
at around 4 - 5 p.m. Hauling is done on the next day at around
4 - 5 am. also. Soaking time is approximately 12 hours. The
distance of operation from the shoreline is approximately 10 m
away. Ten to twenty-five crab pots are used per operation. Bait
used by the crabbers is small fishes, usually Leiognathus sp.,
and/or chicken head. The chicken head is preferred by
Namocon village because it is cheaper and readily available in
the local market. However, the silvery color of leiognathids
believed to glint in the water, therefore, assists in the attraction
of organisms into the gear (Picoy-Gonzales & Monteclaro,
Unpublished data). The baits are also placed in a perforated
container to prevent them from being eaten by scavengers
(Bjordal, 2002). Peak season occurs when the water is turbid
and when the typhoons are frequent, which is usually every

June to September of the year. On the other hand, the lean

94

~s



Toring-Farquerabao and Tahiluddin (2022) Marine Science and Technology Bulletin 11(1): 88-97

season is every October to March of the year when the water is
clear. And at this time, crabbers do not operate at all to avoid
losses in terms of exerting effort. Instead, they engage in other
possible alternative income whenever opportunities let them.

The shallow water crabbing operation is shown in Figure 9.

- Floaters [
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Mainline
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| »| Rope#7

‘ |
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| 10 — 25 pcs. crab pots per operation ‘

ow,

Figure 9. Lay-out of crab fishing operation using crab pots in

Namocon, Tigbauan, Iloilo, central Philippines

Figure 10. Motorized crabbing boat used in fishing operation

in the deeper waters of Tigbauan, Iloilo, central Philippines

In deeper waters, the operation is done using a larger
motorized banca (Figure 10) boarded by two persons. The
setting is usually done at 5 - 9 a.m., and hauling is done on the
next day at around 4 - 5 a.m. Soaking time is approximately 24
hours. Crab pots used range from 150 - 300 units per operation.
Bait used in every operation is small fishes with low market
value (e.g., leiognathids), same with Namocon village, which
was purchased from the local market. Formerly, crabbers used
frogs as bait because it is cheaper and more efficient. However,
buyers opted to buy the crabs that are fed with frogs due to the
perception of the consumers that they were also indirectly
eating the frog as well. The peak season for the deep-water
operation is usually October to June, while the lean season is
somewhere from July to September. Crabbers can attain a catch

up to 10 kilograms of crabs every peak season. However, during

the lean season, they could just acquire a half kilo or no catch at
all.

Crab pot fishers, which are engaged in deeper water,
typically operate near the Guimaras area with depths ranging
from 15-20 fathoms. However, when water is clear, the
operation is usually done 100 - 200 m away from the shoreline.
The set-up of fishing gear underwater is shown in the figure
below. The length of the rope from the floaters, which flags are
used with varieties of colors such as red, orange, and black to be
easily seen and identified, is around 5-36 m depending on the
fisherman’s depth preference to operate. The mainline used is
PE rope number 10 or 12, where crab pots are tied individually.
The distance between each crab pot is 3-7 m. Each crab pot is
still tied with another rope, which is PE rope number 6 or 8, to
the mainline with a distance of 0.5 - 1.5 m. The whole set-up is
weighted by 3 steel bar sinkers. Crabbers usually used 200 - 300
crab pot units per operation. The more the crab pots are used,

the lesser its distance away from each pot (Figure 11).
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Figure 11. Lay-out of crab fishing operation using crab pots in
Barroc, Atbayan and Baguingin, Tigbauan, Iloilo, central

Philippines

Crab fishing in the Municipality of Tigbauan, Iloilo, is done
every day or even twice a day if it is peak season. No catch limit
was implemented per day per fisher, and the only ordinance is
no catching of gravid females and crablets of less than 27.94 cm.
This is stated in the Municipal Ordinance No. 2014 - 10,
“Environment Code of the Municipality of Tigbauan” under
Chapter 10, Article J of Section 2.5, which penalized the
violators a fine of PHP 2,500.00 (US$ 48.67) or will be
imprisoned for not less than 5 days or both depending on the
discretion of the court.

BSC is normally traded alive starting from the landing until
it reaches the end consumers, for it commands a higher price.
Crabbers usually let the crab recover by submerging them

underwater before selling to the market. However, dead
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individuals are also sold at the same price provided that those
of good quality or fat. Species caught are only sold at the local
market with a price of PHP280.00 (US$ 5.45) if it is in small
sizes and can reach up to PHP 420.00 (US$ 8.18) at larger sizes.
Species usually caught in every operation are Portunus pelagicus
(kasag), Charybdis feriata (kurusan), Portunus sanguinolentus
(pintokan), and Scylla serrata (alimango). By-catch includes
flatfish, lobster, and stingrays.

Awareness of Regulatory Measures Regarding Crab

Fishery Management

The only ordinance of the Municipality of Tigbauan in
Iloilo with regards to crab fishing is the Municipal Ordinance
No. 2014-10, “Environment Code of the Municipality of
Tigbauan.” Chapter 10, Article J, Section 2.5 prohibits taking,
catching, selling, processing, or transporting gravid crabs and
crablets, mud crabs and/or blue crabs with a carapace less than
11.00 cm. This coincides with the size of BSC at first maturity,
which is 10.56 cm for females and 9.64 cm for males. Violations
on the said provisions will be penalized of PPH 2,500.00 (US$
48.67) or will be imprisoned for not less than 5 days or both
depending on the discretion of the court. According to the
survey, all crabbers are fully aware of the ordinance (Table 3),
and the information was disseminated properly by the LGU.
However, the lack of enforcement or strict implementation is
still the constraint of this ordinance. The release of the species

is still at the fishers’ discretion and guilt.

Table 3. Ordinance awareness of crabbers in Tigbauan, Iloilo,

central Philippines

Crabbers’ Percentage
Respondents (24) .
Count Composition (%)
Yes 24 100
No 0 0
Total 24 100

Problems and Concerns

The major problems and concerns among crabbers are the
The

municipality has already formulated an ordinance to ban the

trawling and/or dragging activities in the area.
use of the said destructive gear. However, operations are
continuously rampant. Whenever trawling is operated after
crab pots are being deployed, these fishing gears are being swept
away and nowhere to be found. This could lead to loss of
income to crabbers and add up to the cost of making new ones.
Concerns were brought to LGU but accordingly, no actions
and done. Crabber’s feedback is that

were made

implementation of the ordinance is too weak in the area. No
“bantay dagat” (sea guard) were assigned to each station to
guard against this illegal activity. The second concern is
poaching. Other fishers tend to harvest the crabs that were
caught by their crabbing gears. Next is the use of drift gillnets
or locally known palutaw, which could also drag and damage
the mainline of the crab pots, resulting in the loss of the gears.
Typhoons are also considered a problem since they could no
longer operate during this period due to strong winds and
waves. Therefore, it is too risky for crabbers to operate in deeper
areas. At this point, they do not have an income to support their
families, especially those who are only relying on crab fishing as

their major source of income.
Suggestions to Improve the Crab Fishery in Tigbauan,

Iloilo

As observed during the conduct of the survey, crabbing is
done on a regular basis (except for bad weather) without
considering the reproduction period of the BSC. Seldom,
catching of gravid females is prevalent. Even though there is an
ordinance of prohibition as mentioned above and all crabbers
are well-informed, they tend to be tempted because there are
times when the catch is scarce. In their minds also, when they
return the caught gravid BSC, another crabber will fish it
anyway. The probability of survival as well might be low due to
stress during the catching and handling process. A study must
be conducted on the reproductive biology of BSC taking into
account its biology in the area, which could be a basis for the
formulation of an effective management plan or of having a
closed season to prevent overfishing of the stock. Crabbers tend
to harvest one piece of crab for an overnight soaking time which
could be a red flag of stock depletion. Stock enhancement might
be a solution to address this phenomenon. Alternative
livelihood should be given to crabbers to also reduce the fishing
pressure. They could probably shift to having a business rather
than crab fishing. Providing them with alternative livelihoods is
a means of reducing fishing efforts in the area. The government
support is necessary and should be appropriate. Fishing gears
given to the fishers should fit on what is being used. A
preliminary survey should be done before distributing supports

so that efficient help is extended appropriately and efficiently.
Conclusion
Five villages were involved in crab fishing in the

Municipality of Tigbauan, central Philippines. Almost all

crabbers and their family in the area remained poor because of
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their lack of formal education, which limited them from
engaging in other types of livelihood that would increase their
income. The majority of the income, which came from the BSC
fishery, was barely enough to support the basic needs of the
family. In terms of fishing gears, crab pots and crab entangling
net or bottom-set gillnet were used by crabbers, and no
modifications were found. Fishing operation varied per type of
gear; however, species caught were similar. The daily operation
may contribute to the decline of the catch of BSC. Thus,
catching of gravid female BSC is inevitable. Hence, this paper
suggests a comprehensive stock assessment program may be
conducted to determine the dynamics of the population and the
status of the habitat in the area. A review on reproductive
biology in the area must be given attention to establish the
appropriate time. In terms of giving alternative livelihood, a
consultation with the end-users must be done to give the
appropriate help. Lastly, the ordinance must be strictly
implemented to help crab fishery in the municipality in the long

run, and sustainability will not be compromised.
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Introduction

Fish is one of the important protein sources in human diet.
Over the last two decades, aquaculture sector has developed
rapidly and expanded to many countries (FAO, 2018).
However, this development causes various economic issues
such as disease risk, use of expensive feed, wrong feeding
strategy or formulation and others (Farahi et al., 2010; Syahidah
et al., 2015; Erguig et al., 2015). Nutritional management is an
important key factor for prevention of diseases and successful
production in aquaculture (Farahi et al., 2010; Bilen & Bilen,
2013).

Inadequate nutritional factors are known to cause various
diseases and poor health condition in fish (Waagbg, 1994).
Adequate nutrients in diet directly affect to improve fish health
and prevent disease. Therefore, strategies for nutritional
management have critical role in the success of semi-intensive
and intensive aquaculture (Zoral et al., 2018). Also, the increase
of technological developments gave an opportunity to increase
stocking densities in aquaculture facilities (Bilen et al., 2013),
which in turns could also negatively affect fish health.

Fish
chemotherapeutics for the prevention and control of diseases
(Boran et al., 2013; Cabello et al., 2016; Uney et al., 2021).

However, antibiotics and chemotherapeutics may pose residual

farmers wusually use antibiotics or some

and toxic effects on organs in fish and human (Erguig et al.,
2015; Syahidah et al., 2015). In addition, the use of antibiotics
and chemotherapeutic agents for controlling diseases can
pollute the aquatic environment (Biswas et al., 2010; Syahidah
etal., 2015).

Since the past decade, application of medicinal plants and
their bioactive compounds are being widely used to prevent
diseases and maintain fish health in aquaculture (Hoseinifar et
al., 2019; Bilen et al., 2020; Hoseinifar et al., 2020a; Hoseinifar
et al., 2020b; Terzi et al., 2021; Yilmaz et al., 2022). Bioactive
compounds of these herbs have various beneficial effects to
animal (Giiroy et al.,, 2022; Sonmez et al., 2019; Sénmez et al.,
2021). For example, several reports demonstrated that
medicinal plants have antimicrobial, anti-antioxidant, appetite
stimulating, digestibility ameliorative, growth promoting,
sperm quality improving and immunostimulant properties
(Ranjbar et al.,, 2010; Banaee et al.,, 2011; Takaoka et al., 2011;
Vaseeharan & Thaya, 2014; Sénmez et al., 2018; Sénmez et al,
2019; Karga et al., 2020).

Pistacia terebinthus L. (terebinth), belonging to the family
in the

Anacardiaceae, is a plant that widely grows

Mediterranean region countries, such as Morocco, Portugal,

Greece, Turkey, Syria and Lebanon (Topgu et al., 2007). It was
reported that terebinth can be used to treat bronchitis, wounds,
burns and stomach disorders (Topcu et al., 2007; Cakilcioglu &
2010; 2011). In addition,

pharmacological studies have revealed that terebinth has

Turkoglu, Gogus et al,

antimicrobial, antifungal, antioxidant, anti-inflammatory,
diuretic and antitussive properties (Topgu et al., 2007; Ozcan et
al., 2009). There are no reports on the application of this herb
for improvement of growth and health of rainbow trout
(Onchoryhnchus mykiss).

In this context, an experiment was conducted to investigate
the efficacy of terebinth supplemented diet on rainbow trout
health. We examined various parameters (growth performance,
digestive and antioxidant enzyme activities, haematological
profile, and immune responses) which are directly related to

aquatic animal health.

Material and Methods

Source of fish and acclimatization

Rainbow trout juveniles (15.77+0.13 g) were purchased
from a commercial fish farm in Kastamonu, Turkey. All
experiments were performed at the indoor laboratory of
Kastamonu University, Fisheries Faculty, Turkey. The fish were
acclimatized for 2 weeks before commencement of the
experiment. Water parameters (7.77-9.29 mg/L of dissolved
oxygen, 6.5-7.5 pH, 12°C water temperature) were checked
daily. Photoperiod was maintained at 12 h light: 12 h dark.
During acclimation, the fish were fed ad libitum with a

commercial diet twice a day.

Preparation of terebinth extract

Ripe fruits of terebinth were collected according to the
procedure described by Pakravan et al. (2012) with a slight
modification. The ripe fruits were ground in a mechanical
grinder to a fine powder. Fifty gram of fruits and 1 L of 40%
methanol (Sigma-Aldrich, St. Louis, MO, USA) were blended
in a laboratory blender. The mixture was kept at room
temperature for 3 days with daily shaking. After 3 days, fruit
extract was filtered through a filter paper (Whatman filter No
1). Then, the filtrate was collected and evaporated in a rotary
evaporator at 55-65°C to remove alcohol from the fruit extract.
Final product (crude) was dissolved in distilled water and kept
in a flask at 4°C until use for experiment. The final product was
sprayed on fish diet (Commercial fish feed (Ozpekler MoyFeed,
2 mm, Protein 48%, Fat 17%) at three selected doses, 0.1, 0.5
and 1% terebinth extract diet (Taee et al., 2017). All the

99

s



Mohamed et al. (2022) Marine Science and Technology Bulletin 11(1): 98-112

experimental diets were kept in plastic zipped packs and stored

at -20°C until use. Diet composition is shown in Table 1.

Table 1. Composition of the experimental diets

Concentration (%)

Constituents Control PT PT PT
0 0.1% 0.5% 1%
Crude protein 46 46 46 46
Total lipid 14 14 14 14
Moisture 11 11 11 11
Ash 10 10 10 10
Phosphorus 1.2 1.2 1.2 1.2
Fiber 3 3 3 3
PT fruit extract 0 0.5 0.1 1

Note: PT: Pistacia terebinthus, PT0.1, PT0.5 and PT1% are diets
containing 0.1, 0.5 and 1% PT fruit extract

Oral treatment trials and sampling

The fish were randomly divided into four main groups that
were fed with 3 experimental diets, 0.1, 0.5 and 1% Pistacia
terebinthus and a control diet without extract. Forty fish were
distributed in each tank (500 L, 1 m diameter) in triplicate. All
the groups were fed ad-libitum for 63 days twice in a day.

During oral administration experiment, fish (3 fishes from
each experimental tanks) were randomly selected and were
anesthetised (0.01 mg/L of fenoxyethanol) for sampling at 21,
42 and 63 days. Blood was collected from caudal vein puncture
with heparinized syringes. The blood was transferred to EDTA
tubes for analysis of haematological and non-specific immune
parameters. The blood was centrifuged at 10000 rpm for 15 min
at 4°C. And then, plasma was separated and stored at -80°C.

Stomach and anterior part of intestine were collected, and
stored in plastic tubes at -80°C at the end of experiment. Liver
and white muscle samples were collected at 21, 42 and 63 days
and stored in liquid nitrogen at -80°C until antioxidant enzyme
and lipid peroxidation analyses were performed.

All animal experiments were conducted according to the
relevant international guidelines. Study protocols were
approved in advance by the local ethics committee for animal
research studies at the Kastamonu University (KUHADYEK-
07.03.2016-2016.10).

Growth performance

Weight of fish was measured at the beginning and at the end
of study. Each fish was individually weighed. Growth

performance was calculated as follows:

Weight gain (WG,%)= [100><

Final fish weight-Initial fish weight]
Initial fish weight

»

In(final fish weight)- In(initial fish weight)

Specific growth rate (SGR,%/day)= [100>< 2)

Experimental days

Feed intake (g)
‘Weight gain (g)

3

Feed conversion ratio (FCR)=

Survival rate (SR,%)= [M O] (4)

Initial number of fish

Digestive enzyme activities

The stomach and anterior part of intestine tissues (0.1 g)
were homogenized in 1 mL cold double distilled water using
ISOLAB homogenizer (Germany). And then, samples were
centrifuged at 9000 rpm for 20 min at 4°C. The supernatant was
separated and stored at —80°C until digestive enzyme activity
assay. Protein contents of stomach and intestine supernatants
were determined according to Bradford (1976).

Pepsin activity in stomach supernatant was determined as
described by Anson (1938). Trypsin activity in intestinal
supernatant was determined using benzoyl-dl-arginine-p-
nitroanilide following Erlanger et al. (1961). Lipase activity in
the intestinal supernatant was determined by hydrolysis of 4-
nitrophenyl myristate (Gawlicka et al., 2000). Amylase activity
in the intestinal supernatant was determined by starch
hydrolysis (Worthington, 1991).

Heamatological analysis

Red blood cell (RBC, x10%/mm?®) was measured as described
by Blaxhall & Daisley (1973). Hemoglobin (Hb, g dL"') was
determined according to Drabkin & Austin (1932). Hematocrit
(Hct, %) was determined as described by Billett (1990). Red
blood indices such as mean cell volume (MCV, fL), mean cell
(MCH, pg)
concentration (MCHC, %) were calculated according to White
et al. (2006).

hemoglobin and mean cell hemoglobin

Mean cell volume (MCV, um?)= [ﬁf;@m X 10] (5)
Mean cell hemoglobin (MCH, pg)= [% X 10] (6)

Mean cell hemoglobin concentration (MCHC, %)= [

Hb (g dﬁ)]
Het(%)

%

Antioxidant activity

Liver (0.1 g) and white muscle (0.1 g) samples were washed
with physiological saline. Samples were dried on a filter paper
and then homogenized separately on ice with 1 mL of
phosphate buffer. After that, the samples were centrifuged at
10000 rpm for 15 min at 4°C. The supernatant was then

separated and stored at -80°C until use for oxidative stress
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activity assay. The protein contents of liver supernatants were
determined similarly as described above (Bradford, 1976).

Superoxide dismutase (SOD) in liver tissue was determined
with using Sigma- Aldrich kit (Cat. No. 19160). Catalase (CAT),
glutathione
dehydrogenase (G6PDH) and lipid peroxidation (LPO) were
determined using Cayman chemical kits, item No. 707002,
703102, 700300 and 10009055, respectively.

peroxidase  (GPx),  glucose-6-phosphate

Non-specific immune parameters

Nitroblue tetrezolium (NBT) reduction activity was
determined wusing fresh blood (Siwicki et al, 1994).
Myeloperoxidase (MPO) and lysozyme activity (LA) assays
were determined using plasma according to (Ellis, 1990; Sahoo

et al., 2005) with some modifications.

Statistical analysis

The data were expressed as mean + SEM (standard error of
means) for all parameters tested. Differences between
treatments for various parameters were determined by one-way
analysis of variance (ANOVA) followed by Tukey tests at 5%
level of significance (p<0.05) using SPSS (16.0) program.

Results

Growth performance

All diet administered groups demonstrated that final weight
and weight gain were significantly higher (p<0.05) than in
control (Table 2). In addition, rate of WG and SGR were
significantly increased compared to the control (Table 2). FCR
in all the treatment groups significantly decreased (Table 2).
During the feeding experimental period, no mortality was

observed in all the groups.

Digestive enzyme activities

Pepsin and amylase activity in 0.1, 0.5 and 1% PT diet fed
groups significantly increased (p<0.05) in a dose-dependent
manner (Table 3). Trypsin activity significantly increased in 0.1
and 1% PT diet fed groups (Table 3). In addition, lipase activity

significantly increased in all the treatments (Table 3).

Haematological analysis

RBC, Hct, MCV, MCH and MCHC values did not vary
among treatment groups and control (Table 4). Only 0.5% PT
diet fed fish had significantly increased Hb level compared to
that of other diet fed groups and control (Table 4).

Antioxidant activity

After 21 days of feeding, SOD activity increased
significantly (p<0.05) in 0.1 and 0.5% PT diet administered
groups (Fig. 1). Additionally, after 42 days, all treatment groups
showed a significantly higher SOD activity compared to that of
control. SOD activity was higher in 0.1 and 1% PT diet fed
groups at the end of experiment (Figure 1). Throughout the
feeding period, CAT activity in 0.1% PT diet fed group was
significantly higher than that in control (Figure 2). In addition,
other treatment groups displayed higher CAT activity
compared to control at different sampling days (Figure 2). GPx
activity in all PT diet fed groups increased in a dose-dependent
manner after 21 and 63 days (Figure 3). We observed that
G6PDH activity in all the treatment groups increased at 21 and
42 days (Figure 4). Only 0.5% PT diet fed fish did not display
any significant result compared to control at the end of study
(Figure 4). On the other hand, LPO activity significantly
decreased in all treatment groups compared to that of control

(Figure 5).

Table 2. Growth performance parameters and survival of rainbow trout juveniles fed diets supplemented with Pistacia terebinthus (PT)

fruit extract for 63 days

Growth Parameters

Treatment Groups  1,;rig] weight Final weight Weight gain FCR SGR Survival
® ® (%) (%) (%)
Control 15.58+0.06 42,12+ 0.35° 170.37+ 2.70° 1.18+ 0.00° 1.58+0.02° 100
PTO0.1% 15.38+0.14 51.01+ 0.36* 232.5.1+ 2.67° 1.02+ 0.00° 1.91+0.01° 100
PT0.5% 1541+ 0.12 50.79+ 0.26* 229.82+3.87% 1.03+ 0.00° 1.89+ 0.02¢ 100
PT1% 15.27+0.18 51.54+ 0.40° 236.66+ 4.95° 1.04+ 0.00° 1.92+ 0.02¢ 100

Note: Each value is mean + SE. Different superscript letters in the same column indicate significant differences (p<0.05) between
treatment groups. FCR, feed conversion ratio; SGR, specific growth rate. PT0.1, PT0.5 and PT1% are diets containing 0.1, 0.5 and 1%
PT fruit extract.
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Table 3. Digestive enzyme activities of rainbow trout juveniles fed diets supplemented with Pistacia terebinthus (PT) fruit extract for 63

days
Digestive Enzyme Activities

Treatment Groups Pepsin Trypsin Lipase Amylase

U/mg protein U/mg protein U/mg protein U/mg protein
Control 47.95 + 0.69¢ 8.29 £ 0.16" 0.15+0.11° 0.51 £0.01¢
PT0.1% 67.40 £ 0.65 12.62 £ 0.57° 0.23£0.11* 0.56 £ 0.03¢
PT0.5% 75.45 + 0.88 8.31 £0.48" 0.19 £0.02* 0.68 £ 0.03*
PT1% 81.68 £ 0.81° 11.45 £ 0.55 0.20 £ 0.01* 0.59 +0.02°

Note: Each value is mean + SE of 3 fish. Different superscript letters in the same column indicate significant differences (p<0.05) between

treatment groups. PT0.1, PT0.5 and PT1% are diets containing 0.1, 0.5 and 1% PT fruit extract.

Table 4. Haematological parameters of rainbow trout juveniles fed diets supplemented with Pistacia terebinthus (PT) fruit extract for

63 days
Haematological Parameters
Treatment Groups RBC Hb Het Mcv MCH MCHC
(x10°/mm’°) (g7dl) (%) (pm’) (rg) (%)
Control 2.14 +£0.03 8.47+0.44° 23.00 + 0.57 107.43 £ 3.73 43.79 £0.34 441.66 = 1.20
PTO0.1% 1.94+ 0.10 9.63+ 0.43° 22.43 +0.80 112.37+ 1.52 46.49 £0.58 440.33 + 0.66
PT0.5% 2.31 £0.06 9.90+ 0.36° 23.37 £ 0.46 101.53 £2.49 43.45 £1.48 440.66 = 1.20
PT1% 2.07 £0.05 9.37+ 0.35 22.07 £0.76 104.83 = 3.27 45.13 £0.78 442.00 = 1.52

Note: Each value is mean + SE of 3 fish. Different superscript letters in the same column indicate significant differences (p<0.05) between
treatment groups. PT0.1, PT0.5 and PT1% are diets containing 0.1, 0.5 and 1% PT fruit extract. RBC, Red blood cell; Hb, haemoglobin;

Hct, haematocrit; MCV, mean cell volume; MCH, mean cell haemoglobin; MCHC, mean cell haemoglobin concentration.

SOD activity (U /mg protein)

30

—_ N
o O

o

21days

Experimental periods

42 days

63 days

m Control

m PT0.1%
PT0.5%

mPT1%

Figure 1. Superoxide dismutase (SOD) activity in rainbow trout juveniles fed diets supplemented with Pistacia terebinthus (PT) fruit

extract for 63 days. Different letters on the bars indicate significant differences (p<0.05) between treatment groups. PT0.1, PT0.5 and

PT1% are diets containing 0.1, 0.5 and 1% PT fruit extract.
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Figure 2. Catalase (CAT) activity in rainbow trout juveniles fed diets supplemented with Pistacia terebinthus (PT) fruit extract for 63

days. Different letters on the bars indicate significant differences (p<0.05) between treatment groups. PT0.1, PT0.5 and PT1% are diets

containing 0.1, 0.5 and 1% PT fruit extract.
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Figure 3. Glutathione peroxidase (GPx) activity in rainbow trout juveniles fed diets supplemented with Pistacia terebinthus (PT) fruit

extract for 63 days. Different letters on the bars indicate significant differences (p<0.05) between treatment groups. PTO0.1, PT0.5 and

PT1% are diets containing 0.1, 0.5 and 1% PT fruit extract.

Non-specific immune parameters

During the experiment, MPO activity significantly
increased in fish of all treatment groups (Table 5). In addition,
we observed that NBT level in all PT diet fed treatments
increased at the end of 21, 42 and 63 days (Table 6). Increasing
LA activity was observed on different sampling day in

treatment groups (Table 7).

Discussion

In the present study, dietary administration of PT extract

supplemented feed on the growth parameters (FW, WG and

SGR) indicated beneficial effects in rainbow trout. Moreover,
FCR decreased significantly in all PT extract treated fish groups.
Major bio-active compounds of terebinth, such as vitamins,
minerals, polysaccharide, alkaloids, fatty acids and flavonoids
could affect the growth rate. Previous studies reported that
these compounds stimulated appetite which caused enhanced
feed consumption, digestion and absorption of nutrients
(Zahran et al., 2014; Bilen et al., 2020; Elbesthi et al., 2020). In
contrast, Bilen & Bilen (2012) found no differences on growth
performance in rainbow trout fed with tetra and laurel powder.
The performance of digestive system in fish and other animals

directly depends on enzyme (pepsin, trypsin, amylase and
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lipase) activities (Furne et al., 2012). Pepsin is one of the most
important acid proteases secreted in stomach. This enzyme is
responsible for the digestion of dietary proteins to polypeptides
such as phenylalanine, tyrosine and other aromatic amino acids
(Darias et al., 2007). In this study, pepsin activity significantly
increased in all PT diet fed groups. This increase may be due to
protein contents in terebinth extract, which could stimulate
pepsin activity in the stomach. Previous studies reported that
pepsin activity was significantly increased in rainbow trout fed
garlic (Allium sativum), lupin (Lupinus perennis), stinging
nettle (Urtica dioica) and mango (Mangifera indica)
incorporated diets (Nya & Austin, 2011; Awad et al., 2012).
Trypsin enzyme, one of the alkaline proteases, is secreted in
intestine lumen. It completes protein digestion process and
hydrolysis of amino acids when chyme arrives at the intestine
(Darias et al., 2007; Napora-Rutkowski et al., 2009). The current
study revealed that PT extract at 0.1 and 1% of diet caused a
significant improvement in the intestinal trypsin activity
compared to that of the control and 0.5% PT extract treated
group. Probably, terebinth compounds accelerated trypsin
activity in the intestine. Ester bonds among the fatty acids and
glycerol are dissolved by lipase enzyme which is secreted from

pancreas to be discharged into intestine lumen (Ojha et al.,

2014). An enhanced trypsin activity was also observed in carp
fed with Chenopodium album (Amhamed et al, 2018) and
Apium graveolens extracts (Mohamed et al., 2018). Similar to
trypsin activity, lipase activity increased in all the treated fish
groups compared to the control. This is probably due to
terebinth compounds that stimulated lipase activity. The
amylase enzyme is mainly responsible for degradation of
carbohydrates and secreted in pancreas and finally discharged
into intestine lumen. It is responsible for the hydrolysis of
glycosidic bonds among sugar residues in large carbohydrates.
It digests carbohydrates into glucose (Ojha et al., 2014).
Amylase activity increased in all the treated groups. The
increase in amylase activity might have happened due to
carbohydrate content in fruit extract of PT or may be due to
augmentation for proliferation and maintenance of intestinal
microflora which can produce enzymes that may improve
digestibility and absorption of feed ingredients (Aly &
Mohamed 2010; Citarasu, 2010; Bulfon et al., 2015). These
findings agree with the previous studies which indicated that
medicinal herbal extracts stimulated digestion with enhanced
bile acid concentration and induced the pancreas for increased

secretion of digestive enzymes in fish (Bhosale et al., 2010).

Table 5. Myeloperoxidase activity (OD 450 nm) in rainbow trout juveniles fed diets supplemented with Pistacia terebinthus (PT) fruit

extract for 63 days

Experimental Period

Treatment Groups

21 days 42 days 63 days
Control 108.67 + 1.34¢ 116.80 + 2.02¢ 110.89 £ 1.75¢
PTO0.1% 128.81 £ 2.92¢ 156.39 £2.26° 111.12 £+ 3.42°¢
PT0.5% 151.22 £ 2.67¢ 139.65 + 3.00° 114.64 + 2.57°
PT1% 137.11 + 1.45° 126.59 £ 1.76° 122.87 £ 3.61*

Note: Each value is mean + SE of 3 fish. Different superscript letters in the same column indicate significant differences (p<0.05) between
treatment groups. PT0.1, PT0.5 and PT1% are diets containing 0.1, 0.5 and 1% PT fruit extract.

Table 6. Nitroblue tetrezolium activity (mg ml™) in rainbow trout juveniles fed diets supplemented with Pistacia terebinthus (PT) fruit

extract for 63 days.

Experimental Period

Treatment Groups

21 days 42 days 63 days
Control 1.38 £ 0.02¢ 2.45 £ 0.04¢ 2.33 £0.05¢
PTO0.1% 1.63 +0.05° 2.81 £0.05* 2.76 £0.06*
PT0.5% 1.67 +0.04° 2.58 +0.04° 2.51 + 0.06°
PT1% 2.59 £ 0.02° 2.58 +0.01° 2.74 £ 0.02°

Note: Each value is mean + SE of 3 fish. Different superscript letters in the same column indicate significant differences (p<0.05) between

treatment groups. PT0.1, PT0.5 and PT1% are diets containing 0.1, 0.5 and 1% PT fruit extract.
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Table 7. Lysozyme activity (U ml-1) in rainbow trout juveniles fed diets supplemented with Pistacia terebinthus (PT) fruit extract for

63 days

Experimental Period

Treatment Groups

21 days 42 days 63 days
Control 0.45 + 0.00° 0.02 + 0.00° 0.02 £ 0.00°
PT0.1% 0.47 £ 0.03° 0.05+0.01° 0.02 £ 0.01°
PT0.5% 0.61 +0.02* 0.03 £ 0.00° 0.03 +0.01°
PT1% 0.37 £0.03° 0.27 +£0.02* 0.04 £ 0.01°

Note: Each value is mean + SE of 3 fish. Different superscript letters in the same column indicate significant differences (p<0.05) between

treatment groups. PT0.1, PT0.5 and PT1% are diets containing 0.1, 0.5 and 1% PT fruit extract.
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Figure 4. Glucose-6-phosphate dehydrogenase (G6PDH) activity in rainbow trout juveniles fed diets supplemented with Pistacia
terebinthus (PT) fruit extract for 63 days. Different letters on the bars indicate significant differences (p<0.05) between treatment groups.

PTO.1, PTO0.5 and PT1% are diets containing 0.1, 0.5 and 1% PT fruit extract.
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Figure 5. Lipid peroxidation (LPO) activity in rainbow trout juveniles fed diets supplemented with Pistacia terebinthus (PT) fruit extract
for 63 days. Different letters on the bars indicate significant differences (p<0.05) between treatment groups. PT0.1, PT0.5 and PT1% are

diets containing 0.1, 0.5 and 1% PT fruit extract.
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The present study showed that RBC, Hb, Hct, MCV, MCH
and MCHC values did not vary among treatments and control.
This result established that supplementation of terebinth
extract at 0.1, 0.5 and 1% of feed does not exert any adverse
effect on haematological parameters in rainbow trout.

SOD and CAT are responsible for removal of superoxide
anions (Vutukuru et al., 2006). In the present study, SOD and
CAT activities increased in all the treatment groups at all
sampling times, except in 0.5% PT extract administered group
after 63 days. This increase in both hepatic SOD and CAT
activities was probably due to the antioxidant property of fruit
extract which could further stimulate antioxidant defence
mechanism through enhancing the activity of endogenous
antioxidant enzymes or stimulating the synthesis of hepatic
SOD and CAT to prevent generation of excessive free radicals
(O7 and H,0,) during normal cell metabolism and respiratory
burst activity (Topgu et al., 2007; Yilmaz et al., 2010). GPx is
one of the important enzymes involved in cellular antioxidant
enzymatic system. In addition, the GPx activity is an indicator
of cell damage (Uner et al.,, 2006; Liang et al., 2017). In the
present study, the hepatic GPx activity was significantly
increased in all the experimental groups throughout the
experimental period. The antioxidant property of terebinth
extract might have stimulated GPx activity. Ellagic acid is one
of the main phenolic compounds of Pistasia spesices (Mehenni
et al., 2016). In line with the present finding, Mise Yonar et al.
(2014) observed that GPx activity in rainbow trout increased
significantly during feeding with ellagic acid. Similar result of
increased GPx activity was also reported in rainbow trout fed
with thyme (Thymus vulgaris), sage (Salvia officinalis) and mint
(Mentha spicata) extracts (Sénmez et al., 2015). G6PDH is
considered as a secondary antioxidant enzyme (Rayeni, 2016).
It cannot neutralise free radicals directly, however, it has a
supporting role to other endogenous antioxidants (Carocho &
Ferreira, 2013). The current study demonstrated that GGPDH
activity increased in all the treatment groups after 21 and 42
days. Only in fish fed with 0.5% PT diet, no significant
enhancement was observed after 63 days. Sonmez et al. (2015)
reported similar results of elevated GGPDH activity in rainbow
trout fed with thyme, sage and mint extracts. Furthermore,
clove (Syzygium aromaticum) and cardamom (Elettaria
cardamomum) containing diets increased the activity of
G6PDH in rohu fish (Labeo rohita) (Asimi & Sahu, 2016). LPO
was significantly reduced in all the experimental fish groups.
This result may be attributed to free radical scavenging

property of terebinth extract which is associated to the bioactive

compounds such as polyphenols, flavonoids and vitamins. Mise
Yonar et al. (2014) suggested ellagic acid as a polyphenolic
compound (Mehenni et al., 2016) that caused a significant
decrease in LPO in liver, kidney and spleen tissues in rainbow
trout. In addition, LPO activity decreased in rainbow trout and
silver catfish (Rhamdia quelen) fed with the medicinal herb,
garlic which contains flavonoid compounds (Mohebbi et al.,
2012; Pés et al., 2016).

Superoxide anions are important antimicrobial effectors.
Thus, the respiratory burst activity of phagocytes has been used
frequently as an indicator of non-specific immunity in fish
(Sahoo et al.,, 2005). NBT reduction activity improved in fish of
the all experimental groups. This effect may be due to a strong
immunostimulant property of this fruit extract which contains
bioactive compounds, such as vitamins, oils, polyphenolic and
flavonoid compounds (Topgu et al., 2007; Karga et al., 2020). In
line with our results, Aloe vera extracts caused enhanced
respiratory burst activity in rainbow trout fry (Haghighi et al.,
2014). MPO is an enzyme secreted by macrophages and
neutrophils of fishes. It utilizes halide and hydrogen peroxidase
to kill bacteria (Hampton et al., 1996). The MPO can act as an
indicator of phagocyte and neutrophil activities, which are used
as an indicator of non-specific immune response (Johnston,
1978). MPO activity increased in all treatment fish groups.
Similar result was observed in Mozambique tilapia
(Oreochromis mossambicus) fed a diet supplemented with a
herb, guduchi cordifolia)

(Alexander et al., 2010) and rainbow trout fed with cherry stem

medicinal (Tinospora leaves
extract (Amoush et al., 2021). LA is an important element in
non-specific defence mechanism (Evelyn, 2002). Lysozyme is
secreted by lysosomes present in neutrophils (Uribe et al.,
2011). In our study, LA increased on different sampling days in
treatment groups. Some previous studies indicated that
medicinal herbs and their bioactive compounds have positive
effects on LA activity in rainbow trout (Salem et al., 2021;
Lakwani et al., 2022). Haghighi et al. (2014) reported that LA
activity increased significantly in rainbow trout fry fed with 1%

of Aloe vera extract.

Conclusion

In conclusion, our results indicated that terebinth extract
supplemented diet has positive effect on growth, digestive
enzyme activities, antioxidant activities and non-specific
immune response in rainbow trout. It is also considered that
this type of medicinal plants can be used in aquaculture sector

as a therapeutic and immunostimulant supplement material.
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Introduction

Potential sources for heavy metal pollution in the aquatic
environment include but not limited to mining of metals,
geochemical structure, and industrial wastes (Lee & Stuebing,
1990; Gimgiim et al., 1994; S6nmez et al., 2021). Moreover,
heavy metals can accumulate to toxic concentrations under
some environmental conditions (Giiven et al., 1999) and cause
ecological harm (Harms, 1975; Jefferies,1984; Freedman, 1989).

Tawi-Tawi is located at the southern tip of the Philippines,
known to be at the center of the coral triangle, endowed with
great marine biodiversity. Tawi-Tawi Bay serves as the major
source of juvenile fish and macroinvertebrates recruits for
much of the focal areas, perhaps even for areas farther east. The
bay harbors different species of macroinvertebrates that include
gastropods and haliotids (Campos et al., 2007).

This bay serves as the spawning ground of all aquatic
organisms, including pelagic fishes such as tunas. However, this
bay also serves as a sink for a series of anthropogenic activities
coming from different coastal areas. Prominent activities
undertaken in this bay are mariculture, urbanization, and
nickel mining activities that were recently established within
the mainland of Tawi-Tawi. Seaweed farming is the main
livelihood of most people thriving in these areas. To increase
their seaweed production, seaweed farmers immerse their
seaweeds in agricultural fertilizers (Tahiluddin et al., 2021) that
have a potential source of heavy metals. Mining activities in
mainland Tawi-Tawi will find their way into the bay through
sedimentation. Fine sediments are known to harbor heavy
metals due to their size and adhesive properties (Hwang et al.,
2016). In addition, heavy maritime traffic and deep-water
movements in the region are also seen as important factors that
can contribute to the chemical pollution.

To our knowledge, there has been no study investigating
heavy metals in water, sediment, and macroinvertebrates
(spider conch and sea cucumber) in Tawi Tawi Bay,
Philippines, to date. To evaluate the metal pollution of the area,
we aimed to determine the heavy metal contents (Cd, Cu, Fe,
Mn, Ni, Zn, and Pb) in

macroinvertebrates originating from the coastal region of

sediment, water, and
Tawi-Tawi bay. Further comparisons with different reported
data were also conducted. Our results may help in evaluating
the heavy metal pollution status of Tawi-Tawi bay, Philippines,
regarding the quality of macroinvertebrates, water, and

sediment.

Materials and Methods

Sampling Procedure

All samples were collected in four different coastal areas
(Bongao, Panglima Sugala, Banaran, and Simunul) in October
2019 within Tawi-Tawi Bay, Philippines (Fig. 1). Although
Tawi-Tawi is not much affected by season, October is the peak
of the wet season. Samples were collected in triplicate at each
sampling site. Three individuals of spider conch and sea
cucumber were collected in each sampling area. Likewise, three
samples of sediment and surface water were collected in areas

where the macroinvertebrates were found.
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Figure 1. Map of the study sites

Water samples were collected from approximately 30 cm
below the surface by immersing polyethylene bottles that were
previously washed with 10% nitric acid (v/v) and rinsed
thoroughly with distilled water. After collection, samples were
treated with 10% nitric acid until obtaining the pH level of 2,
filtered through 0.45 pm filter and stored at +4°C (Alam et al,,
2001; Sonmez et al., 2012; Elderwish et al., 2019). Sediment
samples were collected using a plastic shovel from the bottom
(<5 cm) and placed into polyethylene ziplocked bags. The
samples were then air dried in the laboratory. After drying, they
were powdered, filtered through a 160-um sieve and stored at
-20°C (Ogztiirk et al., 2009). Macroinvertebrate samples, on the
other hand, were collected by hand while freediving.
Macroinvertebrate samples were washed with deionized water
and stored in individual polyethylene bags at -20°C until
transportation (Baharom & Ishak, 2015).

Heavy Metal Analyses

Water, sediment, and macroinvertebrate (spider conch and
sea cucumber) samples were transported to Turkey by plane in

a styrofoam box containing dry ice and analyzed in the Central
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Research Laboratory, Kastamonu University, Turkey. Heavy
metal (Cd, Cu, Fe, Mn, Ni, Zn, and Pb) concentrations in the
water samples were measured directly. The heavy metal
contents of the sediments were determined by digesting
samples (0.5 g each) in a microwave oven for 1 h at 600 W using
a high-pressure digestion vessel with 6 ml of HNOs/HCl (v/v
2:1) as per Morillo et al. (2004). Macroinvertebrates were
analyzed following the method of Sonmez et al. (2012). Briefly,
samples were accurately homogenized, weighed (5 g, wet
weight), and were digested with nitric acid-hydrogen peroxide
(2:3) by exposing samples to 40 bar pressure microwave wet
incineration units (Berghof speedwave MWS-2) in three
different steps: (i) 75% microwave power for 5 min at 145°C,
(ii) 90% microwave power for 10 min at 180°C, and (iii) 40%
microwave power for 10 min at 100°C. The samples were then
read in two parallel. All readings were conducted using
inductively coupled plasma optical emission spectrometry
(ICP-OES, PerkinElmer, Optima 2100 DV). Deionized water
was used and all reagents used were of analytical grade. All
glassware and plastic materials were washed using nitric acid
for 15 minutes and were shaken using deionized water before
use. The inert gas used was high purity argon. Standard
solutions were prepared using stock solutions (Merck, multiple
element standard). DORM-3 and DOLT-4 (National Research
Council Canada, Ottawa, Canada) were used as certified

reference materials.

Statistical Analysis

The data obtained were analyzed using a one-way analysis
of variance (ANOVA). Levene’s test was used for homogeneity
analysis. Significant differences among sampling sites were
further interpreted using Duncan’s Multiple Range Test
(DMRT). Data were presented in mean + SE. All significant

levels were set at 0.05.

Results

The obtained levels for the Cd, Cu, Fe, Mn, Ni, Zn, and Pb
in the sediment, water, spider conch, and sea cucumber in the
coastal areas of Tawi-Tawi Bay, Philippines are summarized in
Tables 1, 2, 3, and 4, respectively.

All heavy metals evaluated in sediments showed a
statistically significant difference (p<0.05) in all experimental
sites (Table 1). The Bongao area had the highest concentration
of all heavy metals (p<0.05). However, the concentration of
heavy metals (Mn, Cu, Zn, Pb, and Ni) found in sediment is
considered a non-polluted category (Abbasi & Mirekhtiary,
2020). In general, the accumulated levels of heavy metals in
sediment were in the following order: Fe > Zn > Mn > Pb > Cu
> Ni > Cd. Fe was the most abundant metal, while the lowest
abundance was observed for Cd.

The seawater samples collected from different experimental
sites showed a statistically significant difference in the levels of
Cd, Cu, Fe, Zn, Mn, Ni concentration (p<0.05) but not in Pb
(p>0.05) as shown in Table 2. The highest level of cadmium,
iron, manganese, and zinc content was recorded in seawater
collected from Simunul. At the same time, the highest copper
level was manifested by the seawater collected from the
Panglima Sugala and Simunul areas (p<0.05). However, the
highest Ni level was recorded at Bongao station. In general, the
accumulated levels of heavy metals in seawater were in the
following order: Pb > Zn > Cu > Ni > Fe > Cd > Mn. Pb was the
most abundant metal, while the lowest abundance was observed
for Mn.

The results showed that heavy metals (Cu, Fe, Mn, Ni, Zn,
and Pb) in different coastal areas of Tawi-Tawi Bay differed
significantly (p>0.05) in spider conch except for Mn (Table 3).
Spider conch L. lambis collected in Panglima Sugala had the
highest Cd level (1.48+0.18) compared to other coastal areas

Table 1. Heavy metal concentrations (ppm, dry weight) in sediment samples collected from different coastal areas of Tawi-Tawi bay

Sites Cd Cu Fe Mn Ni Zn Pb
1 0.45%0.01* 20.17+0.36* 9,948+113° 34.66+0.45* 6.40£0.14* 76.99+2.21* 23.79+0.36°
2 0.29+0.00¢ 10.41+0.43° 4,257+177¢ 20.17+0.08° 4.53+0.08° 39.01£1.90¢ 14.99+0.39°
3 0.34+0.02° 10.37+0.81° 4,443+535¢ 25.69+3.85° 4.24+0.12° 56.85+6.03° 14.98+0.41°
4 0.29+0.01¢ 11.84+0.48° 6,709+55° 25.86+0.57° 4.32+0.19° 32.02+3.32¢ 16.04+0.75°

Note: Data are presented as meantstandard error (n:9). Different superscript letters in the same column indicate significant differences

between sampling sites (p<0.05). 1: Bongao, 2: Panglima Sugala, 3: Banaran, 4: Simunul.
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Table 2. Heavy metal concentrations (ppb) in water samples collected from different coastal areas of Tawi-Tawi bay

Sites Cd Cu Fe Mn Ni Zn Pb
1 0.85+0.01° 18.91+0.29° 0.54+0.09° 0.79+0.01° 11.44+0.03% 19.37+0.25° 32.92+0.12
2 0.84+0.01° 24.33+£0.71° 2.00+0.26° 0.55+0.02° 11.03+0.07° 25.1840.21° 33.92+1.07
3 0.85+0.01° 20.40+0.53° 0.95+0.07° 0.74%0.01° 11.34+0.06% 21.5740.62° 38.86+2.56
4 0.90+0.01*° 22.700.60* 10.40+2.71% 1.31+£0.23* 11.32+0.14% 316.63+68.19* 35.47+2.98

Note: Data are presented as meantstandard error (n:9). Different superscript letters in the same column indicate significant differences

between sampling sites (p<0.05). 1: Bongao, 2: Panglima Sugala, 3: Banaran, 4: Simunul.

Table 3. Heavy metal concentrations (ppm, wet weight) in spider conch (Lambis lambis) samples collected from different coastal areas

of Tawi-Tawi bay

Site Cd Cu Fe Mn Ni Zn Pb
1 0.87+0.09° 3.43+0.57% 42.19+1.26° 9.8510.26 1.00+0.06° 21.42+0.62° 1.21+0.02°
2 1.48+0.05* 6.06+1.13* 138.08+19.78* 9.01+0.43 1.74+0.18* 36.16+2.43% 1.31+0.06%
3 0.83+0.05° 2.1340.24° 49.87+8.18° 7.87+0.48 1.02+0.01° 24.30+0.80° 1.52+0.13*
4 0.43£0.10°¢ 4.92+1.11% 65.83+20.64° 8.03+£2.17 0.50£0.16° 50.62+10.39* 1.23+0.03°

Note: Data are presented as meantstandard error (n:9). Different superscript letters in the same column indicate significant differences

between sampling sites (p<0.05). 1: Bongao, 2: Panglima Sugala, 3: Banaran, 4: Simunul.

Table 4. Heavy metal concentrations (ppm, wet weight) in sea cucumber (Holothuria scabra) samples collected from different coastal

areas of Tawi-Tawi bay

Sites Cd Cu Fe Mn Ni Zn Pb
1 0.06+0.01° 0.99+0.12% 132.66+16.73° 0.78+0.06° 1.06+0.06% 186.48+28.30P 3.58+0.02*
2 0.10+0.00* 1.38+£0.23* 319.78+64.80% 1.57+0.21* 0.89+0.03° 88.70+4.65° 3.58+0.15%
3 0.08+0.00* 0.79+0.10° 462.02+94.12° 1.48+0.24% 0.96+0.02% 261.18+102.08% 3.40+0.07%
4 0.08+0.00% 0.68+0.02° 159.54+10.61° 0.84+0.09" 1.56+0.31° 573.18+141.34* 3.17+0.07°

Note: Data are presented as meantstandard error (n:9). Different superscript letters in the same column indicate significant differences

between sampling sites (p<0.05). 1: Bongao, 2: Panglima Sugala, 3: Banaran, 4: Simunul.

within Tawi-Tawi Bay (p<0.05). Cu, Fe, and Ni results were also ) ]
Discussion
higher at station 2, similar to Cd values. The Zn value was

measured as highest at the 4th station, and the Pb value was the This study provides a preliminary determination of heavy

highest at the 3rd station. In general, the accumulated levels of metals in sediment, water, and macroinvertebrates in Tawi-

heavy metals in spider conch were in the following order: Fe > Tawi Bay, Philippines. Our results revealed that the heavy

Zn > Mn > Cu > Pb > Ni > Cd. Fe was the most abundant metal, metals (Cu, Fe, Mn, Ni, Zn & Pb) determined from different

while the lowest abundance was observed for Cd. collected samples varied as presented in Tables 1, 2, 3, and 4.

Heavy metal results in sea cucumber (H. scabra) samples However, heavy metals in all samples were within the safety

were statistically different at all stations (Table 4). Cd, Cu, Mn, limits set by WHO, US (EPA and FDA), and EMA.

and Pb levels were recorded as the highest in the second station. The average heavy metal content in the sediment samples

On the other hand, Fe was highest at the third station and Ni at decreased in the order of Fe > Zn > Mn > Pb > Cu > Ni > Cd.
the fourth station. In general, the accumulated levels of heavy Fe content of Tawi-Tawi Bay’s sediment ranged from 4,257-
metals in sea cucumber were in the following order: Fe> Zn >

Pb > Ni > Mn > Cu > Cd. Fe was the most abundant metal, while

9,948 ppm, much greater than sediment determined in

Quangzhou Bay (3.17 ppm, Yan et al., 2020) but considerably
the lowest abundance was observed for Cd.
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lower than the sediment sampled from Ryder Bay (14,900-
26,300 ppm, Webb et al., 2020). The concentration of Zn in
sediments of Tawi-Tawi Bay ranged from 32.02-76.99 ppm. In
other studies, Zn concentrations vary according to the location;
7.6-145.9 in Monastir Bay (Amor et al., 2020), 48.6-538.2 ppm
in Thessaloniki Bay (Christophoridis et al., 2019), 31.1-54.3
ppm in Ryder Bay (Webb etal., 2020), 95.2-443.4 ppm in Masan
Bay (Lim et al,, 2013), and 130.86 ppm in Quangzhou Bay (Yan
et al., 2020). Mn content (20.17-34.66 ppm) in the sediment of
Tawi-Tawi Bay is comparatively lower than other studies;
141.5-546.8 ppm in Thessaloniki Bay (Christophoridis et al.,
2019), 211-404 ppm in Ryder Bay (Webb et al., 2020), and 612.6
ppm in Quangzhou Bay (Yan et al,, 2020). Pb concentration
(14.98-23.79 ppm) of the sediment obtained in the present
study is relatively lesser than in Quangzhou Bay (42.18 ppm,
Yan et al, 2020), Thessaloniki Bay (29.4-195.4 ppm,
Christophoridis et al., 2019), and Masan Bay (29.0-82.5 ppm,
Lim et al., 2013); however, it is higher than those obtained from
Ryder Bay (4.8-5.0 ppm, Webb et al., 2020). Besides, the Pb
concentration of Monastir Bay ranged from 0-47 ppm (Amor
et al., 2020). Cu concentration sampled from the sediment of
Tawi-Tawi Bay ranged from 10.37-20.17 ppm. In other Bays
around the world, Cu concentrations in the sediments were 1.6-
54.2 ppm in Monastir Bay (Amor et al., 2020), 21.3-180.1 ppm
in Thessaloniki Bay (Christophoridis et al., 2019), 21.6-113.9
ppm in Masan Bay (Lim et al., 2013), 19.79 ppm in Quangzhou
Bay (Yan et al., 2020), and 19.16-44.3 ppm in Ryder Bay (Webb
et al., 2020). Ni concentrations in the sediment of the present
study ranged from 4.24-6.4 ppm, which were relatively lower
than those sampled from Thessaloniki Bay (41.8-171.3 ppm,
Christophoridis et al., 2019), Masan Bay (15.5-46.6 ppm, Lim et
al., 2013), and Quangzhou Bay (20.89 ppm, Yan et al., 2020). In
addition, Ni concentrations in the sediments of Monastir Bay
and Ryder Bay were 0.5-64.85 and 5.8-11.2 ppm, respectively
(Webb et al., 2020; Amor et al., 2020). All heavy metals in the
sediment were found to be higher in the first sampling site
(Bongao) than any other site. Bongao is the most developed
region among the sampling sites and it is inhabited by more
people than others. The reason for high heavy metal
concentration could be attributed to the high population and
industrialization which may have led to increased
anthropogenic activity.

The average heavy metal concentration in seawater samples
was observed in the order of Pb > Zn > Cu > Ni > Fe > Cd >
Mn. Pb concentrations determined from the coastal waters of
Tawi-Tawi Bay ranged from 32.92-38.86 ppb, which are
comparable to those sampled from Sheyang Estuary (0.15-1.57

ppb, Zhao et al,, 2018), East GD coastal regions (0.0-7.7 ppb,
Zhang et al., 2015), and West GD coastal regions (0.1-6.5 ppb,
Zhang et al., 2015). Also, the Pb concentrations in the water of
the Gulf of Cambay ranged from 27-2,203 ppb (Reddy et al,,
2005). Cu levels (18.91-24.33 ppb) obtained from the water in
the present study are relatively higher than those in Sheyang
Estuary (1.94-7.39 ppb, Zhao et al,, 2018), East GD coastal
regions (0.2-9.3 ppb, Zhang et al., 2015), and West GD coastal
regions (0.3-18.1 ppb, Zhang et al., 2015) but much lower
compared to Gulf of Cambay (27-4,062 ppb, Reddy et al., 2005).
Ni and Fe concentrations determined in the coastal waters of
Tawi-Tawi Bay ranged from 11.03-11.44 and 0.54-10.4 ppb,
relatively lower than those in the Gulf of Cambay with a
concentration 23-1,076 and 24-3,785 ppb, respectively (Reddy
et al,, 2005). Cd concentrations in seawater samples in this
study ranged from 0.84-0.9 ppb, which are greater than other
studies such as 0.04-0.30 ppb in Sheyang Estuary (Zhao et al.,
2018), 0.01-0.66 ppb in East GD coastal regions (Zhang et al.,
2015), and 0.01-0.89 ppb in West GD coastal regions (Zhang et
al,, 2015), but comparably lesser than those in Gulf of Cambay
with a concentration range from 27-4,062 ppb (Reddy et al,,
2005). Mn concentrations in the water samples of Tawi-Tawi
Bay ranged from 0.55-1.31 ppb, which are considerably lesser
than those in the Gulf of Cambay (Reddy et al., 2005) with a
concentration range from 25-5,152 ppb. Surprisingly, contrary
to the sediment results, the heavy metals in the water except Ni
and Pb were found to be higher in the fourth sampling site
(Simunul) than the other sites. This could, somehow, be the
result of a spontaneous pollution event that emerged in the
region during the sampling period. However, it is inconclusive
whether such event occurred. This emphasizes the need for a
that the

concentrations at certain intervals in the region.

periodical  study determines heavy metal

The heavy metals content in spider conch showed a trend in
an order of Fe > Zn > Mn > Cu > Pb > Ni > Cd. Fe content
(42.19-138.08 ppm) in spider conch was found to be
considerably lesser than in limpet with a 1048-2866 ppm
concentration (Webb et al., 2020). Zn content in spider conch
in the present study ranged from 21.42-50.62 ppm. Gastropods
normally contain Zn ranging from 2.2-60.5 ppm (Cubadda et
al., 2001). Limpets, in particular, contain varying Zn contents
such as 40.3-158 ppm (Pérez et al., 2019) and 61.2-82.6 ppm
(Webb etal., 2020). Mn content in spider conch obtained in this
study ranged from 7.87-9.85 ppm, while in limpets, it ranged
from 8.8-41.9 ppm (Webb et al., 2020). Cu content in spider
conch in this study ranged from 2.13-6.06 ppm. Cu content in

gastropods ranges from 0.47-34.7 ppm (Cubadda et al., 2001).
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Shellfish and limpets have been reported to contain Cu content
ranging from 0.9-137 ppm (El Nemr et al., 2016) and 1.49-25.2
ppm, respectively (Pérez et al., 2019; Webb et al,, 2020). Pb
content in gastropods ranges from 0.06-2.18 ppm (Cubadda et
al., 2001). In this study, Pb concentration in spider conch
ranged from 1.21-1.52 ppm. Pb content in limpets was
previously determined, ranging from 0.5-2.2 ppm (Webb et al.,
2020) to 0.68-2.75 (Pérez et al, 2019). In shellfish, Pb
concentration ranged from 0.2-17 ppm (El Nemr et al., 2016).
Ni content (0.5-1.74 ppm) in spider conch was found to be
relatively lower compared to other studies such as in shellfish
(7.8-41 ppm, El Nemr et al., 2016) and limpets (0.82-8.4, Pérez
et al., 2019; Webb et al.,, 2020). Cd content in spider conch
determined in this study ranged from 0.43-1.48 ppm. These
values are within the values of Cd content in gastropods (0.1-
6.6 ppm, Cubadda et al., 2001); however, they are higher than
those reported in limpets with 1.49-25.2 ppm concentrations
(Pérez et al., 2019; Webb et al., 2020). In addition, Cd content
in shellfish ranged from 0.04-1.7 ppm (El Nemr et al., 2016).
The mean heavy metal content in the sea cucumber samples
(H. Scabra) followed the order of Fe> Zn > Pb > Ni > Mn > Cu
> Cd. Fe content (132.66-462.02 ppm) in H. scabra obtained
from the present study was determined to be relatively higher
than those obtained from other sea cucumber species such as in
Stichopus herrmanni with a concentration of 14.6 ppm (de
Fretes et al., 2020), in H. edulis with a concentration of 39.82
ppm (Jinadasa et al., 2014) and in H. atra with a concentration
of 11.72 ppm (Jinadasa et al., 2014). Zn content (88.7-573.18
ppm) in H. scabra was also found to be comparably greater than
those other sea cucumber species; 2.634 ppm in Apostichopus
japonicas (Jiang et al., 2015), 20.95 ppm in H. edulis (Jinadasa
et al., 2014), 20.30-36.21 ppm in A. japonicas (Mohsen et al.,
2019), and 24.38 ppm in H. atra (Jinadasa et al., 2014). Pb
content (3.17-3.58 ppm) in H. scabra was found to be much
higher than in A. japonicas (Jiang et al, 2015), H. edulis
(Jinadasa et al., 2014), and H. atra (Jinadasa et al., 2014) with
concentrations of 0.065, 0.03, 0.1 ppm, respectively. Ni content
(0.89-1.56) in H. scabra was determined to be relatively similar
to A. japonicas with a concentration of 1.18-1.77 ppm (Mohsen
et al, 2019). Mn content (0.78-1.57 ppm) in H. scabra
was observed to be comparably lower than A. japonicas with
16.37-58.91 ppm concentrations (Mohsen et al, 2019). Cu
content (0.68-1.38 ppm) in H. scabra was found to be much
lower compared to H. atra (3.18 ppm, Jinadasa et al., 2014),
A. japonicas (1.55-8.21 ppm, Mohsen et al., 2019), H. edulis

(1.84 ppm, Jinadasa et al., 2014), however, it was determined

to be higher than in A. japonicas (0.179 ppm, Jiang et
al,, 2015). Cd content (0.06-0.1 ppm) in H. scabra was
observed to be than
(0.161-0.85 ppm, Jiang et al., 2015; Mohsen et al, 2019),
and relatively similar with H. edulis (0.11 pm, Jinadasa et al,,
2014) and H. atra (0.07 ppm, Jinadasa et al, 2014). In

much lesser in A. japonicas

general, these results suggest that contents of heavy metals
in sea cucumber from the coastal area of Tawi-Tawi are
similar, lower, or higher than previously reported contents. It
should be noted that the sea cucumbers inhabiting different
contents

areas were compared and the heavy metal

among sampling sites varied. However, the chemical
contents between different species as well as individuals
of the same species are under the influence of many
factors including but not limited to collection site and
time, gender, habitat, age, feeding habits, etc. (Morgano et al.,
2011). Nonetheless, to our knowledge, there has been no
study regarding the heavy metal contents in Tawitawi Bay,
Philippines, and the reliable data concerning the heavy metals
in sea cucumbers and spider conch are also limited.
Several reports designating anthropogenic activities as the
main source of heavy metals contamination have been
documented in different parts of the globe. Like in the case of
metal concentrations in Korean coastal sediment, which are
significantly influenced by human activities associated with
urbanization (Hwang et al., 2016). The same report on heavy
metals in the nearshore sediment of Daya Bay was all closely
related to the import of anthropogenic activities (Qu et al.,
2018).

accumulation were also observed along the Karachi coast,

Anthropogenic  influences on heavy metals
Pakistan (Saher & Siddique, 2019). Likewise, anthropogenic
sources of contamination of heavy metals such as Zn, Cd, Cu,
and Pb were also evident in the coastal sediments from the
coastal areas of the Bohai Sea and the Yellow Sea (Tian et al.,
2020). Sediments of Edku at the Deltaic coast of Egypt receiving
sewage and untreated wastewater were also heavily polluted
with heavy metals (Keshta et al, 2020). Influence by
anthropogenic activities was also suggested as contamination
and risk of heavy metals found in the northwest coastal area of
the Bohai Sea (Wang et al., 2020). Domestic effluents and urban
runoff were suggested as the sources of Zn contamination in
New York Bight. Corrosion within the urban water supply
network may contribute to the Zn levels in domestic effluents
significantly. Contamination of the urban stormwater as well as
zinc release from the roofs as a result of the corrosion could also
elevate the Zn levels in near water sources where the runoff

waters are discharged into (Amiard & Amiard-Triquet, 1993).
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The correlation of anthropogenic activities with heavy metals
(Cu, Ni, Pb, and Zn) was evident in marine surface sediments
of the Thessaloniki Bay, Northern Greece (Christophoridis et
al., 2019). Enrichment of heavy metals such as Cd, Cu, Ni, and
Zn in coastal sediments of the Dammam, Al-Jubail area, Saudi
Arabian Gulf was reported to be originating from
anthropogenic sources (El-Sorogy et al., 2018). Wastewater
discharges were also seen as one of the major contributors to
heavy metal pollution in the surface sediments of Monastir Bay
(Eastern Tunisia, Mediterranean Sea) (Amor et al., 2020).
Sediment contamination associated with Cu, Zn, Pb, Mn, and
Cd has occurred in Quanzhou Bay, southeast China since the
19th century caused by domestic emission (Yan et al., 2020).
Jiangsu coastal environment in China was also affected by
heavy metals pollution of Cu, Pb, Cd, and Zn, and these were
strongly influenced by anthropogenic activities (Chen et al.,
2020). The significant anthropogenic sources of heavy metal
contamination were reported in Sabratha coastal sediments.
High levels of presence in the sediment of heavy metals were
defined as an anthropogenic component, as Karthikeyan et al.
(2020) observed in the surface sediment of Emerald Lake, India.
They found that almost all the sites were polluted by heavy
metals. The anthropogenic origin of Pb contamination was also
the of the Egyptian
Mediterranean coast (El Baz & Khalil, 2018). Various

anthropogenic activities along the Daya Bay, South China Sea,

reported in coastal sediments

were reported to contribute mainly to the heavy metal

contamination (Liu et al., 2018).

Conclusion

In conclusion, this study revealed that the heavy metals (Cu,
Fe, Mn, Ni, Zn & Pb)

macroinvertebrate samples collected from different sites along

in the sediment, water, and
Tawi-Tawi Bay, Philippines, varied greatly. The mean
concentration of heavy metals decreased in the order of Zn >
Mn > Pb > Cu > Fe > Ni > Cd for sediment, Pb > Zn > Cu > Ni
> Fe > Cd > Mn for seawater, Fe > Zn > Mn > Cu > Pb > Ni >
Cd for spider conch, and Fe> Zn > Pb > Ni > Mn > Cu > Cd for
sea cucumber. However, heavy metals in all samples in the
present study were determined to be within the safety limits set
by WHO, US (EPA and FDA), and EMA. This implies that
despite urbanization and industrialization in the coastal areas
of Tawi-Tawi province, Philippines, heavy metal levels,
especially in the commercially important macroinvertebrates
such as spider conch and sea cucumber, do not exceed the safety

limits; hence, they cannot be considered as polluted. Moreover,

it is also important to have frequent and periodical heavy metal
monitoring as the other sites constantly receive heavy metal

pollution pressures.
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Network Mapping

Science Mapping analysis, respectively. The Deep-Water Horizon disaster, the largest marine oil spill in
Oil Spill 2010, was the most frequently analyzed oil spill accident in the research as a sample. This
Oil Spill Response study makes a significant contribution to the field of oil spill response science by being one
of the few that applies network visualization and mapping technique. Further research is
recommended in light of longer-term data and the diverse Web of Science (WoS)
categories found in oil spill science, which may be visualized using a variety of bibliometric

visualization applications.
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Introduction (Hung et al, 2018; Wang et al., 2022). According to data
findings (Sirimanne et al., 2019), oil tanker deadweight tonnage

Oil, as a significant factor affecting economic development increased from 0.337 billion in 1980 to 0.601 billion in 2020,
and human life (Prendergast & Gschwend, 2014) has increased while the number of oil tankers increased from 10,609 in 2010
the worldwide seaborne trade of oil via tankers, as well as the to 11,268 in 2020. However, as oil transportation increased, the
oil exploration and production industries, resulting in risk of oil spills affecting marine ecosystems and coastal
significant benefits for diverse locales, regions, and nations resources enhanced, resulting in the loss of fisheries,
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aquaculture, and tourism industries, as well as severe damage
to social and environmental values (Li et al., 2016; Hung et al,,
2018; Chen et al., 2019). According to ITOPF (2021) statistical
data report, statistics on tanker spills more than 7 tones have
showed a substantial decline over the last half-century.
However, tanker collisions resulted in roughly 10,000 tons of oil
being lost to the environment in 2021. This is a significant
increase over the prior two years, owing mostly to the one large
occurrence oil spill accident reported. Nonetheless, despite
significant technological advancements aimed at ensuring the
safety of navigation in order to minimize the likelihood of oil
leakage (Li et al., 2016; Bucelli et al., 2018), the possibility and
severity of oil spills at sea cannot be completely ruled out, as
evidenced by several recent severe accidents (Bonvicini et al,,
2022; Wang et al, 2022). To mitigate these consequences,
preparedness and response to any oil spill are always necessary
and important for sensitive resources, including observation,
detection, mitigation, response, and remediation of oil
pollution (Li et al., 2016; Hung et al., 2018).

Despite the devastating effects of oil spills on marine
ecosystems, social and economic life, and worldwide policies
encouraging scientific research on the subject, the peer-
reviewed literature on oil spill response systems is expected to
widen in the future years (Neves et al.,, 2015; Murphy et al.,
2016). Although many studies and equipment exist that support
oil spill response planning, because of this issue there remains
a need for a comprehensive and review of oil spill research and
their consequences. Current and future researchers, as well as
their funding agencies, will benefit from this information,
which will help them better understand the nature of oil spill
response research, as well as latest trends and gaps in the field.

The application of bibliometric network analysis has proven
to be an effective method for statistically assessing academic
literature trends and patterns (Pauna et al., 2019). The study
aims to conduct a bibliometric network analysis of the scientific
literature on the subject of oil spill response research. The
purposes of this study are (1) to present a detailed review of the
evolution of research in these particular areas; (2) to ascertain
the distribution of contributing countries and the most prolific
journals on specified topics; (3) to establish the most commonly
appearing keywords on the subject; and (4) to establish the most
productive authors who have made major contributions.

The contribution of this research is in determining the
publishing and citation trends in this subject throughout time,
as well as the productive authors who have extensive research.
This analysis also identifies the most productive journals that

publish the results of research on oil spill response science, as

well as their co-citation links. This is followed by a discussion
of the characteristics of the most frequently referenced articles,
which field

Additionally, the most productive countries, organizations, and

include critical information for scholars.
authors are explored, as well as scientific cooperation at the
Additionally,

occurrence of keyword analysis identifies the most commonly

country/organization/author level. the co-

used keywords over time.

Literature Review

The shipping sector has undergone a series of large-scale
ocean oil spills such as M/T Sanchi oil tanker collision (2018-
estimated 138,000 tones spill size) or M/V Wakashio capesize
bulk carrier grounded (2020- estimated 1,000 tones spill size).
These large-scale spills in highly dynamic aquatic ecosystems
emphasize the importance of rapid response technology
capable of mitigating potential damage (Prendergast &
Gschwend, 2014; Chen et al., 2020). To mitigate the negative
consequences of an oil spill, it is also vital to manage spilled oil
in an orderly and timely manner (Mohammadiun et al., 2021;
Yang et al., 2021). This requires the development of both short-
and long-term contingency strategies (Chang et al., 2014; Wang
et al., 2022). A range of response methods are included in the
oil spill control strategy/contingency, with the purpose of
limiting possible damage to human health and the environment
by maintaining a timely and coordinated response (Li et al.,
2016). Effective monitoring techniques can help with spill
specifying oil
characteristics, estimating spill volume, and predicting oil

cleanup by detecting slicks early and
movement (Robbe & Hengstermann, 2006).
To lessen the severity of marine accidents, emergency
response is critical, and considerable work has been done in this
area. Krohling & Campanharo (2011) proposed a fuzzy
Technique for Order Preference by Similarity to Ideal Solution
(TOPSIS) method for the selection of the best response
technique to spill accident. Passos et al. (2014) presented a
multi-criteria decision method for assessing oil spill risk
assessment on the Brazilian shore. Su et al. (2014) studied the
factors affecting emergency response ability throughout the full
process of unexpected water contamination events in a
systematic and complete manner, and developed an emergency
capability evaluation index system model. According to Alves
et al. (2015), who advocate employing chemical dispersants for
emergency reaction to major unintentional oil spills in a matter
of hours, The oil slick paths are impacted by prevailing winds

and current factors. Li et al. (2016) aimed to provide a

124

s



Buber and Koseoglu (2022) Marine Science and Technology Bulletin 11(1): 123-134

comprehensive review of the current situations and impacts of
offshore oil spills, as well as the policies and technologies in
offshore oil spill response and countermeasures. This study
focused on the emerging issues in cold and harsh environments
due to the increased risk of oil spills in northern regions as the
Arctic Passage expands. Bonvicini et al. (2022) is performed
Response Gap Analysis (RGA) methodology, which is
identified the environmental factors negatively influencing the
emergency response in a given sea area. Mechanical, chemical,
and thermal response techniques are analyzed based on 11
environmental factors of RGA methodology. Diverse research
on the oil spill science have been presented in various countries,
collaborations, or contexts, thus a study focusing on a better
understanding of the knowledge structure in this field is
necessary. As a result, the study intends to enhance the
contributions of existing publications by providing a
bibliometric analysis of this research subject. This is a
quantitative tool for examining the impact of a given scientific
topic.

Bibliometric network visualization has been utilized in
recent years to assess the research trends of many scientific
categories and applications in numerous scientific domains
(Zou et al., 2018; Khalid et al., 2021). These studies have shown
that analyzing published literature can reveal important details
about research production and scientific value. Furthermore, it
is a critical issue that describing patterns and characteristics of
publications for a certain scientific topic might lead to
cooperation between researchers and organizations.

Despite substantial research on bibliometric analysis from a
variety of fields, there are just a few studies that specifically
focus on the application of bibliometric studies to oil spill
science and response techniques. Mohammadiun et al. (2021)
used bibliometric mapping analysis to profile computational
strategies for marine oil spill control, which is a multi-stage and
timely sensitive process that should be adequately prepared
before any spill incidents occur, using data from the Google
Scholar database. Herraro-Franco et al. (2021), presents to
utilize bibliometric methods to study the network structure of
studies examining the oil and environment interaction of South
American countries. This research allowed for the gathering of
knowledge on environmental protection, solutions, and energy
alternatives, with environmental sciences accounting for 47
percent of the publications. According to Lim et al. (2021),
perform a systematic review of diesel pollution studies in
Antarctica published in the Scopus database, compares
historical and current approaches to the management of fuel oil

pollution in Antarctica and highlights the potential of plant

breeding as a new hope for bioremediation response technique.
Another research of the diesel contaminated seawater
bioremediation response technique with Bacteria provides an
up-to-date summary of the role of bioremediation in diesel
hydrocarbon degradation and the impacts of oil spills on the
environment and living species (Khalid et al, 2021).
Vasconcelos et al. (2020) is aimed to perform network analysis
of 50 year’s oil spill detection and mapping publications. This
study is revealed that the detection of oil in the water has
evolved significantly in recent decades, and there is a close link
between technological advancements aimed at detection and

the advancement of remote sensing data collecting methods.

Materials and Methods

Bibliometric network analysis is a powerful method for
investigating certain fields of study by combining bibliometrics
and network mapping analysis (Sweileh et al., 2017; Zou et al.,
2018). In bibliometric science, network mapping and cluster
analysis based on network data allow the application of
systematic thinking and the conduct of detailed literature
reviews (Pauna et al., 2019). This type of study enables the
system of a network based on the relationships between
countries, publications, organizations, authors, and keywords
associated with the research topic (Chen et al, 2016). The
availability of numerous scholarly databases, in particular as
Web of Science (WoS), Scopus, and Google Scholar,
significantly facilitates the process of searching for and
retrieving scientific papers for bibliometric analysis (Wong et
al., 2020). WoS is widely recognized as the most authoritative
database for these purposes, as it includes the highest number
of indexed journals and conference papers, spanning over 150
research areas (Gongalves et al., 2019). As a result, the WoS
database was utilized as the data source for this investigation.

On February 02nd, 2022, the publications for this study
were retrieved from the WoS search engine using the search
terms “oil spill* AND (logic gate) response*” and any other
related terms. The asterisk in the search string functioned as a
wildcard operator, allowing for the addition of terms before by
the asterisk. All data was stored as “Tab-delimited (Mac)” files
that contained the contents of “Full Record and Cited
“Cited

References” were used to conduct co-authorship and co-

References.” The contents of “Full Record” and
occurrence studies (e.g., network maps of authors, nations, and
keywords), as well as citation analysis (e.g., network map of
scientific journals). The search found 4620 items, which
included a variety of different types of English language
research papers published between 2000 and 2022 year.
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Data source selection and keywords:

Identify research problem and field:

The study is focuced on bibliometric
analysis through science mapping and
descriptive analysis.

Data Collection Process

The research field is "oil spill response*"

Identify the research aim and determine
research timeframe:

Web of Science Core Collection
Software: Wosviewer
Keywords:

"

:» to the research
spill response science and citations of
related papers from 2000 to 2022 ,February

Search: 02.02.22

on oil "oil spill*" and ("response*" or " recovery" or
"clean-up" or " remediation*" or "preventive"
or "countermeasure*")
Language:
English

v

Retrieve data and
Topic category in WoS
(Title-Abstract-Keywords):

n=2
Data Retrivial Process Index SCI-EXPANDED, SSCI,
A&HCL, CPCL-S, CPCI-SSH, I B
BKCI-S, BKCI-SSH, ESCI
Published year:
2000-2022,February

Retrieve data:

Web of Science Categories
Environmental Sciences or Marine
Freshwater Biology or Engineering

Environmental or Toxicology or

Perform descriptive figures
and tables
« Geographic spatial
visualization of

Apply the exclusion
criteria:

o Irrelevant main

content productive countries

Document Type:
Article or Review

v

Apply science mapping and network
analysis:

« Citation analysis

o Co-Citation analysis

o Co-occurence keywords

o Co-authorship analysis

« Bibliographic coupling

Visualization Process

Oceanography or Materials Science :» o Duplicates :» * Productivity per year of
Multidisciplinary or Ecology or Water « Different public )
Resources or Energy Fuels or Public « Document types « Citations relative
Environmental Occupational Health or elimination metrics (Total or
Envir Studies or Engi ing « Web of science average citations)
Ocean or Engineering Marine or categories selection * Most cited articles
Engineering Petroleum exclude So“warei Tableau
Perform cluster analysis and
mapping visualization:
o Countries /organizations/ Write a summary of Create a bibliometric
authors cooperation prospective research summary and analyze the
“ analysis [ mp| directions, research W Wp| findings of each mapping

e Co-occurunce of keywords

« Co-citation analysis of
documents/sources

« Bibliographic analysis of
documents/sources

cluster, as well as their
consequences

methodology, and
research themes

Figure 1. The conceptual framework of methodology

However, this analysis evaluated only articles and reviews with
a limited WoS category, totaling 2611 publications. The WoS
categories included in the research were limited to the
maritime, environment and oceanographic sectors.

VOSviewer (version 1.6.18) software was utilized to
conduct the bibliometric analysis in this research. This software
enables users to create, visualize, and explore maps based on
bibliometric network data (Van Eck & Waltman, 2013). The
output findings are presented in sets to facilitate visualizing the
existing relationships between bibliometric data.

The data analysis process was divided into two stages: To
begin, we used Tableau software to conduct a geographic
analysis of bibliometric data in order to identify the top
countries by article count. The second stage was the production
of bibliometric maps using the VOSviewer software, based on
an examination of author co-citations, bibliographic coupling,
and co-occurrence of the authors’ keywords and most cited
journals. A framework of the methodology, consisting of data
collection, data processing and visualization stages, is shown in
Figure 1.

For the aim of this study, the following terms of search
results were included in the WoS queries (n=2611):

= (“oil spill*” and (“response*” or “recovery” or “clean-

»

up
“countermeasure*”) (Topic) and
= 2000-2022, February (Year Published) and

= Article or Review (Document Type) and

or remediation or preventive or

= English (Language) and
= Environmental Sciences or Marine Freshwater Biology
or Engineering Environmental or Toxicology or

Oceanography or Materials Science Multidisciplinary or

Ecology or Water Resources or Energy Fuels or Public
Environmental Occupational Health or Environmental
Studies or Engineering Ocean or Engineering Marine or

Engineering Petroleum (Web of Science Categories).

Finding and Results

From 2000 to 2022, all research and review articles on oil
spill response were examined as follows. The aspects covered
were the growth trajectory of publications and citations, the top
cited of publication outputs, the distribution of publication
outputs across subject categories and journals, and the
publication outputs of individual countries; and the words in
article titles, abstracts, and author keywords, as well as co-
citation analysis, which is refers to the frequency with which
two documents are mentioned by other documents. Figure 2
shows the scientific production of articles with citation analysis
between 2000-2022, with a total of 2611 articles.
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Pubslcations
suouny
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W cotions

Publications

Figure 2. Times cited and publications over time

With 59 articles and 485 citations, the first peak in
productivity was seen in the mid-2007s, accounting for 2.3
percent of overall productivity for the study period. Between

2016 and 2021, the highest peak of productivity was seen, with
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1514 and 45260 citations respectively. This decadal period has
by far the most publications, accounting for 57.9% of the total
number of articles published over the length of this 20-year
span. Figure 3 shows a bibliometric network to visualize
collaboration nets and the distribution of publications across

the world regarding the application of oil spill response query.

Figure 3. Most productive countries/territories of articles on oil

spill response
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Figure 4. Interactions among the countries featured in the

articles (Online platform: http://bibliometric.com/)

Results show a total of minimum 5 publications number of
articles from different countries with at least one connection
with each other. United States of America (USA) ranked first,
with a total of 1028 (i.e., 39.3% of the total) documents, followed
by China (371 docs~14.2% of the total) and third one is Canada
(251 docs~9.6% of the total). Regarding the number of citations
by countries, the United States ranked first, with a total of
26898(32% of the total) documents, followed respectively by

China with 10017(11.9% of the total) and Spain 4341 (5.17% of
the total). Figure 4 shows interactions among the countries
related to oil spill response articles.

As shown in Figure 4, the most intensive link strength was
between the USA and China, followed by the USA and Canada.
These linkages are stronger between countries, indicating a
high level of scientific cooperation on the subject. Figure 5
depicts on most productive journal in the context on oil spill
response science.

Scholars can better grasp the academic preferences of each
journal in the subject of oil spill by conducting research on
high-quality journals, and thus be more focused when
subscription to journals and publishing articles. As a result, we
calculated the number of articles in the primary journals for oil
spill response science research and ordered the top 10 journals
by the number of articles published, as shown in Figure 5. A
total of 107 journals, which are focused on a minimum number
of five publications, were analyzed according to the number of
(n= 275, 10.91%),

and “Environmental

“Marine Pollution Bulletin”
(n= 77, 2.94%),

Pollution” (n= 75, 2.87%) were the most productive journals.
The WoS

environmental science, and the 5-year impact factor weighted

articles.
“Chemosphere”
evaluated journals’ category was largely
score was estimated as 6.645, implying that the selected articles
were subjected to careful and stringent quality control by
editors and peer reviewers. Table 1 summarizes the most cited
articles related to oil spill response science between 2000 to
2022.

Scholars can better grasp the academic preferences of each
journal in the subject of oil spill by conducting research on
high-quality journals, and thus be more focused when
subscription to journals and publishing articles. As a result, we
calculated the number of articles in the primary journals for oil
spill response science research and ordered the top 10 journals
by the number of articles published, as shown in Figure 5. A
total of 107 journals, which are focused on a minimum number
of five publications, were analyzed according to the number of
(n= 275, 10.91%),

and “Environmental

“Marine Pollution Bulletin”
(n= 77, 2.94%),

Pollution” (n= 75, 2.87%) were the most productive journals.
The WoS

environmental science, and the 5-year impact factor weighted

articles.
“Chemosphere”
evaluated journals’ category was largely
score was estimated as 6.645, implying that the selected articles
were subjected to careful and stringent quality control by
editors and peer reviewers. Table 1 summarizes the most cited

articles related to oil spill response science between 2000 to
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Figure 5. Most influential journal of oil spill response science

The most cited publications are also the most prominent in
the subject of research. The first is by Xue et al. (2011) (1225
total citations), who presenting a proposal of materials that can
be used in an innovative oil pollution response technique. The
second is by Yuan et al. (2008) (883 total citations) carried out
an experimental study presenting a self-assembly method to
absorb oils up to 20 times, forming thermally stable, self-
contained nanowire membranes in oil spill response. The third
article is by Korhonen et al. (2011) (587 total citations) develop
a product that is reusable, recyclable and has a high absorbent
oil capacity to control oil spills. Figure 6 shows network
mapping of co-authorship author analysis related to oil spill
response studies.

To Dbetter the

contributions in this discipline, co-authorship and citation

understand structure of scholarly
analyses were used. The examination of co-authorship analysis
based on authors was limited to articles having a maximum of
25 authors per document, yielding a total of 10024 researchers.
This number was subsequently decreased to 188 by only
including authors who have published at least five times.
Strongly collaborative authors from cluster 1 (20 authors, red)
include Antonietta Quigg (Professor of Marine Biology, Texas
A&M University, USA) and Samantha Joye (Professor of
Oceanography, University of Georgia, USA). In cluster 2 (12
authors, blue), the most productive author includes Lee

Kenneth (National Senior Science Advisor, Oil Spill Research,

Preparedness, and Response for Fisheries and Oceans, Canada).
In cluster 3 (11 authors, yellow) Lawrence S. Engel (UNC
Gillings School of Global Public Health, USA) and Richard K.
Kwok (National Institute of Environmental Health Sciences,
U.S.A.) emerge as strong contributors. The striking detail in the
co-author analysis is the researchers” work on the topics of oil
pollution intervention after the BP Deep water horizon accident
and its impact on human health. Figure 7 depicts co-word
occurrence network analysis focusing on keywords that can be

used to determine the state-of-the-art.
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Table 1. Most cited articles related to oil spill response between 2000 to 2022

Authors Average
and i Total L. .. .
ID L. Source Title Lo er Scientific Contribution Aim of the Study Methodology
Publication Citations
Year ear
1 Xueetal. Advanced 1225 102.08  To provide unique oil/water To create an oil spill response The theoretical
(2011) Materials separation materials that havea  material produced from and
high separation capacity, are recyclable, economical and experimental
resistant to oil fouling, and are ~ environmentally friendly analysis
completely recyclable. materials with high oil separation
capacity
2  Yuanetal. Nature 883 58.87 To propose an innovative To present a self-assembly The theoretical
(2008) Nanotechnology material that could be favorable method for absorbing oilsupto ~ and
in the elimination of organics, 20 times, forming thermally experimental
notably in the field of stable, self-contained nanowire analysis
environmental cleanup. membranes in oil spill response.
3 Korhonen ACS Applied 587 48.92 To pave the way for To develop a product that is Experimental
etal. (2011) Materials & nanocellulose-based oil reusable, recyclable or has a high  analysis
Interfaces absorbents with long-term absorbent oil capacity
applications.
4 Kujawinski Environmental 582 48.5 To offer essential geochemical Sample analysis
etal. (2011) Science and parameters for future To perform experimental and using
Technology toxicological assessments and synthesis of environmental fate of ultrahigh
provide important restrictions  dispersant on deep-water resolution mass
on proper modeling of the deep- applications spectrometry
water dispersion and liquid
chromatography
5 Boopathy  Bioresource 507 22.04 To reveal all the factors affecting Review
(2000) Technology the bioremediation technique To determine the different issues
and determine the restrictions of that limit the application of
application bioremediation technology,
including various factors.
6 Choietal. ACS Applied 468 39 Ease of use, thanks to processes  To create an innovative sponge Experimental
(2011) Materials & that are recyclable and have a that is recyclable, environmentally analysis
Interfaces simple preparation procedure friendly and has a high oil
absorption capacity
7  Atlas & Nature 459 38.25 Contribution to advanced To offer a series lesson on the role Review
Hazen Nanotechnology molecular techniques to of microbial biodegradation in
(2011) characterize microbial determining the fate of the spill
communities in oil pollution about two major oil spills
bioremediation technique
8 Geetal Environmental 388 64.67 A Joule-heated sorbent design To propose an innovative sponge  Experimental
(2017) Science and has been developed for the first ~ that reduces the viscosity grade of analysis and
Technology time to achieve high-speed crude oil products Optimization of
cleanup of viscous crude-oil efficiency
spills.
9 Geetal Advanced 354 50.57 To make implications for the To define the processes of Comparison
(2016) Materials production of next-generation ~ manufacture, design, between oil
oil absorbent materials, the modification along with sorbents on
production of oil absorbers, and additional features that need to be technical, design
the recycling of both oils and developed for petroleum sorbents and
absorbent materials modification
process
10 Singer etal. Marine 297 1291 To standardize the preparation, To compare toxicity prediction Comparison
(2000) Pollution analytical measurement and tests that standardize both between
Bulletin exposure method of the toxicity  biological and analytical methods  toxicology
test environment used in the oil  and provide a reliable and testing

pollution response that can be
used by all researchers.

consistent database
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Oil spill(s), deep water horizon, crude oil, bioremediation,
Gulf of Mexico, biodegradation, dispersant, biomarkers, and
polycyclic aromatic hydrocarbons were the ten words with the
largest number of co-occurrences with repeating at least five
keywords in general. These words are a strong indicator that
they represent major conceptual and methodological structures
in the literature on oil spill response. The greatest set of
common word networks covering all years are correlated with
phrases related to oil pollution response systems and the
world’s worst environmental disasters as can be seen in Figure
7. Oil spill response studies network map of co-cited references

is shown in Figure 8.
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Figure 7. Network map of keywords related to oil spill response
studies during 2000-2021

Co-citation, which is presented in science by Henry Small,
indicates that two articles were cited jointly in the references of
a third publication (Tan et al., 2021). A connecting line between
two references indicates that two articles from separate journals
are mentioned in the same article, and the strength of the
connecting line indicates the degree of co-citation between the
two articles (Herrera-Franco et al., 2021). Figure 8 depicts the

co-citation networks of references as a visual representation of
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these articles, with red, green, yellow, and blue indicating the
four primary clusters of co-cited articles and associated themes.
Co-citation analysis of the 330 most relevant references with at
least 20 citations from 2000 to 2022 revealed six clusters. The
most prolific articles in Cluster 1 (red color), consisted of 92
articles, were Hazen et al. (2010) based on citations, and
strength of link. In the reviewed article, a comprehensive study
was carried out on the biological impacts of oil and its effect on
indigenous oil-degrading bacteria after the Deep-water horizon
blowout accident. Cluster 2 (green color) comprised of 89
publications that primarily used an environmental toxicology
approach. The most cited article in Cluster 2 was by Singer et
al. (2000), who standardize the preparation, analytical
measurement and exposure method of the toxicity test
environment used in the oil pollution response that can be used
by all researchers. The other most prolific reference is Adebajo
et al. (2003) in the Cluster 3 (Blue color). The synthesis and
absorbing capabilities of a wide range of porous sorbent
materials that have been researched for use in the removal of
organics, notably in the area of oil spill cleanup, are reviewed in
this paper.

Our research examines the evolution of research trends and
recent theoretical dynamics from many perspectives and makes
contributions in a variety of ways. First of all, the study makes
an exploratory analysis to trace the highly cited research
publications in oil spill response and summarizes the leading
authors, revealed aim, methodology, and scientific
contributions of literature related to oil spill response science.
Second, this study makes a methodological contribution to the
field of oil spill response science by presenting a bibliometric
mapping that enables for the evaluation of scientific
presentation as well as its visual analytics using three
bibliometric mapping techniques (co-occurrence keyword
analysis, author co-citations analysis, and co-authorship
analysis), allowing for a better understanding of the field’s

structure and development.
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Figure 8. Oil spill response studies network map of co-cited references
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The 2611 publications and research that have been mapped
by imposing a minimum limit of 5 documents produced by 188
authors and their study presented in 107 journals, from
universities and research centers in 58 countries, demonstrate
growing interest in the topic. Xue et al. (2011) (who studied
chemistry and molecular science) is the most mentioned article
in these contributions (see Table 1), followed by Yuan et al.
(2008). Both authors have made major contributions to the field
of oil spill response science by conducting an experimental
analysis and proposing a new and recyclable material for use in
oil spill response. The usage of bibliometric maps creates a
visual history of the research topic that is both interesting and
informative. These maps enable us to draw the following
conclusions:
= Keyword co-occurrence analysis indicated existing
subjects as well as substantial improvements in the
intellectual structure of oil spill response, as well as the
stability and strength of other subjects (see Figure 7).
Over an 87-day period, the Deepwater Horizon oil
catastrophe dumped 134 million gallons of oil into the
Gulf of Mexico, contaminating 1,300 miles of shoreline
across five states. According to scientists, the Deepwater
Horizon oil spill killed thousands of marine species and
sea turtles while poisoning their ecosystems. It shows
that the Deepwater Horizon catastrophe is regularly
replicated in word analysis, and that the intervention
approaches created as a result of accident analyses
contribute significantly to this science. When the study
development in Figure 2 is analyzed, it reveals the
significance of the accident that occurred in 2010 in
relation to our research topic.
= The most problematic topic is controlling and cleaning
up marine oil spills, because it is difficult to retrieve all
of the oil that has been spilled into the water. Physical,
chemical, thermal, and biological cleanup approaches
are current response techniques used (Dave & Ghaly,
2011). Many oil spills have already been treated with
bioremediation, notably the one in Prince William
Sound (which is the second most considerable accident
frequently repeated in analyzes see in Figure 7). The
bioremediation technique emerges as the leading
technique when considering the materials developed in
the studies as well as other clean-up techniques. This
method of accelerating oil degradation by augmenting
bacteria and nutrients to oil spills has a lower

environmental impact than other recovery methods

(Khalid et al., 2021). This will make communities more
resistant and help them recover sooner after a spill.

=  We identified the United States, China, Canada, and
Spain to be the top four countries in terms of the number
of publications, funding, and number of authors. The
co-authorship examination of countries determined
that China, the United States, Canada, and Italy were at
the core of international cooperation, demonstrating
this pattern (see Figure 4). When looking at the ITOPF
(2021) study, it was discovered that oil pollution
accidents, which have resulted in major environmental
disasters around the world, occur in and around these
four countries, and that research institutes are making
progress on these concerns.

= Environmental Sciences, Marine Freshwater Biology,
and Engineering were determined as the most
prominent subject categories of knowledge in terms of
the number of publications. The number of articles in
each category reveals this, indicating that the field of oil
spill response is likely relevant in terms of the themes
addressed by the

Furthermore, when the categories of the most

frequency of publications.
productive journals (see Figure 5) in Web of Science are
studied, it is clear that the journals with the highest
impact factor in the field of environmental science are
those ranked by Journal Citation Indicator by Clarivate,
Thomson Reuters.

This was the first attempt to map the oil spill response field
in a methodical way. However, there are certain limits to our
bibliometric analysis to consider. For instance, we only used
one database (Web of Science) to assess impact, and we only
used citations to do so. As a result, impact factors limited this
approach, and it did not include all scientific publications. We
analyzed peer-reviewed research articles, and pertinent review
articles written in the English language in the sample to ensure
homogeneity. Other publications, such as conference
proceedings, book chapters, and reports could be useful in the
future. We established a minimum threshold level between
2000 and 2022 because it is a new and emerging subject, and
clusters were formed based on that threshold; this is a
restrictions of this bibliometric mapping analysis because some
potentially intriguing articles may have been removed. To
summarize, the field of oil spills has expanded significantly, but
more multidisciplinary research is required to completely
investigate the numerous topics. Importantly, the study of
response strategies needs more attention and emphasis in order

to lead future research in this area. Further research is
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recommended in light of longer-term data and the diverse WoS
categories found in oil spill science, which may be visualized

using a variety of bibliometric visualization applications.
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Introduction

Asian green mussel Perna viridis (Linnaeus, 1758) is a
marine bivalve species belonging to family Mytilidae. The
species is widely distributed along the coasts of India in the
Indo-Pacific and in Southeast Asia (Rajagopal et al., 2006), and
has been introduced in the coastal areas of the western
Hemisphere including Venezuela, Trinidad, Jamaica and
Florida in the United States (Ingrao et al., 2001). Its habitats
range from oceanic to estuarine waters (McFarland et al., 2013),
usually at a depth of less than 10 m (Igbal et al., 2018). Aside
from its ecological importance, the species is an important
seafood resource and is extensively cultivated for commercial
purpose especially in Southeast Asia. This species is now
considered a cheap source of protein with high nutritional
values and known for its palatable taste (Taib et al., 2016).

Salinity is one of the key environmental factors that affects
the growth and survival of marine organisms, particularly in
shallower waters where sessile organisms such as mussels occur
(Wang et al., 2011; Wu et al., 2018). In the case of P. viridis, the
optimal salinity ranged from 27 - 35 ppt (Aypa, 1990; Rajagopal
et al., 2006). However, in estuarine and coastal systems where
these mussels typically occur, salinity fluctuations are
considerable. During freshwater influx and heavy rains which
decrease the water salinity in these areas, mussel growth and
survival are negatively affected (Cheung, 1991; Soon &
Ransangan, 2016; Wang et al., 2012). In the Zhoushan islands
sea area, mussels often experience short-term salinity and pH
fluctuations from 15-35 ppt and 7.3-8.1, respectively, leading to
increased mortality of the organisms during wet season (Wu et
al., 2018).

In the Philippines, P. viridis is widely cultured for
commercial purpose (Aypa, 1990). The aquaculture production
of green mussel in 2018 reached to 26,302.77 mt valued at 9.8
M USD (PSA, 2019). However, the production of this species in
the recent years appeared to be declining (Duncan et al., 2009),
and this decline was linked to the decreasing spatfall in the wild
(Mero et al., 2019). The supply of seed called spats for the
culture of P. viridis is dependent from the natural environment
in which seed stock is unstable. Sustainable seed supply of
cultured mussel species such as P. viridis is a crucial component
for the success of the shellfish industry. With the aim to
augment the seed supply and lessen the reliance of mussel
farmers from getting their seeds in the wild, the Philippine
government invested for a mussel hatchery in 2014 (Mero et al.,
2019).

The natural habitat where P. viridis is grown is exposed to
constant environmental changes, hence, it is important to know
how the hatchery-produced spat may be affected particularly by
salinity fluctuations. This study aims to determine the survival
of hatchery-produced P. viridis spats subjected to abrupt
changes in salinity, and determine how long these spats could

withstand salinity stress.

Materials and Methods

Experimental Animal and Study site

This study was conducted in September 2019 in the Green
Mussel Hatchery and Nursery (GMHN) of the Institute of
Aquaculture, College of Fisheries and Ocean Sciences,
University of the Philippines Visayas, Miagao, Iloilo. The P.
viridis spats used in the experiment were produced in the same
hatchery. These spats were one and a half months old with sizes
ranging from 5-9 mm shell length (widest part from the
posterior to the anterior part of the shell) measured using a

plastic Vernier caliper.

Experimental Design

The effect of abrupt salinity change in the survival of P.
viridis spats was tested using five salinity levels (40, 30, 20, 10
and 5 ppt). Each salinity level served as treatment with three
replicates. The 30 ppt treatment being within the optimum
salinity range for the species (Aypa, 1990) served as control, so
that its salinity was not changed the entire experimental period
which lasted for 10 days.

This experiment was conducted in 6-L plastic rectangular
tanks. Each tank contained 4 L of water as its final volume
having a specific salinity (i.e, 40, 30, 20, 10 and 5 ppt).
Nevertheless, all treatments had an initial salinity of 30 ppt. The
spats were stocked with a density of 30 individuals per tank.
Salinity manipulation (e.g., from 30 ppt to 40 ppt) was
conducted after 2 days from the date of stocking.

Following the methods of Ponce-Palafox et al. (1997) and
Su et al. (2010), the salinity was increased (for 40 ppt) by
progressively adding salt solution using sea salt (bought from
the local market) to a separate water stock tank until the desired
salinity was obtained, and was left aerated. On the other hand,
salinity was decreased (20, 10 and 5 ppt) by adding an aerated
tap water to the tanks. The salinities of the stock tanks for
seawater as well as the experimental tanks were checked prior
to the start of the experiment and in the morning of the
succeeding days using a handheld refractometer (ATAGO).

The addition of either salt solution or freshwater to the
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experimental tanks to abruptly change the salinity was done
gradually within 30 minutes (only during the onset of the
salinity change). The time frame follows what was recorded by
Casila et al. (2017) in Shakuji river estuary, Japan where salinity
fluctuated within 30 minutes after freshwater intrusion.
Respective salinities (40, 30, 20, 10 and 5 ppt) were maintained
for 5 days. On the 6th day, salinities of all treatments except for
the control were abruptly returned to 30 ppt and maintained
until the end of the experiment to check if the spats could
survive or recover after being subjected to abrupt salinity
change (lower or higher) and abrupt return to optimal
condition. The water stock tanks and the experimental tanks
were kept aerated through the centralized aeration system of
GMHN until the end of the experiment.

The spats were fed with algae, Isochrysis galbana and
Tetraselmis tetrathele which were given twice daily at 8:00 -9:00
in the morning and 4:00-5:00 in the afternoon. The daily food
ration was calculated based on the formula provided by Helm
& Bourne (2004) as follow (Eq. 1):

_ Sx0.4

V= 1)

WxC

where V is the volume of algae in liters to be fed, S is the live
weight of spat in mg, W is the weight of the required algal cells,
C is the algal density (cells per uL), and 0.4 refers to the ration
as dry weight of the algae in mg per mg live weight of the spat.
The algae were sourced from the Southeast Asian Fisheries
Development Center Aquaculture Department and sub-
cultured in GMHN following the methods of de la Pena &
Franco (2013). With the use of UV filtered seawater, algae were
batch cultured in 800 mL glass bottles and to 10 L plastic
carboys. All cultures were enriched with Conwy, and were
subjected to 24 hours constant illumination with continuous
aeration. Water exchange for all experimental tanks was done

every after 2 days.

Data Collection and Analysis

Monitoring though direct observation and with the aid of a
video recorder was conducted in 1, 4, 6, 8, 12, 24 and 28 hours
after salinity had been changed. For the succeeding days,
monitoring was conducted once daily (morning), that is before
feeding to check for mortalities. Dead individuals if present
were removed immediately to prevent degradation of water
quality, and were accounted for later analysis. An individual
was considered dead if it remained gaping but did not respond

within 15 seconds when gently poked by a needle following the

method of Segnini de Bravo et al. (1998), Yuan et al. (2016) and
Binzer et al. (2018).

Survival rate was calculated by the final number of surviving
spats divided by the initial number of spats (stocking density),
multiplied by 100 following Vu & Huynh (2020). Gaping
percentage was calculated as the number of individuals with
valves open divided by the number of surviving individuals
during the latest monitoring multiplied by 100. These data are
the ones used in the statistical analysis. Gaping as used in this
paper referred to the spat which gapes and responds to stimuli
particularly to the gentle poke using a needle during a specific
monitoring period.

One-way Analysis of Variance (ANOVA) was used to
determine significant differences in the survival and gaping
among treatments and Tukey’s Test for post-hoc. All analyses
were done in JASP 0.16.

Results and Discussion

Green mussel spats used in this experiment generally
showed a wide range of salinity tolerance similar to other
previous reports (Segnini de Bravo et al, 1998; Segnini de
Bravo, 2003; Rowchai, 2004; McFarland et al., 2014). The study
of McFarland et al. (2014) showed that P. viridis were able to
tolerate low salinities up to 6 ppt when subjected to gradual
salinity change. However, acute salinity changes of 15 ppt or
more resulted to low survival. Rowchai (2004) recorded only
26.25% mortality from 15 ppt salinity treatment. Thus, the
author suggested to set the lower salinity threshold for P. viridis
at 15 ppt. Segnini de Bravo et al. (1998) reported a higher
salinity tolerance of P. viridis under a gradual change of salinity
level at 2 ppt every 2 days. The low and high lethal salinities for
the species were recorded at 0 and 64 ppt, respectively. The
report of Segnini de Bravo (2003) also proven the adaptability
of P. viridis to salinity fluctuations. The species exhibited
physiological compensation to increase (up to 45 ppt) or
decrease (up to 15 ppt) in salinity under a change rate of 1 ppt
per day.

Survival rate and response in terms of valve opening in
different salinities are shown in Figure 1. Generally, survival
rate is lower in reduced salinities (i.e., 10 and 5 ppt) and higher
in higher salinities (i.e., 40, 30 and 20 ppt). From the time of
salinity change, no single individual was observed having its
valves open until 24 hours in 5 ppt and 8 hours in 10 ppt. This
suggests that the spats from these treatments are negatively

affected by such low salinity, prompting them to seclude

Ot

137

s



Picoy-Gonzales and Laureta (2022) Marine Science and Technology Bulletin, 11(1): 135-143

a
100 5 ppt % survival
=3 % gaping
80
feH)
(=]
£ 60
[
©
g 40
o
20
0 - -
I T R Bt R R
N AN AN S o O N 3 3 3 2 3 2 B 3 P>
R I MR AP A A AP RGP

20 ppt

Percentage
@ @
[=] [=]

I
=]

@ b@\ bs\ @"

& @
~o q;o bro‘\ 5:-‘\ b‘g&\ b*\ b”‘ﬂ

Percentage

10 ppt
100
80 T
@
<)
& 80
c
@
2 40
@
[
20
. w F
SRS “@ “ &f’“ b"’{’ @ o’f"‘a’ o b’l’* &0*5’
30 ppt
100 = T &
80
@
=)
£ 60
c
(5]
g 40
a
20
0
I I TP I R S R B T R I
~ ¢ A Y S A AN 3 v ‘3 @ 3 ‘3 o o v
™ % o NN I SR C AP AP AP N S S
40 ppt

& & & & & & & &
I I R R R <
3 o @ P 3 P ‘3
AT P P W 8 Y

R
& &
Qb

Figure 1. Survival and gaping percentage of P. viridis spats (mean+SEM) per salinity treatment. For the first 5 days, salinity was abruptly

changed to: a) 5 ppt, b) 10 ppt, ¢) 20 ppt and e) 40 ppt (30 ppt served as control, thus salinity was not changed). On the 6™ day, salinity

of all the 4 treatments were abruptly returned to 30 ppt.

themselves by tightly closing their valves. During monitoring
on the 28" hour, about 2% of the spats from 5 ppt (Figure la)
were observed already gaping, and this very low percentage
remained until all individuals died on the 4™ day. This basically
implies, that drastic decrease of salinity into very low level such
as 5 ppt would lead to massive mortality of P. viridis. This may
be true in the wild conditions especially during prolonged
heavy rains wherein salinity could drop to certain low level. On
the other hand, about 4% were gaping from 10 ppt during the
12" hour monitoring and increased to 77.78% in the 24" hour
(Figure 1b). Mortalities started on the 28" hour and continued
until only 21.11% remained surviving on the 5" day when
salinity remained at 10 ppt. It seems that P. viridis could
somehow tolerate 10 ppt salinity level but only for a short
period of time. Long time exposures could also be detrimental
to the organism. It also took about 12 hours adjustment before
most could open their valves. When salinity was returned to 30
ppt, mortalities still continued until only 4.44% left surviving
on the 10" day. In addition, not a single monitoring time, that

spats from 10 ppt were seen 100% gaping. It seems that salinity

adjustment ability of P. viridis is impaired when it was
previously subjected to stressful low salinity such as 10 ppt.

For higher salinity treatments, high percentage of spats
remained gaping despite salinity change. In 20 ppt (Figure 1c),
87.78% remained its valves open during abrupt salinity change.
Gaping percentage for this treatment remained high varying
from 93.33%-100% until the end of the experiment, and despite
the salinity was abruptly returned to 30 ppt from 6*-10" day.
No mortality occurred in this treatment except for one
individual on the 10" day. This shows that 20 ppt is still
optimum for the survival of P. viridis spats.

For the 30 ppt (Figure 1d), as expected, all spats remained
gaping even after water change since the salinity was constant
and within the optimum range for P. viridis. Though very little
percentage (2.22% at most) were observed closed during
monitoring periods. On the other hand, neglectable mortalities
occurred within the 3" to 8 day. For 40 ppt (Figure le), only
71.61% were observed gaping after salinity was increased. On
the 4™ hour, gaping percentage increased to 95.55%. High
gaping percentage remained high varying from 94.37% to
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96.59% until the 28" hour. However, gaping percentage
dropped to 80% from the 3" until 5 day. When the salinity was
returned to 30 ppt on the 6" day, gaping increased to 89.67%
and remained high. Survival became stable from the 7% to the
10" day, which may imply that the organisms were now

adjusted to the present salinity condition.

Effect of Abrupt Salinity Change in the Survival and
Valve Opening of P. viridis Spats

In this study, abrupt change of salinities at various levels
significantly affected the valve opening and survival of P. viridis.
On the 1* hour (Figure 2a), gaping percentage was highest in 20
and 30 ppt followed by 40 ppt, whilst individuals from 5 and 10
ppt were not able to open its valves. On the 4 hour (Figure 2b),
gaping individuals remained highest in 20 and 30 ppt, while
more individuals gaped in 40 ppt making its percentage
comparable to 20 ppt, whilst still no individuals gaped in 5 and
10 ppt.

On the 6%, 8",12" and 24" hour, percentage of gaping
individuals did not vary among 20, 30 and 40 ppt, whilst still no
gaping individuals were observed in 5 and 10 ppt, except a few
from the later on the 12" hour. Similarly, McFarland et al.
(2013) observed that P. viridis tended to close its valves at lower
salinities of 10 and 15 ppt, this in spite of the fact the organisms
used in their study were already adults with shell lengths

ranging from 90-110 mm.

Stressful environmental condition such as salinities outside
the optimum range of bivalves including P. viridis would trigger
the organism to close its valves to seclude and protect itself from
the external environment (McFarland et al.,, 2013). But this
closure as defense mechanism especially when prolonged could
lead to serious implications in the organism’s being. Valve
opening or gaping has a strong influence in many physiological
processes in bivalve species (Nicastro et al., 2010). Bivalves have
to open its valves for water filtration, feeding and respiration
(Ballesta-Artero et al.,, 2017). Thus, valve closure results to
cessation in feeding and gas exchange with the external
environment. When the mussel stops feeding, it may use some
stored energy which will eventually run out. On the other hand,
since the organism can’t exchange gas with the external
environment, prolonged valve closure would lead to anoxic
respiration. These could then lead to fatality of the organism. In
the study of Comeau et al. (2018), it showed that raft-cultivated
mussel Mytilus galloprovincialis gapes most of the time
(97.5+1.3%) within the entire 10 days of monitoring on the
gaping behavior of the organism. However, the reason of the
occasional closures is not clear. It was also noted that valve
closures are not synchronized among individuals, similar to P.
viridis used in this study. Comeau et al. (2018) also noted that
valve closure was physiologically regulated rather than

environmentally mediated.
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Figure 2. Gaping percentage of P. viridis spats (mean+SEM) at different salinity levels after: a) 1 hour, b) 4 hours, ¢) 6 hours, d) 8 hours,

e) 12 hours and f) 24 hours, from the time that salinity was abruptly changed at different salinities, except 30 ppt which served as control.

Means of different subscripts indicate a significant difference (p<0.05).
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The valve closure may be induced by a full gut or some likely
mechanism. On the other hand, this study noted that a gaping
individual once closes its valves re-opens for a split to very few
seconds particularly in the higher salinity levels (i.e., 20, 30 and
40 ppt).

Mortalities based on the indicator that valves of an
individual are open but unresponsive to stimuli started on the
28" hour (Figure 3a), particularly at 10 ppt. Thus a 100%
survival in the first 24 hours was assumed. On the 28" hour,
some individuals died in 10 ppt so that its survival rate becomes
significantly lower than the rest of the treatments (p<0.01). A
significantly lower gaping percentage was also recorded in 10
ppt compared to the 3 higher salinities. On the other hand, a
significantly few individuals from 5 ppt were observed gaping
during this period. These few individuals may have forced
themselves to open their valves as they are already starving or
needing for gas exchange, but were not able to withstand such
low salinity, thus reclosed and died subsequently. On the 2" day
(Figure 3b), mortalities from 5 and 10 ppt becomes conspicuous
at about 50% giving a lower survival rate compared to the 3
higher salinities. From the 3 until 10" day (Figure 3c- 3j),
survival from 20 and 30 ppt remained significantly highest,
followed by 40 ppt and 10 ppt. In terms of gaping percentage,
this was highest in 20 and 30 ppt followed by 40 ppt, then 10
ppt and 5 ppt. On the 4" day (Figure 3d), gaping percentage in
5 ppt became zero (0) since all individuals were found dead on
that day, whilst no significant difference (p>0.05) was found
among higher salinities (10, 20, 30 and 40 ppt). The 5 ppt
treatment was no longer included in the analysis from the 5%
until the 10 day (Figure 3e- 3j) given that there was no more
representative sample. These results are similar to the report of
McFarland et al. (2014) where mussels that were immediately
transferred from 30 ppt to 5 and 10 ppt salinity treatments were
all dead within 13 days. Wider salinity difference even within a
gradual change scheme also rendered significant mortality up
to 100% in 3 ppt within 13 days and 47% mortality in 6 ppt
within 28 days. Decreased byssal attachment and increased
valve closure where also observed for P. viridis at 3 and 6 ppt.
McFarland et al. (2013), reported that all individuals in lower
salinities (10 and 15 ppt) remained either closed or dead after
120 hours. Rowchai (2004) also observed 100% mortality from
5 and 10 ppt within 72 hours. These mortalities are attributed
to the persistent unfavorable water condition such as very low
salinity that instigates prolonged valve closure and disables the
ability of the organism to remain open long enough for feeding
and sufficient gas exchange (McFarland et al,, 2013). On the
other hand, Segnini de Bravo et al. (1998) recorded a low

mortality of P. viridis under gradual salinity change at 2 ppt
every 2 days. The observed mortalities were only 2% and 4%
from 4 ppt and 0 ppt salinity treatments, respectively.

On the 5" day (Figure 3e), gaping percentage was still
significantly higher in higher salinities (20 and 30 ppt) except
for 40 ppt which did not differ significantly with 10 ppt but
comparable with 30 ppt. On the 6™ until the 7" day (Figure 3f-
3g), when salinities were abruptly returned to 30 ppt, gaping
percentage were still significantly higher (p<0.01) among
individuals from higher salinity treatments (20, 30 and 40 ppt)
than 10 ppt. On the 8" until the 10 day (Figure 3h- 3j), gaping
percentages were no longer significantly different among
treatments (p>0.05), noting that there were only less than 10%
surviving individuals in 10 ppt. Survival and gaping activity
generally stabilized in the 7% to the 10" day (Figure 3g- 3j),
wherein salinities were already returned to 30 ppt. McFarland
et al. (2013) noted that gaping individuals are significantly
higher in higher salinities of 25 and 35 ppt. McFarland et al.
(2014) observed a high survival of P. viridis (more than 85%)
despite drastic change provided that the salinity difference is
within 10 ppt (i.e., from 30 ppt to 20, 25 and 35 ppt). Given a
gradual salinity change, P. viridis was more tolerant with 97%
survival at salinity treatments of 9 ppt and higher. Comparably,
100% survival at 20 and 25 ppt was obtained in the experiment
of Rowchai (2004). In this study, hatchery produced spats can
readily adjust to abrupt salinity changes up to 10 ppt.

Conclusion

Abrupt change and prolonged exposure to lower salinities
particularly, 5 and 10 ppt are detrimental to P. viridis spats. The
critical time for P. viridis spats wherein they could seclude
themselves for the persistent lower salinities is 28 hours from
its exposure. After which, mortality could be high at about 50%
and will continue in the succeeding days if low salinity persists.
On the other hand, if salinity will return to optimum levels,
surviving individuals may recover. This study shows that
hatchery-produced spat has also a wide range salinity tolerance
wherein it may able to survive salinities outside its optimum
range as low as 10 ppt and as high as 40 ppt, though a very high
mortality may occur in the former. Additionally, hatchery
produced spats can readily adjust to abrupt salinity change of
up to 10 ppt (e.g., from 30 ppt to 20 ppt and 40 ppt).

The results of this study show the resilience of hatchery
produced spats from drastic salinity fluctuations that typically
happens in the natural environment. This study also gives idea

on the salinity threshold of hatchery-produced spats that will
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serve as guide especially in the selection of site where this

mussel species is to be transplanted for grow-out.
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