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Abstract

Mangrove forest ecosystems provide essential services to tropical coastal communities, includ-
ing as a source of food, fuel and building materials. During the Covid-19 pandemic human
movements were restricted at all levels, including locally in coastal communities. The impact
of these measures on marine ecosystems such as mangroves were not well understood.
A household survey was conducted in a mangrove-dependent community at Mtwapa Creek to
evaluate their perceptions on the rate of mangrove degradation, factors contributing to man-
grove degradation, and species that were most exploited during the pandemic period. Multiple
Correspondence Analysis (MCA) was used to determine the association of Covid-19 with eco-
nomic activities. Due to the restrictions on human interactions and travel during the pandemic,
some natural ecosystems thrived, but in contrast accelerated destruction of mangrove forests
occurred along Mtwapa Creek. The MCA indicated significant association between mangrove
degradation rate and unemployment, charcoal burning, and reduced farming activities. A Chi-
square test confirmed significant degradation of mangrove forests. Loss of income sources dur-
ing the pandemic led to an increase in exploitation of Rhizophora mucronata, Ceriops tagal and
Avicennia marina. These species were mainly harvested for construction and charcoal burning.
Mangrove management measures could not be effectively enforced during the pandemic.

Keywords: Post Covid-19 pandemic, mangrove conservation, mangrove degradation,
Mtwapa Creek, tropical coastal communities

Introduction

ecological systems were observed to recover. Stokes et

The infancy of Covid-19 virus was characterised with
increased frequency of human infection and life losses.
Within the first four weeks, about three million infec-
tions and 200, 000 deaths were reported worldwide
(CCSA, 2020) which proliferated tension for human
interaction at local, national, and international scale
(Nicola et al., 2020). As a result, measures to control
human movement and social gatherings were effected
(Diffenbaugh, et al., 2020) leading to economic dis-
ruption as well as ecological impacts (Nicola et al,
2020; Akinsorotan et al, 2021). Whereas humanity
endured physical and emotional health impacts, some

al, (2020) in their succinct report observed that the
measures implemented by governments during the
pandemic resulted to an increase of inland fisheries in
79 countries. Also, due to limited industrial activities
and minimal travels by road, air and sea, a reduction
in the emmissions of carbon dioxide (CO,) and nitro-
gen oxides (NO,) was observed (CCSA, 2020).

As part of the ecological systems on coastal shore-
lines located in tropical regions, mangrove forests are
important carbon sequesters. In the global perspective,
mangroves have a sequestration capacity of 21 gigatons

http://dx.doi.org/10.4314/wiojms.v23i2.1
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of CO, (Mark and Marice, 2021) providing the basis for
climate change mitigation measures (Chow, 2017). Man-
grove root systems are nesting and breeding habitats for
juvenile fishes (Gambo et al., 2019). A thriving mangrove
forest increases the small-scale fisheries productivity
for the wellbeing of the dependent local communities
through provision of protein and income. Mangroves
have other socio-economic benefits which include
medicinal and chemical uses, fodder for livestock and
food for humans. Nevertheless these ethnobiological
uses of mangroves have been reported to reduce over
time (Dahdouh-Guebas et al., 2021). Despite these ben-
efits, mangrove forests are under pressure worldwide
(Kairo et al., 2002). The decline in mangrove forests is
associated with increased human settlement in coastal
areas and exploitation of mangrove products for timber,
construction, fuel wood, and agriculture (Romafach et
al., 2018; Dahdouh-Guebas et al., 2000).

In order to protect mangrove ecosystems from over-
exploitation, the Government of Kenya has estab-
lished several management measures. Mangrove
forests are protected by the Kenyan law as natural
resources. All mangroves in Kenya are designated gov-
ernment reserve forests under the Legal Notice No.
174 of 1964 (Government of Kenya, 2017). The Forest
Conservation and Management Act of 2016 provide
funds for management and conservation of for-
ests including mangrove forests. Such management
should safeguard sustainable development through
participation of local communities (Government of
Kenya, 2016b). In addition, the Wildlife Conservation
and Management Act of 2013 as well as the Fisheries
Management and Development Act of 2016 ensure
sustainable exploitation of mangrove forests. Also,
non-government actors such as the World Wide Fund
for Nature (WWF) and Western Indian Ocean Marine
Science Association (WIOMSA) contribute immensely
in management and conservation of natural resources
within East Africa. They support local communities
and civil society organisations mainly through fund-
ing efforts in natural resources management and con-
servation, restoration of degraded ecosystems, com-
munity sensitization on sustainable exploitation of
natural resources, advocacy and campaigns for policy
change and capacity building (Prosperi ez al., 2021).

The impact of anthropogenic activities on aquatic and
terrestrial ecosystems has been a subject of many sci-
entific studies (Dzoga et al., 2019; Mark and Marice,
2021) especially during the Covid-19 pandemic era.
However, there is limited information on the state of
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mangrove ecosystems during this period. Like in many
parts of the world the Kenyan population encoun-
tered restrictions on human interactions, movement,
and social gatherings during this period. As much as
these measures improved the wellbeing of humanity,
their implications on community dependent ecosys-
tems like mangrove forests were not well known. To
fill this gap, the Mtwapa Creek mangrove ecosystem
community in particular was selected for this study
to determine the status of the mangrove forest after
the Covid-19 pandemic. Based on these findings, the
current work recommends measures which could be
implemented in order to protect mangrove ecosys-
tems and other natural resources during pandemics.

Materials and methods

Study area

Mtwapa Creek is located in Kilifi south sub-County at
Latitude -8.886234S and Longitude 39.675178E (Fig. 1).
The creek is about 18.5 km long and borders the Indian
Ocean (Mutua et al., 2004). The patches of mangrove
forests in the area are named after the adjacent vil-
lages; namely Lutsanga, Kidutani and Timbetimbe.
The creek is fed by three seasonal streams (i.e., Ndovu,
Kashani and Kidutani). In Kenya, there are nine species
of mangroves of which eight species are located within
the study area (Mirera and Mtile, 2009). Lutsanga,
Kidutani, and Timbetimbe villages have a population
size of 495, 815, and 470, respectively. The three villages
are within Mtwapa sub-County with a population size
of 127, 877 people (Government of Kenya, 2019).

Sample size and sampling procedure

Purposive sampling was applied to select Lutsanga,
Kidutani, and Timbetimbe villages for this study
within the the Mtwapa Creek mangrove forests eco-
system. The Cochrans formula for infinite population
size (2=1.96,¢=0.05,p=0.5,4=1-0.5=0.5)was used
to estimate the initial sample size which generated 384
required participants. Based on the actual population
size of the three villages (495, 815, and 470), the sam-
ple size was then corrected with Cochrans correction
formula (n = new sample size, n,, = initial sample size,
N = actual population of the villages) for small sam-
ple sizes. Hence a final sample size of 316 participants
was used. Proportional samples for each village were
determined by the ratio of population size of each
village divided by the overall population of the three
villages, then multiplied by 816. Thus the respond-
ents for Lutsanga, Kidutani, and Timbetimbe were 88,
145, and 88, respectively. Data was collected through

semi-structured interviews using questionnaires
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designed to gather information on economic activi-
ties, household size, factors hindering mangrove con-
servation, estimated income of the respondents and
types of mangrove species exploited among other
variables. Respondents for the semi-structured inter-
views were selected through a simple random process.

(MCA) was performed to determine the association
between degrees of mangrove degradation with eco-
nomic activities. The Chi-square test was conducted
to determine the significance level of mangrove deg-
radation during Covid-19.

®Lutsanga

eoKidutani

®Timbe timbe

T
29 39

Figure 1. A map of Mtwapa Creek showing the distribution of mangroves from the mouth
and upper parts of the creek and the study sites of Lutsanga, Kidutani and Timbetimbe.

Data analysis

Frequency distribution of variables was determined
by SPSS v16 software. Microsoft Excel was used for
descriptive statistics on mangrove species exploita-
tion and factors that hinder mangrove conservation
and restoration. Multiple Correspondence Analysis

Results

Income categories of mangrove dependent
communities

As indicated in Figure 2, the majority (35 % and 29 %)
of the Mtwapa Creek community were earning less
than USD 385 per month. Only 2 % of the residents
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Figure 2. Comparison between household size and level of education attained.

earned above USD 140 per month. Across all the
household sizes with an exception of household size
of 7 to 9 members, most community have attained
junior secondary education while others have no for-
mal education (Table 1).

Status of mangrove degradation

during Covid-19 era

The degradation of mangrove forests was observed to
be highest during the Covid-19 period by the majority
(84 %) of the mangrove dependent community (Table 2).

About 11 % of the residents reported inadequate
knowledge of mangrove exploitation. For these res-
idents, they reported to have no direct contact or
interaction with mangroves in the study area. Their
interaction with mangroves was mainly through use
of mangrove products e.g., timber, charcoal and fire-
wood. These products are sold within the study area

as well as in the nearby commercial centers in Kilifi
and Mombasa. Mtwapa Creek depicted widespread
mangrove degradation as indicated in Figure 3.

Levels of association of mangroves

degradation with economic activities

during the Covid-19 period

As shown in Figure 4, a high rate of mangrove deg-
radation (Covid-19-impact-High) was highly associ-
ated with unemployment, charcoal burning, selling
firewood, fishing and lack of farming economic activ-
ities. A moderate rate of mangrove degradation (Cov-
id-19-impact-Moderate) was highly associated with
farmers and employed people, and those who did not
participate in charcoal burning, fishing, and selling of
firewood. Results of the Chi square test showed sig-
nificant levels of mangrove degradation during the
Covid-19 era (x = 1098.9, P < 0.05).

Table 1. Income categories of the mangrove dependent community in Mtwapa Creek.

Estimated monthly income (USD) Frequency Percent (%)
Below 7 90 29
7-85 109 35
85-70 75 24
70-105 25 8
105-140 5 2
Above 140 12 2
Total 316 100
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Table 2. Status of mangrove degradation during Covid-19 period in Mtwapa Creek, Kilifi County based on perceptions of respondents during

the study.

Degree of mangrove degradation Frequency Percent (%)
High 266 84
Moderate 9 3
Low 5 2
Do not know 36 11
Total 316 100

Levels of mangrove species exploitation

in Mtwapa Creek

The mangrove species Rhizophora mucronata was
observed to be the most exploited mangrove species
followed by Ceriops tagal and Aveccinia marina. The
least exploited species were Heritiera littoralis and Bru-
geuira gymnorrhiza (Fig. 5).

Factors affecting mangrove conservation in
Mtwapa Creek

The majority of the mangrove dependent community
indicated lack of funding, insufficient knowledge and
skills, insecurity, and lack of government support as
the greatest challenges impeding mangrove conserva-
tion efforts (Fig. 6).

Figure 3. Status of mangrove degradation at Mtwapa Creek in Kilifi County, Kenya.
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Figure 6. Challenges facing the mangrove dependent community for mangrove conservation at Mtwapa Creek in Kilifi

County, Kenya over the study period.

Discussion

Dwindling mangrove forest ecosystems has been
observed in many coastal countries globally (Das ez al,
2020). Degradation of mangrove forests is intricately
connected with natural and anthropogenic factors
(Romanach et al., 2018). While natural factors are more
pronounced and widely studied with regards to man-
grove forest deterioration (Paul et al, 2017), human
interventions play a critical role in restoration and con-
servation of these ecosystems. Anthropogenic factors
have, however, caused severe destruction to mangrove
ecosystems. The destruction of mangroves is associ-
ated with economic activities including charcoal burn-
ing, cutting of wood for fuel, fishing, and unemploy-
ment (Mark and Marice, 2021). This study has shown
that man-made activities accelerate the destruction of
mangroves forests. In Mtwapa Creek, the mangrove
forest ecosystem is a source of livelihood for most
residents. Most of the residents lack professional edu-
cation necessary for stable jobs from the government
and private sector (see Fig. 2). Thus, they sustain their
livelihoods from casual work e.g., fishing, and charcoal
burning. Unemployment and lack of stable income as
well as lack of entrepreneurial knowledge and skills
have increased reliance on mangrove resources by the
majority of Mtwapa Creek residents.

The Covid-19 pandemic period led to not only loss
of human lives but also to dwindling of economic

fortunes. As humanity suffered, the natural resources
such as fisheries were reported to flourish (Akinsoro-
tan et al., 2021). Contrary to this, mangrove forest eco-
systems experienced immense destruction as shown
in this study. The restriction on movement, social
gatherings, and prolonged lockdowns led to loss of
sources of income and increased frequency of human
illness (Ede et al, 2021). This intensified mangrove
forest destruction for charcoal burning and selling of
wood fuel.

Legal frameworks and regulations are important in the
management of natural resources such as mangrove
forests. While these frameworks outline procedures
for management and conservation of mangroves and
associated resources (Government of Kenya, 2013,
2016a, 2016b), their enforcement and implementa-
tion were a challenge especially during the pandemic
period. Priorities over this period changed to support
the wellbeing of humanity over natural resources.
Natural resources became a means for prosperity as
well as survival, resulting to overexploitation. This
condition was aggravated by lapses in organisations
mandated to manage natural resources. However, this
observation is contrary to a study by Akinsorotan et
al., (2021) which indicated progressive protection of
the natural resources across the globe. This study has
observed that there was minimal government support
to residents in terms of monitoring, enforcement of



regulations and financial aid. While sustainable nat-
ural resource management is effective through the
involvement of the community (Hamza et al., 2023),
the lack of government support during the pandemic
was indicated by most residents as among the major
challenges for mangrove forest restoration and con-
servation during this period.

Protection of mangrove species is critical not only
for the health of marine and coastal ecosystems
but also for human nutrition and health. Rhizophora
mucronata, Ceriops tagal and Aveccinia marina were the
most exploited mangrove species. These species are
the most dominant and abundant in Kenya. They
are exploited mainly for construction, wood fuel
and charcoal burning. As currently indicated, their
exploitation rates exceed their regeneration. This will
ultimately hinder the ecosystem services. Therefore,
urgent restoration and conservation measures should
focus on the selection of these species for planting and
re-planting. Furthermore, there is a need to train and
instil skills and knowledge to members of the Mtwapa
Creek community on mangrove forest conservation,
restoration and sustainable exploitation. This would
enhance restoration and conservation measures. Since
the exploitation of mangroves is mainly for economic
reasons, provision of alternative sources of livelihoods
to residents (especially during pandemics) will be vital
in the conservation and restoration efforts.

Conclusions

Mangrove degradation in Mtwapa Creek is a result
of anthropogenic factors rather than environmen-
tal conditions. During the Covid-19 period, man-
grove degradation was highly associated with char-
coal burning, unemployment, and lack of alternative
sources of livelihood such as farming. The mangrove
dependent community of Mtwapa Creek are charac-
terised by low-income earnings of less than USD 7 per
month. Low level of income earnings coupled with
limited alternatives for livelihoods during the pan-
demic period compelled the local community to rely
on charcoal burning as the main source of income.
As a result, the mangrove forest of Mtwapa Creek was
highly degraded during this period. Restoration and
conservation measures have not been successful due
to the lack of government support in terms of mon-
itoring and financial provision. Furthermore, lack of
knowledge and skills to manage mangrove forests has
led to continuous degradation. Frequent monitor-
ing, financial support, provision of alternative live-
lihoods, especially during pandemics, and training
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on mangrove skills and knowledge will be critical in
reviving the mangrove ecosystems of Mtwapa Creek
in Kilifi County, Kenya.
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Abstract

Marine litter accumulation poses a significant threat to marine ecosystems and biodiversity.
Marine litter and the influence of river discharge on marine litter accumulation during wet and
dry seasons along the coast of Dar es Salaam was investigated. Litter samples collected between
2019 and 2021 from transects on beaches and by nets spanned across two rivers were counted,
dried and weighed, and litter counts and weight (kg) calculated by area (litter/m? and volume
(litter/m?). Over three years, a total of 127,658 marine litter items weighing 470 kg were sampled
from beaches, and 1,365 items from rivers, in nine different litter categories. Most of the litter
(70 %) was produced locally and the marine litter density decreased by 61 % over the three years
of the study. Litter densities at beaches and rivers were significantly greater during the wet than
the dry season, attributed to the transport of litter in rivers to the ocean, especially plastics,
which had a higher density than other riverine litter. It is concluded that high local plastic pro-
duction and poor waste disposal systems require an intervention, and that a policy to minimize
and reduce marine litter should be developed and implemented.

Keywords: marine litter, pollution, Dar es Salaam, plastics

Introduction

Marine litter is a global problem due to poor waste
disposal management (Smail et al., 2019) and has been
associated with growth in industrial production (Sal-
gado-Hernanz et al., 2021). Schmidt et al. (2017) esti-
mate that approximately 12 million tons of marine
litter enters the oceans each year. It is also estimated
that 80 % of the marine debris originates from the
land and is transported to the ocean via surface runoff
(Meijer et al., 2021) and the rest originates from fish-
eries activities, shipping, ocean currents and tourism
(GESAMP, 2015). This has severely impacted the envi-
ronment worldwide, resulting in a deterioration in
water quality and aquatic and terrestrial ecosystems,
which impacts biodiversity (Barnes ez al., 2009). A sig-
nificant proportion of marine litter is dominated by

plastic debris (ranging from 50 % — 80 %) in compar-
ison to other litter types (Cressey, 2016; Okuku et al.,
2021). The negative effects of plastic pollution in the
environment are further exacerbated by its compara-
tively high persistence in nature, prolonging its nega-
tive effects on ecosystems (Lebreton et al., 2017; Worm
etal., 2017).

Global industrial production of plastic has increased
from 822 million tons in 2014 to 368 million tons in
2019 (Plastics Europe, 2021). This further complicates
efforts to manage the ever-increasing resultant waste,
particularly regarding single-use plastics (Barboza et
al., 2018). However, during the COVID-19 pandemic
between 2019 to 2021, plastic production decreased
by approximately 0.27 %, to about 367 million tons,

http://dx.doi.org/10.4314/wiojms.v23i2.2
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due to a global decline in production across all sectors
(Plastics Europe, 2021). In 2019, Tanzania became one
of the few countries in the world that has imposed a
ban on the use of disposable plastics (URT, 2019). Poor
policy and lack of a marine litter action plan, however,
has delayed the implementation of the ban in main-
land Tanzania, while the Tanzanian Island of Zanzibar
introduced a ban in November 2006 (Maione, 2021).
However, the management of single-use plastic waste
remains a major challenge in the Global South, includ-
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river or on beaches; brought indirectly to the sea with riv-
ers, sewage, stormwater, or winds; accidentally lost, includ-
ing material lost at the sea in bad weather; or deliberately
left by people on the beaches and shores” (UNEP, 2021).
Marine litter occurs in different forms, including
paper, cardboard, hygiene products, processed wood,
glass, rubber, clothing, plastics, fishing gear, metal,
foam, construction material, and pottery (Potts and
Hastings, 2011; Barnardo and Ribbink, 2020). Plastic
waste accounts for 75 % of marine litter, representing
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Figure 1. Study areas in Dar es Salaam, with sampling sites at Mbezi Rainbow Beach and Salenda Beach, and adjacent Mbezi and Msimbazi Rivers.

ing Tanzania and neighbouring countries (Ammen-
dolia et al., 2021). A recent brand audit conducted on
marine litter in Kenya revealed that about 16 % of the
litter originated from Tanzania (Okuku ez al., 2021).

According to the United Nations Environmental Pro-
gramme, marine litter may be defined as “any persis-
tent, manufactured or processed solid materials discarded,
disposed of or abandoned in the marine and coastal envi-
ronment. Marine litter consists of items that have been made
or used by people and deliberately discarded into the sea or

the highest proportion in comparison to other litter
types (Galgani et al., 2019). Plastic debris is grouped
into three categories based on size, viz. macroplastic
(> 25 mm), mesoplastic (5-25 mm), and microplastic
(< 5 mm) (Barnes et al., 2009; Barnardo and Ribbink,
2020). Additional categories referring to megaplas-
tic and nanoplastic have recently been described to
include plastic debris > 1 m (Smail et al.,, 2019) and
< lpm (Ramkumar et al,, 2022) in diameter respec-
tively. Currently, approximately 75 % of marine plas-
tic pollution studies are focusing on microplastics
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worldwide, which implies macro and mesoplastic
pollution remain comparatively under-investigated.
Most of these studies (approximately 80 %) are exe-
cuted in the Global North (Blettler et al., 2018).

The accumulation of marine litter contributes sig-
nificantly to the deterioration of marine ecosystems
and their biodiversity (Hastings and Potts, 2013). The
impact of marine litter has been worsening progres-
sively, resulting in a myriad of negative impacts on
marine organisms. These impacts include entangle-
ment (Potts and Hastings, 2011), ingestion, destruction
of breeding grounds, reproduction problems (Laist,
1987), and developmental impairment (Fowler, 1987),
therefore, making unconducive environments for
organisms to live in. This is attributable to its non-bi-
odegradable nature, which makes it highly persistent
in the environment over long periods of time (Galgani
et al., 2019). Additionally, plastic litter often fragments
into minute particles (micro- and nanoplastics), that
can have major, sustained impacts throughout marine
food webs through bioaccumulation and bioconcen-
tration (Miller, et al., 2020).

Several beach clean-ups along the Dar es Salaam
coast have helped reduce the marine litter prob-
lem, but the rate of riverine discharge of litter and
discards by coastal communities exceeds the rate of
clean-up (Rangel-Buitrago et al., 2018). Therefore,
this study aimed at the quantification of marine litter
at selected sites along the Western Indian Ocean coast
in Dar es Salaam, Tanzania to bring the concerned
ministries together for effectively policy implemen-
tation (URT, 2019).

Material and methods

Study area

The study was conducted in Dar es Salaam (Fig. 1),
a city with diverse economic activities, including
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a major port, large markets and shopping centers,
railway, construction, industries and factories, and
small enterprises. It is among the fastest-growing
cities in Africa, ranked third in 2010 (Mkalawa and
Haixiao, 2014). Dar es Salaam is densely populated,
with an estimated population of 7 million people and
an annual growth rate of about 5.2 % (Dar Es Salaam
Population, 2021). Samples were collected from four
sampling sites, two on beaches and two in rivers,
namely: Mbezi Rainbow Beach and Salenda Beach
(Salenda bridge), and the adjacent Mbezi and Msim-
bazi Rivers. These are the major rivers traversing
different localities in Dar es Salaam, flowing into the
Indian Ocean.

Sampling

Beaches

The survey design was based on the accumulation and
standing-stock survey method, in a 5 000 m? transect
(250 m length, 20 m width) (Fig. 2) (Barnardo and Rib-
bink, 2020). Sampling was done during low tide. Two
transects were set on each beach. The sampling was
based on each category of marine litter count. The data
were collected in two seasons, viz. the dry (July) and
wet (April) season, over a period of three years (2019
to 2021). Before sampling the beaches were cleaned
two to three days before the survey and the accumu-
lation survey was carried out on 10 consecutive days.
Two sections of the beach were sampled, the intertidal
and supratidal zone. Litter from the intertidal zone
was dried, sorted based on the category of the litter,
counted, and weighed. Litter from the supratidal zone
was also sorted according to litter type, counted, but
not dried before weighing. A waste audit and brand
audit (WABA) was implemented to identify the source
(company, country) and nature of the litter (Barnardo
and Ribbink 2020). This was done by looking at the
label which indicates the manufacturer details and in
which country the item was made.

)i:- i %ﬂc J

Figure 2. The supratidal and intertidal zone where transects of 250 m length and 20 m width were placed for marine litter sampling.
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Rivers

A net of 2 mm mesh size fixed to a metal frame of 2
m length, 1 m height, and 1 m width, was used to col-
lect litter in the rivers (Barnardo and Ribbink, 2020).
The length, width, and height of the net allowed the
calculation of litter/m?. The net was fixed with ropes
under a bridge perpendicular to the current flow
(Fig. 3). To estimate the current velocity, the width of
the bridge was measured. A stopwatch was then used
to measure the time a plastic object moved under the
bridge on three occasions, and the average velocity
was calculated. Velocity was grouped in three catego-
ries: low velocity (0.1 m/s to 0.6), moderate velocity
(0.6 m/s to 2 m/s), and high velocity (2 m/s). The net
was lifted four times (duplicates); every 30 minutes
each from the river, 15 minutes each for taking data
and setting the net back into the river for a period of
three hours. Data in each duplicate was sorted per lit-
ter type, summed and averaged to get total count as
1 sample of a day. This procedure was carried out on
10 consecutive days. Therefore, the samples (the lit-
ter type count) for each of the 10 days were summed
to get the total count as one large sample of a given
season. 1 sample (total count) was obtained from each
river per season, which makes a total of 4 samples for
two seasons every year and a total of 12 samples in
three years. The lower part of the net was lifted first to
keep the entangled marine litter in the net. The mate-
rial collected by the net from the river was counted,
dried, and weighed (Barnardo and Ribbink 2020).

Data analysis

The mean density of litter on the beaches in each sea-
son per year was calculated as counts of items per area
(m?), and for litter in the rivers items/m?3 (Smail et al.,
2019). Litter in the rivers and on beaches for both dry
and wet seasons were summed, then divided by vol-
ume and the area to get the mean density of marine

@
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Figure 3. Placement of the net used to sample litter in the rivers.
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litter for each year respectively. Marine litter density
by weight per area was calculated as kg/m? and litter
from the river was calculated in kg/m? (Edyvane ez al.,
2004). The percentage composition of marine litter
was also calculated (Okuku et al., 2020, 2021).

Descriptive statistics were computed using Microsoft
Excel and R-Studio (Barnardo and Ribbink2020).
The mean current velocity in the river was expressed
as m/s (Li et al., 2020). One-way ANOVA was used to
test for significant differences in the marine litter con-
tribution between seasons for both river and beach
respectively (Okuku et al., 2021). Two-way ANOVA was
used to test for significant differences between seasons
and years on beaches.

Cluster (Principle component analysis and Agglom-
erative hierarchical clustering) was used to investigate
the relationship between marine litter composition
and abundance in seasons and zones respectively
(Asensio-Montesinos et al., 2019). Analysis of Similarity
(ANOSIM) was also used to test the similarity in marine
litter abundance between seasons. (Pham ez al., 2014).

Results

Marine litter composition and its trend

along the coast of Dar es Salaam

A total of 127,658 marine litter items, equivalent to a
total weight of 470 kg, were sampled in the three years
on the beaches. The items were composed of cloth-
ing and fishing gear, and hygiene, metal, foam, paper,
wood, plastic, and rubber objects. The density of litter
decreased from 5.7 £ 2.09 items/m? in 2019 to 2.2 + 0.06
items/m? in 2021 (Fig. 5). However, two-way ANOVA
showed no significant difference between the Mbezi
Rainbow Beach and Salenda Beach and between the
rivers (Fig. 4). Locations (Mbezi and Salenda) showed
no significant differences (F(1, 106) = 2.63, p = 0.11.

© Florence
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Figure 4. Marine litter composition at the two beach sites during dry and wet seasons.

Also, the interaction between year and seasons showed
no significance difference F(1, 106) = 0.12, p = 0.72.
However, one-way ANOVA showed significant differ-
ences between years F (2, 106) = 8.58, p = 0.03.

Marine litter distribution during dry

and wet seasons

Agglomerative Hierarchical Clustering (AH) identified
two major clusters (Fig. 6). The first cluster includes
dry season samples DSM19, DSS19 and DSS20, and
one wet season sample WSSI19. The second cluster
has two sub-clusters of dry and wet season samples.
The dry season samples included DSS21 and DSSM21,
while the wet season divides further into two clusters,
including WSS21 and WSM21 and another cluster of

Litter/m2

9
8 |
7 |
6 |
5 |
4 |
3 |
2 |

2019 2020

Year

2021

Figure 5. Decrease of marine litter density from 2019 to 2021.
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Figure 6. Bray-Curtis similarity of litter density during the wet and dry season in three years per location.

WSM19, WSM20 and WSS20 and DSM20 (Fig. 6).
These cluster divisions are based on Bray-Curtis sim-
ilarities in marine litter densities.

PCA shows that there was a higher density of foam and
plastic objects in DSM19, DSS20, DSS19, and WSS19
than FG, HO, MO, RO, CL, PWO and GL. However, PO,
FO, HO, CL, RO show low density abundance in DSS21,
DSSM21, WSM21, WSS21 and WSS20. PO and FO show
the relationship between them (Fig. 7). With ANOSIM

0.57

PC2 (15.3%)

-0.5-

test, years tested significantly different and these differ-
ences were between 2019 and 2021, as well as 2020 and
2021 except 2019 and 2020 (R = 0.3889, p = 0.013).

Marine litter composition and distribution

in the supratidal and intertidal zone

The cluster analysis (PCA) shows higher density of
PO, RO, FO, MO, and HO in ITZS2019, ITZM2019,
SPZS2019, ITZS2020, ITZM2020, and SPZS2020, but
low density in SPZM2019, SPZM2020, SPZM2021,

season
A Dry season
¥ Wet season

CL-Clothing
GO-Glass object
HO-Hygiene object
FG-Fishing gear
MO-Metal object
FO-foam object
PWO-Paper&Wood
object

PO-Plastic object

RO-Rubber object

0 0.5

PC1 (65.9%)

Key: DSM and DSS - dry season Mbezi Beach and Salenda Beach, WSM and WSS - wet season Mbezi Beach
and Salenda Beach, while 19, 20 and 21 are years 2019, 2020 and 2021 respectively.

Figure 7. Principle Component Analysis of litter during the wet season and dry season from 2019 to 2021.
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Figure 8. Principle Component Analysis of litter density in the zone from Mbezi Rainbow Beach and

Salenda Beach.

ITZM2021, 1TZS2021 and SPZS2021. However, CL,
PWO, FG and GO showed low density in SPZM2019,
SPZM2020, SPZM2021, ITZM2021, 1ITZS2021 and
SPZ7S2021 but have moderate abundance in ITZS2019,
ITZM2019, SPZS2019, 1TZS2020, ITZM2020, and
SPZS2020. The density of marine litter gave a total of
82.1 % variation as PCI encountered 17.1% of variation
while PC2 encountered 65.0 % variation (Fig. 8).

Contribution of the rivers to marine litter

A total of 1,365 items of litter were sampled in the
rivers from 2019 to 2021, and nine categories of lit-
ter as mentioned above. PCA, riverine litter showed
high density during the rainy season compared to the
dry season, but the density of riverine litter during the
rainy season varied among locations. Plastic objects,
metal objects, clothing, hygiene objects, paper and
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W Dry scason
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Key: WSS - Wet season sample at Msimbazi River , WSM - Wet season sample at Mbezi River,
DSS - Dry season sample at Msimbazi, and DSM -Dry season sample at Mbezi River in respec-

tive years.

Figure 9. PCA of litter per season from Mbezi and Msimbazi Rivers.
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Figure 10. Proportion of marine litter branded by local and foreign manufacturers.

wood objects had a high density in seasonal samples
WSS_2019, WSM_2019, WSS_2020, RSM_2020 and
DSS_2019 while glass objects, fishing gear, and foams
had a higher density in WSM_2021. However, river-
ine litter had a lower density in dry season samples
except in sample DSS_2020 (Fig. 9). ANOSIUM shows
no significant difference between the rivers Mbezi and
Msimbazi (R = 0.34, p = 0.25). Also, ANOSIM analysis
shows significant difference between the rainy and dry
season (R =0.387, p = 0.02).

Brand Audit

Local and foreign contributions to marine litter
Twenty-six brands were identified in the litter, involv-
ing local and foreign manufactured objects. Only 27,321

objects were assigned for brand audit among 127,658
objects sampled in total. Local brands contributed 70 %
and foreign brands 30 %, which is equivalent to 19,124
and 8,196 objects, respectively. This shows that there
is higher production and/or usage in the country than
what is introduced from outside (Fig. 10). However, 30
% contributed by foreign branded objects included 21 %
from China and 9 % from Kenya.

Contribution to marine litter accumulation

at the local level and main manufacturers

At thelocal level, about 40 % of plastic items were man-
ufactured by the Melt Group Ltd., followed by about
20 % by Azam and 10 % by Plastic Production Co. Ltd.
Other manufacturers contributed <10 % (Fig. 11).

Contribution of local companies to marine litter

45 -
40 -
35 -
30 -

% Contribution
N
o

Manufacturers

Figure 11. Manufacturers whose items contributed to marine litter along the Dar es Salaam coast.
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Figure 12. Types of plastic contributing to marine litter.

Type of plastics that contributed to marine litter

Different forms of plastics were identified during
sampling (Fig. 12). These included Polyethylene (PET),
Polypropylene (PP), Polystyrene (PS), High-Density
Polyethylene (HDPE), Polyvinyl (PVC), and Low-Den-
sity Polyethylene (LDPE), Multilayer (ML), Single
layer (SL), and other (O). Plastic objects showed higher
diversity in all zones and seasons than other litter. SL
and PET contributed more (38 % and 82 %, respec-
tively) compared to other forms of plastics, while the
contribution of ML and LDPE (each 38 %) was lower.

Discussion

Marine litter accumulation and composition

on the beaches

A higher density of marine litter was found in most
wet season samples compared to dry season samples.
This was probably due to runoff that collects litter
from towns, households, cities, and roads and unor-
ganised dumping grounds into the river and then into
the marine environment (Santos et al., 2020). On the
one hand, the decreasing trend of marine litter, espe-
cially in plastics, was due to the single-use plastic ban
policy and law that was made in 2019, and other ini-
tiatives (URT, 2019). Each town council is required to
develop a strategy to keep the environment clean, such
as recycling plastics (URT, 2019). Some waste collect-
ing trucks were bought in to collect waste from house-
holds. Different initiatives to minimise marine litter
and waste in general involve zero waste, zero plastic,
and a single-use plastic free East African Community
(EAC) (Huaxia, 2021; GAIGA, 2022), world ocean day,
world environment day, marine litter action plans and

weekly clean-ups along the coast of Tanzania as well
as Dar es Salaam. The active engagement and involve-
ment of stakeholders, including children from pri-
mary and secondary schools, universities, ministries,
coastal communities, organisations, political leaders,
and musicians has contributed to the decrease in
marine litter accumulation along the Dar es Salaam
and other parts of the coast (Pettipas et al., 2016).

Litter accumulation and composition

in the intertidal and supratidal zone

The higher density of plastics in the intertidal and
supratidal zones than other marine litter is because,
during low tide, when the intertidal zone is exposed
to the sun and dries out, some light waste from the
intertidal zone can be blown by strong winds to the
supratidal zone (Barnardo et al., 2021). This might
be the reason why foam objects had a higher den-
sity in the supratidal zone than in the intertidal zone.
However, the decrease in litter in the intertidal and
supratidal zones, especially between years 2019 and
2021 as well as 2020 and 2021, might be due to the
introduction of the single-use plastic ban and other
efforts, including weekly clean-ups, that have been
made to reduce waste in the marine and terrestrial
environment in Tanzania (URT, 2019).

Brand Audit

The higher proportion of locally produced objects in
the litter might be due to industrial investments made
in the country (Salgado-Hernanz et al., 2021). However,
it is apparent that the industries producing plastics do
not consider environmentally friendly alternatives
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that are biodegradable, resulting in materials accu-
mulating in the oceans (Hastings and Potts, 2013). The
Melt Group, Azam Group, and Hakika Breweries Ltd.
manufacture more than one product, accounting for
the higher contribution of litter from these compared
to other companies. Bakhresa food products Co. Ltd
is also one of the top three manufacturers (23.8 %) that
contributes to waste accumulation along the coast of
Kenya (Okuku et al. 2021). There is a higher percent-
age (32 %) of Polyethylene (PET) in the environment,
because most beverages are sold in PET bottles. PET
bottles are very light, allowing them to be transported
easily in water, accounting for the higher accumula-
tion compared to other litter (Shilla, 2019).

Contribution of the rivers to marine litter
accumulation on beaches

The transport of waste in rivers in the wet season to
the ocean, especially plastic that has a higher density
than other riverine litter, is due to poor waste disposal
and high plastic production in the country. The cur-
rent study revealed that marine litter increases during
the wet season, because runoff collects wastes from
land and discharges it into the ocean (Silva-Caval-
canti et al., 2009; Silva et al., 2016; Santos et al., 2020).
A study in the South East Pacific suggests that rivers
are a major agent of marine litter accumulation in the
ocean (Rech et al., 2014).

Conclusions

The wet season produced a higher density of marine
litter than in the dry season, and plastic is highly
abundant in both seasons compared to other marine
litter. Plastics showed a higher density in the intertidal
zone than in the supratidal zone. This was also the
case for riverine litter, where plastic objects showed
higher density than other riverine litter. It can be con-
cluded that local manufacturers are the main pro-
ducers of most litter discarded into the ocean com-
pared to foreign products. This is greatly influenced
by industries’ production, poor waste management,
and lack of a marine litter action plan. The change in
people’s behaviour, reduction in industrial produc-
tion, particularly of plastics, as well as a proper policy
enforcement, will help to reduce the pollution of litter
in marine environments. This will not only improve
marine life, but will protect the health of humans
in general. Several entities, including government,
industries, traders, neighbouring countries, organ-
isations and local people should continue to imple-
ment the single-use plastic ban. Therefore, stake-
holders should come up with innovative packaging
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that is recyclable or reusable and introduce penalties
and punishment that will change people’s behaviour.
In terms of further research, litter quantification in
the offshore marine environment is required.
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Abstract

The filamentous marine cyanobacterium Trichodesmium forms extensive blooms in tropical
seas, where it plays an important role in nitrogen fixation. This study investigated Trichode-
smium-associated phytoplankton in the Eastern Arabian Sea (EAS) during bloom and non-
bloom conditions. Trichodesmium blooms over the continental shelf primarily comprised of
T. erythraeum and T. thiebautii during the Spring Inter Monsoon (SIM) and T. erythraeum dur-
ing the Winter Monsoon (WM). T. erythreaum blooms have rarely been reported from the
north-east Arabian Sea during WM. Trichomes comprised of 143-1552 cells during the WM,
with filaments ranging from 13839 to 13163 pm in length. Non-diazotrophic groups like diatoms
and dinoflagellates were associated with Trichodesmium during both seasons within the bloom
waters. The study found a novel symbiotic relationship between the heterocystous diazotroph
Richelia intracellularis and Nitzschia sicula during WM blooms. This research expands knowledge
of lesser-known phytoplankton species and their associations in the EAS.

Keywo rds: Arabian Sea, Phytoplankton associations, Trichodesmium bloom

Introduction

et al., 1961; Capone et al., 1997). Trichodesmium is one

Trichodesmium, a marine cyanobacterium is an impor-
tant nitrogen-fixer in the sea. It is regarded as the most
prominent marine diazotroph and has intriguing traits
such as nitrogen fixation without heterocyst formation
(Bergman et al., 2012). These blue-green algae fix nitro-
gen, which gets into the marine food web by excre-
tion, grazing, sinking, and decomposition. The marine
cyanobacteria’s ability to fix nitrogen (N,) is crucial
for the global biogeochemical cycles of nitrogen and
carbon. Trichodesmium transform N9 into bioavailable
ammonium (NH4 +), which can support non-diaz-
otrophic phytoplankton in oligotrophic oceans (Chen
et al., 2011; Oyeku and Mandal, 2020) and help pri-
mary and secondary production (Carpenter et al., 1999;
Sohm et al., 2011). Trichodesmium accounts for more
than 80 % of algal blooms, making them important
players in the global biogeochemical cycle (Dugdale

of the most common bloom-forming phytoplankton
in tropical and subtropical oceans, particularly in the
eastern Pacific and Arabian Sea (Dugdale et al., 1961;
Capone et al., 1997). It typically forms a prominent
cluster or colony, and it regularly produces blooms
that are patchy in appearance. The spatial distribution
of Trichodesmium blooms is often correlated with the
physical change of the water body, because the influ-
ence of winds can disrupt the organization of bundles
which make its distribution uneven and patchy. Warm
waters, calm weather conditions, low wind speed, lack
of grazers and highly transparent waters are the nec-
essary conditions required for the formation of the
Trichodesmium blooms (Carpenter and Price, 1976;
Lewis et al., 1988; Gianesella-Galvao et al., 1995; Capone
et al., 1997, Sellner, 1997; Sarangi et al., 2004, Siqueira et
al., 2006; Blondeau-Patissier et al., 2018).

http://dx.doi.org/10.4314/wiojms.v23i2.3
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Past literature revealed the co-existence of diatoms
like Rhizosolenia sp., Chaetoceros sp., Bacteriastrum sp.,
Asterionella glacialis, Leptocylindrus danicus, Guinardia
cylindrus, Thalassionema nitzschiodes, Nitzschia longissima,
Thalassiosira eccentrica, Hemialus hauckii and Skeletonema
costatum with Trichodesmium during bloom in both the
Bay of Bengal and Arabian Sea (Satpathy ez al., 2007;
Jabir et al., 2018). Additionally, Trichodesmium has been
found in association with dinoflagellates like Scrip-
stella sp., Gymnodinium sp., Ceratium sp., and Gonyaulax
pacifica during blooms in the Arabian Sea (Matondkar ez
al., 2006). Diazotrophic cyanobacteria are autotrophic,
or symbiotically associated with autotrophs like dia-
toms and dinoflagellates, and live in the upper euphotic
region of the sea (Carpenter and Capone, 2008). The
cyanobacteria, Richelia intracellularis and Calothrix rhiz-
osoleniae, were observed in symbiotic association with
diatom genera such as Rhizosolenia, Hemiaulus, Bacteri-
astrum, Guinardia and Chaetoceros in warm tropical and
subtropical oligotrophic water during Trichodesmium
blooms (Alldredge and Silver, 1982; Villareal ez al.,1992;
Ferrario et al., 1995; Gomez et al.,2005; Padmakumar et
al., 2010; Jabir et al., 2013; Madhu et al., 2018). The Ara-
bian Sea during the Spring Inter Monsoon (SIM) period
is known for its stratified state, resulting in oligotrophic
water. Trichodesmium releases fixed nitrogen in the form
of ammonium or dissolved organic nitrogen, which
is then available to a community of nutrient-starved
non-diazotrophic phytoplankton (Poulton et al., 2009).

Numerous occurrences of Trichodesmium blooms in
Indian waters between February to May have been
reported especially on the west coast (Prabhu ez al.,
1965; Qasim, 1970; Devassy et al., 1978; Devassy et al.,
1987; Shetty et al., 1988; Koya and Kaladharan, 1997;
Sarangi et al., 2004; Krishnan et al., 2007; Padmaku-
mar et al., 2010; Parab and Matondkar, 2012; D’Silva
et al., 2012; Martin et al., 2013; Jabir et al., 2013) as
compared to the east coast (Ramamurthy et al., 1972;
Adhakary and Sahu, 1992; Santhanam et al., 1994; Jyo-
thibabu et al., 2008; Mohanty et al., 2010; Shetye et al.,
2013). In an attempt to enhance the understanding
of the seasonality in Trichodesmium and phytoplankton
community dynamics, the present study focused on:
i) identifying phytoplankton communities within the
study area during WM and SIM; ii) quantifying cells
per trichome within non-bloom and bloom waters
using microscopy; iii) understanding the relation-
ship between Trichodesmium and other phytoplankton
communities in bloom and non-bloom conditions;
and iv) comprehending diazotroph-diatom symbiotic
association within blooms.
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Materials and methods

Study area

The Eastern Arabian Sea (EAS), part of the tropi-
cal basin of the northern Indian Ocean, experiences
strong seasonality with semi-annually reversing mon-
soon winds. Therefore, surface circulation along the
EAS reverses every six months. The West Indian
Coastal Current (WICC) flows poleward during the
WM (November to February) and towards the equa-
tor during the summer monsoon (June- September)
(Shetye et al., 1991). In summer, the WICC transports
high-salinity water from the North Arabian Sea south-
ward along the shelf slope region. In winter, the south-
ern EAS is characterized by the occurrence of thermal
inversions (Thadathil and Gosh, 1992; Durand et al.,
2004), while the northern part of the EAS is affected
by winter convection which leads to winter blooms
(Madhupratap et al., 1996; Prasanna Kumar and
Prasad, 1996). During the spring-summer transition
(April-May), a small warm pool develops in the south-
ern EAS, promoting the formation of the gyre with
monsoon onset (Joseph, 1990; Hareesh Kumar e al.,
2009: Nyadjro et al., 2012).

Data collection

An oceanographic cruise was conducted in the Ara-
bian Sea during the SIM from April 15® to May 5%
2017 onboard (FORV-359 Sagar Sampada). Sample
collection for microscopic analysis and other parame-
ters was carried out from the southern to the northern
Arabian Sea. Massive blooms of Trichodesmium sp. were
observed in the EAS on May 27 2017. A Total of 13 sta-
tions (named SS1 to SS13) were covered during this
SIM cruise. Another oceanographic cruise was carried
out during the WM period in the Arabian Sea from
December 15" 2019-January 6™ 2020 on board (ORV-
864 Sagar Kanya). The cruise track for sample collec-
tion started from Goa, moving towards the northern
Arabian Sea and further moving southwards up to 4
°N along 64 “W and then diagonally heading towards
Goa. Atotal of 14 sampling points were covered during
this cruise named SK1 to SK14. A Trichodesmium bloom
was also encountered during the WM cruise in the EAS
on December 17* 2019. The blooms of Trichodesmium
sp. observed during both cruises were floating on the
surface aligned approximately parallel to the shore-
line and distributed over the continental shelf of the
EAS which made surface waters appear pale brown to
green in colour. Samples were collected from bloom
and non-bloom stations for microscopic examina-
tions. The cruise tracks with the station locations are
shown in Figure 1.
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Hydrographic and meteorological measurements
Hydrographic measurements, such as temperature,
salinity and conductivity were obtained using a Con-
ductivity-Temperature-Depth profiler (CTD Sea-
bird 911 plus) equipped with a Niskin rosette sampler
used for water sample collection from the surface to
euphotic depth. The water samples were analysed for
phytoplankton taxonomy. Meteorological parameters
like wind speed, wind direction, and air temperature
was obtained from Automated Weather Station (AWS)
on board respective cruises.
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Diversity and Evenness analysis

A diversity index is a measure of species diversity in
a community that consists of a simultaneous popula-
tion of several different species, whereas an evenness
index shows the relative abundance of species within
aselected region. Species richness was calculated using
Simpson’s diversity index (Simpson, 1949) and species
evenness was calculated using Pielou’s evenness index
(Pielou, 1966) for the purpose of understanding the
phytoplankton community within the sampled area
during both the seasons.
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Phytoplankton identification and enumeration

For phytoplankton identification and enumeration,
1-5 litres of water were fixed with 1 % Lugol’s Iodine
and preserved with 4 % formaldehyde solution and
further stored under dark and cool (4 °C) conditions
until microscopic analysis. Samples were concen-
trated approximately up to 10-15 ml by siphoning
the top layer of the sample carefully with a tube. Iml
of concentrated sample was transferred to the Sedg-
wick-Rafter slide for identification and counting using
a Zeiss® Observer Al AX10 inverted microscope. Phy-
toplankton samples were enumerated and identified
to the lowest possible taxonomic level using a stand-
ard taxonomic key (Tomas, 1997).

68°0'0"E

84°0'0"E

T
76°0'0"E
Figure 1. Study area showing the sampling points during SS859 (SS1 to SS138) and SK3864 (SKI to SK14).
SS13 and SK1 are the bloom stations in respective seasons.

Simpson’s Diversity Index:

Yni(ni-1)

b=1-"yw-1

D: Simpson Diversity Index
ni: Number of individuals belonging to i species
N: Total number of individuals

Pielou’s Evenness Index:
J =H'/H'max

J’: Pielou evenness index
H’: The observed value of Shannon index H'max: InS
S: Total number of species



26

Results

Hydrographic characteristics of EAS during
Spring Inter Monsoon and Winter Monsoon
During the SIM, in-situ measured sea surface tem-
perature (SST) was high, ranging from 28-30 °C.
The SST at bloom station SS18 was 30 °C. The salin-
ity values ranged from 34.31- 86.73 PSU at the sur-
face with 35.54 PSU at bloom station SS18. Dissolved
oxygen (DO) concentration in the surface waters
ranged from 8.53-4.13 ml/l. DO value was observed
to be highest at the bloom station (4.13 ml/1). Dur-
ing the WM season, SST was relatively lower, ranging
from 26-29.52 °C. SST at the bloom station SK1 was
observed to be 28.64 °C. Sea surface salinity ranged
from 84.73-36.85 PSU, with the lowest value of 84.73
PSU observed at the bloom station SKI1. Dissolved
oxygen (DO) concentration was comparatively higher
during the WM, ranging from 4.19-4.40 ml/1 at the
surface, with the highest value of 4.40 ml/l observed
at the bloom station SKI. During both seasons, the
sky appeared to be clear at the bloom stations and
wind speeds were observed to be 4 m/s at SS13 and
4.8 m/s at SKI.

Phytoplankton community structure of EAS

during SIM and WM

During the SIM, 432 phytoplankton species were
identified in the EAS using microscopy. A total of
217 species of diatoms, 198 species of dinoflagellates
and 17 species belonging to other algal communities,
including Trichodesmium sp. were observed. The phy-
toplankton diversity in the EAS was relatively higher
during the WM. Overall, 518 phytoplankton species
were identified out of which 280, 212 and 21 species
were the respective contributions of diatoms, dino-
flagellates and other algal groups including Tricho-
desmium sp. Microscopic analysis showed the domi-
nance of diatoms during both the seasons within the
study area except for the bloom stations SS12, SS13
and SKI1, where approximately 75-90 % was contrib-
uted by Trichodesmium sp. Tables 1 and 2 summarize
the distribution of the most abundant phytoplank-
ton species observed within the study area during
both seasons. During the SIM pennate diatoms such
as Pseudo-nitzschia sp., Nitzschia sp., Asterionellopsis sp.,
Thalassionema sp., Fragillariopsis sp. and Navicula sp.
were dominating phytoplankton species. However,
centric diatoms such as Chaetoceros sp. Bacteriastrum sp.
Dactyliosolen sp. Hemiaulus sp. Rhizosolenia sp. Gui-
nardia sp. and Leptocylindrus sp. were the major con-
tributing phytoplankton during the WM throughout
the study area.
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Taxonomic study of Trichodesmium sp.

in bloom waters

Massive blooms of Trichodesmium sp. were observed to
be floating on the surface aligned approximately paral-
lel to the shoreline and distributed over the continental
shelf off Ratnagiri during SIM (Fig. 2a) and the conti-
nental shelf off Malvan during the WM (Fig. 2b). Surface
waters of the bloom station SS18 appeared pale brown
to green in colour during the SIM while superficial
brownish patches were observed in the surface waters
of SK1 during the WM. Microscopic analysis revealed a
mixed bloom of T. erythraeum and T. thiebautii during
the SIM contributing 75 % of the total phytoplankton
population with cell density 9.18 x 10°¢ trichomes 1! at
the bloom station SS13, and the remaining 25 % phy-
toplankton population were predominantly composed
of diatoms, dinoflagellates and other algae. T. eryth-
raeum was observed to be the major constituent of the
bloom out of these two species with cell density 7.86 x
106 trichomes 1!, whereas T. thiebautii contributed 1.27
x 109 trichomes 1" at the bloom station. Two types of
colonies were observed; T. erythraeum trichomes with
parallel straight tuft colonies with attenuated end cell
(Fig. 3a), which were composed of 12-55 trichomes, and
T. thiebautii with radial puff colonies (Fig. 8b), com-
posed of 27-168 trichomes per colony. Each trichome
had a length range of 55.55-1209.9 pm and was formed
by cells ranging from 12-98 per trichome. During the
WM it was observed that the bloom was caused only by
T. erythraeum with cell density 4.26 x 106 trichomes 1.
T. erythraeum contributed 67 % of total phytoplankton
population at the bloom station SKI whereas diatoms
constituted 31 %, and dinoflagellates and other algae
both contributed 1 % of the total phytoplankton pop-
ulation. Results showed that the bloom was comprised
of by both individual trichomes (Fig. 3c) and the colo-
nial form (Fig. 3d). Colonies were composed of 25-30
trichomes. It was observed that individual trichomes
were found to be more numerous as compared to the
colonial form with the very long trichome with length
ranging from 1339-13163.49 pm and width of 35-38
pm. Trichomes were found to be comprised of 143-
15652 cells per trichome. Thus, the comparative analy-
sis between the seasons show that the bloom waters of
the WM were comprised of longer trichomes and the
number of trichomes existing individually were higher.

Diazotroph-diatom symbiotic association

within blooms

Diazotrophs-diatoms symbiotic association (DDAs)
were more diverse during the WM bloom. How-
ever, it was observed that during the SIM Richelia
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Table 1. Distribution of the most abundant phytoplankton species in EAS during Spring Inter Monsoon.

SS1 SS2 SS3 SS4 SS5 SS6 SS7 SS8 SS9 SS10 SS11 SS12 SS13

Centric Diatoms

Chaetoceros lorenzianus v v v v v v v v v 4 v 4 4
Lauderia annulata X v v v v v v v v v v v v
Rhizosolenia imbricata v v v v v v v v v v v v v
Bacteriastrum delicatulum v 4 v v v v v v v v v v v
Guinardia striata v v 4 v v v 4 v v v v v v
Thalassiosira eccentrica v v v v v v v v v v v v v
Rhizosolenia styliformis v v v v v v v v v v v v v
Chaetoceros compressus v v v 4 v 4 v v v v v v v
coscinodiscus radiatus v v v v v v v v v v v v v
Hemiaulus hauckii v v v v v v v v v v v v v
Proboscia alata 4 v v v 4 4 v v v v v 4 4
Ditylum brightwelli X v v \ v v v \ \ \ v v v
Pennate Diatoms

Pseudo-nitzschia australis v 4 v v v v v v v v v v v
Pseudo-nitzschia delicatissima v v v v v v v v v v v v v
Pseudo-nitzschia heimii v v v v v v v v v v v v v
Thalassionema nitzschiodes v v v v v v v 4 v v 4 v v
Navicula directa v v v v v v v v v v v v v
Thalassiothrix longissima v v v v v v v v v v v v v
Pseudo-nitzschia liniola 4 v v v v v v v v v v v v
Fragilariopsis oceanica v v v X v X v v X v v v
Thalassionema bacillare X v v v X v v v v v v v v
Nitzschia sicula v v v v v v v v \ v v v 4
Nitzschia longissima v v v v v v v v v v v v v
Dinaflagellates v v v v v v v v v v v v v
Gonyaulax spinifera v v v v v v v v v v v v v
Ceratium fusus v v v v v v v v v v v v v
Ceratium vulture v v v 4 v v v 4 4 4 v v v
Prorocentrum micans 4 v v v v v v v v v v v v
Ceratium furca v v v v v v v v v v v 4 v
Dinophysis acuminate v v v v v v v v v v v v v
Alexandrium tropicales v v X v v X v v v v v v v
Prorocentrum micans v v v v v 4 v v v \ v v v
Protoperidinium brevipes v v v v v v v v v v v v v
Scrippsiella trochoidea v v v X v v 4 v v v v v v
Protoperidinium pallidum v v X v X v X v v X v v v
Gymnodinium sanguineum X X v 1 v X v 1 X \ X v v
Other Algae

Dictyocha fibula v v v v v v v v v v v v v
Octatis octanaria v v v v v v v v v v v v v
Meringosphaera sp. v X v v v v v v v v v v v
Dictyocha octanaria v v v v X v X v X v v v v
Calcidiscus leptoporus 4 4 X v X X v X X X v 4 4
Brachiomonas submarina v 4 X X v v X X v v X v v
Nephroselmis sp. v v X X X X v X X v X X X
Trichodesmium erythraeum v X X X X v X X X v X v v
Trichodesmium thibautii v X X X X X X X X v X v v
Richelia intracellularis X X X X X X X X X X X v
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Table 2. Distribution of the most abundant phytoplankton species in the EAS during the Winter Monsoon.

SK1 SK2 SK3 SK4 SK5 SK6 SK7 SK8 SK9 SK10 SK11 SK12 SK13 SK14

Centric Diatoms

Bacteriastrum delicatulum,
Bacteriastrum elongaltum,
Chaeotoceros curvisetus,
Chaetoceros compressus,
Chaetoceros lorenzianus
Chaetoceros messanensis
Climacodium frauenfeldianum
Coscinodiscus radiates
Coscinodiscus marginatus
Coscinodiscus centralis
Dactyliosolen phuketensis,
Dactyliosolen fragilisimus
Guinardia delicatula
Guinardia striata
Guinardia flaccida
Helicotheca tamesis
Hemiaulus hauckii
Hemiaulus sinensis
Leptocylindrus mediterraneus
Rhizosolenia borealis
Odontella aurita

Odontell mobiliansis
Thalassiosira gravida
Rhizosolenia hebtata
Rhizosolenia imbricata,
Rhizosolenia styliformis
Proboscia alata
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N N N N S S S S S S N U S S S S S S N
N I S S R S S S S S N S S S S S S RN
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N T N e N S S S S N N S S N S S N
N N S N S O O U N O S N N
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Thalasstosira eccentric

Pennate Diatoms

Lioloma pacificum v v v v v v v v v v v v v v
Thalassionema nitzschiodes v v v v v v v v v v v v v v
Thalassithriz gibberula v v v v v v v v v v v 4 v v
Thalassiothrix longissima v v v v v v v v v v v v v v
Pseudo- nitzschia dlicatissima v v v v v v v v v v v \ v v
Pseudo-nitzschia seriata v v v v v v X v v v v v v v
Pseudo-nitzschia subpacifica v v v v X v v v v v v v v v
Dinoflagellates

Protoperidinium depressum v v v v v v v v v v v v v v
Protoperidinium pallidum X v v v v v v v v v v v v v
Protoperidinium pellucidum v v v v v v v v v v v v v v
Protoperidinium oceanicum v v v v v v v v v \ v v v v
Ceratium furca v v v v v v v v v v v v v v
Ceratium trichoceros v v v v v X v v v v v v v v
Ceratium vulture v v v v v v v X v v v v v v
Ceratium fusus 4 v v 4 v v 4 v v 4 v v 4 v
Gonyaulax polygrama v v v v v v v v v v v v v v
Gonyaulax spinifera v v v v v v v v v v v v v v
Nocticula scintillans v v X v v v v v v v v v v v
Ornithocercus magnificus X v v v v v v v v v v X v v
Phalacroma argus v X v v v v v 4 v v 4 v v 4
Phalacroma rotudatum v v v v v v v v v v v v v v
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SK1 SK2 SK3 SK4 SK5 SK6 SK7 SK8 SK9 SK10 SK11 SK12 SK13 SK14

Podolampas bipes v v
Prorcentrum micans
Prorocentrum gracile
Oxytoxum scolopax
Protoperidinium divergens
Scrippsiella trochoidea
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Other Algae

Trichodesmium erythraeum
Trichodesmium thiebautii
Dictyocha fibula

Dictyocha octanaria
Octatis octanaria
Dictyocha speculum

Hillea fusiformis
Phaeocystis globosa
Meringosphaera

S T N S S
L=
A N L L N N
L

Richelia intracellularis

Lo T S T N

LI S N S S
L
Lo T S S S N T
ML
I S T N N
L T N N o]
T T S S e T
L L
MR

intracellularis was associated endosymbiotically with
Guinardia cylindrus (Fig. 4a) with two trichomes per
cell and a single trichome in Rhizosolenia hebetata (Fig.
4b) at the bloom station SS13. Trichomes of R. intra-
cellularis were made up of 9-17 vegetative cells, with
one terminally located heterocyst in G. cylindrus and
at both ends of the trichomes in R. hebetata which was
spherical and wider than vegetative cells. While it was
noted that during the WM, R. intracellularis was living
as an endosymbiont inside R. hebetata (Fig. 4c-4e), R.
styliformis (Fig. 4f), Hemiaulus hauckii (Fig. 4g), H. sinen-
sis (Fig. 4h) and G. cylindrus (Fig. 5a) was found in the
bloom waters SK1 and non-bloom waters (SK2, SK3,
SK4, SK7, SK13, SK14). R. intracellularis was observed to
be associated endosymbiotically with Nitzschia sicula
(Fig. 5b-5c) only at the bloom station.

Moreover, R. intracellularis was observed to be associ-
ated epiphytically with Chaetoceros decipiens (Fig. 5d)
at SK1. Calothrix rhizosoleniae was observed to be asso-
ciated epiphytically with Chaetoceros compressus (Fig.
5e-5f) at non bloom stations like SK3, SK7. Bunches of
free living and solitary trichomes of R. intracellularis
were also observed at SKI (Fig. 5g). 1-8 trichomes of
R. intracellularis were observed inside R. styliformis
cells, which occurred in single or double form at
one or both ends of the host. A single trichome was
observed inside N. sicula, located at the centre of
the valve. The endosymbiotic association between
R. intracellularis and N. sicula has not been reported ear-
lier. Trichomes of R. intracellularis were made up of 6 -
16 vegetative cells, with a terminally located heterocyst
at one end or both ends of the trichomes, which were

Figure 2. Field photograph of Trichodesmium bloom (a) off Ratnagiri during Spring Inter Monsoon (May 2" 2017) captured on-board
FORV-Sagar Sampada 359, and (b) during the Winter Monsoon (December 17% 2019) captured on-board ORV-SK 364.
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Figure 3. (a) T. erythraeum tuft colony, (b) T. thiebautii puff colony, (c) Single trichome of T. erythreaum, (d) Tuft colony of T. erythreaum
(a,b — SIM; ¢,d - WM).

spherical and wider than vegetative cells. Free liv-
ing trichomes were observed to have one terminally
located heterocyst.

Trichodesmium sp. versus other phytoplankton
community

Phytoplankton community structure showed varia-
bility with respect to the abundance of Trichodesmium
sp. It is observed from Figure 6 that the diatoms and
dinoflagellate abundance increased with the increase
in number of Trichodesmium trichomes until it exceeds

the limit and form blooms. The abundance of other
algal communities followed irregular trends with
respect to the number of Trichodesmium trichomes
(Fig. 6d).

Table 3 shows that in general during the SIM, the
number of species of diatoms, dinoflagellates and
other algae increased with the increase in the num-
ber of Trichodesmium trichomes. Simpson’s diversity
index showed maximum species diversity (D=0.95) at
station SS5 which is in open waters and minimum
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Figure 4. Richelia intracellularis as an endosymbiont (a) in Guinardia cylindrus, (b-e) in Rhizosolenia hebetata, (f) in R. styliformis,
(g) in Hemiaulus hauckii, and (h) in Hemiaulus sinensis. (a-b — during SIM; c-h — during WM).

Simpson’s index (D=0.41, 0.46) was found in the
eastern part of continental shelf at SS12 and SS13
where the bloom was encountered. Species evenness
was observed to be highest at SS10 (J’= 0.94), SS3
(J’=0.93), and SS5 (J’=0.9) while minimum evenness

was noticed at SS12 (J’= 38) and SS13 (J’=0.31) which
were the bloom stations.

Table 4 summarizes the diversity of phytoplankton
species during the WM. The highest species diversity
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Figure 5. DDAs during the WM - Richelia intracellularis as an endosymbiont (a) in Guinardia cylindrus, (b-c)
in Nitzschia sicula, (d) R. intracellularis epiphytically attached to Chaetoceros decipiens, (e-f) Calothrix rhizosoleniae
epiphytically attached to Chaetoceros compressus, (g) free trichomes of R. intracellularis.

according to Simpson’s diversity index was observed
at SK7 and the lowest was encountered at SK1, which
was the bloom station. Overall the species diversity
of phytoplankton in terms of Simpson’s index (D)
ranged between 0.54- 0.98. Pielou’s species evenness

(J)) ranged between 0.42-0.86, which shows that
the phytoplankton species were evenly distributed
throughout the study area during the WM with an
exception at the bloom station SK1 (J'= 0.42).
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Table 3. Comparison of Trichodesmium, diatoms, dinoflagellate and other algal abundance along with Evenness and Richness index at various sam-
pling sites during the Spring Inter Monsoon.

Station Trichodesmium No. of Diatom . No. of No. of Other . Simp_son’s Pit_alou’s
ID tricomes/I sp./l Dinoflagellate algae diversity index evenness index

: ’ Sp./I sp./I (D) W)
Ssl 9.52x10! 1.8x10! 1.5x10! 8 0.79 0.74
) 0 1.8x10! 0 4 0.81 0.84
SS3 0 1.7x10! 0 2 0.84 0.93
SS4 0 2.1x10! L1x10! 5 0.72 0.71
SS5 0 2.9x10! 1.4x10" 0 0.9 0.9
SS6 2.96x10? 3.0x10! 1.4x10! 8 0.81 0.74
Ss7 0 3.5x10! 1.8x10! 0 0.84 0.73
SS8 0 5.1x10! 2.0x10! 0 0.87 0.88
SS9 0 4.8x10! 2.5x10! 0 0.87 0.89
SS10 3.36x10? 6.7x10" 2.7x10! 7 0.95 0.94
Ssl1 0 8.2x10! 2.5x10! 0 0.88 0.74
SS12 4.53x10* 1.01x10? 2.9x10! LIx 10! 0.41 0.38
SS13 9.13x106 1.19x102 3.0x10! 1.3x10! 0.46 0.31

Correlation between hydrographic parameters
and phytoplankton groups

Principal Component Analysis (PCA) was performed
to understand the relation between different hydro-
graphic parameters and the phytoplankton groups.
The results of PCA for the SIM and the WM are
depicted in Fig. 7a and 7b. During the SIM, it was
observed that other algae (excluding Trichodesmium)
and Trichodesmium trichomes were positively corre-
lated with SST and negatively correlated with salin-
ity (Fig. 7a). Diatoms and dinoflagellates were posi-
tively correlated with DO and salinity and negatively

correlated with SST (Fig. 7a). Also, it was observed
from Fig. 7a that the Trichodesmium trichomes and
other algae (that excludes Trichodesmium) had a very
strong positive correlation with DO.

During the WM, Trichodesmium trichomes were pos-
itively correlated with SST and DO, while it had a
negative correlation with salinity (Fig. 7b). Diatom
and dinoflagellates showed a strong negative correla-
tion with SST and a positive correlation with salinity
and DO (Fig 7b).

Table 4. Comparison of Trichodesmium, diatoms, dinoflagellate and other algal abundance along with Evenness and Richness index at various sam-

pling sites during the Winter Monsoon.

. , . . No. of impson’ Pielou’
ISI;atlon Tr:cht:ggcs)l;:lslz No. of dla;gr;: dinoflageﬁa?e N;g;&t:e/: diverssitypi?::le)s( eve:nc::s:
’ ’ sp./I ’ (D) index (J’)
SK1 4.26x10° 6.9x10" 1.2x10! 1.0x10! 0.54 0.42
SK2 7.50x10° 9.0x10! 2.9x10! 7 0.97 0.82
SK3 0 8.7x10! 1.1x10! 9 0.98 0.86
SK4 5.40x10” 8.9x10! 4.2x10! 4 0.96 0.75
Sk5 0 6.1x10" 1.9x10! 8 0.93 0.74
SK6 3.14x10? 7.0x10! 3.4x10! 1.0x10! 0.96 0.79
SK7 8.45x10? 9.7x10! 7.4x10! 1.0x10! 0.98 0.81
SK8 0 8.4x10! 3.6x10! 1.4x10" 0.95 0.74
SK9 1.01x10? 3.7x10! 2.5x10! 8 0.93 0.72
SK10 0 5.4x10! 3.0x10! 1.0x10! 0.97 0.83
SKi1 0 3.1x10! 2.5x10! 6 0.92 0.73
SK12 0 4.1x10! 8 6 0.96 0.86
SK13 3.60x10? 2.6x10! 2.5x10! 8 0.95 0.82
SK14 8.48 5.0x10! 2.9x10! 1.9x10! 0.97 0.86
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Figure 7. Principal Component Analysis (PCA) showing the inter-relationship between different hydrographic parameters and the phytoplankton

groups during the SIM (a) and the WM (b).

Discussion

The EAS is a highly dynamic basin, where seasonal
variations in the biological and physico-chemical char-
acteristics has been a recurring phenomenon. The
hydrographical features observed during the SIM and
WM reveals the seasonality within the study area. Phy-
toplankton biodiversity is mainly affected by the sea
water temperature and salinity (Sugie et al., 2020). The
observations from this study shows that water temper-
ature was higher in the bloom regions during both the
seasons. Temperature has been recognized as a key fac-
tor that controls Trichodesmium blooms (Marumo and
Nagasawa, 1976; Carpenter, 1983; Satpathy et al., 2007;
Oyeku and Mandal, 2020). Usually, blooms of non-het-
erocystous filamentous cyanobacteria occur during the
warm season (Ramamurthy et al., 1972), as cyanobacteria
need comparatively high temperatures for their opti-
mal growth compared to other phytoplankton (Suva-
pepant, 1992; Sellner, 1997). Trichodesmium is a steno-
haline cyanobacteria, which requires salinity greater
than 38 PSU for optimum growth and abundance and
cannot withstand low salinity (Ramamurthy ez al., 1972;
Krishnan et al., 2007). The study also revealed that the
salinity in the bloom waters were higher than 34 PSU.
Also, it was observed that DO values at the bloom sta-
tions were higher during both the seasons which might
be because of photosynthetic release of oxygen by
the dense blooms of Trichodesmium filaments. Similar
observations hav also been reported on the east and
west coast of India (Satpathy et al., 2007; Mohanty et
al., 2010; Capone et al., 1997; Padmakumar e al., 2010)
during Trichodesmium blooms.

According to Prabhu et al., 1965; Qasim, 1970; Devassy
et al., 1978; Devassy et al., 1987; Shetty et al., 1988; Koya
and Kaladharan, 1997; Sarangi et al., 2004; Krishnan et

al., 2007; Padmakumar et al., 2010; Parab and Matond-
kar, 2012; D’Silva et al., 2012; Martin ez al., 2013; Jabir et
al., 2013; Jyotibabu et al., 2017; Ahmed et al., 2017; Dias
etal., 2020; Ramesh et al., 2021, Trichodesmium blooms
usually occur every year between February-May along
the west coast of India when temperature is elevated
with intense sunlight and when salinity is more stable
(Jyothibabu ez al., 2003). However, during this study,
blooms were also witnessed in the WM. High SST
(28.64) favours water column stratification, probably
leading to nutrient-poor environments that support
the existence of extensive blooms of filamentous 7.
erythaeum in the study area during the WM. Tricho-
desmium bloom occurrence during WM in the Ara-
bian Sea is not often observed so can be considered
quite unusual. Also, the observed length of Trichode-
smium filaments or trichomes and number of cells per
trichome within this study are of great interest as this
long filamentous Trichodesmium has not been recorded
earlier from the Arabian Sea (Length: 1339-13163.49
pm). As Trichodesmium blooms occur in a nutrient
poor environment (Devassy et al. 1978; Padmakumar
et al., 2010), the long filaments and great numbers of
cells per trichome observed during the study period
could possibly occur to optimize the nutritional and
other physiological requirements.

As a diazotrophic cyanobacteria, Trichodesmium fix
atmospheric nitrogen and make this available for
other phytoplankton communities in a usable form.
This study suggests that non- diazotrophic commu-
nity growth increased with an increase in the number
of Trichodesmium filaments. However, the abundance
of other phytoplankton decreased when the number
of Trichodesmium cells surpassed the normal limits, i.e.,
under bloom condition (Fig. 6). This phenomenon
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was observed during both cruises, in spite of its occur-
rence during different seasons. Thus, it clearly indi-
cates the positive relationship between Trichodesmium
and other phytoplankton species unless it overcon-
sumes the available nutrients and flourishes to form
blooms. Similar trends of abundance were observed
for diatoms and dinoflagellates (Fig. 6b-6c), but var-
iability was noted in the abundance of other algal
groups (Fig. 6d).

Symbiotic association of diazotrophs-diatoms helps
diatoms to fix atmospheric nitrogen in oligotrophic
waters with the help of epiphytic or endosymbiont
diazotrophs, as they are the only organisms capable
of converting molecular N2 into NH4, a more read-
ily assimilated form of dissolved nitrogen (Karl et al.,
2002). Diazotrophs are significant in environments
where nitrogen limits primary production. In the
present study, it was observed that the diazotroph,
Richelia intracellularis was found to be endosymbi-
otically associated with diatoms (DDAs) restricted
within the bloom waters of the EAS during the SIM,
while such associations were found in bloom and
non-bloom regions during the WM. Past studies
also emphasized the importance of DDAs on phyto-
plankton nutrient and energy budgets in the Palk Bay
(Madhu et al., 2018) as well as in the oligotrophic waters
of the Arabian Sea (Jabir et al., 2013) during the SIM.
Additionally, DDAs were more abundant within the
bloom waters of the EAS during the WM as well as with
varying diatom species. Therefore, bloom waters with
diazotrophs like Trichodesmium and Richelia not only
support the proliferation of a non-diazotrophic phy-
toplankton community through regenerated ammo-
nium produced from these nitrogen fixers (Kulkarni
et al., 2010), but also through a significant contribution
to the nitrogen cycle and the budget of oligotrophic
seas during blooms.

Phytoplankton community composition showed dis-
tinct variation in bloom and non-bloom stations. At
the bloom stations, certain phytoplankton species
were observed to be abundant. These include Tricho-
desmium erythraeum, Chaetoceros curvisetus, Bacteriastrum
elongatum, Chaetoceros dichaeta, Pseudo-nitzschia liniola,
Chaetoceros compressus, Richelia intracellularis, Protope-
ridinium parthenopes, Ceratium furca, Chaetoceros deci-
pience, and Gonyaulax spinifera. This suggests that these
species thrive and are present in significant quantities
during phytoplankton blooms. On the other hand, at
the non-bloom stations, different phytoplankton spe-
cies were observed in higher numbers. These include

WIO Journal of Marine Science 23 (2) 2024 23-39 | Anima Tirkey et al.

Pseudo-nitzschia pungens, Pseudo-nitzschia delicatissima,
Chaetoceros lorenzianus, Chaetoceros messanensis, Bacte-
riastrum delicatulum, Dactyliosolen fragilissimus, Chaeto-
ceros compressus, Nitzschia longissima, Navicula delicatula,
Thalsssiothrix gibberula, Lioloma pacificum, Protoperi-
dinium conicum, Protoperidinium oceanicum, Gymnodinium
breve, and Podolampas palmipes. This indicates that these
species exhibit higher population densities in envi-
ronments that are not experiencing phytoplankton
blooms. Overall, the study provides insights into the
distribution and abundance of phytoplankton species
in different ecological contexts, highlighting the varia-
tions between bloom and non- bloom stations.

During the SIM, it was observed that pennate dia-
toms such as Pseudo-nitzschia sp., Nitzschia sp., Aste-
rionellopsis sp., Thalassionema sp., Thalsssiothriz sp.,
Fragillariopsis sp., and Navicula sp. were the dominant
phytoplankton species. This means that these types
of diatoms were the most abundant and influential
in the phytoplankton community during this period.
In contrast, during the WM, centric diatoms such as
Chacetoceros sp., Bacteriastrum sp., Dactyliosolen sp., Hem-
taulus sp., Rhizosolenia sp., Guinardia sp., and Leptocy-
lindrus sp. took over as the major contributing phy-
toplankton throughout the study area. This implies
that these centric diatoms became the most signif-
icant and impactful contributors to phytoplankton
composition during the WM period, replacing the
previously dominant pennate diatoms.

Conclusions

Trichodesmium sp. association with other phytoplank-
ton communities during the SIM and WM were studied
within the EAS. Similar trends were observed between
Trichodesmium trichomes and other phytoplankton
community abundance except at bloom stations.
Microscopic analysis revealed that a mixed bloom
of T. erythraeum and T. thiebautii occurred during the
SIM period in the EAS off the coast of Ratnagiri, while
the bloom witnessed during WM on the continen-
tal shelf off Malvan comprised only of T. erythraeum.
The observed length of Trichodesmium trichomes and
number of cells per trichome during WM have not
been observed before in the EAS. Symbiotic asso-
ciations of Richelia intracellularis with diatoms like
G. cylindrus, R. hebetata, R. styliformis, N. sicula and C.
decipience were observed during bloom period. Free
living trichomes were also reported during the WM
bloom at the bloom station. Endosymbiotic associa-
tion of R. intracellularis with N. sicula is a novel obser-
vation at the bloom station during the WM. Overall,
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the distribution of diatoms and dinoflagellates were
observed to have a negative correlation with SST while
an inverse relation was found for Trichodesmium.
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Abstract

Publicly available Sentinel-2 satellite imagery was used to map the coral reef systems of Toli-
ara in Madagascar, to standardize methods for monitoring reef health and guiding manage-
ment decisions. Fieldwork conducted between March and December 2021 used georeferenced
photoquadrats to assess benthic structure. The satellite image classification was based on the
Object-Based Image Analysis (OBIA) and machine learning algorithms, with k-NN achieving
the highest overall accuracy at 83 %, followed by the Bayes classifier (79 %), DT (68 %), RT (67 %)
and SVM (42 %). The analysis identified distinct surface areas occupied by seagrass (21 km?),
sand (73 km?), rubble (21 km?), coral (10 km?) and algae (6 km?). Comparative assessment with
the Allen Coral Atlas underscored the importance of aligning satellite image analysis with in-situ
data. The study emphasized the role of selecting appropriate classifier algorithms for precise
mapping and stressed the importance of local data collection for accurate habitat mapping.
It also showcased the successful application of OBIA with satellite imagery and field data for
coral reef mapping, providing insights into habitat health and spatial changes essential for effec-
tive conservation.

Keywords: remote sensing, coral reef, Madagascar, Sentinel-2, OBIA, Machine learning
algorithms

Introduction

Effective management and conservation efforts

Coral reefs protect shorelines against storms, serve as
fish nurseries, and provide socio-economic benefits
when associated with tourism and recreation, shore-
line protection, fisheries, and biodiversity services
(Eakin et al, 2010). However, these ecosystems face
significant threats on both global and local scales, pri-
marily due to climate change and anthropogenic pres-
sures (Xu and Zhao, 2014). Nearly half of the world
coral reefs have been destroyed or badly damaged in
the last 30 years (Wilkinson, 2008). Current trends
suggest that between 70 % to 90 % of global coral reefs
are at risk of extinction within the foreseeable future
(Foo and Asner, 2019), a fate that extends to the reefs
of Madagascar as well (van Hooidonk ez al., 2016).

requires comprehensive monitoring strategies that
encompass both spatial and temporal dimensions,
focusing on the distribution of species on the ben-
thos as well as their associated substrates (Nurlidiasari
and Budiman, 2010). Such measures require a reliable
method that can efficiently process continuous data
into manageable spatial units (Kennedy et al., 2021).
The European Space Agency (ESA) has made Senti-
nel-2 images freely available since 2015 (ESA’s Sen-
tinel-2 team, 2015) offering a 10 m spatial resolution
(pixel size), which significantly enhances the utility of
these images for coral reef mapping. Remote sensed
mapping of coral reefs is particularly important for
developing countries, where 80 % of the world’s coral

http://dx.doi.org/10.4314/wiojms.v23i2.4
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reefs occur (UNEP-WCMC, WorldFish Centre, WRI,
TNC, 2021). Therefore, it is critical to determine the
efficacy of mapping using freely available satellite
images from Sentinel-2 (Hedley et al., 2012, 2018;
Wouthuyzen et al., 2019; Yunus et al., 2019).

To achieve comprehensive mapping of coral reefs, it
is crucial to derive maps of geomorphic zones and
benthic communities at various scales (Phinn, et al.,

WIO Journal of Marine Science 23 (2) 2024 41-56 | A. Nomenisoa et al.

provided valuable insights, further studies are neces-
sary to fully comprehend these ecosystems and their
changing habitats.

Efficient and cost-effective methods using remote
sensing data are needed to delineate comprehen-
sive reef coverage, geomorphic zoning, and benthic
composition in Madagascar. Despite numerous stud-
ies on mapping coral reefs, variations in processing
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Figure 1. Study area with the placement of the transect lines.

2012). Numerous initiatives have been undertaken
globally to map coral reefs and understand their
distribution, including coral reefs from Madagascar.
However, existing datasets, such as those from the
United Nations Environment Program-World Con-
servation Monitoring Centre (UNEP-WCMC) and
the Allen Coral Reef Atlas, have limitations such as
irregular updates, and unstable accuracy, hindering
their applicability in dynamic monitoring. Although
efforts to study coral reefs from Madagascar have

schemes, data characterization, and classification
methods pose challenges, emphasizing the necessity
for a tailored methodology. Therefore, there is a need
for a comprehensive methodology tailored to coral
reefs from Madagascar, encompassing standardized
fieldwork data collection and image processing work-
flows. This study focuses on the barrier reef in Toli-
ara, commonly known as the ‘Grand Récif de Toliara’
(GRT), and the reefs of Ankilibe and Sarodrano, where
local coral reef geomorphology has been conducted



A. Nomenisoa et al. | WIO Journal of Marine Science 23 (2) 2024 41-56

(Pichon, 1972; Battistini et al., 1975; Andréfouét et al.,
2018), and several studies focusing on the bio-ecology
of coral reefs have been realized (Todinanahary, 2016;
Razakandrainy, 2018; Botosoamananto et al., 2021).
Undertaking a comprehensive study at the scale of
the Toliara region is essential for coral reefs of Mada-
gascar, necessitating standardized methodologies for
future data collection and processing. The primary
aim of this research was to develop a methodology for
coral reef mapping in Madagascar, using freely acces-
sible satellite imagery and advanced remote sensing
techniques. Specifically, the study aimed to assess
geomorphic zonation and benthic coverage along
the barrier reef and fringing reefs of Toliara, using
Object-Based Image Analysis (OBIA) applied to Sen-
tinel-2 satellite data, alongside fieldwork data acqui-
sition. This study seeks to establish a foundational
understanding of nearshore benthic communities
in Madagascar, serving as a vital resource for marine
scientists to effectively track ecosystem changes. Fur-
thermore, it aims to furnish policymakers with essen-
tial data for monitoring the health of these reefs and
formulating sustainable management strategies over
the long term.

Materials and methods

Study area, field data collection and processing
The study was carried out within the Bay of Toli-
ara, and was focused on the fringing reef of Sar-
odrano, the fringing reef of Ankilibe, and the barrier
reef of Toliara (Fig. 1). The selection of these sites
was based on several factors: (1) accessibility, (2)

Figure 2. Method of photoquadrat data collection.
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ecological variability, encompassing both degraded
and healthy areas to facilitate the discernment of
local stressors, and (3) ecological complexity, given
the co-existence of a barrier reef, a fringing reef,
and patch reefs within the same coral reef sys-
tem. Fieldwork was conducted between March and
December 2021, during low spring tides to optimize
the time available for in-water surveying. It con-
sisted of collecting georeferenced photoquadrats
(in-water images) along transect lines (Fig. 1). Due to
the limitation of GPS signal penetration underwa-
ter, the GPS device was secured in a floating airtight
bag at the surface. This device was programmed to
record new geographic positions every second. Spe-
cifically, one diver captured benthic images every
3-5 meters, guided by a compass to maintain course,
while a second diver at the surface maneuvered the
GPS-containing bag, moving in synchronization
with the diver below (Fig. 2). Each dive averaged
80 minutes, covering approximately 500 meters of
transect where current conditions allowed; however,
in instances of stronger currents, transects were
shortened accordingly. Initial and final GPS coor-
dinates of each transect were logged on a diving
slate to facilitate subsequent GPS data integration.
Approximately 250 photos were collected per tran-
sect, totaling 4187 photos across the 80 transects.
Ground-truthing data collection was confined to
depths shallower than 20 meters. Subsequently, the
photos were linked to GPS data to assign specific
geographic positions to each photoquadrat using
the software GPS Photo Manager (Roelfsema et al.,

R_\_ﬁ“‘"——-—_.______----"" —— \__’____,-r"—_'_‘\____/.. _._’//

Qﬂ—' Underwater camera
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Figure 3. 49 stratified points (7 points per lines) on CPCE.

2019). This integration facilitated the visualization
of photos and associated benthic attributes within
a Geographic Information System (GIS) interface.
All the GIS operations in this study were performed
using the QGIS software, version 3.34.

Assessment of benthic cover from

geotagged photos

Benthic cover within the transect lines was obtained
from each geotagged photo by analyzing photoquad-
rats using the Coral Point Count with Excel extension
(CPCe) software (Kohler and Gill, 2006). A total of 49
stratified points were distributed on each photo and
the substrates corresponding to these points were
identified using a predefined code name “CPCe ben-
thic codes 41 Madagascar” provided with the software
(Fig. 3). Based on their knowledge and the 41 CPCe
benthic codes, the users attributed specific classes to
each of the 49 stratified points. This number of strati-
fied points per photoquadrat was sufficient to identify
down to the level of benthic habitat classes. The ben-
thic cover of the photoquadrat was then automatically
estimated by the software as a function of the num-
ber of points occupied by each category of substrate.
Once the analysis was finished, the software exported
the data in an Excel file.

Conversion of the CPCE data into calibration and
validation sample points

The data points produced by the CPCe software spans
a 1x1 meter area, whereas the pixel size of a Sentinel-2
image measures 10 meters by 10 meters. To ensure
comparability between CPCe data points and Sen-
tinel pixels, the 41 benthic CPCe codes were refined
into five classes: Coral (i.e., live corals), Algae, Rubbles,
Sand, and Seagrass. These data points were then over-
laid onto the Sentinel-2 image layer. A new sample was
then manually created and assigned a pixel category
based on the predominant benthic cover depicted in
the CPCe data pie chart (Fig. 4). From the 4187 pho-
tos, 1243 control points were derived, where 75 % were
used for calibrating the machine learning algorithms
to classify the satellite image, while the remaining 25 %
served as validation points to assess their accuracy.

Satellite image processing

Pre-processing

Sentinel-2A data were accessed from the Copernicus
server  (https:/scihub.copernicus.eu/dhus/#/home).
The Sentinel-2A image collected on 21-08-2021 was
used in this study (Table 1). The Sentinel-2 satellite
was launched in 2015 and offers 10 m spatial reso-
lution for the visible and the Near Infra-Red (NIR)
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Figure 4. Calibration and validation sample points.

bands (ESA’s Sentinel-2 team, 2015). The most appro-
priate images for coral reef habitat mapping are those
that contain the least cloud cover and sun glint and are
acquired during the spring low tide period. This last
requirement is crucial in the analyses as the character-
ization of the benthos is complicated especially when
they are submerged in the water column. The raw
downloaded Sentinel-2 image was first corrected for
the effect of the atmosphere. For this correction, the
sen2cor atmospheric Correction Processor algorithm

Table 1. Sentinel-2 image specification used in this study.

was used from the SNAP software or Sentinel Appli-
cation Platform (Louis et al., 2016). This approach
consisted of transforming the Level-1C image (surface
reflectance measured at the top of the atmosphere)
into Level-2A (bottom-of-atmosphere reflectance).
Next, as the benthos was submerged underwater, the
water column effect needed to be corrected. The water
column correction algorithm of Lyzenga (1981) was
used for this purpose. This was processed using the
sen2coral module of the SNAP software. As a result,
three bands of the depth invariant index (DII) were
generated, each composed of different combina-
tions of spectral bands (Table 1): blue and green (DII_
B2B3), blue and red (DII_B2B4), and green and red
(DII_B3B4). Additionally, the Normalized Difference
Vegetation Index (NDVI) was computed (Zoffoli ez al.,
2020). These newly generated layers were added to
the atmospheric corrected image for the geomorphic
and benthic image classification.

Image classification

Coral reef habitat classification serves as an important
tool for surveying and understanding these marine
ecosystems. The process involves leveraging raw input
data—such as videos or images—captured from coral
sites (Nguyen ef al., 2021). Through this data, distinc-
tive features of the seabed, referred to as classes, are
extracted and categorized, including corals, sands,
rubbles, seagrass, etc. To undertake this mapping,

Name Sentinel-2A

Correction level Level 1A

Date of acquisition 21-08-2021

Radiometric resolution 12 bit/pixel

Swath width 290 km at nadir
ol vy e
1 Coastal Aerosol 442.7 60
2 Blue 492.7 10
3 Green 559.8 10
4 Red 664.6 10
5 Vegetation Red Edge 704.1 20

Multispectral Bands 6 Vegetation Red-Edge 740.5 20
7 Vegetation Red-Edge 782.8 20
8 Near Infra-Red (NIR) 832.8 10
8A Narrow NIR 864.7 20
9 Water vapor 945.1 60
10 Short Wave Infra-Red (SWIR)-Cirrus 1878.5 60
11 Short Wave Infra-Red (SWIR) 1613.7 20
12 Short Wave Infra-Red (SWIR) 2202.4 20
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Figure 5. Object based image analysis (OBIA)process. a) Acquired image, b) Image segmentation, c) Image classification.

there are two approaches used: manual extraction
of features, which offers high accuracy but is labori-
ous and time-intensive, or the use of machine-learn-
ing algorithms for rapid processing and replicabil-
ity, albeit with a potential risk of misclassification.
While manual methods ensure precision, the advent
of machine learning presents an efficient alternative,
albeit with a need for careful validation and refine-
ment to minimize errors in classification. For this,
the OBIA method (Object-Based Image Analysis) was
applied using eCognition Developer Software version
10.3 (Trimble Germany GmbH, 2022). This approach
consists of grouping similar pixels (form, colour, tex-
ture, etc.) into segments (Fig.5), and then attributing
classes to those segments (Hedley et al., 2016).

Geomorphic zonation

The concept of geomorphic zonation in coral reefs
involves identifying features that are relatively stable
over time. In this study, the extraction of several key
geomorphic features was focused on, including Inter-
nal Reefs, Lagoon, Reef Flat, Enclosed Basins, Reef
Crest, Reef Front, and Reef Slope, following the defi-
nitions provided by Battistini et al. (1975). A lagoon is
a naturally occurring depression with varying depths
and sizes, typically found either behind a barrier reef
or completely enclosed by reef structures. Enclosed
basins, on the other hand, are smaller, shallower
depressions or pools nestled within the reef structure
on the reef flat. The reef slope constitutes the sub-
merged front portion of a reef, sloping seaward with
differing inclinations. It comprises coral formations
and sedimentary deposits primarily of biogenic ori-
gin. The reef front delineates the outer edge of the reef
flat at low tide, particularly during spring tides. Mean-
while, the reef flat is a horizontally oriented platform
atop a reef structure, often reaching or surpassing sea
level. It may exhibit material accumulations and sur-
face incisions. The reef crest is primarily composed
of coarse elements and is situated on the anterior part

of the reef flat, manifesting in various shapes such as
domes, ramparts, or scattered accumulations. Internal
reefs are positioned within a lagoon, frequently sep-
arated from the open ocean by a barrier reef. They
exhibit diverse sizes and shapes and are typically
surrounded by shallow lagoon waters. These internal
reefs consist of lagoonal coral patches, some of which
extend to the surface and larger lagoon reefs, which
are substantial coral formations within the lagoon,
either partially exposed or submerged. These larger
formations often display distinctive zoning patterns
akin to those observed on reef flats.

After the image segmentation, these features were
extracted by the visual photo-interpretation method
using the built-in manual classification tools within
the Ecognition Developer software.

Benthic image classification

For this purpose, the processed satellite image com-
prised: (i) the 10-meter resolution spectral bands from
Sentinel-2 images (Table 1) which were atmospheri-
cally corrected, (ii) the calculated depth invariant bot-
tom indexes (DII_B2B3, DII_B2B4, DII_B3B4), and
(iii) the NDVI layer. Several satellite imageries, classi-
fication techniques, typologies and machine learning
algorithms have been globally adopted to gather data
on benthic coverage of coral reefs (Burns et al., 2022).
However, determining the most effective approach
presents challenges due to inconsistencies in various
factors, including the spectral and spatial resolutions
of satellite images, methodologies for in situ reference
data collection, the diversity and quantity of benthic
classes mapped, and protocols for accuracy assess-
ment. In this study, five prominent machine learning
classifiers commonly employed in mapping coral reef
benthic habitats were assessed with the goal of iden-
tifying the best performer tailored to environmen-
tal conditions, fieldwork data characteristics, and the
particular benthic classes under study. These findings
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Conversion of the CPCE output into
georeferenced data points
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Figure 6. Image processing workflow.

will inform future investigations, guiding parame-
ter choices, and streamlining classification processes,
minimizing trial-and-error efforts. The five machine
learning classifiers were:

Support Vector Machine (SVM). This assigns class
labels to segmented objects by determining an optimal
hyperplane, guided by feature vectors extracted from
objects’ attributes such as spectral values, texture, and
spatial relationships. This hyperplane maximizes the
margin between classes while minimizing misclassifi-
cations, with a focus on support vectors to define the
boundary effectively (Mountrakis ez al., 2011).

Decision Tree (DT). The DT algorithm recursively
partitions the dataset into subsets based on feature
conditions, constructing a tree where each internal
node represents a feature test and each leaf node
denotes a class label. It employs a divide-and-conquer
approach to classify instances, following a path from
the root to a leaf node determined by feature condi-
tions (Dietterich, 2000).

Random Trees (RT). This is a combination of multi-
ple tree-based classifiers to produce a single classi-
fication, an ensemble of decision trees, where each
single tree contributes a vote for the assignment of
the most popular class to the input data (Xie and
Niculescu, 2021).

Sentinel-2A image acquisition: cloud
free scene, low tide spring tide

Atmospheric correction
(MuellerWilm et al., 2017)
Water column correction (Lyzenga
1981)

Image segmentation
Geomorphic zonation

Benthic image classification: using SVM, k-
NN, Decision Trees, Bayes, Random Trees

Accuracy assessment

Final benthic habitat map

k-Nearest Neighbour (k-NN). The k-NN algorithm
classifies segmented objects based on the class most
represented by their k nearest neighbours. K is a
user-defined parameter that is the number of nearest
neighbouring objects that are included in the majority
voting process (Burns et al., 2022) Bayes.

The Bayesian algorithm assigns classes to segmented
objects by calculating the probability of each class given
the object’s features. It uses Bayes’ theorem to compute
the conditional probability of each class, incorporating
prior knowledge and assuming feature independence
to make informed decisions (Lewis, 1998). The flow
chart of the image processing is provided in Fig. 6.

Benthic class description

The coral class (Fig. 7a) refers to a category with a hard
underlying framework that is typically composed
of coral-derived limestone, although non-carbonate
materials can also be present. This class includes liv-
ing corals. The rubble class (Fig. 7b) pertains to any
area featuring loose, cylindrical to irregularly shaped
fragments of bedrock or clasts of corals, bivalves, and
coralline algae. This category encompasses lime-
stone reef matrix and underlying areas of coral sand
cemented together. The macroalgae class (Fig. 7c) is
composed of large, multicellular marine plants that
typically thrive in shallow waters surrounding coral
reefs. Macroalgae are often observed on top of dead
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Figure 7. Benthic Classes Across Multiple Scales: 300 m (Sentinel-2 image), 100 m (Sentinel-2 image), and 1 m scale (photoquadrat). (a) Coral,
(b) Rubbles, (c) Algae, (d) Seagrass, (e) Sand.

corals, in areas with clear water and abundant sun-
light. The seagrass class (Fig. 7d) pertains to a soft-bot-
tomed environment that is mainly characterized by
the prevalence of a single or a combination of differ-
ent species of seagrass. This classification also encom-
passes sparser or spatially confined seagrass as long as
it forms the dominant benthic class. The sand class
(Fig. 7e) pertains to soft-bottomed reef regions where
fine unconsolidated granular material prevails. This
granular material is finer than coral rubble but coarser
than mud and thickly overlays any underlying bed-
rock. Sparse algae, scattered rocks, or small, isolated
coral heads may also occur in the sand class. This class
also encapsulates areas that are covered by a layer of
fine-grained sediment that is mostly composed of
organic matter and inorganic particles.

Accuracy assessment of the benthic habitat
mapping

The validity, or usefulness, of any interpretation or
classification map may be determined with an accu-
racy assessment that compares the created map with
the field work data (Yamano, 2018). Accuracy assess-
ment is commonly derived using an error matrix (also
called confusion matrix), which tabulates the level of
agreement between the thematic class at a location in
the image-based map and the same location in the
reference data (Yamano, 2018). The accuracy of each
mapping category is described by the individual class
accuracies, or according to the user’s accuracy (UA)
and producer’s accuracies (PA) and Overall accuracy
(OA), which are all derived from the error matrix. This
is generated by using the built-in accuracy assessment
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tool in the eCognition Developer software. These met-
rics adhere to the definitions provided by Congalton
and Green (2008). OA focuses on assessing the gen-
eral performance of a classification algorithm across
all classes in a dataset. It provides a holistic measure
of the classifier’s accuracy by considering all classes
simultaneously. PA represents the proportion of cor-
rectly classified pixels or features for a specific class in
relation to the total number of pixels or features that
belong to that class on the ground. It focuses on how
accurately the algorithm identifies and maps the pix-
els or features that truly belong to a specific class on
the ground. UA represents the proportion of correctly
classified pixels or features for a specific class in rela-
tion to the total number of pixels or features classified
as that class by the classifier. It focuses on how accu-
rately the algorithm assigns pixels or features to a par-
ticular class, regardless of whether they truly belong
to that class or not. Five classifier algorithms (SVM,
DT, RT, Bayes, k-NN) were executed on the image and
their accuracy evaluated. Using the classifier algorithm
that demonstrated the highest overall accuracy, the
benthic classification outcome was refined by merg-
ing similar classes and eliminating small misclassified
objects, thus improving the clarity and coherence of
the final result.

Accuracy assessment of the Allen Coral Atlas

To assess the effectiveness of the benthic cover results
for the reefs surrounding Toliara, a comparison with
vector data from the Allen Coral Reef Atlas (ACA)
(https:/allencoralatlas.org) was conducted, acquired
in August 2021. This data was cropped to match the
scale of the current study, enabling meaningful com-
parisons. The ACA has the great advantage that it cov-
ers reefs around the world, so it is easy to refer to this
atlas for a first approximation of benthic coverage of
coastal and reef habitats (ACA, 2020).

Andréfouét (2008) mentioned the necessity of align-
ment of the extent of the ground truth data with the
spatial resolution of the sensors. For a meaningful
multi-sensor comparison accompanied by objective
accuracy assessment, it is imperative that ground truth
observations and typology align with the spatial reso-
lution of the sensors. Given this, the raw CPCe data
from this study, derived from 1 m x 1 m photoquadrat
(with new pictures captured every 3-5 meters), offers
a suitable basis for evaluating the accuracy of the ACA
data rather than the readapted training and valida-
tion data (Fig. 4) that was used to match with the pixel
size of the Sentinel-2 image. The ACA data is sourced
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from Planet Dove satellite images, a commercial sat-
ellite that provides a spatial resolution of 3-5meters
(Safyan, 2020).

The benthic cover of the reefs of the ACA was com-
posed by 6 categories: “Coral/Algae”, “Microalgal
Mats”, “Rock”, “Rubble”, “Sand”, and “Seagrass” To
facilitate this comparison, the field work dataset was
reorganized to mirror the typology of the ACA for
the accuracy assessment. Specifically, classes such as
“Coral” were changed to “Coral/Algae” and “Algae”
to “Coral/Algae” in order to align with the ACA data.
Classes such as “Rock” and “Microalgal mats” were
also removed, as they were absent in the typology of
raw data from the current study. However, classes like
“Seagrass”, “Sand”, and “Rubbles” remained unaltered
to maintain consistency across datasets.

Results

Accuracy of the image classifications

The overall accuracies of the classifier algorithms
used for classifying benthic habitats of coral reefs in
Toliara are depicted in Figure 8. The k-NN algorithm
showed the highest Overall Accuracy (OA) at 83 %, fol-
lowed by the Bayes classifier, DT, RT, and SVM, with
OA values of 79 %, 68 %, 67 %, and 42 % respectively.
Table 2 provides an in-depth analysis of classifier
performance in categorizing various benthic habi-
tat samples. It highlights the challenges faced by the
Support Vector Machine (SVM) algorithm in accu-
rately classifying Algae and Seagrass samples, with low
values of Producer’s Accuracy (PA) and User’s Accu-
racy (UA). Other classifiers, such as Naive Bayes, DT,
k-NN, RT, showed more robust performance. Naive
Bayes and DT achieved high PA values for Rubble

KNN RT SVM

Figure 8. Overall accuracies of the classifiers algorithms used for ben-
thic image classification.
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Table 2. Confusion matrix of the five classifiers algorithms.
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Classifier

Algorithm User Class \ Sample Algae Coral Rubble Sand Seagrass
Algae 9 0 0 0 0

Coral 0 6 0 0

Rubble 2 0 23 5 3

2?2579% Sand 1 0 1 20 2
Seagrass 0 0 2 6 23

PA 0,75 1 0,885 0,645 0,821

UA 1 1 0,697 0,833 0,742

User Class \ Sample Algae Coral Rubble Sand Seagrass

Algae 9 0 2 1 5

Coral 0 6 0 0 0

DT Rubble 0 0 292 7 9
OA = 68% Sand 3 0 1 93 4
Seagrass 0 0 1 0 10

PA 0,75 1 0,846 0,742 0,357

UA 0,529 1 0,579 0,742 0,909

User Class \ Sample Algae Coral Rubble Sand Seagrass

Algae 11 0 2 2 2

Coral 0 6 0 0 0

k-NN Rubble 0 0 19 1 1
OA = 83% Sand 1 0 4 98 3
Seagrass 0 0 1 0 22

PA 0,917 1 0,731 0,903 0,786

UA 0,647 1 0,905 0,778 0,957

User Class \ Sample Algae Coral Rubble Sand Seagrass

Algae 10 0 3 2 3

Coral 0 6 0 0 0

RT Rubble 0 0 16 6 6
OA = 67% Sand 9 0 4 23 5
Seagrass 0 0 3 0 14

PA 0,833 1 0,615 0,742 0,5

UA 0,556 1 0,571 0,676 0,824

User Class \ Sample Algae Coral Rubble Sand Seagrass

Algae 0 0 0 0 0

Coral 3 6 0 2 0

SVM Rubble 4 0 12 1 0
OA = 42% Sand 4 0 2 9 12
Seagrass 1 0 12 19 16

PA 0 1 0,462 0,290 0,571

UA undefined 0,545 0,706 0,333 0,333

and Seagrass, respectively, while k-NN demonstrated
effectiveness in identifying Coral and Algae habitats.
RF performed well in classifying Algae and Sand but
struggled with Seagrass. In contrast, SVM struggled
with Algae and Seagrass classification, with notably
low PA values across multiple classes and variable UA
values. Compared to other classifiers evaluated in this
study, SVM exhibited lower OA, UA and PA for most
habitat classes, indicating its potentially unsuitability
for benthic habitat mapping applications under the

given data calibration types and benthic environment.
Figure 9 depicts various outputs of benthic habitat
classification, highlighting the variability in results
despite employing identical calibration data and image
pre-processing techniques. This shows the importance
of selecting the appropriate classifier algorithm, as it
profoundly impacts the outcomes of benthic coverage
assessment and the precise evaluation of each benthic
habitat’s surface area.
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Figure 9. Outputs of different machine learning algorithms to map the benthic coverage of

Toliara’s coral reefs.

In reference to ACA, Table 3 presents the outcome of
the accuracy assessment for its benthic coverage data.
Compared with the 4187 CPCe data, the ACA achieves
an overall accuracy of 50 %, failing to meet the 60 %
minimum standard outlined in Yamano (2018). Addi-
tionally, a very low overall accuracy (OA) and user
accuracy (UA) was noticed across all classes, particu-
larly for rubbles and seagrass habitats.

Benthic coverage extent of the reefs of Toliara

The benthic coverage of the Toliara reefs was evalu-
ated by using the k-NN classifier, which demonstrated
the highest accuracy compared to the four other algo-
rithms. Each habitat type is categorized based on its
location within the reef system (Fig. 10). The internal
reefs, along with their associated habitats, primarily
span the area between Ankilibe and Sarodrano, as
illustrated in Fig. 12c. The surface area measurements

are presented for five benthic classes: Rubble (21 km?),
Coral (10 km?), Algae (6 km?), Seagrass (22 km?), and
Sand (78 km?). Internal reefs exhibit substantial sur-
face area coverage, particularly for Seagrass (8 km?)
and Rubble (4 km?). Coral and Algae also contribute
significantly to the internal reef ecosystem, with sur-
face areas of 0.4 km? and 1.46 km? respectively. The
Lagoon habitat features smaller surface areas com-
pared to internal reefs. Notably, Sand is the predom-
inant substrate in the lagoon, covering a substantial
area of 57 km?. Unlike Rubble (0.4 km?), Coral (0.3
km?) and Algae (0.5 km?) that represent less significant
surface coverage, Seagrass emerges as the next dom-
inant feature in this habitat type, spanning an area of
5 km? indicating its importance as a habitat within the
lagoon environment. Reef flat habitats showcase con-
siderable surface area coverage, particularly for Sea-
grass (8 km?) and Rubble (11 km?) and Sand (12 km?).

Table 3. Confusion matrix of the benthic coverage of the Allen Coral Atlas data.

OA= 50% Coral/Algae Rubble Sand Seagrass
Coral/Algae 596 35 155 54
Rubble 181 617 408 281
Sand 2 53 180 15
Seagrass 206 140 103 241
User accuracy (%) 0.6 0.7 0.2 0.4
Producer accuracy (%) 0.7 0.4 0.7 0.3
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Figure 10. Surface of coral benthic cover per reef geomorphology.

Enclosed basin habitats exhibit relatively smaller sur-
face area coverage compared to other habitat types.
Sand dominates this habitat type, covering 0.2 km?,
while Coral (0.04 km?), Algae (0.004 km?) and Seagrass
(0.006 km?) habitats exhibit minor surface area cover-
age. Both Reef Crest and Reef Front habitats exhibit
minimal surface area coverage for all habitat classes,
indicating their relatively limited extent within the
reef system. These habitats are predominantly com-
posed of Rubble which both represents about 3 km?.
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Reef slope habitats demonstrate unique characteris-
tics with significant surface area coverage for Coral
(8 km?). Algae (1 km?) and Sand (0.5 km?) classes also
exhibit notable coverage, while Seagrass (0.017 km?)
and Rubble classes are present in smaller amounts.

Discussion

Evaluating global coral reef mapping initiatives
Recent initiatives aimed at enhancing global coral
reef mapping, such as the Allen Coral Atlas (Allen
Coral Atlas, 2020) and the Global Distribution of
Coral Reefs (UNEP-WCMC, WorldFish Centre,
WRI, TNC, 2021), provide publicly accessible data-
sets facilitating easy access to information on coral
reef geomorphology and benthic coverage. How-
ever, caution is warranted when using such data for
national coral reef management strategies, restora-
tion programmes, or economic valuations of these
ecosystems. A comparison of the coral reef data gen-
erated by the UNEP-WCMC, the ACA geomorphol-
ogy and the present study is provided in Figure 12.
A total surface of 162 km? for the total extent of coral
reef systems surrounding Toliara was calculated in
the present study, while ACA provides a total of 126.8
km? and the UNEP-WCMC coral reef data totaled
61.1 km?. It is also worth noting that this later data-
set misses the fringing reef of Sarodrano (Fig. 12.a)
which is present in both Figure 12.b and Figure 12.c.
Figure 12.b also shows that the enclosed basin, locally
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Figure 11. Comparison of benthic coverage provided by the ACA data and the present study.
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known as “Grande Vasque” is erroneously interpreted
as reef slope. This figure also showcases several hard
reef structures within the lagoon which are misrep-
resented as reef slopes where it is clearly just a deep
lagoon. Furthermore, concerning the benthic cover-
age of the coral reef system in Toliara, the current
analysis reveals surface areas occupied by seagrass,
sand, rubble, coral, and algae, amounting to 21 km?,
738 km?, 21 km?, 10 km?, and 6 km? respectively. Had
marine scientists or policymakers used the ACA
dataset, their calculations would have shown 22 km?
for seagrass, and 48 km? for sand, 21 km? for Coral/
Algae, and 28 km? for Rubble. The findings from the
present study align with those reported by Boto-
soamananto et al. (2021), who conducted localized
surveys within this coral reef system. The outer reef
slope is predominantly characterized by robust hard
corals, as highlighted, with the highest concentration
of macroalgae observed in its northern section. Addi-
tionally, the authors noted substantial hard coral cov-
erage within the reef patches of Sarodrano and the
southern segment of the inner slope of the “Grand
Récif de Toliara” (GRT). They also observed a signifi-
cant presence of rubble on the reef flats as illustrated
in Figure 11, a phenomenon documented by Brugge-
mann et al. (2012) and Andréfouét et al. (2013). These
studies describe this particular section of the barrier
reef, marked by an accumulation of dead coral and
rubble on the reef flat.
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Insight and considerations to enhance

coral reef mapping

Assessment of benthic cover of coral reefs requires
special attention, as variations in methodology can
lead to inconsistencies in coral reef mapping and
classification. The total surface area of coral reefs in
Madagascar has been reported differently across stud-
ies, with UNEP-WCMC, WorldFish Centre, WRI, TNC
(2021) reporting a total surface area of about 3,100
km? and the Allen Coral Atlas (Allen Coral Atlas, 2020)
showing a total of 5,076 km? for the coral reefs of
Madagascar. These variations do not indicate changes
in coral reef extent but rather the different method-
ologies used to assess them. Coral reefs are complex
and diverse ecosystems, with different species, mor-
phology, and spatial arrangement depending on local
environmental conditions. Inaccurate coral reef map-
ping and classification can have serious consequences
for conservation efforts, leading to misinformed pol-
icy and management decisions. Overestimating coral
cover can lead to inappropriate land-use decisions
such as coastal development or tourism which can
result in coral reef degradation and loss. Conversely,
underestimating coral cover can result in inadequate
protection or management measures, putting these
important ecosystems at risk. Therefore, when using
remote sensing techniques, a consistent and stand-
ardized methodology for assessing marine habitats
is essential for accurate and effective conservation
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Figure 12. Comparison between the available data of coral reef geomorphology in Toliara.
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and management. Validation and calibration of these
techniques using in-situ data are necessary to ensure
their accuracy and reliability. Overall, remote sensing
can be a powerful tool for marine habitat assessment
but it must be used with caution and care to avoid the
negative consequences of methodology diversity. This
study of the Toliara coral reef system underscores the
significance of integrating multiple fieldwork datasets
into the model training process, resulting in a nota-
bly enhanced mapping accuracy. This emphasizes the
crucial role of in situ data collection in refining remote
sensing techniques for more precise benthic habitat
mapping. Across the globe, various classification algo-
rithms are used for coral reef classification, with their
effectiveness contingent upon regional characteris-
tics, available field data, and the spectral and tempo-
ral resolution of satellite imagery. While SVM, k-NN,
and RT algorithms are prevalent in object-based coral
reef benthic mapping publications (Burns ez al., 2022),
studies such as those by Mountrakis et al., (2011) indi-
cate that SVM often yields higher accuracy values
compared to other techniques. However, the current
research reveals that in this specific context, the k-NN
algorithm outperforms SVM in terms of accuracy.
This highlights the importance of selecting the most
suitable algorithm tailored to local conditions when
mapping coral habitats. Moreover, the performance
of classification algorithms is subject to variations in
image quality and resolution, training data set size,
class types, and algorithm-specific parameter tuning.
Hence, it is imperative to identify the most effective
approach for this region based on these factors.

Conclusion

This study highlights the successful application of
the OBIA method in conjunction with in-situ data to
map coral reefs at local scales, using freely available
high-resolution satellite images from Sentinel-2. This
approach provides a replicable methodology for coral
reef mapping projects using the same types of image
and field data and lays the foundation to assess long-
term changes in coral reef habitats, spatial observa-
tions of coral reef resilience, evaluation of seagrass
distribution, and assessment of habitat health for
herbivorous fishes. The use of georeferenced photo-
graphs not only establishes a formal linkage between
the image and field data but also presents a valuable
opportunity for informing stakeholders, managers,
and other interested parties on the capabilities of sat-
ellite imaging for mapping and measuring reef fea-
tures. Over 4,000 georeferenced photographs were
used as reference data to produce a highly accurate
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map of the 18 km-long barrier reef of Toliara and the
nearby reef systems. The efficacy of this mapping
approach relies on both the quantity and quality of
fieldwork data used to train the classifier algorithms
for identifying features within satellite images. The
greater the availability of comprehensive field data,
the higher the accuracy of the resultant map. This
explains why the ACA does not perform optimally in
areas with limited field data. While global data may
offer an initial reference for evaluating the extent or
likelihood of coral reef occurrence, solely depending
on such information for decision-making concerning
coral reef management or restoration programmes
entails considerable risks. Therefore, nations should
prioritize local data collection and national-level sat-
ellite image processing to ensure precise assessments.
This study illustrates that, even with freely available
satellite imagery such as Sentinel-2 and basic logisti-
cal resources for field work data collection, sufficient
accuracy can be attained to produce maps of coral
reef geomorphology and benthic habitats.
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Abstract

The viability of co-culturing seaweed and sea cucumbers in Zanzibar, Tanzania, was assessed
using integrated multitrophic aquaculture (IMTA) systems with oyster and recirculating aqua-
culture systems with milkfish. Seaweed production was affected by the ice-ice disease, result-
ing in specific growth rates of 1.32 to -1.96 % d-'. Nitrogen content in the seaweed thallus and
inorganic nutrient in the water indicated that seaweed could potentially be used as a biofilter.
An economic analysis showed the economic viability of IMTA systems, co-culturing seaweed
Kappaphycus alvarezii, sea cacumber Holothuria scabra and oyster Pinctada margaritifera, achiev-
ing a maximum benefit-cost ratio of 1.61 over one year. Interviews with local farmers on Zan-
zibar showed willingness to accept new aquaculture systems, but also highlighted constraints,
including a lack of infrastructure, funds and expertise.

Keywords: aquaculture, integrated polyculture, cost-benefit ratio, RAS, social viability,
questionnaire

Introduction

There are several promising systems that address the

Due to the projected rise of global human popu-
lation (United Nations, 2019) and the subsequent
increased demand for fisheries products (FAO, 2020),
many more wild fish stocks will be overexploited or
depleted in a few years. Aquaculture, playing a vital
role to meet the ever increasing demand for food, has
however developed a controversial reputation, due to
high density operations, environmental degradation
and water pollution (Hall et al., 2011; Ahmed and Tur-
chini, 2021). Major changes are necessary to control
aquaculture production — more resilient and innova-
tive practices need to be developed if this sector is to
become the most efficient and responsible food pro-
duction system of the future (Soto, 2009; Troell et al.,
2009; Ahmed et al., 2019).

issue of effluent from aquaculture operations. Recir-
culating aquaculture systems (RAS) as one possible
solution, are based on the recirculation of water with
various kinds of filters, such as biofilters, solid filters or
protein skimmers (Badiola et al., 2012; van Rijn, 2013).
This way, water can be recycled and the amount of
fresh water needed and waste water produced greatly
reduced. Instead of conventional biofilters with bacte-
ria, biofilters can also comprise of different animals or
plants used to filter the water. However, RAS is expen-
sive and technologically challenging and therefore
not appropriate for aquaculture in many developing
countries (Badiola et al., 2018; Engle et al., 2020). For
aquaculture systems to work in developing countries
they need to be low-tech and low-cost, which can

http://dx.doi.org/10.4314/wiojms.v23i2.5
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easily be built in spite of the lack of infrastructure and
high expertise. Another solution could be Integrated
Multitrophic Aquaculture (IMTA), a sustainable aqua-
culture practice through co-culturing of species from
different trophic levels. In IMTA, faeces, uneaten food
materials, and nutrients from higher trophic species
such as finfish or shrimps become food for lower
trophic species such as detritivores or filter feeders.
Dissolved inorganic nutrients can be taken up by
plants or algae, acting as biofilters (Chopin et al., 2001;
Troell et al., 2008; Neori et al., 2004; Ren et al., 2012).
IMTA not only aims to promote an ecologically sus-
tainable and social approach (Ertér and Ortega-Cerda,
2015), but it also can provide economic stability for
aquaculture producers by providing farmers with a
more diversified set of crops compared to monocul-
ture (Knowler et al., 2020).

Recent literature shows many good examples of
IMTA practices in tropical countries (Putro et al., 2015;
Ahmed and Glaser, 2016; Felaco et al., 2020; Fran-
chini ez al., 2020; Putro et al., 2020), including seaweed
(Largo et al., 2016; Shpigel et al., 2018). In Tanzania the
focus has been on the combination of sea cucumbers
with seaweed (Namukose et al., 2016; Kunzmann et al.,
2018; Fabiani et al., 2023; Kunzmann et al., 2023).
Few of these studies integrated filter feeders such as
bivalves, and economic aspects were not considered in
many of them.

Seaweed farming is gaining worldwide popularity,
reaching a global production of 18.5 million tonnes
in 2020 (Buschmann et al., 2017; FAO, 2022). The
seaweed culture cycle is relatively short compared to
other aquaculture species, and farming techniques
are low cost. As the global market for seaweed has
expanded the economic returns from seaweed aqua-
culture have risen (Garcia-Poza et al., 2020).

Aquaculture on Zanzibar includes the farming of fish,
mud crabs, pearl oysters, sea cucumbers, seaweed and
sponges (Msuya et al., 2016; Charisiadou et al., 2022).
In Tanzania seaweed farming began in 1989, initially
focused on two macroalgae species, Eucheuma den-
ticulatum (spinosum) and Kappaphycus spp (cottonii)
(Msuya et al., 2007; Msuya, 2020). The industry is the
third largest sector in terms of value, contributing 7.6
% to the GDP of Zanzibar in 2011 (Msuya and Hurtado,
2017). Seaweed farming faced multiple challenges in
the past decades (Msuya and Porter, 2014), including
the ice-ice disease, which is caused by infestation of
microbes and facilitated mainly by high temperatures

WIO Journal of Marine Science 23 (2) 2024 57-73 | M. Bernard et al.

(Ward et al., 2022). There have been attempts to over-
come this issue by moving the seaweed farms into
deeper waters (Msuya, 2020).

In Tanzania, sea cucumber fishing is an important
economic and subsistence activity for local commu-
nities and is extensively practiced (Eriksson et al,
2012). Aquaculture production of sea cucumbers has
primarily focused on the most valuable species Hol-
othuria scabra, which are sold and exported mainly to
China for high prices.

Shellfish farming for pearl production in Zanzibar
started in 2004, with an estimated production in
2012 of about 1,000 pearls, valued at 10 to 20 US$
each (Mmochi, 2015). The potential of pearl oysters
for bioremediation has been positively evaluated and
pearl production could be a viable economic activity
for coastal communities in East Africa (Southgate et
al., 2006; Ishengoma et al., 2011).

Finfish production in Tanzania is mainly focused on
the species milkfish Chanos chanos and flathead grey
mullet Mugil cephalus. Traditionally wild-caught fin-
gerlings are reared in larger earthen ponds, connected
to the sea, or in smaller earthen ponds directly in the
mangroves until market size and then sold mainly on
local markets (Msuya et al., 2016).

The success of sustainable aquaculture systems can
contribute to farmers’ food security and income, but
requires the development and testing of new sus-
tainable aquaculture systems. Most systems used, are
outdated and can have severe impacts on the sur-
rounding environments. This study therefore aims to
compare biomass production and economic viability
of different land-based IMTA approaches, including
the cultivation of seaweed Kappaphycus alvarezii and
sea cucumbers H. scabra with pearl oysters Pinctada
margaritifera or milkfish C. chanos.

Materials and methods

Study site and species collection

Research was conducted in 2022 at the KOICA-RGoZ
Mariculture Hatchery Zanzibar, Tanzania (6°07'01.0”S
39°12’42.0”E). Seaweed (K. alvarezii) was collected
from a small group of local farmers in Muungoni
(6°19’11.7”S 39°24°43.2”E). Sea cucumbers (H. scabra)
were collected from a farmer in Unguja Ukuu
(6°19°01.3”S 39°22'16.4’E) and pearl oysters (P. mar-
garitifera) from the farms in Nyamanzi (6°16°03.5”S
39°14°55.9”E). The milkfish (C. chanos) were taken from
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brackish water ponds near Bumbwini (5°56°42.6”S
39°12’09.4”E). All animals were kept in a separate tank
without any sediment and feed, to ensure an empty
gut when weighing, before stocking. Marine sand/sed-
iment was taken during low tide from near Fukuchani
(5°50°09.5”S 39°1701.7°E) and the bottom of the tanks
was covered with 5 cm of this, acting as the source of
organic nutrients for the sea cucumbers.

Experimental design

Two distinct experimental designs were developed for
the co-culture trials. One system (IMTA) combined
seaweed, sea cucumbers and sea oysters in one tank,
while in another system (RAS), seaweed, sea cucum-
bers and milkfish were integrated in separate tanks.
Both experiments were conducted simultaneously
from October to December/January 2022/2028. The
IMTA systems ran for 90 days, with two cycles of 45
days each, whereas the RAS system ran for 70 days
with one cycle only.

The IMTA system consisted of four treatments (A, B,
C and D) with four replicates each (4x4), i.e., 16 tanks.
Because of logistic restraints, of the 16 tanks, seven
were 490 liter fiberglass tanks, three 500 liter fiber-
glass tanks and six 1000 liter plastic tanks. Nylon ropes
were tied on two sides over the tanks, on which 50 g of
fresh seaweed fronds were tied at 20 cm intervals and
suspended 20 cm below the surface; sea oysters were
suspended in a rectangular cage. Figure 1 shows the
setup of tanks at the hatchery for all treatments with
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their respective replicates. All four treatments had dis-
crete stocking densities (g m™), the ratio of seaweed,
sea cucumbers and pearl oysters were 1:0:0, 1:1:1, 2:1:1
and 1:2:2 for treatments A, B, C and D, respectively.
Treatment A was stocked only with seaweed at a den-
sity of 200 g m. In treatment B all three species were
stocked at 200 g m2. Treatment C was stocked with
400 g m™ seaweed and both sea cucumbers and pearl
oysters at 200 g m2, while treatment D was stocked
with 200 g m? seaweed and 400 g m? sea cucumbers
and pearl oysters.

The RAS, labelled treatment E, consisted of one 1000
liter tank for fish, one 1800 liter tank for sea cucum-
bers and one 500 liter tank for seaweed, which were
set up in a row, shown graphically in Figure 2. The
tanks were connected by two U-shaped water pipes
each and due to height difference and gravitational
force, water flowed from the fish through the sea
cucumber to the seaweed tank. A submersal pump
(DC Runner 2.2 Aqua Medic) in the seaweed tank
pumped the water back to the fish tank at a rate of
1200 L h''. Seaweed fronds were suspended the same
way as in the IMTA at 795 g m initial stocking den-
sity. Sea cucumbers had an initial stocking density of
105.85 g m*? and milkfish, in two batches, on day 0
and day 39, were stocked at a density of 2013.833 g m™.
The fish were fed every day with 4 % bodyweight day-!
of Koudijs Tilapia broodstock feed 3.0 mm (Viet-
nam), containing minimum 386.0 % crude protein. In
addition to the system containing seaweed, a control

T-A
replicates
T-D T-B

replicates replicates

T-B
replicates
T-A T-C

replicates replicates

Figure 1. Layout of all tanks for treatments A (1:0:0 — seaweed, sea cucumbers and pearl oysters), B (1:1:1), C (2:1:1) and
D (1:2:2) with each of the 4 replicates. The holding tank in the middle was used to keep stock of seaweed. Seven tanks
were round 490 litre fiberglass tanks (0.7 m x 0.7 m x 1 m), three square 500 liter fiberglass tanks (I m x 1 m x 0.5 m)

and six square 1000 liter plastic tanks (1 m x 1 m x 1 m).



60

WIO Journal of Marine Science 23 (2) 2024 57-73 | M. Bernard et al.

Sea cucumber

Fish Tank Ttk

—

Plant Tank

100 cm

163 cm

Figure 2. Sketch of the experimental RAS set-up with squared fish (1000 liter plastic, ] m x 1 m x 1 m), sea
cucumber (1600 liter fiberglass, 1.63 m x 1.63 m x 0.5 m) and seaweed (500 liter fiberglass, I m x 1 m x 0.5

m) tanks. The arrows indicate the water flow and the grey lines indicate water pipes and hoses.

system was constructed, which did not include any
seaweed or artificial biofilter and therefore required
regular water changes.

Growth of all species was monitored three times dur-
ing the entire experimental period (initial, half way
and at the end). Specific growth rates (SGRs), meas-
uring the percentage increase in fish weight per day,
were calculated by using the formula according to
(Dawes et al., 1998):

(In W) = tn(Wy))
d

Where SGR indicates the specific growth rate (% d-);
W,: Weight at day 0, W : Weight at day d.

SGR = 100

Water parameter measurements and N content
Temperature, salinity, pH, and DO, were measured
at 14-day intervals in the IMTA system and twice a
week in the RAS using a YSI ProQuatro Multiparam-
eter sensor (USA) and measurements taken between
09h00 and 12h00. Water samples of 11 ml were taken
three times a week from the milkfish and seaweed
tank of the RAS, and stored frozen at -20 °C. During
the analysis, the samples were thawed and inorganic
nutrients (NO,-, NO,, NH,", PO,*) were analysed with
spectrophotometry using a Microplate reader infinite
200Pro (TECAN, Austria) following the procedure of
Strickland and Parsons (1972). The data were graph-
ically and statistically processed using the statistical
software RStudio and R version 4.0.5.

Seaweed samples from the IMTA were collected on the
first and last day of each cycle (Day O and 45), dried in

an oven at 60 °C for 24 hours, and then stored at room
temperature. 1 to 2 mg of the ground and homog-
enized samples from each treatment were put in
pre-combusted (500 °C, 3 hours) tin cups and then the
nitrogen content (%) of dry weight was determined by
using an EURO EA 3000 CN elemental analyser, fol-
lowing a similar approach to Kennedy et al. (2005). The
data were transformed logarithmically (Logan, 2011),
and checked for normality with the Shapiro-Wilk test
and for homogeneity of variance with the Levene-Test.
A t-test was applied to determine the differences in
nitrogen between batch one and batch two of seaweed
and a two-way ANOVA was carried out to determine
the effect of stocking density on different days.

Economic viability and questionnaire

on farmers’ perception

Buying and selling records (species-wise) were main-
tained to perform the financial analysis. Seaweed was
collected directly from farmers, at a price of 0.43 US$
per kg wet weight (1 kg = 1000 TZS). Sea cucumbers
and sea oysters were also collected from farmers and
the costs per individual were 0.19 US$ (450 TZS) and
0.2 US$ (470 TZS), respectively. The price of milkfish
per kilogram was 0.84 US$ (2000 TZS). According
to Msuya (personal communication), in December
2022, the price of a kilogram of dry seaweed (Kappa-
phycus) in Zanzibar was 0.86-0.95 US$ per kg (2000-
2200 TZS), and full-grown milkfish was sold for 2.15
US$ per kg (5000 TZS). Gutted sea cucumber price
was approximately 15.07 US$ per kg (35,000 TZS/kg,
according to ministry of fisheries, Zanzibar) and sea
oyster were sold at current market price of 10.55 US$
per kg (24500 TZS/kg).
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For the estimation of total costs, the following com-
ponents were considered per square meter: variable
costs, such as human labour, transportation, feed,
ropes, pipes and species, as well as fixed costs, includ-
ing tanks and pumps. Estimation of total production,
gross return (sales value of total production), and ben-
efit-cost ratio (BCR) were used to examine the eco-
nomic performance of the treatments (Rahman et al.,
2017; Magondu et al., 2022). BCR is used to compare
the ratio of benefits, in this case the gross return, and
the costs and is calculated as follows:

|PV [Benefits]|

BCR =
|PV [Cost]|

Where PV is the Present Value, being the current value
of the sum of benefits or costs in this case. The annual
estimates of variable costs (including tank repairing
costs), return, and BCR value were used to approximate
the long-term profit analysis. Whereas fixed costs were
considered an initial investment and not annualized.

For the questionnaire survey, interviews were con-
ducted with atotal of 80 farmers at six sites (Muungoni (n
=2,6°19'11.7"S 39°24’43.2”E), Jambiani (n = 11, 6°19'15.1”S
39°82°54.9E), Uzi (n = 4, 6°20'23.5”S 39°23’03.4”E),
Unguja Ukuu (n = 6,6°19'01.3”S 39°22°16.4"E), Nyamanzi
n = 2, 6°16°03.5”S 39°14’55.9”E), and Fukuchani (n
= 5, 5°50°09.5”S 39°1701.7°E)) between October and

2.
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December 2022, with the support of a local translator
in Swahili. To understand the socio-economic profile
of the farmers, constraints of different culture systems,
seasonal influences, weather, and market situations, the
coastal farmers were interviewed at all six-sites, using a
combination of focus groups and individual interviews.
All interviews were semi-structured and open-ended
questionnaires, where the interviewers not only asked
questions, but encouraged farmers to provide opin-
ions and recommendations. In order to include both
sexes and a range of age groups, the interviewees were
chosen at random from among the farmers who were
willing and able to participate (Charisiadou et al., 2022).
To preserve uniformity among respondents, the sur-
vey’s interviews with each respondent lasted between
20 and 30 minutes (Frocklin et al., 2012). The focus
of discussion topics included problems and conflicts
related to mariculture practices. Data were processed
with MS Excel and frequency statistics were analysed
using IMB SPSS (version 29.0.1.0).

Results

Water quality

Water temperatures ranged from 24.1 °C to 27.5 °C
in the RAS system, and from 27.9 °C to 30.1 °C in the
IMTA systems, with lower temperatures in the begin-
ning, progressively getting warmer. Average salinity
was 30.2 = 1.1 (+ SD) ppt and 381.5 £ 1.1 ppt and aver-
age pH 8.2 + 0.2 and 7.9 * 0.4 for the IMTA and RAS
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Figure 3. Seaweed specific growth rate (SGR, % d) in two cycle periods (45 days for treatment A-D; 35 days
for treatment E). Treatments A-D represent ratios 1:0:0, 1:1:1, 2:1:1, and 1:2:2, respectively of seaweed, sea
cucumbers and pearly oyster. Treatment E represents seaweed, sea cucumbers and milkfish. Grey indi-
cates the first growth period, blue the second one. Data are in mean values + standard deviation, n = 4 for
treatments A-D, treatment E is only one data point per cycle.
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designs, respectively. Dissolved oxygen decreased in
all tanks over time, ranging from 4.6 + 0.05 mg L to
8.7+ 0.07 mg L' in the IMTA and 4.6 + 0.72 mg L to
4.2 £ 0.34 mg 'in the RAS, respectively for the first
and second half, but never below critical values.

Growth and survival

Seaweed performance varied greatly between the first
and second culture cycle, as seen in Figure 3. SGR in
the first cycle was positive for treatments A to D and
above 1 for A(SGR1.21 + 0.77 % d'), C(SGR 1.11 £ 0.13 %
d?)and D (SGR 1.32 + 0.51 % d!). In the second growth
cycle, all treatments experienced severe seaweed loss,
due to the sudden occurrence of ice-ice disease (Ward
etal., 2022). In treatment E ice-ice also occurred in the
first growth cycle, resulting in SGRs of -0.95 % d! and
-0.97 % d!, respectively.

Sea cucumber survival was 94.9 % in treatments A to D,
and 100 % in treatment E. During the first cycle, treat-
ment D showed the greatest weight loss (SGR -0.8
0.22 % d), while treatment C the least weight loss (SGR
-0.08 £ 0.2 % d). Specific growth rates in treatments B
and D were also negative during the second cycle, with
B experiencing even higher losses (SGR -0.89 + 0.47 %
d"). Treatment C showed positive growth in the second
cycle (SGR of 0.35 £ 0.06 % d). SGR of sea cucumbers
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0.5
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in treatment E were 0.94 % d-!' and 0.01 % d-! for the first
and second half, respectively (Fig. 4).

The survival rate of the sea oysters in the IMTA was
97.22 %. Dead sea oysters were only found in treatment
D, which also showed the highest SGR (0.11 + 0.04 %
d™). Survival rate of the first batch of milkfish was 9 %,
because of this they were restocked on day 42 of the
RAS experiment. The second batch had a survival rate
0of 100 % and an SGR of 0.42 + 0.2 % d' over the 28 days
left until the end of the experiment.

Nitrogen uptake and biofiltration by seaweed
Thallus nitrogen content in seaweed showed no signif-
icant difference in different stocking densities and on
different days among the treatment tanks (p > 0.05), but
there was a significant difference between cycles one
and two (p < 0.05) (Fig. 5A, B). Assimilation rate was the
highest in Treatment D in both culturing cycles.

In the RAS systems, there were no significant differ-
ences in the NH,*, NO,", NO,  and PO,* concentrations
between the seaweed and control system. NH,* in the
seaweed system peaked at around 1.0 mg L7, in the
control at 0.7 mg L at day 7, after which it decreased in
both systems to around 0.2 mg L' on day 20 (Fig. 5C).
A second and third peak was only observable in the

Treatment

cycle []1H 2

Figure 4. Sea cucumber specific growth rate (SGR, % d"') in two cycle periods (45 days for treatments A-D;
35 days for treatment E). Treatments B-D represent ratios 1:1:1, 2:1:1, and 1:2:2, respectively of seaweed, sea
cucumbers and pearl oyster. Treatment E represents seaweed, sea cucumbers and milkfish. Grey indicates
the first growth period, blue the second one. Data are in mean values + standard deviation, n = 4 for treat-
ments B-D, treatment E is only one data point per cycle.
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Figure 5. Nitrogen content in the seaweed thallus on day 0 and 45 in cycle one (A) and two (B). Treatments A-D represent ratios 1:0:0, 1:1:1,
2:1:1, and 1:2:2, respectively of seaweed, sea cucumbers and pearl oyster. Data are in mean values * standard deviation, n = 2 for each treat-
ment. (C) Average NH,*-N concentration (mg L) in all three systems over the 70 days. The blue line is from water samples of the control
system, the grey line from the seaweed system, n = 30 for control and seaweed system, respectively.

control on day 50 and 62, not in the seaweed system.
Nitrite concentration peaked in the seaweed system
shortly after the ammonium peak and stayed low after-
wards, while the control experienced a strong increase
in the last 10 days of the experiment. Nitrate levels fluc-
tuated around 0.6 and 3 mg L'in both systems, and after
day 50 it increased to 4.5 mg L' in the seaweed system.
Phosphate concentrations stayed relatively low for the
first 45 days of the experiment, not exceeding 0.2 mg L.
After day 50 it started to increase in both systems, with
maximums reaching 0.5 mg L' in both on day 70.

Economic viability

In the IMTA systems, treatment D had the highest
total yield for all species (635.86 g m?) and highest
gross return (US$ 6.96 per m?), while treatment B had
the lowest yield (299 g m2) and gross return (US$ 3.15
per m?). Treatment A demonstrated especially poor
economic performance. After analysing cost, return,
and BCR values on an annual basis, it was discovered
that treatment C and D were economically viable with
treatment D being slightly more viable (Table 1). In the
RAS, economic feasibility was not satisfactory due to
the loss of milkfish in the first batch (survival rate 9 %).
This also makes an annualization difficult to perform,
as the possible growth over the entire experiment
duration is unknown.

Questionnaires for farmers’ perception

In total, 80 participants in discrete age groups were
interviewed, of which 60 % were females (n = 18) and
40 % males (n = 12), with all females actively engaging
in seaweed culture. Interviewed people had diver-
sified occupations (small scale business 27.8 %, fish-
ing 26.4 %, mariculture 22.2 %, tourism 15.3 %, the
rest were involved in crop and animal husbandry).
This study tried to find out the principal constraints
in specific aquaculture systems (Table 2). Seaweed
farmers mentioned their main problems were low
market prices, die-offs, and high cost of materials.
Farmers of sea cucumbers suffered because of theft,
the limited availability of fingerlings, and high cost
of materials. Almost two-thirds of farmers agreed
to accept new technologies such as IMTA, but high-
lighted the main obstacles in implementing such
systems, including the lack of funding, security, and
knowledge. The majority of participants (n=20, 66.67
%) stated concerns about the situation of the market
and frequently mentioned that they are unable to
directly connect with large consumers since primar-
ily local traders purchased their products, and did
not agree to pay reasonable prices. They frequently
voiced specific requirements towards the govern-
ment and NGOs who are involved in coastal aqua-
culture development such as financial support (small
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Table 1. Estimation of yield, return and economic viability from all treatments per square meter cultivation area, and an annualization of these.

Annualization

Cost (US$/ Total Yield Gross return

Itur Treatmen BCR

PR CELEIS m?) (g/m?) (US$/m?) c &)etlac; Gross return BCR

(g/m?) (US$/m?) value

Seaweed A 6.04 60 0.05 0.01 360 0.31 0.05
mono-culture

B 13.93 300 3.15 0.23 1270 12.65 0.91

IMTA C 13.39 430 4.06 0.30 1930 16.44 1.23

D 17.34 640 6.96 0.40 2670 27.95 1.61

E (RAS) 36.19 1350 3.85 0.11 6900 19.37 0.54

Note: 1 US$ = 2322 TZS (25 September 2022)

Total yield of seaweed wet weight (1 wet kg = 0.12 dry kg)
Kappaphycus alvarezii market price= 0.87 US$/ dry kg
Total yield of sea cucumber is given in live weight

(1 kg of live = 0.54 kg of gutted)

Holothuria scabra market price = 15.07 US$/ gutted kg
Pinctada margaritifera market price = 10.77 US$/ kg
Chanos chanos market price = 2.15 US$/ kg

Discussion

Biomass production under different culturing
conditions

Seaweed cultured in the RAS got infected by the ice-

scale credits), instrument and training facilities, secu-
rity for reducing poaching, establishing a hatchery to
produce fingerlings, introducing new technique (e.g.,
integrated aquaculture), subsidies or allowances (dur-

ing rainy season aquaculture production is hampered
seriously), collaboration with foreign buyers, availa-
bility of a health facility, interaction and monitoring.

ice disease shortly after the stocking and the absolute
biomass therefore decreased in both 35-day intervals.
The ice-ice disease causes rotting of the stems and

Table 2. Constraints regarding three farming methods mentioned by the individual farmers and their frequencies (frequency equals 100 % means
that a reply appeared in all the members in a specific group).

Frequency (%) Constraints

Seaweed farmers (n=12)

100 Low market price of dry seaweed

75 Seaweed die-offs for ice-ice disease

66.7 High price of equipment, after covid-19, market price suddenly increased

50 Extreme weather, especially December to May, with average temperature 30-36°C

41.7 Serious health problems, skin diseases, pain, allergies, injured by sea urchin and other hard-shell species
417 Lack of support from government and non-government stakeholders

Sea cucumber farmers (n=10)

100 Poaching is the main problem in open coastal aquaculture

70 Scarcity of fingerlings

50 Escaping, most of the farmers use fish net which have not enough capability to protect fingerling

40 Extreme weather, climate change has a great impact on this sector

40 Limited buyers, mainly China is the major importer and their purchase depends on the best quality of the products

IMTA farmers (n=8)

100 Insufficient capital to facilitate the multi-trophic aquaculture

87.5 Theft, security maintenance more difficult in open area

62.5 Poor knowledge about multiculture, authority had less/no involvement with researchers
50 Lack of goverment support, mainly the funding and monitoring

37.5 High material cost
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a significant loss of tissue. It is usually caused by envi-
ronmental factors such as the warming of sea water, a
decrease in salinity, low light levels (<125 pmol photon
m s?) or slow water movements (Ward et al., 2022).
Largo et al.(1995b) showed that lower temperatures
(~25 °C) and salinities between 25 and 35 %, increased
growth rates and inhibited the formation of ice-ice
when culturing K. alvarezii under laboratory condi-
tions. As temperatures were as high as 28 °C and the
tanks were under a roof, this further facilitated the
formation of ice-ice. Furthermore, the low fish feed
input of 4 % bodyweight d, as the main source of
phosphate in aquaculture (Nora’aini et al. 2005), was
most likely not sufficient. Only with the higher input
of fish feed after stocking the second batch of milkfish,
was the phosphate availability sufficient. With a 100 %
survival of the first batch and a consistently high input
of feed, phosphate levels probably would have been
higher compared to what was found, which could
have facilitated a better growth, as it has been shown
that P can be a growth limiting factor in seaweed cul-
ture (Lapointe, 1987; Pedersen et al., 2010).

As for the seaweed cultured in the IMTA design,
SGRs in the first cycle were all positive, with treat-
ment D (high sea cucumber and sea oyster stocking
density) showing the best performance. However, the
observed SGRs, with max. 2.3 % d?, were well below
the recommended 8.5 % d! for commercial eucheu-
matoid farming (Doty, 1987; Wakibia et al., 2006). Sev-
eral factors could have limited the seaweeds growth,
such as low light availability, low water movement or
too little nutrient input. Additionally, because of the
type of tank, the seaweed was only suspended around
20 cm from the surface, well below the recommended
0.5 to 1 m for Kappaphycus culture (Sahoo and Yarish,
2005; Zuldin ez al., 2016). Looking at the individual
treatments, it is observable that seaweed growth was
facilitated by the presence of sea cucumbers and sea
oysters. This positive effect of sea cucumbers was also
reported by Uthicke (2001) and Wolkenhauer et al.
(2010), showing that they boost primary producers’
productivity through recycling of nutrients. This is
in contrast to Davis et al. (2011), who discovered that
the survival of seaweed appeared to be little/not influ-
enced by the presence of sea cucumbers.

In contrast, the performance in the second cycle of the
present study strongly declined, with all treatments
showing a decrease in absolute biomass. The more
optimal water parameters in the first batch facilitated
the growth, compared to the higherwater temperatures
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in the second cycle. This led to higher environmental
stress and more opportunities for pathogenic bacteria
(Glenn and Doty, 1990; Ward et al., 2020; Faisan et al.,
2021). The ice-ice disease and unwanted algae growth
were noticed more severely in the second cycle. Sea-
weed growth and carrageenan yields are frequently
hampered by the growth of epiphytes (Ask and Azanza,
2002), and infestation by the algae Neosiphonia spp. on
grown Kappaphycus spp. has already been observed for
seaweed farms in Tanzania (Msuya and Kyewalyanga,
2006; Vairappan et al., 2008).

As temperatures in the two designs (RAS and IMTA)
were similar and both situated underneath a roof,
the occurrence of ice-ice in the first half of the RAS
experiment cannot only be linked to high water tem-
peratures and low light setting. While the water in the
IMTA systems was changed regularly, the water in the
RAS was only changed once during the entire 70 days,
which was necessary to establish the microbial com-
munity to drive nitrification and denitrification (Keu-
ter et al., 2015). This, however, could also have ena-
bled the bacteria responsible for the ice-ice disease to
accumulate (Largo et al., 1995a). As Ward et al. (2022)
showed, the presence of ice-ice does not originate
from only one stressor, but most likely a ‘complex
pathobiotic syndrome’. This means that both abiotic
and biotic factors combined are responsible for the
ice-ice disease.

Although overall water quality remained within toler-
able limits in both experimental designs, parameters
such as temperature, salinity, pH and DO need to be
observed more tightly and adjusted if necessary. Spe-
cifically, water temperatures rose in the second half
of the experiments, as the months of December and
January are the hottest in Zanzibar (Muhando, 2002).
As water temperature is one of the most important
parameters in seaweed culture (Breeman, 1988; Wie-
ncke and Bischof, 2012), it is necessary to adjust the
temperature to the seasonal variations, to increase the
possible yield.

Sea cucumber performance varied strongly between
the treatments; while in the RAS they showed a high
growth rate in the first 35 days, it dropped to almost
zero for the second half. For the other treatments,
only treatment C showed a positive growth rate in
the second half. The IMTA systems had much higher
stocking densities and less space available for the sea
cucumbers, which could have resulted in the negative
growth, as these factors have a significant impact on
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sea cucumber growth rates (Slater and Carton, 2007;
Davis et al., 2011; Namukose et al., 2016). This phenom-
enon has been called ‘aestivation’, and links the limited
space with low metabolic rates and a stop of feeding
(Li et al., 2013). Furthermore, studies showed, that the
growth of sea cucumber individuals can greatly vary
and is dependent on multiple environmental factors
and individual genetics (Qiu et al., 2014; Dumalan et
al., 2019). Also, depending on the type of tank and sed-
iment, sea cucumber SGRs were found to be negative,
meaning a weight loss over the time of rearing further
showing that sea cucumber growth is unpredictable in
tank culture (Robinson et al., 2013).

Nitrogen uptake by seaweed

Even though the thallus nitrogen content did not show
any significant difference between days 1 and 45 of the
respective cycles, a clear trend was apparent that the
seaweed took up inorganic nitrogen over time. It is
well reported that Kappaphycus assimilates dissolved
inorganic nutrients and uses them as a source of N for
assimilation (Rosenberg and Ramus, 1984; Smith ez al.,
1999; Dy and Yap, 2001; Granbom et al., 2004). Look-
ing at the treatments individually, it shows that sea-
weed in treatment D had the highest mean uptake of
nitrogen after 45 days, originating from a higher nitro-
gen availability. With higher sea cucumber and oyster
stocking densities the quantity of excretory products
and therefore of inorganic nutrients was higher com-
pared to the other treatments (Taylor and Rees, 1998).

Especially ammonium, excreted by sea cucumbers,
but also milkfish (Mook et al. 2012), plays an impor-
tant role in intensive aquaculture and was therefore,
together with nitrite and nitrate, measured three
times a week in the RAS. The build-up of ammonium
right after the first stocking, observed in both the sea-
weed and control system, is normal in recirculating
aquaculture. Removal of ammonium by nitrification
takes up to 14 days, as the responsible bacterial com-
munities first have to establish themselves in the sys-
tem (Keuter et al., 2015). The observed ammonium
levels decreased even earlier than that, most likely due
to the filtration properties of the seaweed (Neori et al.,
2003; Quinta et al., 2015). In the first step of nitrifi-
cation, ammonium is oxidized into nitrite by aerobic
chemoautotrophic bacteria (Sharma and Ahlert, 1977;
Camargo et al., 2005). This is observable in the meas-
ured nitrite concentration, as about 5 to 10 days after
the ammonium peaked, the nitrite also showed peak
concentrations. Nitrite concentrations measured in
the two systems are quite similar to the ones reported
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by Senff et al. (2020), and highly likely not lethal. The
observed concentrations of nitrate (NO,-N <5 mg L")
were well below critical limits of 10 to 20 mg L' (Spotte,
1979; Ward et al., 2005). The regular water changes in
the control system probably kept the nitrate levels low
and stopped a built-up of nitrate, while in the sea-
weed system the seaweed could filter out the nitrate.
Although, the nitrogen content in the seaweed thallus
and the inorganic nutrient measurements in the water
come from two different systems, the assimilation of
ammonium and nitrate by the seaweed can be seen
in both. The seaweed kept the nitrogen levels in the
water low, while incorporating it in its thallus.

Economic viability and farmers’ perception

IMTA can enhance production sustainability, mitigate
the negative effects of intensive aquaculture opera-
tions, and generate financial gains through diverse
products and faster production cycles (Knowler et al.,
2020). In this study, gross return and BCR were calcu-
lated and converted to annual figures to understand
the experimental viability of the designs used. In com-
parison, seaweed monoculture had a low return, while
having the same construction costs as the other IMTA
systems. In the IMTA systems, the high-density treat-
ment showed the highest return of US$ 6.96 per m2.
Whereas the RAS was found to have a comparatively
low return of US$ 8.85 per m2, while having the high-
est cost of US$ 86.00 per m? due to high initial con-
struction and material costs. By annualizing the pro-
duction of seaweed monoculture, it was shown that it
is impossible to generate revenue over the long-term,
while the IMTA system with high stocks of seaweed,
sea cucumber, and sea oyster, generates an income of
27.95 US$ m? per year with initial costs being approxi-
mately 17.34 US$ m2, achieving a BCR of 1.61 over one
year. The RAS had initial costs of 86.19 US$ m2, how-
ever, when calculating the yearly income, it was deter-
mined to be 19.837 US$ m2 with a BCR of 0.54. This
indicates that the system needs to continue for almost
two years in order to recover its losses. A100 % survival
of milkfish could achieve a BCR above 1, although this
would require further research and investment.

By conducting questionnaires on the perception of
farmers, this study found that seaweed farming is
largely female dominated, while men were more
actively engaged in fishing, following the observa-
tions of Msuya et al. (2007). The fishing industry, not
only in Zanzibar, but in Tanzania in general, is dom-
inated by men (Shao e¢ al., 2008). During the survey,
seaweed farmers claimed to have the lowest market
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price, though Msuya (2020) reported that the seaweed
(dry) price has increased to approximately 1800 TZS
per kg, most likely due the establishment of a process-
ing plant in Pemba Island. In contrast, Makame e¢ al.
(2021) found that the seaweed price is fixed by buyers
and 76.4 % of farmers are not satisfied with it. Addi-
tionally, the production of Kappaphycus has been sig-
nificantly impaired by diseases, such as the ice-ice dis-
ease, as well as epiphyte outbreaks that are now more
severe through rising sea surface temperatures asso-
ciated with climate change (Msuya and Porter, 2014;
Largo et al., 2020).

To alleviate the above mentioned problems in the
local seaweed industry, it is vital that different stake-
holders should come forward in proposing solutions.
One of which could be the regulation of prices of
unprocessed seaweed by the local government on
the basis of current instrument cost, as Jong Cleyn-
dert ez al. (2021) reported that weak bargaining power
of farmers is the reason why they receive a low sale
price. To improve the seaweed market’s attractive-
ness, Msuya (2021) suggested value adding initiatives,
such as training to process seaweed into more valu-
able products such as soap, shampoo, cookies, and
juice. To further overcome the challenges induced
by climate change and the associated rise in sea sur-
face temperature, the SeaPoWer project, proposed a
new technology for seaweed farming in deeper waters
(>8m) using tubular nets (Brugere et al., 2020).

Another obstacle for farmers in Zanzibar is the regular
poaching of sea cucumbers due to their high market
value. In this study, sea cucumber farmers frequently
mentioned their main constraints being poaching and
fingerling scarcity, high pressure on natural sources
reducing fingerling availability and the lack of a rec-
ognized hatchery. Kunzmann et al. (2018) reported
that fingerling production was initiated by the FAO
hatchery supported by the Korean International
Cooperation Agency (KOICA), but during this study
they stopped the sea cucumber fingerling production
(personal observation).

The pearl oyster is mainly cultured for producing
half-pearl, which was initiated in Zanzibar in 2005
(Mmochi, 2015). There were two farmers found dur-
ing this study, who are mainly fishermen, but they
also cultured oysters to produce half pearl and make
jewellery, which are sold to the local market. Farm-
ers mentioned that the main constraints to producing
half pearls are poaching, inadequate spat (Ishengoma
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et al., 2011), an irregular and unreliable market, and
lack of expertise (Charisiadou et al., 2022). In Zanzibar
there is a great potential for producing half pearl, as
in the south pacific countries, where oyster culture is
popular for forming valuable pearls due to less labour
input, capital, and training requirements (Johnston et
al., 2020). To get a broader view of the local commu-
nities’ perception of the introduction of new aquacul-
ture practices, a more detailed survey would be nec-
essary, as the current questionnaire only reflects the
local farmers perception.

Improvements to the systems

Some improvements to the IMTA and RAS systems
have already been mentioned, but this section aims to
highlight them in detail and give recommendations
for future systems. The biggest constraint found in this
study was the appearance of the ice-ice disease and
the subsequently fouling of seaweed. This reduced the
economic viability of all treatments. There are already
several suggestions how to overcome this disease,
including a stricter control and adjustment of water
parameters, such as temperature and salinity as well
as light intensity (Largo, 2002; Tahiluddin and Terzi,
2021). Another potential method is to manually clean
the seaweed from macroalgae epiphytes and fila-
mentous epi-endophytes, which can cause the ice-ice
disease (Largo et al., 2020; Kambey et al., 2021). The
setup of tanks also seems to play an important role;
seaweed should be able to be suspended at least 50 cm
into the water column (Sahoo and Yarish, 2005; Zul-
din ez al., 2016) and steady water movement should be
maintained (Ward et al., 2022). Furthermore, there are
suggestions that E. denticulatum can withstand adverse
environmental factors better, and would therefore be
better suited for this type of aquaculture (Tisera and
Naguit, 2009; Pang et al., 2015). Kambey et al. (2021)
showed that seaweed farms integrating various biose-
curity measurements, not only achieve higher growth
rates and reduced infection rates, but also increase
the quality of the carrageenan yield and therefore
the products value. Apart from biosecurity measure-
ments, it would be beneficial to increase the tank size
and change the tank shape, not only for seaweed, but
also for the sea cucumbers (Slater and Carton, 2007;
Davis et al., 2011; Li et al., 20183) and milkfish (Oca et al.,
2004; Duarte et al., 2011; McLean, 2021). Large circu-
lar tanks/ponds or raceway systems would be possible
solutions. In particular for the RAS, a possible solution
could be the use of just one big tank, which can be
divided into compartments for each species, ensuring
abetter dispersion of nutrients and diminish technical
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failures due to power failures and broken equipment,
which is especially important in developing countries
lacking infrastructure. Furthermore, it seemed that
the sea cucumbers in the IMTA were lacking a source
of nutrients, which could be overcome by artificially
feeding them, either with algal extracts or sludge from
fish cultures. Because of the type of tank used for the
fish, the removal of sludge was not possible. This is,
therefore, another possible improvement to boost the
sea cucumbers growth. Overall, more testing is neces-
sary for both types of systems to overcome the ice-ice
issue and to boost growth rates. However, as this study
demonstrated, sustainable tank culture of seaweed
in IMTA can be economically feasible and provide
farmers with a secure income. Seaweed farming has
been a profitable business for local farmers over the
last decades and will likely stay that way (Msuya and
Kyewalyanga, 2006) and farmers are willing to adapt
to new farming techniques (Lumenyela ez al., 2023).
Improved versions of the systems used could be viable
options for farmers not only on Zanzibar but in many
developing tropical countries. The initial investments
would need to be covered by microcredit schemes
from local government or NGOs.

Conclusions

In conclusion, the study highlights the importance
of developing sustainable aquaculture systems to
meet the increasing demand for food, especially in
developing countries, as well as the complexities and
challenges that are associated with this. Both exper-
imental designs, IMTA and RAS, show promising
results to be used as low-tech and sustainable alterna-
tives to already existing practices. However, for both
designs, there are still a lot of improvements neces-
sary, especially regarding the seaweed culturing. The
prevalence of the ice-ice disease, driven by high water
temperatures and inadequate nutrient input, signif-
icantly hampered seaweed growth. Only the IMTA
system in the first growth cycle showed more robust
growth, most likely attributed to the beneficial effects
of nutrient recycling from sea cucumbers and oysters.
The results of the economic analysis revealed that the
IMTA system, particularly with high-density seaweed,
sea cucumber, and pearl oyster stocks, was more prof-
itable compared to RAS and monoculture systems,
thus IMTA is a more practical system for Zanzibar
and Tanzania in general. Equally, IMTA can be a bet-
ter choice for Zanzibar given that the IMTA system
achieved a higher BCR, indicating better financial via-
bility over time. Socially, seaweed farming remains
a crucial livelihood for many, particularly women,
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though market challenges such as low prices and
disease outbreaks persist. With appropriate support
and investments, these novel aquaculture practices
can mitigate the impacts of environmental stressors,
enhance production, and ensure long-term viability.
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Abstract

The sea urchin species Tripneustes gratilla has high aquaculture potential. It is known for using
debris to cover itself, likely to avoid light, which suggests that high light levels may impact its
production. This study aimed to validate these concerns through four experiments. The first
experiment assessed if 7. gratilla preferred opaque or transparent covering materials, finding
no evidence that shading ability of the material influenced their choice (¥, ,; = 0.27, p = 0.765).
The second experiment investigated the impact of shade on the number of covering materi-
als collected, showing that higher solar radiation correlated with increased material collection
per urchin (H; = 7.844, p = 0.049). The third experiment evaluated righting response time as a
fitness trial, finding that high light intensity reduced fitness to urchins acclimated to low light
(H,,
tize to higher light intensities, with no significant differences in fitness, mortality, disease suscep-

=5.615,p=0.020). The fourthlong-term experiment demonstrated that 7. gratilla can acclima-
tibility, growth, and gonadosomatic index (p > 0.128). While this suggests that shading may not be
a strict requirement for 7. gratilla aquaculture, it is recommended for consideration. These find-

ings underscore the importance of acclimatization when altering light conditions for 7. gratilla.

Keywords: aquaculture, sea urchin, Tripneustes gratilla, echinoderm aquaculture

Introduction

commercial production of 7. gratilla uni is not yet at

The gonads (uni) of sea urchins such as Hemicentro-
tus pulcherrimus, Heliocidaris crassispinam, Paracentrotus
lividus, Strongylocentrotus droebachiensis and Tripneus-
tes gratilla are in high demand and greatly valued as
a culinary delicacy (Tsukiji Market, 2020). Tripneustes
gratilla is a circumglobal, tropical and sub-tropical sea
urchin species that holds significant commercial and
ecological importance (Toha et al., 2017). This species
is considered a promising candidate for full-lifecycle
aquaculture due to their high value, fast growth rates,
palatability of both sexes and large marketable gonads
(Cyrus et al., 2018; Shpigel et al., 2018). However,

scale, partly due to knowledge gaps regarding opti-
mal conditions to promote high survival and growth
and therefore increasing yield. A factor potentially
influencing the production of T. gratilla may be the
intensity of solar radiation upon the urchins (Park and
Cruz, 1994; Ziegenhorn, 2016; Li et al., 2021).

The urchin’s behavioural tendency to shade itself by
actively utilizing materials from the substratum to
cover its aboral surface suggests that there may be
a negative correlation between light intensity and
T. gratilla production. This process involves the use of
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its podia (tube feet) and spines to move material actively
onto its aboral surface (Ziegenhorn, 2016). This cover-
ing behaviour has been observed, to a lesser extent, in
other urchin species where it has been demonstrated
to correlate with temperature, solar radiation, feeding,
availability of cover material, predation, surge and sus-
pended particles (Adams, 2001; Sigg et al., 2007; Dix,
1970; Dennis and Gerald , 1972; Sharp and Gray, 1962;
James, 2000; Agatsuma, 2001, Kehas et al., 2005).

There is some evidence for T. gratilla that the covering
behaviour serves to assist urchins against the effects
of currents and waves, preventing them from becom-
ing detached from the substrate (Park and Cruz, 1994),
but the most substantiated reason is that the urchin
will cover itself to avoid light (Park and Cruz, 1994;
Ziegenhorn, 2016; Li et al., 2021). This is physiologi-
cally feasible due to the urchins’ ability to sense light
using photo-receptors located on the podia (Millott
et al., 1975). Ziegenhorn (2016) demonstrated that
T. gratilla prefers opaque over translucent materials to
cover itself, which implies this is either a photo-de-
fensive behaviour (protecting itself from solar radi-
ation) or a cryptic behaviour (avoiding predation).
Li et al. (2021) investigated the influence of different
spectrums of light on urchin fitness, which the current
study defines as the overall health, adaptability, and
performance of T. gratilla. The metric used for fitness
in Li et al. (2021) is righting response which is the
time sea urchins take to return to their normal pos-
ture after being inverted (Brothers and McClintock,
2015). Li et al. (2021) found that T. gratilla exposed
to short-wavelength irradiation (blue light) had sig-
nificantly reduced fitness compared to higher wave-
length irradiation (red and full spectrum light). There
is further evidence suggesting that without sufficient
shading Tripneustes ventricosus will use their feed (e.g.,
macroalgae) to cover their bodies, presenting a trade-
off between feeding and ingesting, negatively impact-
ing growth and gonad quality (Kehas et al., 2005).
These studies (Park and Cruz, 1994; Kehas et al. 2005;
Ziegenhorn, 2016; Liet al., 2021) provide evidence that
T. gratilla are influenced by light conditions. However,
it is unclear if these relationships between light, cov-
ering behaviour, and fitness are relevant to T. gratilla
aquaculture or what specific actions aquaculture oper-
ators should take to maximize 7. gratilla production,
such as shading culture facilities.

The main goal of this study was to determine if and
how solar radiation affects 7. gratilla in Seychelles and
to provide subsequent management advice to 7. gratilla
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production facilities. It is important to note that while
T. gratilla covers itself to avoid light in other regions
(Park and Cruz, 1994; Ziegenhorn, 2016; Li et al., 2021),
this has not been proven for the T. gratilla population
from Mahe, Seychelles, used in this study. Due to sig-
nificant geographic differences in 7. gratilla behaviour,
such as spawning time and feed preferences (Toha et
al., 2017, personal observation, 2023), it was necessary
to confirm if the T. gratilla in Seychelles covers itself to
provide shading and not for another reason.

Methods

Experimental design and system

A total of four experiments were conducted in this
study, the first three were short-term experiments
focussing on behavioural responses to light, whereas
the fourth experiment assessed the long-term influ-
ence of light on T gratilla production. All experiments
were conducted in fiberglass raceways with dimen-
sions 6.2 m x 2 m x 0.8 m filled with seawater to a work-
ing depth of 60 cm fiberglass raceways. The exchange
rate during all experiments was approximately 0.25
full tank exchanges per hour (1860 Lhr). Fresh sea-
water was passed through a sand filter prior to enter-
ing the tanks. There was constant aeration distributed
evenly across the raceway. For all experiments the
urchins were held in plastic crates that measured 50
x 82 x 26.5 cm, with a different number of urchins in
each crates depending on the experiment.

Once a week the tank was cleaned by draining the race-
way completely and scrubbing it. Prior to draining the
raceway all baskets with sea urchins were transferred
to a clean raceway already filled with filtered seawater
and aerated. The temperature and dissolved oxygen
levels were measured daily and on average (+stand-
ard deviation) were 28.97 (= 2.89) °C and 5.2 (= 0.772)
mg.L! respectively. Light intensity was measured in
LUX with a Lutron LX-1108 and UV was measured
with a Lutron UV-340A. The measurements for LUX
and UV were taken daily by positioning the meter
beneath each crate shading materials (Table 1), during
the different experiments.

Experimental animals

T. gratilla were collected from the wild typically at
water depths ranging from 1 to 2 meters. They were
then transported to the sea urchin research facil-
ity situated at the Seychelles Maritime Academy in
Providence, Mahe, Seychelles. During transport, the
urchins were distributed into separate containers to
avoid overcrowding and covered with Sargassum spp.
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Table 1. The shading treatments, and the materials used to achieve the shading levels and the observed mean LUX and UV values beneath the materials.

Treatment . . Mean LUX Min LUX Max LUX

(°: zhage d) Shading material ezm /gz) (Im /rgz) 3"‘ /r:1J2) Average UV
0 None 116300 126,500 112900 4939
32 Mesh 36675 78500 102000 2738
41 Green corrugated roofing 47241 28200 62000 120
77 Shade cloth 89708 28300 41600 515

to shield them from direct sunlight exposure. Upon
arrival, they were transferred to plastic crates with 41
% shading and placed in a raceway where they were
allowed to acclimate for a period of 14 days.

Experiment 1: Covering material opacity
preference trial

To examine the correlation between light and cover-
ing of T. gratilla from Seychelles, an experiment was
conducted to determine the preference for select-
ing opaque or transparent covering materials by 7.
gratilla. On the day of this experiment, 12 T. gratilla
were removed to a separate raceway and were placed
individually in uncovered crates. These urchins had
an average (+ SD) wet weight, test diameter and test
height of 353.9 + 69.87 g, 87.1 + 7.51 mm and 61.8 + 7.0
mm respectively. The height and test diameter were
determined using vernier callipers. An average LUX of
117,450 + 937.54 Im/m* was recorded during the study.
Each crate was randomly scattered with three different
types of covering materials of various opacities, with
15 pieces of each type. The covering materials used
were corrugated plastic roofing sheets cut into 2.5 x
2.5 cm pieces of either blue (opaque), green (partially
transparent) or clear (fully transparent). After 8 hours,
the number and type of covering materials collected
by each T. gratilla in each crate were recorded.

Experiment 2: Influence of solar radiation on
quantity of covering materials collected by T. gratilla
This experiment was conducted to determine if solar
radiation intensity would influence the quantity of
covering material collected by T. gratilla. Four treat-
ment levels of solar radiation intensity where achieved
by placing different types of shading materials (mesh,
green corrugated roofing, shade cloth), or lack there-
fore, on top of the crates and above the water sur-
face. The light intensity beneath the shading material
within each crate was measured daily and the average
value calculated (Table 1)..

Twelve T. gratilla were measured for wet weight,
test diameter and test height, with mean * SD val-
ues of 368.8 +60.1 g, 89.4 + 7.8 mm, and 65.3 7.0

mm respectively before each was placed individu-
ally into a crate. Following this, 45 pieces of 2.5 x 2.5
cm opaque (not transparent) plastic sheet covering
materials were added inside the crates amongst the
urchins. Besides these green plastic sheets, no other
covering materials were provided. Note that this
covering material differs from the shading material
(Table 1) which is above the water surface and out of
the urchins’ reach. After 30 minutes, the number of
covering materials collected by each T: gratilla in each
crate was recorded. Thirty minutes was required for
this trial (as opposed to the three hours of the previ-
ous trial), as the urchins did not need time to select
different materials.

Experiment 3: Short-term effects of solar radiation
on T. gratilla fitness

In this experiments 7. gratilla were placed in crates
that had three different light regimes: full light (con-
trol), 87 % light reduction and 100 % light reduction.
The amount of light was controlled using different
covering materials (none, corrugated roofing and
black plastic sheeting respectively). A total of 60
T. gratilla were included in the study, conducted
over five experimental runs, with four 7. gratilla ran-
domly allocated to each crate per run. The experi-
ment was only undertaken on days with no cloud
cover (between 10:00 hrs and 14:00 hrs). T: gratilla in
this experiment had an average + SD of wet weight
of 899.42+71.85 g, diameter of 77.51+23.33 mm and,
height of 55.43+8.79 mm.

At the start of the experiment, LUX and UV radiation
intensity were recorded, using the same methods pre-
viously described, at the water surface in all the crates.
After three hours they were removed to be tested for
righting response time. To do so, 7. gratilla was gently
placed in individual plastic containers of 50 cm x 40
cm x 30 cm with their aboral side down. The urchins
were positioned in the centre of the container so they
could not access the sidewalls to assist with righting
themselves. The containers were filled with seawater.
Aeration and water flow were not used to avoid poten-
tial impacts on the righting behaviour. The time taken
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Table 2. The shading treatments, and the materials used to achieve the shading levels and the observed LUX and UV values beneath the materials.

;E;fi:::g;) Shading material e (::;; ol LS (::12; Al (::;; Average UV
0 None 188298 7982 351700 6824
37 Corrugated roofing 69128 1608 272400 238
100 Black plastic sheeting 0 0 0 0

for the sea urchins to right themselves, with their abo-
ral side facing upwards was measured and recorded.

Experiment 4: The long-term influence of light
on T. gratilla production
A long-term experiment was conducted to assess the
influence of light on T. gratilla production over 67
days. T. gratilla (n=90) was collected from the wild and
acclimated for 14 days in crates covered with corru-
gated roofing. To begin the experiment, nine crates
were placed in the raceway with 10 T gratilla in each
with an average + SD wet weight, test diameter and test
height of 336 +82.3 g, 71.4 +6.6 mm, 43.8 £15.2 mm,
respectively. Three of the crates were covered with
corrugated roofing material, three with black plastic
sheeting and three crates had no shading. The solar
radiation intensities under each level of shading are
shown in Table 2. LUX and UV were measured using
the same instrument and method mentioned above.
Mortalities and incidence of disease (bald spot) dur-
ing the experiment were recorded. The appearance of
bald spot disease (Becker et al., 2007) was considered
a sign of stress in 7. gratilla. At the end of the experi-
ment, three urchins were randomly chosen from each
basket to test their righting response time. The same
method as described above was used. Also, urchins
from each replicate were measured for height, diam-
eter and mass. Subsequently, the specific growth rate
(SGR) was determined for each replicate (Equation 1).
SGR =100xIn (L/L)/t )
Where:
L,=initial length/mass
L =final length/mass
t = days of culture

The urchins were then dissected to determine the

gonadosomatic index (GSI, Equation 2).
GSI = 100x(GW/WW) (2)

Where:

GW = Gonad weight

WW = Wet weight

Statistical analysis

The statistical programming environment R (R
Development Core Team, 2017) was employed in all
the analytical procedures. Excel was utilized for data
organization and presentation. It was ensured that the
assumptions regarding independence and non-selec-
tivity were satisfied, as elucidated within the context
of the experimental designs. Significance was attrib-
uted to p-values below the threshold of 0.05.

All the data was tested for homogeneity of variance
and normality of distribution using Levene’s test and
the Shapiro-Wilk test respectively. The data stem-
ming from the experiments on cover preference and
long-term specific SGR, GSI and fitness was found to
be homogenous (p > 0.29) and parametric (p < 0.056)
and therefore one-way ANOVAs were applied. When
treatments were found to have a significant influence
on the mean, pairwise Tukey tests were applied for
multiple comparisons. The data from the experiments
quantifying the covering response to light, short-term
fitness, long-term survival and disease was found to be
homogenous (p > 0.091) but not parametric (p < 0.015),
subsequently, a Kruskal-Wallis test was applied. When
the tests were found to be significant, Dunn post-hoc
analyses were conducted.

Results

Experiment 1: Covering material opacity
preference trial

At the end of the three-hour trial, all urchins had col-
lected covering materials of various transparencies to
cover themselves with a mean *standard deviation (SD)
of 1.72 +1.92 pieces per urchin (Fig. 1). While the average
number of opaque pieces (2.33 +1.92) collected by the
sea urchins was greater than that of the fully (1.83 +1.89)
and partially transparent (1 +1.94) pieces (Fig. 1), there is
no conclusive evidence that 7. gratilla preferred cover-
ing material due to their ability to provide shade. There
were instances where the individual urchins collected
only transparent pieces, but no opaque pieces and vice
versa. There was no significant influence of material
transparency on the number of pieces collected by T.
gratilla (F, ., = 0.27; p = 0.765).

92,33)
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Number of pieces collected

Fully trahsparent Opéque Partially tr'ansparent
Cover material transparency

Figure 1. The number of covering material pieces of various transparencies collected by
T. gratilla after three hours. The covering material pieces (n=45) provided to each urchin (n=12)
were small sheets of hard plastic, either fully transparent (clear), partially transparent (green) or
opaque (blue), with equal quantities of each type.

79

Experiment 2: Influence of solar radiation

on covering materials collected.

All urchins collected some covering material (7.71
15.88 pieces per urchin) regardless of shading, except
for one individual in an unshaded crate which did
not collect any pieces. Overall, the amount of shad-
ing over the crate containing the urchins had a sig-
nificant influence on the number of pieces collected
(H g = 7.844, p = 0.049). The average number of mate-
rials collected by urchins in the unshaded crates (11
16.85 pieces) was greater than that of the treatments

with various levels of shade (6.42 +4.15 pieces; Fig. 2).

N
o

-
a

-
o

However, the urchins in the unshaded crates collected
significantly more covering pieces than those in the
maximally (77 % shade) shaded crates (p = 0.089), but
not significantly more than in the other treatments
(p > 0.098).

Experiment 3: Short-term effects of solar radiation
on T. gratilla fitness

After three hours of being exposed to three different
light intensities, the righting response of 7. gratilla
was recorded. The urchin’s ability to right them-
selves took the longest in the crates without shade

(3]

Number of pieces collected

o

—

0% 32%

41% 77%

Shading of urchin crate (%)

Figure 2. The number of covering materials (plastic sheets) collected by T: gratilla in crates
with varying levels of shading. The 0 % shaded treatment had no shading, the 382 % shaded
treatment had the crates covered by a fine mesh, the 41 % used an opaque plastic sheet, and the
77 % shade treatment was achieved by covering with a shade cloth.
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200+

Righting response time (seconds)

37

Shading of urchin crate (%)

Figure 3. The righting response time (seconds) of 7. gratilla after three hours exposed to three
different light intensities. A total of 20 sea urchins exposed to each of the different light inten-
sity either black plastic sheeting (0 % light intensity), corrugated roofing (37 % light intensity)

and none (100 % light intensity).

(282 221 seconds), followed by those in 37 % shade
under corrugated roofing material (241.4 £197.12 sec-
onds; Fig. 8). The urchins in 100 % shade under black
plastic sheeting took the least time (143 +113.97 sec-
onds) to right themselves. The results showed that
light intensity had a significant influence on righting
response in T. gratilla (H,=7.182, p = 0.027). A signifi-
cant difference was observed between treatments O %
and 100 % shading (p = 0.082).

600 -

400+

Experiment 4: The long-term influence of light on
T. gratilla production

At the end of the long-term trial, during which
T. gratilla was exposed to three different light inten-
sities for 67 days, the urchins’ righting response was
assessed to quantify their degree of fitness. The right-
ing response of urchins exposed to a lower light inten-
sity (100 % shade) was faster (128 £92.79 seconds) than
those under 87 % shade (285 +205.17 seconds) and O %

200+

Righting response time (seconds)

37 100

Shading of urchin crate (%)

Figure 4. The fitness of T. gratilla (n=27) after long-term exposer to three different light inten-
sities; O %, 87 % and 100 % shade. Fitness was assessed by the time taken for to right themselves

from being inverted.
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Figure 5. The disease and mortality rate (%) of T. gratilla after 67 days of exposer to three different

light intensities; O %, 87 %, and 100 % shading.

shade (184 +83.04; Fig. 4). However, there is no statisti-
cal evidence that light intensities influenced the right-
ing abilities of T. gratilla (H, = 4.108 p = 0.128).

Across all treatments, the average specific growth rates
(SGR) were low over the long-term trial. The mean +SD
SGR of the test diameter, height and wet mass was 0.04
+0.06 mm, 0.04 +0.07 mm, 0.07 +0.15 g respectively.
There were no significant differences between treatments
for the SGR of height (F<2. 6= 0.782; p = 0.499), diameter
(Fg, 6= 0.279; p = 0.766) or mass (F, = 0.829; p = 0.481).

a

H

w

During the 67-day trial, the lowest light intensity treat-
ment (100 % shade) had the lowest mortality rate (8.5
%), while the two treatments at higher light intensities
had an equally greater mortality (7 %; Fig. 5). How-
ever, there was no evidence of a significant influence
of light intensity on mortality (£, ,, = 0.09, p = 0.913).
Similarly, even though fewer urchins with symptoms
of the disease were recorded in fully shaded crates
(Fig. 5), there were no significant differences between
the number of diseased individuals and light intensity
(Fg 19 = 0.09, p = 0.913).

N

Gonad somatic index (%)

(]

37 100

Shading of urchin crate (%)

Figure 6. Gonad somatic index (%) of T. gratilla after being exposed in three different light inten-
sity for 67 days. The covering materials were black plastic (0 % light intensity), corrugated roof-
ing (37 % light intensity) and none (100 % light intensity).
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The average gonad somatic index (GSI) was not signif-
icantly different under the three different light inten-
sities (H, = 0.877 p = 0.644). The mean +SD GSI values
for 100 %, 87 % and O % shaded treatments were low (Fig.
6), 2.6 £1.73 %, 2.3 £1.20 % and 2.9 +1.36 % respectively.

Discussion

The observations from this study confirmed that T
gratilla covering behaviour is stimulated by greater
light intensity (Experiment 2, Fig. 2), aligning with
prior studies (Park and Cruz, 1994; Ziegenhorn, 2016;
Li et al., 2021). Yet, evidence could not be provided
that T! gratilla prefers opaque materials for cover-
ing (Experiment 1, Fig. 1), unlike Ziegenhorn (2016).
Therefore, it cannot be concluded that 7. gratilla in
the Seychelles selected material for their ability to
provide shade. Thus, the purpose of this covering
behaviour remains unclear. While it may protect from
UV radiation or have a cryptic function, they may also
collect objects as a physical barrier against predators
or to stabilize the urchins during surges. The con-
trasting finding of cover material opacity preference
between this study and that of Ziegenhorn (2016) may
stem from regional behavioural differences among
T. gratilla populations (Toha et al., 2017; personal
observation, 2023). This underscores the imperative
to validate proposed aquaculture practices, findings,
or technologies within the region of application, prior
to upscaling for commercial implementation in gen-
eral. More specifically, given the spatial variations in
T. gratilla behaviour, it is essential to conduct similar
investigations in different regions to obtain a compre-
hensive understanding of their responses to light.

The results of the short-term fitness trial (Experi-
ment 3) complemented those of Li et al. (2021), where
greater light exposure significantly reduces the fitness
of urchins (Fig. 8). However, it should be noted that
urchins in this study were acclimatised to lower light
levels prior to this experiment and Li ez al. (2021) did
not specify what lighting the urchins were acclima-
tised to before experimentation. This is relevant as this
fitness and light relationship was not observed when
urchins were acclimatised to specific lighting con-
ditions over a longer-term experiment (Fig. 4). This
indicates that 7. gratilla fitness will only be affected
adversely by light when shocked by it, but they can
acclimatise to higher light intensities. This empha-
sizes the importance of gradual acclimatization when
altering light conditions for T. gratilla, where care
should be taken by aquaculture operators to not rap-
idly change environmental conditions. Additionally,
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this finding does not provide conclusive evidence that
T. gratilla production facilities require shading. This
is further supported by the lack of evidence that light
intensity impacted urchin mortality, disease suscepti-
bility (Fig. 5), growth or gonad somatic indices (Fig. 6),
suggesting that 7. gratilla can adapt to higher light lev-
els over an extended period, a novel finding that car-
ries important implications for aquaculture practices.

While there were no significant differences in disease
and mortality between the different light treatments,
which suggests that 7! gratilla can adjust to higher
light intensity, it is important to note some limitations
regarding urchin growth and GSI results. The GSI
results might have been affected by spawning events
that occurred before the dissections. Even though no
spawning was observed during the trial, the very low
GSI values (average of 2.84 %) suggest that spawning
might have happened. Previous trials at this facil-
ity under similar conditions and feed showed much
higher GSI values, around 10 % (personal observation,
2028). The lack of significant difference in growth rates
is likely due to the urchins starting at a size where they
no longer experience high growth rates (Dafni, 1992;
Shpigel et al., 2018). Additionally, the measurement
methods used may not have been precise enough (de
Vos et al., 2023), making it unlikely to detect a signif-
icant difference. Future research should use smaller
urchins that can continue to grow during the experi-
ments and ideally control for spawning events.

Although these experiments did not establish a substan-
tial influence of light intensity on T. gratilla production,
the authors are not necessarily advising that shading
should not be implemented in land-based urchin pro-
duction facilities. There are likely alternative advan-
tages of shading such as preventing salinity fluctuations
due to rainwater, slowing the growth of epiphytes, and
reducing temperature fluctuations in tanks.

In conclusion, this research contributes to a deeper
comprehension of the complex relationship between
light exposure, covering behaviour, and the produc-
tion of T. gratilla. While the motives behind 7. gratil-
la’s covering behaviour remain somewhat enigmatic
and are likely dynamic, the findings from this study
underline the importance of gradual acclimatization
to changing light conditions and regional variation
in T. gratilla behaviour. This study does not provide
definitive evidence that light directly hampers urchin
production thus implying that shading of urchin pro-
duction facilities may not be an absolute requirement
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for production. This research contributes another
piece of the puzzle to advancing T. gratilla aquacul-
ture by offering valuable insights into optimizing pro-
duction practices while ensuring the welfare of this
economically important species.
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Abstract

Seagrasses are essential to marine ecosystems and have been shown to possess pharmaceu-
tical properties. This study evaluated the antioxidant and antimicrobial activities of the sea-
grass species, Halophila stipulacea, Halodule uninervis, and Thalassodendron ciliatum from a Mau-
ritian lagoon. Two essential steps in the extraction process were investigated: drying method
(oven-drying and freeze-drying) and maceration solvent (methanol and acetone), using a
factorial design. The highest total phenolic content (60.1 mg GAE/g) was observed in oven-
dried acetonic 7. ciliatum extracts. Antioxidant activity was assessed through DPPH and ABTS
assays, where all extracts demonstrated significant activities (p < 0.05). Oven drying and ace-
tonic extractions resulted in greater activities (highest DPPH activity of 69.8 % with T. ciliatum).
Significant interactions (p < 0.05) were found between species, drying methods, and solvents.
Escherichia coli and Bacillus cereus were resistant to all extracts, while Staphylococcus aureus showed
limited inhibition. Pseudomonas aeruginosa was more susceptible to freeze-dried extracts (great-
est MIC of >1.25 mg/ml for acetonic T. ciliatum). Candida albicans was most susceptible to freeze
dried acetonic 7. ciliatum extracts (24.7 + 4.06 mm). Consequently, this study encourages further
exploration and use of seagrasses, especially, 7. ciliatum in the pharmaceutical industry.

Keywo rds: Seagrass, Total phenolic content, Antioxidant, Antibacterial, Antifungal

Introduction

species, providing nursery habitats for juvenile fish and

Nestled within the Indian Ocean’s southern tropi-
cal belt, Mauritius is an island adorned with a diverse
marine ecosystem, where seagrasses, crucial aquatic
angiosperms, play a pivotal role. Montaggioni and
Faure (1980) reported the presence of seven seagrass
species in Mauritian lagoons, namely, Syringodium isoet-
tfolium, Thalassodendron ciliatum, Halophila ovalis, Halo-
phila stipulacea, Halophila decipiens, Halodule uninervis
and Cymodocea serrulata. Seagrasses are vital marine

supporting 20 % of the world’s major fisheries (Madi
Moussa et al., 2020). They serve as key food sources for
herbivores such as Dugong dugon and Chelonia mydas
(Lin et al., 2021). Additionally, they act as efficient car-
bon sinks, sequestering 27-44 Tg of organic carbon
annually in sediments (Bijak et al., 2023; Bedulli et al.
2020). Their ecological significance extends to the tour-
ism industry in Mauritius through sediment filtration
in water columns and enhanced coastline protection

http://dx.doi.org/10.4314/wiojms.v23i2.7
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from erosion by resilient rhizomes (Tandrayen-Ragoo-
bur et al., 2022; Amone-Mabuto et al., 2023).

Seagrasses have demonstrated noteworthy pharma-
cological significance (Gono et al., 2022; Lahay and
Amiin, 2023; Punginelli et al., 2023). In fact, the pres-
ence of phenolic compounds in seagrasses has shed
light on their potential as sources of therapeutic agents
(Astudillo-Pascual et al., 2021; Gono et al., 2022). Anti-
oxidants counter oxidative stress from reactive oxy-
gen species (ROS), which can contribute to cardiovas-
cular diseases, inflammation, and cancer (Halliwell,
2024) and seagrasses have been determined to possess
antioxidant potential (Sansone et al., 2021; Divyashri et
al., 2021). However, the antioxidant potential of Mau-
ritian seagrasses has been only been investigated by
Ramabh et al.(2014).

The scourge of infectious diseases has claimed count-
less lives over decades and antimicrobial resistance is
further exposing mankind to risks (Manso et al., 2021).
In pursuit of solutions, researchers have explored
natural reservoirs of antimicrobials, with seagrasses
emerging as a subject of interest (Punginelli ez al., 2023;
Ozbil et al., 2024). For example, Hamisi et al.(2023)
discovered the antimicrobial effect of seven seagrasses
against a causative agent of typhoid fever, Salmonella
typhi. Despite such studies, it remains salient that no
drugs derived from seagrasses have obtained Food
and Drug Administration (FDA) approval (Marine
Pharmacology, 2023). Furthermore, the antimicrobial
potential of seagrasses in Mauritian lagoons remain
largely untapped. In the Western Indian Ocean (WIO)
region itself, studies on the antimicrobial potential of
seagrasses are quite limited. Hence, comprehensive
studies are necessary to firmly establish seagrasses’
antimicrobial potential and secure their recognition
in the realm of antimicrobial drugs.

The evaluation of seagrass bioactivity requires phy-
tochemical extraction, influenced by factors like dry-
ing methods, extraction techniques, and maceration
solvent (Astudillo-Pascual et al., 2021; Benjamin et al.,
2022). Although freeze-drying and oven-drying of
seagrasses are commonly reported separately, limited
research has investigated the combined effects of dif-
ferent drying methods and solvents, potentially leav-
ing room for inaccuracies in the findings (Bharathi et
al., 2019; Susilo et al., 2023).

Therefore, the primary aim of this paper is to high-
light the pharmacological significance of seagrasses in
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Mauritius. This study delves into assessing the phe-
nolic content, antioxidant and antimicrobial poten-
tial of three distinct seagrasses species found in the
lagoons of Mauritius, namely, Halophila stipulacea,
Halodule uninervis, and Thalassodendron ciliatum. Addi-
tionally, this study seeks to elucidate the influence of
different drying methods (freeze-drying and oven
drying) and various maceration solvents (acetone and
methanol) on these identified properties.

Materials and methods

Study area and material collection and preservation
Pointe-aux-Feuilles, situated on the east coast of Mau-
ritius at geographical coordinates 20° 18’ 21” South, 57°
46’ 24” East, was the collection site for fresh samples
of Halophila stipulacea, Halodule uninervis, and Thalas-
sodendron ciliatum. Snorkeling and diving techniques
were employed to collect samples from a depth of
2-3 meters at the same location (Fig. 1). The species
were identified based on their morphological char-
acteristics, following the descriptions provided in the
available literature for the WIO (Richmond, 2011). The
hand-pulling technique with the aid of a small shovel
was used, involving the gathering of leaves, shoots,
and roots with minimum damage to the surrounding
seagrass root systems. The samples were washed in
seawater to remove sand particles, then placed in ice-
cold conditions for transportation. Upon arrival at the
University of Mauritius Zoology lab, samples under-
went additional washing with tap water, then distilled
water (Yuvaraj et al., 2012).

Phytochemicals extraction

Fresh seagrass (70 g) was oven-dried and freeze-dried
separately and ground in a grinder (PACIFIC PM600)
to a fine powder. Five grams of the dried powder
was soaked in 50 ml of 70 % acetone and 70 % meth-
anol, separately, macerated for 48 hours in a shaker,
followed by pump filtration and rotary evaporation.
Both the dried extracts, obtained from acetone and
methanol maceration, were resuspended in methanol.
The percentage extract yield was then obtained using
the following formula:

Percentage Yield= (W1x100)/W2
W1: Weight of extract afier removing the solvent; W2-Dry
weight of the sample

Quantitative estimation of Total Phenolic Content
(TPC)

The procedure outlined by Nopi et al. (2018) was
employed, using gallic acid as a standard. A mixture of
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1 ml 20 % Folin Ciocalteau reagent and 200 pl seagrass
extracts or gallic acid was vortexed and rested for 4
minutes. Then, 750 pl of 7 % Sodium Carbonate solu-
tion was added, vortexed, and kept in the dark for two
hours. Absorbance was measured at 750 nm.

Antioxidant activity

DPPH Radical-Scavenging Assay

The procedure based on Kavitha et al.(2022) was fol-
lowed. A 2 ml solution of methyl alcohol with DPPH
(25ug/ml) was prepared. This mixture was combined
with 0.5 ml of extracts or ascorbic acid, stirred, and
incubated at 30 °-35 °C for 30 minutes in darkness.
Absorbance was measured at 517 nm, using ascorbic
acid as a standard. The percentage radical scavenging
activities were then determined:

"_';‘m. Thung Tuk| l
Sri Lanka

\Maldive Islands
L]

Indian Ocean

Figure 1. The location of Mauritius and sample collection site.

Percentage radical scavenging activity = 100 - ((Ac - As) /
Ac) x100

AC: absorbance of the control solution

AS: absorbance of the seagrass extracts.

ABTS Assay

The ABTS assay, based on Re et al. (1999) with mod-
ifications, was used, with ascorbic acid as a stand-
ard. A 7 mM ABTS stock solution was prepared by
mixing ABTS with potassium persulfate, and stored
in the dark for 12-16 hours. The stock solution was
standardized to an absorbance of 0.700 at 734 nm.
For the assay, 20 pl of crude extract or ascorbic acid
was mixed with 2 ml of diluted ABTS solution, incu-
bated for 7 minutes in the dark, and absorbance was
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measured at 784 nm. The absorbance values obtained
were used to compute the percentage radical scav-
enging activities.

Antimicrobial susceptibility testing (ast)

The antimicrobial assay followed the standard Clini-
cal and Laboratory Standards Institute (CLSI) proto-
col (CLSI, 2012). Pure cultures of Bacillus cereus ATCC
11778, Staphylococcus aureus ATCC 29218, Pseudomonas
aeruginosa ATCC 27853, Escherichia coli ATCC 25922,
and Candida albicans ATCC 10231 were used.

Disk diffusion assay

The Mueller-Hinton agar (MHA) disk diffusion tech-
nique was employed. Sterile 6 mm filter paper discs
(Whatman #1) impregnated with 10pL of 10 mg/ml

Mauritius

: . Port-louis

. University

of Mauritius

Pointe-aux-
Feuilles

extracts were air-dried and placed on the microbi-
al-inoculated MHA. Methanol was included as the
negative control as it was previously used as the sol-
vent for resuspending the dried extracts, while ampi-
cillin was included as the positive control. The plates
were incubated at 87 °C overnight, and the inhibi-
tion zones around the discs were measured using a
vernier caliper.

Broth microdilution assay

The Broth microdilution was performed in a 96-well
plate, utilizing a two-fold dilution technique, accord-
ing to the method described by Eloff (1998). Methanol
and nutrient broth were included as negative control,
and Chloramphenicol as positive control.



Statistical design and analysis

All the tests were carried out in three replicates and the
results displayed as means for the antioxidant, antimi-
crobial and Total Phenolic Content tests. The disk dif-
fusion assay was displayed as mean and standard devi-
ation. A completely randomized design with a 3x2x2
factorial treatment structure was used for the antiox-
idant and TPC tests. The 12 treatments were a com-
bination of the three seagrasses, two drying methods
and two maceration solvents and each were replicated
thrice. The resulting data were subjected to analyses of
variance (ANOVA) and the treatment sums of squares
were split up into the main and interaction effects.
All statistical analyses were carried out using the soft-
ware package JAMOVI 2.5 (Jamovi, 2024). A signifi-
cance level of 5 % was used for all the statistical tests.

Results

Percentage yield

The mass of the dry extracts was measured, and yield
percentages were calculated (Fig. 2). Higher yields

H.uninervis T.ciliatum H.stipulacea

254

£

b} Drying method
]

by Freeze dry
-4 Oven dry
c
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Figure 2. Dry extract percentage yield.
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were obtained when the samples were oven dried and
methanol-macerated (highest for Halophila stipulacea
at 24.7 %). The lowest yield (0.610 %) was obtained with
freeze-dried acetonic extract of Halodule uninervis.

Total phenolic content (tpc)

Total phenolic content (TPC) was measured in mil-
ligrams of gallic acid equivalent (GAE) per gram of
extract, ranging from 0.447 to 60.1 mg GAE/g (Thal-
assodendron ciliatum highest). Overall, oven drying
resulted in higher TPC than freeze drying for all spe-
cies. Acetonic extracts consistently showed over 30 %
higher TPC compared to methanolic extracts (Fig. 3).

Antioxidant activity

DPPH radical scavenging activity

Percentage inhibition of DPPH was analyzed through
ANOVA. The percentage inhibition ranged from 18.0 %
to 69.3 % (freeze dried Thalassodendron ciliatum metha-
nolic extract and oven dried T.ciliatum acetonic extract,
respectively). All extracts demonstrated significant
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Figure 3. Total Phenolic Content of seagrass extract.
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DPPH radical scavenging (p < 0.05). Main effects of the
factors revealed significant distinct trends: T.ciliatum
> H.stipulacea > H.uninervis for species, oven-drying >
freeze-drying for drying method, and acetonic extracts
> methanolic extracts for solvents.

The results showed clear evidence of significant interac-
tions between the main factors (p < 0.05) (Fig. 4 and 5):

e Species and drying method: T.ciliatum had the
highest marginal mean when oven-dried (around
65 %) and the lowest when freeze-dried (approx.
40 %). Notably, a reverse pattern emerged with
freeze-drying.

 Speciesand solvent: H.stipulacea in methanol showed
a 40 % significantly higher marginal mean inhibition
than H.uninervis. Conversely, with acetone, H.unin-
ervis exhibited higher inhibition (approx. 63 %).

e Solvent and drying method: In methanol, sig-
nificantly higher marginal mean inhibition was
seen in both freeze-drying (40 %) and oven-dry-
ing (30 %).

* Solvent, drying method, and species: Percent-
age marginal mean inhibition was relatively
similar between drying methods when mac-
erated in acetone, varying by approx. 2 %. But
were significantly different when macerated in
methanol.

ABTS radical scavenging activity

In the ABTS assay, T.ciliatum (acetone, oven-dried)
exhibited the highest inhibitory activity at 29.33 %. All
extracts displayed statistically significant ABTS radical
scavenging activity (p < 0.05). Marginal plots revealed
the main effects of the factors resulting in the follow-
ing trends in percentage inhibition:
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* Species: T.ciliatum > H.stipulacea > H.uninervis
¢ Drying Method: Freeze-drying > oven-drying
* Solvent: Acetonic extracts > methanolic extracts.

The ANOVA revealed significant interactions between
the various main factors (p < 0.05) (Fig. 6 and 7):

* Solvent and species: The highest mean /% inhi-
bition was observed with T.ciliatum in both sol-
vents, with a lower value in methanol (approx. 10
%) compared to acetone (approx. 25 %).

e Drying method and species: All species exhibited
a higher mean % inhibition (approx. 2 %) when
freeze-dried compared to oven-dried, except for
T.ciliatum.

e Solvent, drying method, and species: When
freeze-dried, T.ciliatum showed the highest mean
activity (approx. 12 %) when macerated in meth-
anol. Conversely, when oven-dried, its acetonic
extract exhibited the highest activity (29 %).
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Antimicrobial assay

The antimicrobial activity of the seagrass extracts was
assessed in terms of zones of inhibition, as outlined
in Table I. Notably, the extracts displayed pronounced
effectiveness against Pseudomonas aeruginosa, particu-
larly the freeze-dried samples, with larger inhibition
zones (21.27 + 3.12 mm and 27.3 + 1lmm for Acetonic
Freeze-dried T.ciliatum and H.stipulacea respectively ).
In the case of Staphylococcus aureus, the highest zone
of inhibition observed was 8.33 * 7.89 mm. However,
no activity was detected against Escherichia coli and
Bacillus cereus. Concerning fungal strains, T.ciliatum
extracts exhibited notable inhibition zones against
Candida albicans (24.7 + 4.06 mm).

A 2-fold broth microdilution assay was carried out
for the freeze dried extracts to determine their MIC
against P.aeruginosa. A minimum concentration of 1.25
mg/ml acetonic T.ciliatum extracts was needed for
inhibition, while for acetonic H.stipulacea, a 5 mg/ml
extract was required.(Table II)

The zones of inhibition produced by some of the
seagrass extracts were subsequently compared with
those of other plants, including terrestrial plants, as
depicted in Table III.
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Figure 5. DPPH assay result (ii). E: Estimated marginal means Species * drying method; F: Estimated
Marginal Means species * extraction solvent; G: Estimated Marginal Means extraction solvent * Drying Method; H:

Estimated Marginal Means species x drying method.
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Table 1. Inhibition zones for disk diffusion assay.
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Extracts Zone of inhibition(mm)
Bacteria Fungus
Species L P, aeruginosa E.coli S. aureus B. cereus C. albicans
method solvent "° g ’ . . .
H. stipulacea Oven dry methanol - - 517 + 8.95 - -
H. stipulacea Oven dry acetone - - - - -
H. stipulacea Freeze dry methanol 10.77 £ 0.85 - - - -
H. stipulacea Freeze dry acetone 27.3 +11.0 - - - -
H. uninervis Oven dry methanol 11.63 + 0.40 - - - 6.67
H. uninervis Oven dry acetone 8.038 £2.10 - 2.4 *4.16 - 7+5.86
H. uninervis Freeze dry methanol 13.63 £ 2.18 - 4.37 +7.56 - 3.57+ 6.18
H. uninervis Freeze dry acetone 16.6 £ 0.6 - - - -
T. ciliatum Oven dry methanol - - - - -
T. ciliatum Oven dry acetone 11.87 + 8.88 - 8.33 £7.89 - -
T. ciliatum Freeze dry methanol 12.18 + 2.00 - - - -
T. ciliatum Freeze dry acetone 21.27 + 8.12 - 4.6 £797 - 24.7 + 4.06
Positive control
- + + + -
(Ampicillin for bacteria and Nystatin for fungus) 2003+ 1.33 1812325 8117=9.76
Table 2. Minimum Inhibitory Concentration of freeze dried seagrass samples against P. aeruginosa.
species extraction solvent MIC(mg/ml)
H. stipulacea methanol >2.5
H. stipulacea acetone >5
H. uninervis methanol >2.5
H. uninervis acetone >2.5
T ciliatum methanol >2.5
T ciliatum acetone >1.25
Chl(?r?mphemcol 50.938
(positive control)
Methanol None -
Nutrient broth -
Table 8. Comparison of the antimicrobial properties of seagrass extracts with some terrestrial plants (ND: No data).
Microbe ( Zone of inhibition in mm)
Plant Extract References
S. aureus P. aeruginosa E. coli B. cereus
. Acetonic
+ + - -
T. ciliatum (freeze-dried) 4.6 £7.97 21.27 + 8.12
. Acetonic
- + - -
Seagrass H. stipulacea (freeze-dried) 27.3 +11.0
. . Acetonic - -
- +
H. uninervis (freeze-dried) 16.6 £ 0.6
Suaeda nudiflora Acetonic 5.76 £ 0.25 3+0.2 ND ND
Lumnitzera racemosa Acetonic 7.3 £0.2 5.8383 £ 0.15 ND ND (Eswaraiah ef al.,
Mangrove 2020)
Ipomoea tuba Acetonic 583 +0.15 4.8+0.2 ND ND
Avicennia alba Acetonic 6.83 £ 0.15 583 +0.15 ND ND
. ND (Nejatzadeh-
+ + +
Aloe vera Acetonic 12 £ 045 19 £ 0.57 14 + 0.38 Barandozi, 2013)
Licorice Glycyrrhiza glabra Methanolic ~ 10.04 +1.34 - 6 +1.22 7*1 (Jafari-Sales and

Bolouri, 2018)
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Discussion

The ability of seagrass to produce secondary metab-
olites as a defense mechanism has drawn attention to
their phytochemical properties and pharmacologi-
cal potential (Kalaivani et al., 2019). While numerous
studies (Wisespongpand et al., 2022; Lahay and Amiin,
2023; Punginelli ez al., 2023) on seagrass bioactivity
have been conducted globally, research on Mauritian
seagrasses remains limited. Only one study (Ramah et
al., 2014) has investigated their antioxidant potential,
and none has explored their antimicrobial properties.
This study, therefore, examines the phytochemical
characteristics of three Mauritian seagrass species: 7.
ctliatum, H. stipulacea, and H. uninervis.

An essential aspect of this study involved optimiz-
ing the extraction process to obtain maximum phy-
tochemical yield and bioactivity. In line with this,
two drying methods (freeze-drying and oven- dry-
ing) and two solvents (Acetone and Methanol) were
tested for phytochemical extraction. Oven drying
yielded higher extract yield compared to freeze dry-
ing which was consistent with the results obtained
by Lee et al.(2022) when they compared several dry-
ing methods. This difference may be ascribed to the
greater porosity of the freeze-dried samples, poten-
tially causing rapid moisture reabsorption (Benjamin
et al., 2022). Methanol extraction yielded higher phy-
tochemical levels compared to acetone. The polarity
of the solvent plays a crucial role in this difference,
whereby methanol is more polar than acetone. In this
case, it is suggested that the seagrasses possessed more
polar compounds than non-polar. Ozbil et al. (2024),
in a similar context, compared the effect of different
polar and non-polar solvents including methanol and
acetone, on seagrass Posidonia oceanica and methanol
resulted in greater yield as compared to acetone in
both the leaves and roots.

Phenolic compounds are renowned for their capac-
ity to scavenge free radicals and reactive species that
pose potential harm to cellular structures (Pratyu-
sha, 2022). Throughout this study, the three seagrass
species possessed different levels of phenolic com-
pounds within their respective samples. Notably,
T. ciliatum demonstrated the highest total phenolic
content (TPC) among the three seagrasses. This dis-
covery aligns with the study of Ramah et al. (2014),
who also identified T. ciliatum as having the highest
TPC among five seagrass species in Mauritius. Nev-
ertheless, the TPC values obtained in this study were
lower than those reported by Ramah et al., and this
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difference could stem from their direct use of fresh
seagrass samples, which contrasts with the dried sea-
grass utilized in this study. Remarkably, higher phe-
nolic content resulted from oven drying, rather than
freeze drying, deviating from some studies (Ningsih
et al., 2022; Wan et al., 2021). Although, methanol is
a commonly utilized solvent for phenolic extraction
as phenolic compounds are more soluble in more
polar solvents (Bharathi et al., 2019), the current study
revealed that acetonic extracts displayed a higher TPC
than methanolic extracts..

DPPH and ABTS assays are two commonly used anti-
oxidant assays. All the seagrass extracts in this study
demonstrated significant DPPH and ABTS radi-
cal scavenging activities. Species-specific variations
(p=0.008 for DPPH and p<0.001 for ABTS) were
observed, with T. ciliatum showing the highest activ-
ity, agreeing again with the DPPH results of Ramah et
al. (2014) in Mauritius. The obtained DPPH value for
T. ciliatum was approximately similar with the results
obtained by Hamdy et al. (2012) in Egypt. Hamdy et al.
attributed this efficacy of T. ciliatum to the presence of
flavonoids such as quercetin 3-O-B-d-xylopyranoside,
asebotin, 8-hydroxyasebotin, rutin, and racemic cate-
chin. Additionally, marked dissimilarity was observed
between the ABTS and DPPH assay results, with
oven drying yielding better results with the DPPH
assay and freeze-drying yielding better results with
the ABTS assay. The heightened antioxidant capac-
ity observed with the DPPH assay may stem from its
capacity to react with weaker antioxidants, as noted
by Christodoulou et al. (2022). Moreover, as men-
tioned above, antioxidant activity arises due to the
phytochemical components present. Therefore, the
impact of the drying method on the targeted phyto-
chemical compounds and their solubility is another
aspect to consider (Sun ef al., 2015). The highest total
phenolic content was observed in the oven-dried,
acetone-macerated extracts, which also exhibited the
strongest DPPH activity. This demonstrates that the
phenolic compounds contribute significantly to anti-
oxidant activity. This relationship of the antioxidant
capacity with the TPC clarifies the significantly vary-
ing marginal means among species, drying methods,
and solvents (p<0.05).

Heightened consumer concern about synthetic com-
pounds has spurred research on natural antimicrobial
compounds. This study explored the antimicrobial
potential of three Mauritian seagrasses. Many stud-
ies (Bharathi et al., 2019; Kavitha et al., 2022; Amiin
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and Lahay, 2023) on seagrasses have shown that they
possess this ability due to their phytochemical com-
ponents, including phenols, flavonoids, and alkaloids
(Amiin and Lahay, 2023). However, in this study, none
of the seagrass extracts showed antimicrobial activity
against the gram-negative Escherichia coli. H. stipulacea
and other Halophila spp. showed effective antimicro-
bial activity against E. coli in other studies (Gumgum-
jee et al., 2018; Yuvaraj et al., 2012). Discrepancies in
geography could account for this observation. Terres-
trial plants like Aloe vera and Glycyrrhiza glabra could
exhibit potential activity against E. coli, highlighting a
distinction in bioactive components between marine
and terrestrial plant species (Jafari-Sales and Bolouri,
2018; Nejatzadeh-Barandozi, 2013; Table III).

As for the other gram negative bacteria used in this
study, varying positive results were observed against
Pseudomonas aeruginosa. The freeze-dried acetonic
extracts of T. ciliatum and H. stipulacea displayed large
inhibition zones. Yet, in another study in Egypt, the
same seagrass species were unable to inhibit P. aerug-
inosa (Ahmed et al., 2023). Conversely, oven-dried
and methanolic extracts exhibited little to no activ-
ity against the bacteria, indicating a potential loss of
antimicrobial components attributed to high-tem-
perature drying and solubility of phytochemicals on
maceration solvent. The MIC determination of the
extracts against P. aeruginosa provided a more detailed
insight. Species-wise, T. ciliatum exhibits the high-
est antimicrobial potential, which could be linked to
T. ciliatum’s elevated phenolic content observed in
this study. Interestingly, H. uninervis demonstrated a
higher activity than T. ciliatum against the gram-neg-
ative Salmonella typhi in Tanzania (Hamisi et al., 2023).
Significantly, the seagrass extracts were more effective
against P. aeruginosa than several terrestrial plants,
including the medicinal plant Aloe vera. (Table III).

Regarding gram-positive bacteria, Staphylococcus
aureus and Bacillus cereus were non-susceptible to the
extracts. In contrary, in the WIO region, Mabrouk
et al., (2024) reported H. stipulacea as more effective
against gram-positive bacteria (including S. aureus)
than against gram-negative ones (including P. aerug-
inosa). On a similar note, S. aureus and B. cereus could
also resist several seagrass leaf extracts of Cymodocea
rotundata and Cymodocea serrulata (Wisespongpand
et al., 2022). Gram-positive bacteria have thicker cell
walls containing teichoic acids, which are absent
in gram-negative bacteria, which may explain this
non-susceptibility (Jubeh et al, 2020). Conversely,
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studies on mangroves and other terrestrial plants
demonstrated significant inhibition of S. aureus growth,
and Glycyrrhiza glabra extract effectively inhibited B.
cereus (Table III). As for fungus, Candida albicans was
most susceptible to the freeze-dried acetonic extract
of T. ciliatum, while the other species exhibited min-
imal to no activity. Although anti-candidal studies of
these species is absent in the WIO region, outside the
WIO, H. stipulacea and other seagrasses were found to
act against C. albicans (Mabrouk et al., 2024; Punginelli
etal., 2023) .

Conclusions

In conclusion, to the knowledge of the authors, this is
the first study in the WIO region assessing the com-
bined effect of drying method and maceration solvent
on the bioactivity of the three seagrasses, H. stipulacea,
H. uninervis, and T. ciliatum. This study allowed iden-
tification of the optimum maceration solvent, drying
method and species to use to obtain a high antimicro-
bial and antioxidant activity. Specifically, oven-dry-
ing and acetone proved more effective in extracting
phenolic compounds. Notably, among the examined
species, T. ctliatum demonstrated the highest antiox-
idant potential when subjected to oven drying and
macerated in acetone, while also possessing the high-
est phenolic compounds. This study has also, for the
first time, determined the antimicrobial activity of
seagrasses in Mauritius. 7. ciliatum displayed remark-
able antimicrobial efficacy against P. aeruginosa and
Candida albicans, particularly when freeze-dried and
macerated in acetone. It is therefore recommended
that more studies are carried out on the use of sea-
grass extracts, especially, T. ciliatum, in the pharma-
ceutical industry.
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Abstract

Environmental pollution through accumulation of metals in estuarine, coastal, and marine
waters is a worldwide issue. Most contaminants originate inland and pass through these envi-
ronments before dispersing into the ocean. The objectives of this study were to determine
metal concentration levels of Ag, As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Se and Zn in sediments,
water, invertebrates and mangrove leaves collected from mangrove ecosystems along the coast
of Dar es Salaam and Mbegani. Evidence of metal bioaccumulation of non-essential metals
including Al, Cu, Fe, Mn and Zn was mostly found at sites located close to Dar es Salaam City
centre, which decreased with increasing distance from the centre. Avicennia marina (mangrove
leaves), Uca spp. and Terebralia palustris (invertebrates) were identified as suitable local species for
monitoring metal concentrations in the region.

Keywords: Biomonitoring, invertebrates, mangrove leaves, sediments, water

Introduction

Environmental pollution due to metals in estuarine
and coastal environments is a worldwide problem,
since most contaminants from urban centres end up in
these areas before dispersing into the ocean (Islam and
Tanaka, 2004; Pan and Wang, 2012; Tam and Wong,
2000). Once introduced into these environments, the
pollutants are distributed into different compartments
that include sediment, water, plants, and animals, and
eventually pose a risk to the ecosystem and humans.
Concentrations of trace metals in water, sediments,
and biota are usually the three measures used in
marine habitats (Rainbow, 1995). Occurrence of metal
pollution induced by anthropogenic inputs on coastal
environments and estuaries is not uncommon, even in
countries with low levels of industrialization in Africa
(Biney et al., 1994; Otchere, 2019).

Species with the capacity of accumulating heavy met-
als in its tissues, which may be analyzed as a measure
of metal bioavailability in the ambient habitat can be

termed as a metal bio-monitor. Bio-monitors of metal
pollution respond differently to different sources of
bio-available metals (Rainbow, 1995). The levels of
metal accumulation in marine organisms are not only
attributed by water quality but also to different factors
such as seasonality, temperature, salinity, diet, spawn-
ing and individual variation, among others. The lev-
els of metals accumulated in some marine organisms
may be higher than background concentrations and
thus certain species and/or tissues of certain organ-
isms can be suitable to use as bio-indicators of heavy
metal pollution (Chan, 1989).

Mangrove ecosystems are intertidal estuarine wet-
lands thriving in relatively sheltered locations such as
lagoons, bays and estuaries in tropical and subtropical
regions and tend to face serious anthropogenic con-
tamination due to their proximity to areas of dense
human population, urban and industrial develop-
ment and concentrated pressures from human activ-
ities (MacFarlane and Burchett, 2002; Sharma et al.,

http://dx.doi.org/10.4314/wiojms.v23i2.8
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2021; Tam and Wong, 2000). Sediments in mangrove
ecosystems are mostly anaerobic, reduced, and rich in
sulphide and organic matter; thus have a high metal
retaining capacity (Harbison, 1986; Lacerdaet al., 1993;
Machado et al., 2008; Silva et al., 1990; Tam and Wong,
1996). Mangrove wetlands along the coast of Tanza-
nia are mostly located in sheltered bays, estuaries and
river mouths and receive most of their freshwater
inflow from rivers, streams and runoffs (Kruitwagen
et al., 2008). Based on their location and ability to trap
chemicals, the amount of contaminants in mangrove
wetlands closely reflects the general level of pollution
in coastal areas and the hinterlands (Kruitwagen et al.,
2008). The most common pollution sources along
the coast include sewage discharge, municipal, indus-
trial and agricultural wastes, transportation activities,
coastal area urbanization and erosion.

Tanzania is experiencing increasing pressure from
urbanization and industrialization which has resulted
in an increase in environmental degradation (De
Wolf and Rashid, 2008; Machiwa, 1992; Semesi, 1992;
Yhdego, 2021). This has eventually led to a severe
decrease of water and sediment quality since most of
the industrial, agricultural and residential wastes are
disposed-off directly into natural drainage systems
that end up in coastal ecosystems (Machiwa, 1992;
Mremi and Machiwa, 2008). For example, Msim-
bazi River, which is located in Dar es Salam city was
reported to receive average and peak untreated efflu-
ent rates of 256 m?/h and 606 m?/h of wastes from
industrial and other anthropogenic sources (Ak’habu-
haya and Lodenius, 1988; De Wolf et al., 2001).

Despite efforts undertaken to evaluate the poten-
tial environmental status of metal pollution along
the coast of Dar es Salaam (De Wolf and Rashid,
2008; De Wolf et al., 2001; Kruitwagen et al., 2008;
Machiwa, 1992; Mremi and Machiwa, 2003; Mtanga
and Machiwa, 2008; Mtanga and Machiwa, 2007,
Muzuka, 2008; Rumisha et al., 2012), there is paucity
of information regarding contaminant accumulation
and their respective effects on local marine flora and
fauna in Tanzania. The objectives of the present
study were: (i) to evaluate the extent of metal con-
tamination in the local coastal environment (water
and sediments) and in the resident organisms (inver-
tebrates and mangroves) in mangrove ecosystems of
Dar es Salaam and the Coastal Region of Tanzania;
and (ii) to identify the most suitable metal pollution
bio-indicators from the selected flora and fauna spe-
cies (mangrove leaves and invertebrates).

Materials and methods

Study sites

The study was conducted in mangrove ecosystems in
Dar es Salaam (Msimbazi, Mtoni Kijichi, Kunduchi,
Mbweni and Mbutu) region and in Mbegani (Coastal
region) in Tanzania (Fig. 1). Sites were selected based
on distance from the Dar es Salaam city centre. Msim-
bazi mangrove ecosystem (39.273262 longitude and
-6.79798 latitude) is in the city centre and receives waste-
water discharges from the city. Mtoni Kijichi mangrove
ecosystem (89.280047 longitude and -6.878884 lati-
tude) is located along the Dar es Salaam harbour chan-
nel, approximately 2.5 km south of the city centre and
receives waste from intensive traffic of fishing boats
and ferries, municipal outflows, and adjacent residen-
tial and agricultural areas. These sites are considered
to be highly polluted. Kunduchi mangrove ecosystem
(89.211988 longitude and -6.657801 latitude) is located
within a tourist hotel area and Kunduchi fishing village,
approximately 20 km north of the Dar es Salaam city
centre. Mbweni mangrove ecosystem (39.139344 longi-
tude and -6.578716 latitude) is located at the Mpigi River
mouth. The last two sites, Mbutu (39.479969 longitude
and -6.880632 latitude) and Mbegani (38.87321 longi-
tude and -6.394379 latitude) mangrove ecosystems, are
situated south and north of the city centre, respectively,
and are considered to be less polluted.

Sampling

Sampling was conducted in the months of August and
September 2009, at low tide in the upper part of the
intertidal. At each site, three replicate sediment sam-
ples (top 10 cm from the surface) and water samples
were collected and transferred to clean zip lock pol-
yethylene bags and into clean 50- mL polypropylene
tubes, respectively. Leaves of the mangroves Avicennia
marina, Bruguiera gymnorrhiza, Ceriops tagal, Rhizophora
mucronata, and Sonneratia alba, and invertebrates (Uca
spp., Volema pyrum, Turbo spp., Terebralia palustris, Cer-
ithidea decollata, Cerithium caeruleum, Diala lauta and
Zeuxius olivaceus) were also collected, washed with Mil-
li-Q water to remove any adhering sediment particles
and stored in clean polyethylene bags per species and
site. Some species were not present at all the sites. The
samples were transported on ice to the Laboratory of
Ecophysiology, Biochemistry, and Toxicology, Uni-
versity of Antwerp, Belgium for analysis.

Laboratory analysis

Grain size distribution in sediments

Sediment samples from each site were mixed, oven
dried at 60 °C for 72 hours, and ground to obtain a
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homogeneous sample. The particle size (0.05 pm to
900 pm diameter) distribution was then analyzed
using a laser diffraction particle size analyzer (Master
sizer S, Malvern Instrument Ltd, Worcestershire, UK).
During analysis, 10 g aliquots of each sample were
repeatedly analysed over five minutes to obtain an
average size distribution profile.

homogeneous samples, from which a 0.3 g aliquot
was placed in a Teflon digestion vessel. To each sam-
ple, 1 mL of concentrated nitric acid (HNO,) (69 %)
and 8 mL of hydrochloric acid HCI (37 %) were added.
Samples were then extracted in closed vessels using
a microwave (ETHOS 900, Milestone, Shelton, CT,
USA). Samples were digested in four sequential steps
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Figure 1. Map showing sampling sites.

Organic carbon content in sediments

Total Organic Carbon (TOC) in 1 g aliquots of dried
sediment was determined using a Shimadzu TOC-
VCPN analyzer equipped with a PC controller and a
solid sample combustion unit (SSM-5000A).

Metal analysis of sediment
Sediment samples from each site were mixed, oven
dried at 60 °C for 72 hours, and ground to obtain

(90, 200, 3850, and 500 watts) for 5, 3, 5, and 5 min
respectively. The Certified Reference Material (CRM)
BCR 144R (sewage sludge of domestic origin) and lab-
oratory blanks were analysed with batches of samples
during the preparation stage and through the analyt-
ical measurements and data calculations for quality
control (Table 1). After microwave digestion, samples
were diluted with Milli-Q water to make the volume
50 mL and then stored at -20 °C until analysis. The
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Table 1. The recovery rates (expressed as percentage of certified values) of the reference material BCR 144R (sewage sludge of domestic origin) used

in this study.

Measured and certified concentrations (ug/g) of metals

in the reference material BCR 144R

Reference Type of
. samples Ag Al As Cd Co Cr Cu Fe Mn Ni Pb Se 2Zn
material
used for
Meai‘:iﬁ‘: 868 9295 1514 182 14.34 9739 2911 4915 196.2 462 1038 886 1038
BCR 144R Sediments RSD(%) 0.6 031 145 009 095 33 942 2807 3 35 18 42 9%
Sewage sludge .
of domestic Certified 182 15 1043 308 2079 477 106 932
.. value
origin
Recovery

(%)

100.2 956 934 945 944 96.8 979 951

concentrations of metals (silver (Ag), arsenic (As),
cadmium (Cd), cobalt (Co), chromium (Cr), copper
(Cu), iron (Fe), manganese (Mn), nickel (Ni), lead (Pb),
selenium (Se) and zinc (Zn)) were analysed using a
High Resolution Inductively Coupled Plasma Mass
Spectrometer (HR-ICP-MS; ELEMENT XR, Bremen
Germany). Metal concentrations were corrected for
recoveries in laboratory blanks.

Metal analysis of water

Water samples were acidified to 1 % with highly purified
concentrated nitric acid and then diluted 5 and 20-fold
for metal analysis. Arsenic (As), iron (Fe), and selenium
(Se) were analyzed using an Inductively Coupled Plasma
Optical Emission Spectrometer (ICP-OES; iCAP 4000,
Thermo Scientific, Bremen Germany), while other met-
als (Ag, Cd, Co, Cr, Cu, Mn, Ni, Pb and Zn) were ana-
lyzed using HR-ICP-MS. Certified reference material
SRM 1643e (reconstituted water) and laboratory blanks
were analysed with batches of samples throughout the

preparation stage, analytical measurements and data
calculations (Table 2). Metal concentrations were cor-
rected for recoveries in laboratory blanks.

Metal analysis of mangrove leaves

For each species and site, mangrove leaf samples were
placed in pre-weighed 50 mL polypropylene tubes
and dried at 60 °C to constant weight, to determine the
moisture content. To each sample, 5 mL of highly puri-
fied nitric acid (HNO,) (69 %) was added and allowed to
digest at room temperature for 48 h. Samples were fur-
ther digested on a hot block at 105 °C (+2 °C) for 30 min.
An aliquot of 0.5 mL of hydrogen peroxide (27 % H,O,)
was then added and the samples were left to digest for a
further 25-30 min. The digested samples were allowed
to cool to room temperature. 50 mL of Milli-Q water
was then added to each sample. The samples were held
at -20 °C until analysis. Concentrations of metals (Ag, Al,
As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Se, and Zn) were ana-
lysed using HR-ICP-MS. Analytical quality was evaluated

Table 2. The recovery rates (expressed as percentage of certified values) of the reference material SRM 1643e (reconstituted water) used in this study.

Measured and certified concentrations (ug/g) of metals
in the reference material SRM 1643e

Reference e e
. samples Ag Al As Cd Co Cr Cu Fe Mn Ni Pb Se 2Zn
material
used for
Meai‘:{fl‘: 109 141.87 60.32 651 26.61 2115 23.03 9706 39.54 62.92 2011 11.69 76.26
‘Water
SRM 1643e camples RSP() 002 092 133 021 087 084 084 018 104 127 043 013 102
Reconstituted Certified | o 1418 6045 6568 2706 204 2276 981 88.97 6241 19.63 1.97 78.5
water value
Recovery

103 1001 99.8
(%)

99.1 984 103.7 1012

98.9 1015 100.8 1024 976 972
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Table 3. The recovery rates (expressed as percentage of certified values) of the reference material BCR 279 ((Ulva lactuca)) used in this study.

Measured and certified concentrations (ug/g) of metals

in the reference material BCR 279

Reference L2 el
X samples Ag Al As Cd Co Cr Cu Fe Mn Ni Pb Se 2Zn
material
used for
Meai‘;ﬁ‘: 0.07 586.85 292 026 21 1051 13.06 2308 1989.34 1276 12.82 0.61 4877
BCR 279 Manli‘:"]‘:; RSD (%) 001 2242 012 002 008 08 084 8318 5287 045 068 01 58
Sea Lettuce Certified 3.09 0.974 107 1314 2400 2090 135 0593 513
(Ulva lactuca) value
Recovery 946 96.6 982 994 962 952 949 1033 951

%)

using certified reference material Ulva lactuca (BCR 279)
and laboratory blanks (Table 3). Metal concentrations
were corrected for recoveries in laboratory blanks.

Metal analysis of invertebrates

For each species and sampling site, the soft tissues of
invertebrates were extracted from the shells and oven
dried at 60°C to constant weight, and then cooled.
Other laboratory procedures for metal analysis were
the same as outlined for mangrove leaves. However, in
this case, the certified reference material used was VMK
102 (mussel tissue) (Table 4). Blanks were also included
to check for analytical quality. Metal concentrations
were corrected for recoveries in laboratory blanks.

Statistical analysis

The data were first tested for normality and homo-
geneity of variance using Shapiro-Wilk and Levene’s
tests respectively. Most of the data were not normally

distributed even after log transformation, and thus
non-parametric equivalents were used. Metal concen-
trations in sediment and water from sampling sites
were compared using a Kruskal-Wallis test (non-par-
ametric one-way ANOVA). Comparisons of metal
concentrations between sites and species of biota
(mangrove leaves and invertebrates) were tested by
the same approach for comparisons of more than two
groups, and a Mann-Whitney U test for comparisons
of two groups. Multiple comparisons between groups
and/or species were performed using a Dunn’s test.
Correlation between metal concentrations in spe-
cies of biota and sediments (environment) was done
using a non-parametric Spearman rank correlation
analysis. All the statistical tests were performed using
GraphPad Prism 5 (GraphPad Software Inc., USA).
The graphical presentation of data was done using
GraphPad Software Inc., USA and R Core Team ver-
sion 4.4.1 of 2024.

Table 4. The recovery rates (expressed as percentage of certified values) of the reference material VMK 102 (mussel tissue) used in this study.

Measured and certified concentrations (ug/g) of metals

in the reference material VMK 102

Reference D0
X samples Ag Al As Cd Co Cr Cu Fe Mn Ni Pb Se 2Zn
material
used for
Measured
3.14 36.41 15 281 228 162 10 1888 491 6.89 646 6.05 121
value
VMK 102 RSD (%) 0.19 1.91 06 022 024 018 0.39 1312 033 0.1 0.11 065 228
Mussel Invertebrates Certified 2.9 10.1 192 4.7 114
tissue value
(In-house Recove
reference y 96.8 98.7 98.3 104.4 106.2

material) )
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Results

Grain size distribution and total organic carbon
content (TOC) in sediment

The grain size analysis indicates a wide range of grain
sizes for most sampling sites (Fig. 2). The TOC con-
tent at the Mbegani site (3.74+0.12 %) was higher than
at other sites (Fig. 3), followed by Msimbazi (2.53+0.13
%), Mbutu (2.33+0.08 %), Mbweni (1.92+0.08 %), Mtoni
Kijichi (1.26+0.18 %), and Kunduchi (0.64+0.04 %).

Metal concentrations in sediments and water

Metal concentrations in sediments from all the stud-
ied sites ranged between 2.60-0.03 for Ag, 152.39-
65.96 for As, 1.28-0.01 for Cd, 11.29-0.92 for Co, 50.19-
7.85 for Cr, 57.77-1.81 for Cu, 5843.14-22438.21 for Fe,
344.24-21.49 for Mn, 17.64-2.67 for Ni, 60.90-1.56 for
Pb, 102.19-42.59 for Se and 371.59-17.27 for Zn (pg/g)
(Fig. 4). Metal concentrations in sediments were sig-
nificantly different between sites (Kruskal-Wallis, H
= 11.16, p < 0.05, Fig. 4) except for Fe (H = 6.555, p =
0.256). In general, high metal concentrations were
recorded at Msimbazi and Mtoni Kijichi, while low
concentrations were recorded at Mbutu and Mbe-
gani (Figure 4). Metal concentrations observed in
water samples depicted a different pattern where, for
some of the studied metals (e.g. Zn, Pb, Mn, Cr, Cd,
and Ag), there was a decrease in concentration from

= Msimbazi

= Mtoni Kijichi

10

% CONTENT

=== Kunduchi

polluted (Msimbazi and Kijichi) to pristine (Mbutu
and Mbegani) sites. For some other metals (Ni and
Cu), the opposite pattern emerged (Fig. 5). Metal con-
centrations in water from all the studied sites ranged
between 0.05-0.03 for Ag, 20.18-9.29 for As, 0.05-0.04
for Cd, 0.00-0.00 for Co, 0.38-0.14 for Cr, 1.38-1.08 for
Cu, 7.32-3.98 for Fe, 0.80-0.50 for Mn, 2.72-1.28 for Ni,
0.05-0.05 for Pb, 69.22-31.57 for Se and 1.59-1.14 for

Zn (pg/g) (Fig. ).

Metal concentrations in biota

Mangrove leaves

Metal concentrations in mangrove leaves from all the
studied sites and species ranged between 0.13-0.00
for Ag, 511.01-6.07 for Al, 2.16-0.02 for As, 0.53-0.00
for Cd, 0.45-0.01 for Co, 1.17-0.02 for Cr, 14.73-0.55 for
Cu, 541.27-15.83 for Fe, 187.48-10.86 for Mn, 2.61-0.02
for Ni, 5.05-0.01 for Pb, 3.28-0.06 for Se and 330.78-
8.93 for Zn (pg/g). Metal concentrations in mangrove
leaves differed significantly amongst sites and species
(Kruskal-Wallis, H = 22.65, p < 0.05; Mann-Whitney, U
= 0.00, p < 0.05) apart from Mtoni Kijichi and Mbweni,
where there was no significant difference for some
metals i.e. Al, As, Cd, Cr, Fe, Ni, and Pb for B. gymn-
orrhiza (Mann-Whitney, U = 60.00, p > 0.05). Metal
concentrations were significantly different amongst all
mangrove species (Kruskal-Wallis, H= 10.84, p < 0.05

= Mbutu

Mbweni

m—— Mbegani

100 200 400 600

GRAIN SIZE (um)

Figure 2. Particle size distribution of sediments (mean+SEM in pm) from the six sampling sites.
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Figure 3. The total organic carbon (TOC) content in sediment.

or Mann-Whitney, U = 0.00, p < 0.05). Higher concen-
trations of metal were generally observed at Msimbazi
and Mtoni Kijichi and mostly decreased with increas-
ing distance from the city centre. Lower concentrations
were mostly observed at Mbutu and Mbegani (Fig. 6).

Invertebrates

Metal concentrations in invertebrates from all the
studied sites and species ranged between 7.68-0.18 for
Ag, 1259.03-10.49 for Al, 85.99-3.64 for As, 7.19-0.10
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for Cd, 29.94-1.67 for Co, 23.64-1.85 for Cr, 295.67-
2741 for Cu, 1803.45-178.49 for Fe, 1004.53-7.34 for
Mn, 69.09-3.86 for Ni, 16.67-1.17 for Pb, 12.24-0.99
for Se and 710.68-28.60 for Zn (ng/g). Metal concen-
trations in invertebrates were significantly different
amongst sites (Kruskal-Wallis, H = 10.10, p < 0.05;
Mann-Whitney, U = 0.00, p < 0.05) apart from Kun-
duchi, Mbutu, and Mbegani, which showed no sig-
nificant difference for a few metals (Al and Cd for T.
palustris) (Kruskal-Wallis, H = 3.89, p > 0.05). The con-
centrations of metals showed a highly significant dif-
ference amongst invertebrate species (Kruskal-Wallis,
H = 8.83, p < 0.05; Mann-Whitney, U = 0.00, p < 0.05)
except for a few, which were not significantly differ-
ent among species (Kruskal-Wallis, H = 0.71, p > 0.05;
Mann-Whitney, U = 23.00, p > 0.05). Higher concen-
trations of metals were generally observed at Msim-
bazi and Mtoni Kijichi while lower metal concentra-
tions were observed at Mbutu and Mbegani (Fig. 7).

Discussion

Sediments and water

In coastal areas, sediment characteristics, particularly
the type and quantity of organic matter, grain size,
cation exchange capacity, and mineral constituents,
are known to have an important influence on metal
binding and retention in sediments (Vertacnik et al.,
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Figure 4. Metal concentration (mean * SD) in sediments (pg/g dry weight).
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Figure 5. Metal concentration (mean * SD) in water (ug/L).

1995). The fine-grained fraction (< 63 pm) of the sed-
iment has a high surface area-to-volume ratio, and
humic substances also provide a large surface area for
metal adsorption (Cheriyan et al., 2015; Moore et al.,
1989; Zhang et al., 2014). Sediments with high silt-clay
and organic matter content have a high capacity to
hold metals. In this study, Msimbazi and Mtoni Kijichi
showed the highest silt-clay content, while Kunduchi,
Mbweni, Mbutu, and Mbegani showed high sand con-
tents (Fig. 2). This reveals that, metal concentrations
observed in organisms in the more polluted sites may
also have been in part due to enhanced bioavailabil-
ity as a result of high silt-clay content and /or total
organic carbon concentrations in sediments and vice
versa for sites with sandy to coarse contents. The sed-
iment from most sites, however, show a wide range
of grain size. This may be due to the fact that sedi-
ment in especially vegetated locations like mangrove
ecosystems, do not tend to be homogeneous. Non-ho-
mogeneity of sediments can be a result of various fac-
tors including the presence of decomposing organic
matter. Another important point to note regarding
sediment composition is that for some filter feeding
and sediment-dwelling organisms, organic particles
constitute an important direct source of metal intake.
Therefore, locations with organically rich sediments
will significantly increase metal bioavailability for
these organisms.

Certainly, high TOC values alone do not imply high
metal bioaccumulation. For example, in this study,
Mbegani and Mbutu showed high TOC content, but
other factors such as grain size distribution and dis-
tance from sources of pollution have contributed to
low levels of metal contamination at these sites.

Differences in metal concentrations in sediments
can be partly attributed to differences in site distance
from the city of Dar es Salaam, which is considered
a major pollution source. In general, sites in Dar es
Salaam (Msimbazi and Mtoni Kijichi) recorded higher
levels of metal concentration, while sites located far
away from the city centre (Mbutu and Mbegani) had
comparatively low metal pollution which indicates a
decrease in metal pollution with increasing distance
from the city centre. Studies by Kruitwagen et al.
(2008), Mremi and Machiwa (20038), and Mtanga and
Machiwa (2007) have reported similar results show-
ing decreasing metal pollution with distance from
Dar es Salaam city. The Msimbazi River was reported
by Ak’habuhaya and Lodenius (1988), De Wolf et al.
(2001), Mihale (2018), and Mihale (2021) as being
heavily polluted. Kruitwagen et al. (2008), Machiwa
(1992), and Mwevura et al. (2002) reported that the
harbour of Dar es Salaam, which is located within
the Mtoni Estuary, contains high levels of pollutants.
Higher levels of metal concentration recorded at
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Figure 6. Measured values of different metal concentrations (mean+SD in pg/g dry weight) in mangrove leaves.

Msimbazi and Mtoni Kijichi may also be attributed
to sediment grain size characteristics (high silt-clay
and organic matter content) which have an influence
on sediments capacity to hold metals.

Some metal concentrations in water did not conform
to a general pollution decrease at sampling sites away
from the city centre. Factors such as the presence
of some localized sources (besides Dar es Salaam) at
some distant sites may have contributed to higher
than expected concentrations of these metals at these
sites. Overall, water metal concentrations alone may

generally not be a very good indicator of pollution
unless at a much larger spatial scale.

Mangrove leaves

One of the main challenges studying (especially for
monitoring purposes) chemical concentrations in large
plants (trees) is to find suitable parts that represent
the whole tree and that are easy to work with, prefer-
ably non-destructively, and thus allow repeated sam-
pling. Leaves seem to be good candidates, but some
challenges remain, mainly on how to standardize the
age of the leaves. However, this is often overcome by
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Figure 7. Metal concentrations (mean+SD in pg/g dry weight) in invertebrates.

always sampling either fresh leaves or those that have
just fallen. Furthermore, leaves are easy to collect, store
and transport. Metal determination procedures are
fairly easy in leaves compared to other plant materials.
Mangrove leaves have been used in several studies and
revealed reasonable levels of metal concentrations (Al
Hagibi et al., 2018; Almahasheer et al., 2018; Caregnato
etal., 2008; Defew et al., 2005; MacFarlane, 2002; Mac-
Farlane and Burchett, 2001; MacFarlane et al., 2007;
Mremi and Machiwa, 2008; Parvaresh et al., 2011).

The differences in metal concentrations among man-
grove species, and among sites, may be attributed

fundamentally to differences in the levels of metal pol-
lution among the study sites. The closest sites to Dar
es Salaam city, such as Msimbazi and Mtoni Kijichi,
are generally more polluted than those far away sites
(Mbutu and Mbegani). Although there are only a few
published studies on the status of metal pollution
and their accumulation in mangrove trees, a study by
Mremi and Machiwa (2003) showed similar results
where metal concentrations in leaves of 4. marina at
Msimbazi were higher than those at Mbweni, which
is located far from Dar es Salaam city. Mangroves
are highly tolerant of metals despite their potential
exposure to metal contaminated sediments (Yan et al.,
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2017). Their tolerance is partly attributed by their abil-
ity to exclude metals or regulate the uptake of metals
at the root level and limit translocation to the shoot
(MacFarlane and Burchett, 2002; Rahman et al., 2024).
It was suggested by a number of laboratory-based
toxicity trials that metal concentrations required to
cause a significant negative effect in mangroves may
be higher than in comparable aquatic and terrestrial
plants (MacFarlane et al., 2007). For example, MacFar-
lane and Burchett (2002) found Pb (0-800 pg g?) to
have little negative effect in the seedlings of Avicennia
marina. In A. marina, Cu and Zn showed low relative
toxicities in terms of emergence and biomass, with
LC,,’s of 566 ng g for emergence for Cu and 580 pg
g'for Zn. The reduction in growth/biomass parame-
ters had LOEC values of 400 pg g for Cu and 500 pg
g'for Zn. An inhibition of leaf and root development
in Kandelia candel (L.) Druce seedlings was observed
only at the highest applied metal concentrations (400
pg g ! Cu and Zn) (Chiu ef al., 1995). Based on the
above studies, it is clear that the levels of metal con-
tamination in mangrove plants reported in this study
do not seem to pose a serious impact on these ecosys-
tems along the coast of Tanzania. However, continu-
ous input of metal contaminants in the studied area
may lead to harmful effects in the future.

A. marina showed generally higher metal concentra-
tions overall. These differences may be attributed
to differences in metal uptake, tolerance, and metal
accumulation capacities amongst mangrove species.
The differences may be brought by their distinct mor-
phological specializations for dealing with periodic
inundation, anoxic sediments and maintenance of
osmotic balance in (hyper) saline environments. For
example, members of the families Avicennaceae and
Sonneratiaceae possess aerial roots termed ‘pneumat-
ophores’, while Rhizophoraceae possess aerial stilts to
enable gaseous exchange and oxygenation for respi-
ration (MacFarlane et al., 2007). Their nutritive root
anatomy varies widely among taxa and even within
families. Most mangrove species possess roots with
two barriers to transport Na+ and other ions to the
vasculature, with layers of epidermis and endoder-
mis. The mechanism to deal with the regulation and
/or exclusion of ion transport differs depending on
whether a species is a salt secretor or a non-secretor.
A greater ion mobility and translocation is generally
shown by secretors (Lawton et al., 1981).

In some mangrove genera, for example Avicennia and
Aegiceras, excessive Na+ and K+ are excreted through

specialized glands or glandular trichomes on adaxial
and abaxial leaf surfaces, a mechanism which is absent
in non-secretors such as Rhizophora and Sonneratia
(MacFarlane and Burchett, 1999). Mangroves with glan-
dular tissues tend to excrete heavy metals concurrently
with other solutes (MacFarlane and Burchett, 2000).
Variations in mangroves glandular tissue to deal with
the challenges of excess cations in saline environments
and morphology/function of nutritive root tissue may
thus have significant implications for metal accumu-
lation, transport, partitioning and excretion amongst
mangrove species (MacFarlane ez al., 2007).

In order to explain the link between the observed
levels of metals in mangroves and those found in
the surrounding environment (particularly sedi-
ments), correlation analysis was performed between
metal concentrations in mangrove species and those
observed in sediments. As expected, the results
showed in many cases a clear positive relationship
between metal concentrations in mangrove leaves and
those in the sediments (Table 5). However, in princi-
ple, this relationship is not always expected to be per-
fect. As shown in this study, some cases (metals and/
or species) showed relatively weak or no significant
correlations. This is because accumulation of metals
in any organism is not only dependent on the total
concentration of the metal in the environment or dis-
tance from a pollution source, but it also depend on
other factors such as sediment characteristics (organic
matter content, grain size, etc.). In this study, the sites
showed differences in both grain size profiles and
organic carbon content of sediment. Such differences
play a big part in the observed differences in metal
accumulation in mangrove trees.

According to results presented on Figure 6, 4. marina
generally accumulated higher concentrations than
other mangrove species for most metals, especially at
sites located closest to Dar es Salaam city. This elu-
cidates its wider tolerance and accumulation capac-
ity of metals. This species is also widely distributed
throughout the study sites and many other man-
grove sites along the coast of Tanzania. A. marina can
thus be used as a bio-monitor of metals along the
coast of Tanzania since it fits more of the criteria for
metal bio-monitoring than other mangrove species.
A. marina was also used in a number of previous stud-
ies of metal contamination as far as mangrove eco-
systems are concerned (Alhassan and Aljahdali, 2021;
Aljahdali and Alhassan, 2020; Caregnato et al., 2008;
MacFarlane, 2002; MacFarlane and Burchett, 1999,
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Table 5. Correlation of sediment metal concentrations (ng/g dry weight) and mangroves metal concentrations (pg/g dry weight). p values in bold
indicate significance level at <0.05.

Metal A. marina C. tagal R. mucronata S. alba

r p r p r P r p
Ag 0.61 <0.001 0.26 0.047 0.88 <0.001 0.70 <0.001
As 0.71 <0.001 0.72 0.000 0.54 <0.001 0.63 <0.001
cd 0.85 <0.001 0.41 0.001 0.77 <0.001 0.80 <0.001
Co 0.70 <0.001 -0.11 0.418 0.62 <0.001 0.87 <0.001
Cr 0.86 <0.001 0.47 <0.001 0.85 <0.001 0.69 <0.001
Cu 0.82 <0.001 0.44 <0.001 075 <0.001 0.84 <0.001
Fe 0.76 <0.001 0.73 <0.001 0.88 <0.001 0.80 <0.001
Mn 0.79 <0.001 -0.06 0.638 0.56 <0.001 0.66 <0.001
Ni 0.75 <0.001 0.36 0.006 0.80 <0.001 0.52 <0.001
Pb 0.86 <0.001 0.77 0.000 0.90 <0.001 0.95 <0.001
Se 0.55 <0.001 -0.21 0.118 -0.36 <0.001 -0.57 <0.001
Zn 0.81 <0.001 0.75 0.000 0.84 <0.001 0.83 <0.001

2000, 2001, 2002; MacFarlane et al., 2003; MacFar-
lane et al., 2007; Maurya and Kumari, 2021; Usman et
al., 2013).

Invertebrates

Sites closest to Dar es Salaam city (Msimbazi and
Mtoni Kijichi) were more contaminated with metals
than more distant sites (Mbutu and Mbegani). This
was also reported by other studies (Kruitwagen et al.,
2008; Machiwa, 1992; Kazimoto et al., 2018; Mtanga
and Machiwa, 2007. It is important to note here that
besides the level of pollution and bioavailability, many
other factors can result in differences in metal con-
centrations observed in marine organisms. Biological

differences and tolerance levels among species, is one
of the main secondary factors that can influence metal
concentrations in organisms. Mubiana et al. (2006)
showed the importance of other biological factors,
like body size and physiological condition, as well as
some environmental variables such as tidal effect.

Invertebrate species (Uca spp. and T. palustris) found
at more than two sites were correlated with sediment
metal concentrations (Table 6). This was performed to
get a general picture of the relationship between the
environment and organisms. The results generally
show a clear significant correlation between what is in
the environment to what these species of invertebrates

Table 6. Correlation of sediment metal concentrations (pg/g dry weight) and invertebrate metal concentrations (Uca spp. and Terebralia palustris,

pg/g dry weight). p values in bold indicate significance level at <0.05.

Metal Uca spp. Terebralia palustris

r P r P
Ag 0.88 <0.001 0.62 0.001
As 0.84 <0.001 0.80 <0.001
cd 0.83 <0.001 0.22 0.285
Co 0.87 <0.001 0.52 0.006
Cr 0.89 <0.001 0.63 0.001
Cu 0.62 <0.001 0.54 0.004
Fe 0.86 <0.001 0.64 0.001
Mn 0.32 0.039 0.67 <0.001
Ni 0.83 <0.001 0.63 0.001
Pb 0.75 <0.001 0.64 0.001
Se 0.84 <0.001 0.56 0.002
Zn 0.94 <0.001 0.71 <0.001
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have accumulated. Uca spp. and T. palustris are widely
distributed among study sites. Uca spp. and T. palustris
are both good bio-indicators of metal contamination
and can be used as a bio-monitor in a metal- and spe-
cies-specific bio-monitoring programme.

With respect to previous studies, Mtanga and Machiwa
(2007) observed higher metal concentrations in the
oyster Saccostrea cucullata collected from Mzinga creek
(Mtoni Kijichi) compared to Ras Dege (which is close
to Mbutu). In their study, higher concentrations were
found for some metals such as Zn and Cu. Generally,
Mtanga and Machiwa (2007) observed a decreasing
level of metal concentrations in organisms away from
the centre of Dar es Salaam. Mremi and Machiwa
(2008) also observed the same trend of metal contam-
ination in the crab Neosarmatium meinerti except for
Co, Ni and Zn, for which crabs at Mbweni had higher
and or equal concentrations compered to Msimbazi
and Mtoni Kijjichi.

Conclusions

The study provides evidence of metal accumulation
in the environment (sediments and water) and biota
(mangrove leaves and invertebrates) for especially Al,
Fe, Mn, Zn, Cu, Se and As, which can be linked to (or
explain) metal contamination prevailing at each site.
For the purpose of choosing a suitable local mangrove
species to be used as a bio-monitor or bio-indicator,
Avicennia marina is recommended. Among the inver-
tebrates studied, Uca spp. and Terebralia palusiris have
the best qualities as bio-monitors or bio-indicators of
metal contamination in the region. Metal concentra-
tions in the environment and biota were generally high
at sites located close to Dar es Salaam city centre and
decreased with increasing distance from the centre,
indicating a need for establishment of a multi-species
(representing both plants and animals) monitoring
program for assessing metal pollution along the coast
of Tanzania. According to the observed differences in
environmental variables (TOC, grain size distribution)
amongst sites, it is recommended that future studies
include assessing the relative bioavailability of metals to
explain cases where the expected relationship between
metal concentrations in the environment and those
found in the organisms are either weak or masked.
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The pygmy pipehorse Cylix sp. is recorded for the first time from La Réunion, southwestern
Indian Ocean, based on a specimen photographed off Sainte-Rose in August 2024, at a depth
of 12-18 m. The specimen is described, and compared with other species of the genus. The live
colouration is described for the first time.
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Introduction

The pygmy pipehorses of the genus Cylix Short and
Trnski 2021 are currently known only from the west-
ern Indian Ocean and New Zealand. They inhabit ben-
thic habitats, often attached to seagrass or algae with
their tail. The genus includes a total of two valid species
in the western Indian Ocean and New Zealand (Fricke
et al., 2024); however, “Hippocampus tyro” Randall and
Lourie 2009 will be reclassified into genus Cylix in an
upcoming paper (Graham Short, personal commu-
nication, Nov. 2024) (Table 1). The genus is similar to
Hippocampus Linnaeus 1758, Acentronura Kaup, 1853 and
Idiotropiscis Whitley, 1947, but characterized by its cup-
like crest present anterodorsally on the supraoccipital;
and large conspicuous midventral conical spines on
the cleithral symphysis and first trunk ring between the
pectoral-fin bases (Short and Trnski 2021).

Hippocampus tyro Randall and Lourie 2009 was
described by Randall and Lourie (2009) based on a
single specimen from the Amirantes Islands (Sey-
chelles), dredged at 43-48 m depth. Another indi-
vidual was recently observed in Mauritius, western
Mascarenes (Anonymous, 2023), on a dive cruise near
Riviére du Rempart.

A specimen of Cylix sp. was photographed on a sand
bottom with macroalgae, at 5 m depth, off Sainte-Rose,
La Réunion (France), western Indian Ocean. This new
record is reported and discussed in the present paper.

Materials and methods

On 24 August 2024, a ca. 30 mm TL, female specimen
of Cylix sp. was photographed by David Pleuret and
Miguel Ramirez on a sand bottom with macroalgae, off
Sainte-Rose, La Réunion (France), at ca. 21°07'29.20”’S,
55°4712.197E, at 12-18 m depth of water. The speci-
men was photographed when diving. The size of the
specimen was estimated by the diver, according to his
experience.

Counts and measurements followed Hubbs and
Lagler (1947); the total length is abbreviated TL. The
genus and species classification follows Fricke et al.
(2024), the family classification follows Van der Laan
et al. (2014), the head spine terminology follows Ran-
dall and Lourie (2009). Collections are abbreviated
according to Fricke and Eschmeyer (2024).

Specimens of seahorses used as comparative material:
H. borboniensis: NHMIuncat. (1), Mauritius. -- H. jayakari:

http://dx.doi.org/10.4314/wiojms.v23i2.9
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Table 1. Species of the genus Cyliz Short & Trnski, 2021, and their distribution.

Species

Primary types Distribution

Cyliz nkosi Short, Smith, Harastio &
Claasens, 2024

Cyliz tupareomanaia Short, Trnski &
Ngatiwai in Short & Trnski, 2021

Cyliz sp.

“Hippocampus” tyro Randall & Lourie,
2009

SAM F041935 South Africa (KwaZulu-Natal)

AIM MAI122274 New Zealand (Northland)

Western Mascarenes (La Réunion, Mauritius)

BPBM 35555 Seychelles

MNHN 1073 (1), La Réunion; NHMI uncat. (1), Mauri-
tius; SMNS 8476 (2), Red Sea; SMNS 9921 (1), Red Sea.
-- H. tyro: BPBM 385555 (holotype), Amirantes.

Results

Description

Proportions (Table 2) are part of this description.
Dorsal-fin rays 15; pectoral-fin rays ca. 15 (left side).
Trunk rings 14. Subdorsal rings 3; superior trunk ridge
ending under dorsal fin with 2 enlarged subdorsal
spines that angle posterolaterally; lateral trunk ridge
continuous with inferior tail ridge; spines of trunk
and tail ridges moderate in size and blunt; first 7 dor-
sal trunk spines as double spines; head at right angle
to trunk (ca. 85°); one suborbital, two supraorbital,

and two nose spines; coronet oval and cuplike, with a
rugose spine on the side; two supraorbital spines; one
suborbital spine; two very small, median dorsal nose
spines. Head length 16.1 % of TL; snout length 7.8 % of
TL; eye diameter 1.7 % of TL; maximum trunk depth
8.5 % of TL; trunk length 31.2 % of TL. Total length ca.
30 mm.

Live colouration (Fig. 1): Snout carmine read, head
yellow, covered with whitish dots, posteriorly bright
orange, ventrally olive green; eye whitish rose; trunk
orange, with three wide brown bars, all covered with
tiny white dots, ventrally olive green; dorsal fin trans-
lucent, with a submarginal red band, tips of fin rays
whitish.

Figure 1. Cylix sp., specimen photographed off Sainte-Rose, La Réunion, at 5 m depth, August 2024. Photograph: David Pleuret and Miguel Ramirez.
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Table 2. Proportions of the La Réunion specimen of Cylix sp (ca. 30 mm TL), compared with values of other species of the genus.

Cylixsp. oy nkosi, Cylix “Hippocampus”
(2 enilten) Shortetal. tupareomanaia tyro, Randall &

(present P ’ yro, 1
. (2024) Short et al. (2021) Lourie (2009)

specimen)

Head length [in TL] 6.2 5.1-6.2 5.1-6.7 6.2
Maximum trunk depth [in TL] 11.8 13.0-13.8 11.2-18.6 11.2
Trunk length [in TL] 3.2 2.9-3.5 3.2-3.7 3.2
Eye diameter [in head length] 9.8 4.0-6.1 5.1-6.3 6.25
Head depth [in head length] 1.45 1.46-1.68 1.48-1.68 1.65
Snout length [in head length] 3.1 2.7-8.1 2.4-8.1 2.9
Maximum snout depth [in head length] 5.7 5.9-7.3 5.3-5.8 4.5
Coronet height [in head length] 7.0 1.2-2.0 1.9-2.1 9.4
Longest dorsal-fin ray [in head length] 4.2 -- -- 3.1
Longest pectoral-fin ray [in head length] 4.3 3.2-3.6 4.8-6.5 4.2

Discussion

Cyliz nkosi was described by Short et al. (2024) from
two specimens, a male (46.6 mm TL) and a female
(45.9 mm TL), collected at 22-50 m depth off KwaZu-
lu-Natal (South Africa). “Hippocampus” tyro was orig-
inally described by Randall and Lourie (2009) from
a single, female specimen of 61 mm TL, dredged at
43-48 m depth off the Amirantes (Seychelles). The

present paper reports a female specimen, which
documents a new record of the genus Cyliz from La
Réunion, differing in the shape of the coronet from all
other described species (G. Short, pers. comm., Nov.
2024). Its specific identity remains uncertain as it dif-
fers from Cylix nkosi and “Hippocampus” tyro, but likely
represents an undescribed species within the genus.
A slightly indistinct photograph of a second specimen

30 40 50 60
-10 -10
= / N Madagascar
-20 A B -20
South Africa| | C
-30 — -30
30 40 50 60
0 250 500 km
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Figure 2. Geographical distribution of genus Cyliz in the western Indian Ocean. A - New record of Cyliz sp. from La Réunion;
B - record of Cyliz sp. by Anonymous (2028) from Mauritius (as Hippocampus tyro); C - Cylix nkosi; D - “Hippocampus” tyro.
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from Mauritius was published by Anonymous (2028);
the sex is indistinguishable, and the depth of occur-
rence is unknown, but it was photographed during a
regular dive session in the lagoon. The known distri-
bution range of Cylix sp. in the western Indian Ocean
is illustrated in Figure 2.

During an exploration of the fish fauna, a specimen of
Cyliz sp. was photographed off Sainte-Rose, La Réun-
ion. This represents a range extension from the type
locality (Amirantes Islands) of ca. 1,710 km to the south,
and a confirmed record of this species from the west-
ern Mascarenes. From another recent, unconfirmed
record from Mauritius, this is an extension of 235 km
to the southwest. Although the tail of the specimen
is not visible on the photographs, it is clearly iden-
tifiable as a species of Cylix, and distinguished from
other species by several features, including its unusual
head shape with a very high crown and characteristic
spination, and 14 trunk rings. The characters of the
specimen in the photograph agree well with those of
H. tyro; the proportions visible in the photograph are
compared with those provided by Randall and Lourie
(2009) in Table 2.

Randall and Lourie (2009: Fig. 1) illustrated a freshly
dead specimen of H. ¢yro from the Amirantes Islands,
which was overall orange brown with white spots,
and the belly whitish; three dark bands were vaguely
distinguishable, mainly by dark spots on the back.
The present photograph (Fig. 1) is the first detailed
documentation of the live colouration of Cylix sp.
from La Réunion. Here, the snout carmine read,
the head yellow, covered with whitish dots, posteri-
orly bright orange, ventrally olive green; the trunk
orange, with three wide brown bars, all covered with
tiny white dots, ventrally olive green; and the dorsal
fin translucent, with a submarginal red band, tips of
fin rays whitish.

The present specimen of Cylix sp. was photo-
graphed at a depth of 12-18 m (Fig. 3). The habitat
is characterized by sand bottom with macroalgae of
the species Amansia detrichiana Grunow, 1874 (fam-
ily Rhodomelaceae Horaninow 1847); next to it was
a rocky reef of about 15 x 5 m. This reef, extending
from 18-28 m depth, was highly diverse, with anem-
ones, nudibranchs, a few sponges, and numerous
fish species.

Figure 3. Habitat of Hippocampus tyro Randall & Lourie 2009, off Saint-Rose, La Réunion, southwestern Indian Ocean. Photograph: David Pleuret
and Miguel Ramirez.
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Cyliz sp. was photographed in relatively shallow water
at 12-18 m depth, while the holotype of “Hippocampus
tyro” was reported from 43-48 m (Randall and Lourie
2009), and Cyliz nkosi is known from 22-50 m and C.
tupareomanaia from 12-17 m. The preferred depth may
be related to the water temperature, or, alternatively,
the age of the specimen, or the availability of suita-
ble habitats may play a role. Additional research on
this rare and elusive species is necessary to gain more
information about its biology, and depth distribution.
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Abstract

Participation of women in the blue economy value chain in Kilifi County in Kenya was assessed
based on household surveys and key informant interviews. A sample of 96 households from the
coastal Malindi sub-county was selected based on cluster sampling. The most senior female in
each household was interviewed, and an additional 10 women leaders from 10 self-help groups
were interviewed as key informants. Data from the household survey were analysed for mean,
percentages and frequency while content analysis was used to analyse qualitative data. Based on
the interview data, 88.5 % of women worked in fish processing, 63.2 % in trading of fish products,
62 % in fish eateries, 18.4 % in fishponds, 23 % in solid waste management, and 20.7 % in min-
ing. Consequently, individual women participated in more than one activity, with a mean of
2.75 activities per woman. Work-related, cultural and economic challenges inhibited women’s
participation with mean responses of >3 on a 4-point Likert scale. Low levels of participation
were observed in economic decision-making, access to information, ownership of produc-
tive resources, leadership positions and women’s living conditions. Participation of women in
the blue economy value chain should be prioritized in strategic decisions by government and
stakeholders.

Keywords: women, participation, blue economy, value chain, seascape

Introduction

The economic paradigms currently dominating the
world are not sustainable. The threats from climate
change, exploitation-based approaches to commerce,
and the excess acquisition of resources loom large
(Lendoye, 2022). Maintaining a balance between
development and ecosystems, aspirations for growth,
and the need for sustainability is a prescient chal-
lenge (Vasseur, 2017). UN Sustainable Development
Goals (SDGs) recognise that sustainable macroeco-
nomic growth cannot be achieved without the full
participation of women in economic opportunities
(Katila, 2019). SDG 5 specifically speaks to achieving
gender equality and empowering all women and girls
(Hirsu, 2019). To achieve this goal, there is a need to
ensure women’s full and effective participation and
equal opportunities for leadership at all levels of deci-
sion-making in political, economic, and public life
(Latz, 20238). Further, there is the need to undertake

reforms to give women equal rights to economic
resources, as well as access to ownership and control
over land and other forms of property, financial ser-
vices, inheritance, and natural resources, by national
laws (Barbier and Burgess, 2019).

The blue economy refers to the sustainable use of
ocean resources for economic growth, improved live-
lihoods, and jobs while preserving the health of the
ocean ecosystem (Choudhary, 2021). The Blue Econ-
omy concept aspires to increase human well-being and
social fairness while drastically lowering environmen-
tal dangers and ecological scarcity (Choudhary, 2021).
This covers conventional ocean sectors like fishing,
tourism, and maritime transportation, as well as emer-
gent activities like offshore renewable energy, aquacul-
ture, and marine biotechnology. The blue economy
value chain is a series of actions that starts with man-
ufacturing and concludes with markets. It involves
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both upstream and downstream entities, including
producers and market participants. The micro level
includes value chain operators and operational service
providers, whereas the meso level includes specialised
commercial or governmental players who offer sup-
port services. In the context of women, a blue econ-
omy value chain is a development process that strives
to employ ocean resources sustainably for economic
growth and improved livelihoods while maintain-
ing the ocean ecosystem from production to sale and
consumption. It is frequently described as three inter-
woven pillars: mentality creation, socioeconomic dis-
tribution, price, demand, and consumption. The blue
economy value chain aims to use these pillars to pro-
vide a long-term and sustainable business model for
the blue value chain (Choudhary, 2021).

Indeed, women’s economic participation is one source
of macroeconomic growth (Mose, 2024). Women’s
participation in economic opportunities is thus cen-
tral to their economic participation. This research
adopts the definition of women’s participation sug-
gested by Rimmer (2017) which held that women’s
participation has two elements. The first is ‘Women
Economic Advancement, meaning economic suc-
cess and gain for individual women and groups of
women based on the skills and resources necessary
to compete in markets, plus fair and equal access to
economic institutions (Nodirovna, 2024). The second
is ‘Women Power and Agency’, meaning the ability
of women to take and act on decisions and control
their resources and profits (Bryan, 2024). In addition,
Women’s Participation is the process of change that
gives women access to and control over resources
and markets; increased agency and choice (Chacko,
2017). There is an increasing affirmation from schol-
ars and policymakers involved in the development
field worldwide that the Blue Economy Value Chain is
a potent instrument for advancing economic partic-
ipation, reducing poverty, generating employment,
and fostering sustainable development, among other
outcomes (Williams, 2023). The Blue Economy Value
Chain around the ecosystem has immense economic
opportunities for the general population and women
(Rachmawati, 2024). The Blue Economy Value Chain
has recently emerged as a novel development par-
adigm aimed at fostering growth and dynamism in
coastal countries (Das, 2023). This paradigm empha-
sizes the importance of adhering to established norms
related to environmental and ecological sustainability
(Rachmawati, 2024). The Blue Economy Value Chain
encompasses a wide range of activities, including
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fisheries, port and shipping operations, deep sea
mining, ocean energy, coastal tourism, ecosystem
services, and marine services (Haimbala, 2019). These
activities hold significant potential for economic
expansion (Haimbala, 2019). As countries increasingly
vie for limited land resources, it is expected that com-
petition will shift to the domain of the ocean sector
(Mohanty and Dash, 2020). Furthermore, maritime
transport remains a crucial means of navigation and
trade (Haralambides, 2028). Many coastal nations in
Asia and Africa boast extensive coastlines and large
coastal communities, which can serve as catalysts for
economic development (Haralambides, 2023). Given
the importance of investment, employment, growth,
and non-traditional security concerns, it is essential
to have a deep understanding of the potential of var-
ious sectors within the Blue Economy Value Chain
(Haimbala, 2019). Therefore, recognizing the pivotal
role played by the Blue Economy Value Chain is of
utmost importance (Haimbala, 2019). The fishery
sector, for example, is intricately linked with food
security, nutritional security, and livelihood secu-
rity, making it a key component of the Blue Econ-
omy Value Chain. Eastern African countries such as
Kenya, Madagascar, Mozambique, Comoros, and
others, are strategically located in the Indian Ocean
seascapes with rich marine heritage. (Lendoye, 2022).
This advantageous position affords them significant
opportunities to tap into the potential of marine
resources for business expansion, entrepreneurship
promotion, export growth, job creation, and partic-
ipation of coastal communities (Haimbala, 2019).
With the increasing awareness of the Blue Economy
Value Chain and advancements in technology, there
exists tremendous potential for investment and the
stimulation of growth (Riddick, 2021). Despite their
extensive coastlines and abundant ocean resources,
the Eastern African countries have yet to fully har-
ness the potential of the Blue Economy Value Chain
for economic growth and other developmental objec-
tives (Karani, 2022).

Indeed, women’s involvement in onshore fisheries,
aquaculture, marine product processing, waste recy-
cling, eco-tourism, conservation, and disaster-risk
reduction initiatives, has been identified as a powerful
tool for economic participation and sustainable devel-
opment (Rimmer, 2017). Further, Mukhopadhyay
et al. (2020) noted that blue economy value chain
enterprise offers opportunities around food secu-
rity, energy, climate change, trade and investments,
maritime connectivity, tourism, poverty alleviation,
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and socioeconomic growth. Doherty (2018) asserts
that women’s blue entrepreneurship is an innovative
strategy for economic participation in the context
of developing countries. It elucidates that women
entrepreneurs have long been utilizing the abundant
oceanic resources in coastal nations sustainably to
enhance the future prosperity of the planet, promote
welfare, and address the growing gender disparities.
The study by Rimmer (2017) explores the prospects
for the Women’s Participation region from a femi-
nist global governance perspective. The study noted
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Fairtrade International is the largest certification
scheme for cocoa, paying both a minimum floor price
and a social premium payment (Parra-Paitan and Ver-
burg, 2023). Many chocolate confectionery companies
are now promoting women’s participation as part of
their cocoa farming support programs. Chacko (2017)
asserted that women’s participation in blue economy
value chain can be achieved through gender equality
in work, which involves providing women with access
to resources, markets, increased agency, and choice.
Even with the critical role of women in sustainable
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Figure 1. Map of Kilifi County.

that Trade policy should enable women to become
key actors in sectors that benefit from trade, provide
development pathways into technologically advanced
sectors, and address the gender wage gap and wom-
en’s time poverty. The study proposes a framework
for achieving improvements in gender equality and
women’s participation, specifically targeting Sustain-
able Development Goal 5 (Doherty, 2018). The study
notes that fair trade is critical to achieving women’s
participation. Fairtrade includes economic, social, and
political dimensions, with market access serving as a
tool to achieve social goals.

development, the participation of women is still lag-
ging behind that of men (Chacko, 2017). Empowering
women in the economy and closing gender gaps at
work are thus central to the 2030 Agenda for Sustain-
able Development (Carpentier, 2020). The UN esti-
mates that at the current rate of change, it will take over
100 years for women and girls to have the same rights
as men (Doherty, 2018). Achieving gender equality
and the participation of all women and girls is Goal 5
of the sustainable development goals (Doherty, 2018).
The participation of women in economic opportu-
nities in general and the Blue Economy Value Chain
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has been constrained by several challenges: culture,
religion, economic factors, and gender roles among
others (Murunga, 2021). Murunga (2021) provides
insight into how gendered power dynamics constrain
and enable choices and opportunities for addressing
gender inequality in small-scale fisheries. The authors
note that the gendered-power dynamic is crucial for
renegotiating gender equality with social norms and
politics, including challenging simplistic views on
poverty, vulnerability, and subordination of women.
It’s evident that women play a key role, in post-harvest
activities relating to processing, marketing, and trade
but their role remains undervalued (Biswas, 2018).
Women are engaged in small-scale fishing activities
across all regions of the globe. It is estimated that 11
% of participants involved in small-scale fishing activ-
ities are women (Galappaththi, 2022). These women
collectively catch around 2.9 million tonnes of marine
fish and invertebrates annually (Galappaththi, 2022).
The monetary value of the catch made by women is
estimated to be about USD 5.6 billion (Galappaththi,
2022). Most of these catches are obtained along the
shoreline, either on foot or from small, non-motor-
ized vessels (Manyang, 2019). The catches made by
women are primarily intended for personal con-
sumption and are therefore considered part of the
subsistence sub-sector (Biswas, 2018). Kilifi County
has a massive Blue Economy Value Chain investment
potential arising from its 265 km long coastline and
the 200 nautical mile Exclusive Economic Zone on its
eastern side (Omukoto, 2024). This presents various
economic opportunities in Kilifi County in areas such
as fishing and fisheries, tourism, logistics and trans-
port, ash crop growing, staple food growing, mining,
and animal rearing (Molla, 2021). However, the par-
ticipation level of women in such economic activities
has been questioned. This study therefore sought to
assess the status, trends and barriers to Women'’s Par-
ticipation in the Blue Economy Value Chain among
women in households in Kilifi County, Kenya.

Materials and methods

Study Area

Kilifi County (see Fig. 1) is located on Kenya’s coast,
56 kilometres (35 miles) northeast of Mombasa, and
is one of six counties in Kenya’s coast region. The
county has an area of 12,370.8 km? (Omollo, 2022).
The county lies on Kilifi Creek and sits on the estu-
ary of the Goshi River. Kilifi town is the capital of
Kilifi County. Kilifi County is popular for its sandy
beaches and the ruins of Mnarani, including mosques
and tombs, dating from the 14th to the 17th century
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(Cheruiyot, 2022). There are seven sub-counties in
Kilifi including Ganze, Kaloleni, Kilifi North, Kil-
ifi South, Magarini, Malindi and Rabai (Tsofa, 2017).
Fishing is the main economic activity in Kilifi due to
its proximity to the Indian Ocean (Sheriff, 2022); the
tourism industry plays a major role also due to the
presence of wildlife sanctuaries, sandy beaches, and
historical sites (Sheriff, 2022). Agriculture is also prac-
ticed and the county is known for growing sisal and
cashew nuts. Kilifi County has appreciable quantities
of mineral resources (titanium, iron ore and vast salt
deposits) which are exploited to support development
(Omollo, 2022).

Population and sampling

The study’s key population included women in Kilifi
County, Kenya. The population census undertaken in
2019 revealed that of the 1,453,787 people living in Kil-
ifi County, 749,673 were women spread across 298,472
households (Kenya National Bureau of Statistics,
2019). The researcher adopted formulae suggested by
Kothari (2015) to pick the sample size. Given the target
population of 298,472 households, the sample size was
arrived at as follows:

298,472+1.96+1.96x0.5+0.5 _286,652.5088 _ 286652.5088

= = =96.00
01+0.1+(298472-1)+(05405+196+196)  298471+09604  2985.6704

The study adopted a cluster sampling method where
the target population was segregated into seven
sub-counties (Berndt, 2020). One of the major rea-
sons why cluster sampling was chosen was its low cost.
Money on travel and logistics was saved by focusing on
select clusters rather than the total population. Then
one sub-county was selected randomly with Malindi
sub-county being selected to participate in the study.
The sample size of 96 households was thereafter ran-
domly drawn from the Malindi sub-county with the
oldest female from each household being selected
to participate in the household survey based on pur-
posive sampling. In most cases, the oldest female
was either the wife of the head of the household, the
head of the household, or the oldest daughter in the
household. The household survey was undertaken in
homesteads with the assistance of research assistants
from the Malindi sub-county. The survey question-
naire was structured into three parts. Part A collected
demographic information such as marital status, edu-
cation, and age. Part B of the questionnaire collected
information on the participation of women in differ-
ent Blue Economy Value Chain activities including
fish processing, fish rearing in ponds, artisanal fishing,
guiding tourists, selling artefacts and palm wine to
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tourists, trade in fish, eateries for fish and sea foods,
solid waste collection and recycling, sand harvesting
and mining, planting of mangrove forest and work-
ing in hotels and resorts. The participation in each
activity was based on a Yes or No response question.
Part C of the survey questionnaire sourced informa-
tion on barriers to women’s economic participation in
the Blue Economy Value Chain (economic challenges,
work-related challenges, cultural and religious barri-
ers). The study adopted a 4-point Likert scale (where 1
was not at all, 2 was to a small extent, 3 was to a mod-
erate extent and 4 was to a great extent) to examine
the extent to which each barrier inhibited women’s
participation in economic opportunities. Part D of the
survey instrument examined women’s participation.
The study used questions that collected information
on five indicators (input in economic decisions, access
to information, ownership of productive resources,
participation in leadership positions and women’s
living conditions) of women'’s participation. The ques-
tions measuring women’s participation were adapted
from de Hoop et al. (2020). The household survey was
undertaken in October 2028. The study also under-
took a key informant interview (KII) with 10 women

Women participation
in Indian ocean blue
economy opportunities

e Fisheries
e Tourism and recreation
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leaders from 10 self-help groups (SHGs) operating in
Malindi based on purposive sampling. The KII guide
was administered by the chief investigator in Novem-
ber 2023. Quantitative data from the household sur-
vey questionnaire was analyzed based on descriptive
statistics tools such as frequency of distribution, mean,
and percentages with the aid of Statistical Package for
Social Sciences (SPSS) version 25 (Abu-Bader, 2021).
SPSS Statistics V25 was chosen because it is a user-
friendly statistical programme that has a wide vari-
ety of capabilities for new and sophisticated statistics
for data analysis, data visualisation, data mining, and
other applications. Further, content analysis was used
to analyze qualitative information collected through
KIIL. Major themes were identified around study objec-
tives before they were explained.

Conceptual framework

The study adopted a conceptual framework (see Fig.
2) that outlines the key concepts, variables, relation-
ships, and assumptions underlying the study. The
framework provides a roadmap for understanding
the phenomena under investigation. In the con-
ceptual framework, women’s participation in Blue

Women Economic
Empowerment

e Control over decisions
e Participation in leadership

e Carbon sequestration
e Trade and Transport
e Minerals and Energy
e Waste disposal

(Independent Variable)

} e Control of productive assets
¢ Living standards
e Access to information

(Dependent Variable)

Barriers to participation
in blue economy
opportunities

e Cultural/ religious barriers
e Work related challenges
e Economic barriers

(Moderating Variables)

Figure 2. Conceptual Framework.



Economy Value Chain opportunities is the inde-
pendent variable. Aspects of the Blue Economy Value
Chain opportunities considered included fisheries,
tourism and recreation, carbon sequestration, trade
and transport, minerals and energy, and waste dis-
posal. The dependent variable was Women’s Par-
ticipation captured with aspects such as control
over decisions, participation in leadership, control
of productive assets, living standards, and access to
information. The moderating variable was barriers
to women’s participation in the Blue Economy Value
Chain opportunities such as cultural/ religious barri-
ers, work-related challenges, and economic barriers.
The study validated the study’s premise that women’s
engagement in Blue Economy Value Chain opportu-
nities should lead to economic participation. Fur-
thermore, the obstacles to participation should lead
to a decrease in the opportunities offered by the Blue
Economy Value Chain, hence reducing their eco-
nomic involvement. The study adopted a positivist
research paradigm that asserts that reality is objective
and can be studied through objective measurement
of a phenomenon of concern to the researcher. The
philosophy further asserts that since variables can be
operationalized in quantitative terms, it is possible to
examine the causal effect relationship between them
(Goddard and Melville, 2004). The study thus sought
to establish the effect of women’s economic partici-
pation in the Blue Economy Value Chain opportuni-
ties on their economic participation in Kilifi County.
Such examination was based on objective data collec-
tion through a survey questionnaire tool. Further, the
study was based on quantitative research methods.
Quantitative research is applied when a phenome-
non can be expressed in numerical or quantitative

terms hence allowing the generation of relevant data
in numerical form which can be subjected to rigor-
ous quantitative analysis (Kothari, 2004).

Results and Discussion

Demographic information

The study was undertaken among 96 households with
87 households giving adequate information for analy-
sis hence the response rate was 90.6 % which was con-
sidered adequate. The study examined demographic
variables of the women from the Malindi area of Kilifi
County in terms of marital status, education, and age.
The study revealed that most women (75.9 %) who par-
ticipated in the study were aged between 20 and 89
with those aged below 20 being 11.5 % and those aged
40 and above 12.6 %. As regards age, most women were
youthful. Further, most (78.1 %) women possessed either
primary or secondary education with the rest having
no formal or college education. This finding implies
that most women did not have specialized formal skills
gained from college and university education. Finally,
most women were married (59.8 %), followed by single
and widowed at 16,1 % each, and finally separated at 8 %.
The finding implies that most women were in marriage
as expected from their strong cultural and religious
doctrines that encouraged marriage.

Participation of women in Blue Economy Value
Chain opportunities

The study team asked women if they had engaged
in any economic activities within the previous year.
The household survey findings in Table 1 revealed
that women in Kilifi participated in multiple blue eco-
nomic activities at the same time. The study revealed
that 88.5 % of women participated in small-scale fish

Table 1. Participation of women in Blue Economy Blue Value Chain opportunities.

Responses
Question Economic Opportunities Yes No
Freq % Freq %
Did you participate in any Fishpond and fish rearing 16 18.4 71 86.6
of the economic activity Small-scale fish processing 77 88.5 10 11.5
in the past 12 months year? Artisanal fish in the ocean 21 24.1 66 75.9
Guiding Tourists on sites 27 31.0 60 69.0
Selling palm wine and artefacts to tourists 27 31.0 60 69.0
Trade in fish and other seafood 55 63.2 32 36.8
Eatery for fish, sea foods and Swabhili dishes 54 62.0 33 379
Solid waste collection and recycling 20 23.0 67 77.0
Sand harvesting and Mining of gypsum, limestone 18 20.7 69 79.3
Planting of mangrove forest 32 36.8 55 63.2
Working in hotels and resorts 46 52.9 41 47.1
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processing, 63.2 % in trading in fish and seafood and
62 % in eateries for fish, seafood and Swahili dishes
among other Blue Economy Value Chain opportuni-
ties. However, only 18.4 % participated in fish rearing
in fishponds, 24.1 % in artisanal fishing in the ocean,
23 % in solid waste collection and recycling and 20.7 %
in sand harvesting and mining of gypsum and lime-
stone. These economic activities have tended to be
preserved for men. In a KII with the woman leader of
Machina Self-help Group, the respondent noted:

“Most women shy away from actual fishing because
that is a preserve for the men. Woman’s work is to
receive fish at the harbour for clearing and drying
before it is sold or prepared for eating at home.”

The finding implies that women participated in the
fishing industry doing small-scale fish processing and
trading in fish and fish products. However, they par-
ticipated less in mining, artisanal fishing, and solid
waste collection. The study concluded that women
were confined to fish processing and trade in fish
products among the available Blue Economy Value
Chain opportunities in Kilifi County. Empirical inves-
tigations corroborated the results that women par-
ticipate in just a small proportion of available Blue
Economy Value Chain opportunities. Vipinkumar et
al. (2017) highlight the gender bias and inequalities
in the marine fisheries sector. This emphasizes the
importance of self-help groups in promoting gender
mainstreaming. Meetei et al. (2016) who worked on
women’s active participation in various fisheries and
aquaculture activities in Manipur note that participa-
tion in fisheries activities significantly contributes to
the participation of rural women.

Table 2. Rewards for the participation in the Blue Economy Value Chain.
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Rewards for the participation of women in Blue
Economy Value Chain opportunities

The study also investigated the rewards received by
women in Kilifi from their participation in Blue Econ-
omy Value Chain opportunities. The rewards were
categorized as either profit, salary/wages or subsist-
ence. The survey findings in Table 2 showed that of
those women who participated in small-scale fish pro-
cessing, 63.6 % earned a profit while the rest earned
a wage or for subsistence. Further, of those who par-
ticipated in trade in fish and seafood, 70.9 % of them
did it for a profit with the rest earning wages for their
services. Further, of those women who participated
in sand harvesting and mining, solid waste collection,
planting of mangrove forests and working in hotels,
77.8 %, 85.0 %, 87.5 %, and 78.3 % respectively earned
wages with the rest earning a profit or for subsistence.
In a KII with a woman group leader from Malindi
town who operates an eatery in Malindi town she said:

“I operate this hotel to make a profit for taking care of my
SJamily. Here, I sell different kinds of food with fish being
the popular dish among my customers.”

According to the findings, women who participated
in more Indian Blue Economy Value Chain activities
tended to make a profit from their work and there-
fore had control over their earnings, whereas women
who participated in fewer activities tended to receive
a wage or did so for subsistence. In these situations,
the employer set their pay. Empirical studies have
also noted that women do two more hours of unpaid
work per day than men hence implementing policies
to reduce and redistribute unpaid work could increase
GDP by up to four percent. (Alonso et al., 2019).

Responses
Question Economic activity Profits Salary/Wage Subsistence
Freq % Freq % Freq %
Is your participation Fishpond and fish rearing 10 62.5 5 31.3 1 6.2
in t,hfg ~economic Small-scale fish processing 49 63.6 22 28.5 6 7.8
activities for a salary,
profit or family Artisanal fishing in the ocean 16 76.2 0 0.0 5 23.8
subsistence? Guiding Tourists on sites 16 59.2 9 33.3 2 74
Selling palm wine and artefacts 25 92.6 2 7.4 0 0.0
Trade in fish and other seafood 39 70.9 16 29.1 0 0.0
Eatery for fish, seafood 24 44 .4 30 55.6 0 0.0
Solid waste collection and recycling 15.0 17 85.0 0 0.0
Sand harvesting, Mining of gypsum, limestone etc. 4 22.2 14 77.3 0 0.0
Planting of mangrove forest 4 12.5 28 87.5 0 0.0
Working in hotels and resorts 10 21.7 36 78.3 0 0.0




Barriers to women’s economic participation

in the Blue Economy Value Chain

Cultural and religious Barriers

Table 3 presents the mean response score for state-
ments on cultural and religious challenges facing
women in their participation in Blue Economy Value
Chain opportunities. The most prominent cultural
challenge was forced/early marriages with a mean
response of 8.6 on the 4-point Likert scale; hence
tending towards a great extent. The finding implies
that women in Kilifi County were hindered in their
participation in Blue Economy Value Chain opportu-
nities by early or forced marriage. The least-faced cul-
tural challenge was gender-based violence at a mean
response score of 3.1 on the 4-point Likert scale coin-
ciding with a moderate extent and implying that gen-
der-based violence was also a cultural hindrance to
women’s participation in Blue Economy Value Chain
opportunities. All mean responses on cultural and
religious barriers to women’s participation in Blue
Economy Value Chain opportunities were 38 and above
on the 4-point Likert scale implying that the women
in Kilifi County were hindered by cultural barriers
in their participation in Blue Economy Value Chain
opportunities. Further, the KII with the Kivangaraa
Women group leader revealed:

“..I am a woman and every day before I go out to sell fish,

I have to feed the goats and do household chores. These
activities eat into my time for selling fish...”.

Table 3. Barriers to women’s economic participation.

The findings imply that culture and religion bestow
on women additional activities and roles that end up
limiting their participation in Blue Economy Value
Chain opportunities. These findings are in agree-
ment with empirical studies (Muli, 2020; Azizi and
Moradi, 2022; Alemu et al., 2022). Muli (2020) noted
that cultural practices, property ownership, and
early marriages influenced women’s involvement in
economic projects while Female Genital Mutiation
(FGM) and widow inheritance had minimal influ-
ence. Azizi and Moradi (2022) observed that barriers
to women’s presence in economic, social, and cultural
dimensions and providing solutions for removing
those barriers is needed to obtain practical results in
the field of employment policy. Alemu et al. (2022)
noted that factors inhibiting women’s participation in
income-generating activities included husbands not
allowing participation, local customs, family size, land
size, and livestock holdings, among others.

Work-related challenges

Table 3 presents the mean response score for statements
on work-related challenges facing women in their par-
ticipation in Blue Economy Value Chain opportunities.
The most prominent work-related challenge women in
Kilifi faced was unequal pay for women as evidenced by
amean response score of 3.3 on the 4-point Likert scale,
tending towards a great extent. Women in Kilifi there-
fore received relatively lower pay compared to men
in their participation in Blue Economy Value Chain

Cultural and Religious Barriers Mean
Early/ forced marriages 3.6092
Participation in-home care and subsistence work 3.4718
Childbearing and rearing 3.3678
Denial of education opportunity 3.3218
Female genital mutilation 3.2414
Gender-based violence 3.1609
Work-Related Barriers Mean
Unequal pay for women 3.3333
Assigning inferior tasks to women 3.2874
Assigning tasks based on sex 3.2874
Stereotypes of what women can do 3.2644
Sexual harassment 3.1839
Economic barriers Mean
Inadequate skills training and education 3.3103
Financial illiteracy 3.2874
Low levels of income 3.1724
Low access to credit facilities 3.1724
Low access and ownership of productive resources 3.0845
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opportunities. The least faced work-related challenge
was sexual harassment at a mean score of 3.1 on the
4-point Likert scale, coinciding with a moderate extent.
This finding means that even though sexual harass-
ment was the least faced work-related challenge, it still
had an impactful effect on the participation of Kilifi
women in Blue Economy Value Chain opportunities.
Further, all the mean response scores on work-related
challenges were above 3 on the 4-point Likert scale.
This implies that work-related challenges inhibited
Kilifi women’s participation in various Blue Economy
Value Chain opportunities to a great extent. In KII with
the woman leader of the Wachuma Women Group, the
respondent stated:

“I am a woman who works as a fish seller, our culture
does not allow women to go fishing. The activity is
reserved for men. All we can do is clean the fish and sell
1t. I am not even allowed to own a boat as no male fisher
will even dare work with it...”

The findings mean that Kilifi women face a number of
work-related challenges that hinder their participation
in Blue Economy Value Chain opportunities. Critical
work-related challenges include unequal pay in favour
of men, inferior tasks for women, assigning tasks based
on sex, and sexual harassment among others. Wom-
en’s economic participation is influenced by structural
biases, such as the sexual division of labour, the glass
wall and glass ceiling effects, and the feminization of
poverty (Masreka, 2020). Neyer and Stempel (2019)
noted that in Nigeria discrimination leads to inefficient
working time allocation between women and men—
discrimination results in lower wages, output, and wel-
fare for women labourers. Women’s contributions to
agriculture and economic development are underrep-
resented. Gender biases hinder women’s participation
in productive agricultural activities (Uche, 2019).

Economic barriers

Table 3 presents the mean response score for state-
ments on economic barriers facing women in their
participation in Blue Economy Value Chain opportu-
nities in Kilifi. The most faced economic challenge was
skills training level as evidenced by a mean response
score of 3.3 on the 4-point Likert scale. The finding
means that the most inhibiting economic challenge
facing them in their participation in Blue Economy
Value Chain opportunities in Kilifi County was the lack
of skill sets needed. The least faced economic challenge
was ownership of productive resources as evidenced
by a mean response score of 8.0 on the 4-point-Likert
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scale. The finding implies that even though owner-
ship of productive resources was the least faced eco-
nomic challenge, it was still a major inhibitor to the
participation of Kilifi women in Blue Economy Value
Chain opportunities. Nevertheless, all the economic
challenges were ranked above 3 on the 4-point Likert
scale implying that economic barriers were a signifi-
cant inhibitor to the women’s participation. Further,
data collected through KII also paints a picture of eco-
nomic barriers limiting women’s participation in Blue
Economy Value Chain activities. A woman leader from
the Malembe women group noted:

“We women do not havve easy access to credit facilities to
improve our livelthoods. Our ability to take loans is lim-
ited to the social capital that the group can offer each of
us. Banks want collateral before they can advance loans
to us. The land we own is ancestral and is in the name of
my husband so we are not even allowed to talk about it
let alone use it as collateral to get a loan to improve my
business...”

These findings imply that women face various eco-
nomic challenges that inhibit their ability to partici-
pate effectively in Blue Economy Value Chain oppor-
tunities. The major economic challenges are access to
credit, lack of skills, and financial literacy, among oth-
ers. The findings have a basis in the empirical study by
Ojwala (2012) who noted that the financial knowledge
and education of women help in determining success
in business enterprise and management while enhanc-
ing women’s confidence and bargaining power. Fur-
ther, training creates awareness of the issues affecting
women and prepares or equips them on how to tackle
and sustainably maintain a balancing act that meets
their needs. Khalid and Raza (2022) noted that access
to finance, legal constraints, and entrepreneurial skills
also play a significant role in limiting women’s partic-
ipation in business activities. Finally, Jahan and Khan
(2016) in a paper discussing the significance of women’s
role in agriculture development and the lack of techni-
cal advice and skills training they receive, suggest that
this affects their participation in economic activities.

Women'’s participation in Kilifi County

The study examined the level of women’s participa-
tion in Kilifi County as far as their participation in
Blue Economy Value Chain opportunities were con-
cerned, and challenges inhibiting such participation
as presented in Table 4. Women’s participation was
examined in terms of women’s input in economic
decisions, their access to information needed to



Table 4. Women’s participation level.

Responses
. Input
Little to ;npu Input to all or
Statements no input mto_ some most decisions
ateme decisions
Freq % Free % Free %
Input in de_c151or.15. on participation level 929 333 34 391 94 276
in economic activity
!nput in decisions on how much output generated 39 36.8 40 16.0 15 179
is sold or consumed
?nput in decisions on how income generated 97 31.0 54 69.1 6 6.9
is spent
Not at all Small extent Moderate extent Great extent
Freq % Freq % Freq % Freq %
Access to information for decisions 33 379 28 32.2 23 26.4 3 34
Change in living conditions of self and family 28 32.2 27 31.0 19 21.8 13 14.9
No Yes
Freq % Freq %
Ownership of productive assets 68 78.2 19 21.8
Participation in community leadership 53 60.9 34 39.1

make economic decisions, their living conditions and
that of the household, their ownership of produc-
tive assets and their participation in leadership posi-
tions in the community. Input in economic decisions
was based on a 3-point scale (where 1 was little to no
input, 2 was input in some decisions and 3 was input
in all or most decisions). 72.4 % of the women in the
household survey reported that they either had little
to no input or some input in decision-making on the
economic activity they participated in. The finding
implies that the input in most decisions regarding the
participation rate of Kilifi women in Blue Economy
Value Chain opportunities was made by someone else
other than them. Further, 82.8 % of the women in the
household survey revealed that they either had lit-
tle to no input or some input in decisions about how
much output is sold or consumed in the family. The
findings mean that the input into decisions on use of
outputs was mainly made by someone else other than
them. Finally, 93.1 % of the women in the household
survey had either little to no input or some input into
decisions regarding how income earned from par-
ticipation in Blue Economy Value Chain opportuni-
ties is spent implying the use of income tended to be
decided by someone else and not women themselves.

The study also examined the level of access to infor-
mation needed to make economic decisions based on
the 4-point Likert scale (where 1 is not at all, 2 is to
a small extent, 3 is to a moderate extent and 4 is to

a great extent. The finding showed that 70.1 % of the
women in the household survey reported either not
at all or to a small extent implying that in most cases
Kilifi women did not have access to the right infor-
mation for decision-making as regards participation
in Blue Economy Value Chain opportunities. Further,
the study evaluated the extent to which the living
standards of the Kilifi women and that of their house-
hold had changed since they began participation in
Blue Economy Value Chain opportunities with 63.2 %
reporting either not at all or to a small extent. This
finding implies that the living standard of the Kilifi
women and that of their household had not changed
much even after years of their participation in various
Blue Economy Value Chain opportunities. Finally, on
whether the economic activity women participated in
had enabled them to own productive assets in their
name or jointly with their spouse, 78.2 % of women
in the household survey responded with a ‘no’ mean-
ing that most of them did not own productive assets
either in their name or jointly with their spouses. On
whether their participation in Blue Economy Value
Chain activities had enabled them to participate
in leadership positions in their community, 60.9 %
responded with ‘no’ implying that most women in
Kilifi County were not in leadership positions in the
community. The findings revealed that Kilifi women
had a low level of economic participation on all indi-
cators adopted to measure women’s participation. In
this case, low levels of economic involvement meant
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that women’s participation in the blue economy value
chain was minimal, and that their future access to eco-
nomic resources was therefore limited.

With regard to the first indicator ‘input in economic
decisions’, the Kilifi women had either little to no
input or some input. This means that women in Kil-
ifi County had little input in decisions around par-
ticipation in spending output and rewards from the
Blue Economy Value Chain opportunities. Concern-
ing the second indicator ‘access to information’, Kilifi
women did not have access to the right information
for decision-making as regards participation in Blue
Economy Value Chain opportunities. The third indi-
cator ‘living standards’, showed that the living stand-
ard of the Kilifi women and that of their household
had not changed much even after years of participa-
tion in various Blue Economy Value Chain opportu-
nities. The fourth and fifth indicators, ‘ownership of
productive assets’ and ‘participation in leadership
positions’ revealed that most women did not own pro-
ductive assets and were not in leadership positions in
the community. Therefore, Kilifi women’s participa-
tion level was low; a phenomenon that is attributed
to inadequate participation in all Blue Economy Value
Chain opportunities. The low participation was due
to several barriers including work-related, economic,
cultural and religious barriers. The empirical studies
point towards a nexus between participation in eco-
nomic opportunities and women’s participation level.
Empirical studies have shown that when women have
increased participation in value chains, their relative
bargaining power within the household improves,
leading to a greater ability to contribute to household
welfare through decision-making processes related to
food, nutrition, branded food items, and child educa-
tion (Pandey et al., 2021). Further, patriarchal norms
can limit women’s financial decision-making within
households, resulting in lower participation in finan-
cial markets, limited equity holdings, and reduced
asset diversification (Luigi, 2028). Elapata and De
Silva, (2018) observed that decision-making power in
the fisheries sector is concentrated among males and
that women’s contribution towards investment deci-
sions in the sector is poor.

Conclusion

This study examined the levels of women’s participa-
tion in the Blue Economy Value Chain in Kilifi Sea-
scape, Kilifi County, Kenya. The study established that
women in the Malindi area of Kilifi participated more
in Blue Economy Value Chain activities such as fish
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processing, trading in fish and seafood and eateries of
fish and seafood. However, few women participated
in fish rearing in fishponds, artisanal fishing, guiding
tourists and solid waste collection. These economic
activities are reserved for the men. The findings also
showed that cultural barriers (i.e., early/ forced mar-
riages, participation in-home care, patriarchal society,
polygamy, childbearing and rearing, denial of educa-
tion), economic barriers (i.e., skills training level, finan-
cial literacy and access to use of productive resources)
and work-related challenges (i.e., unequal pay for
women, assigning inferior tasks to women and assign-
ing tasks based on sex) inhibited Kilifi women partic-
ipation in Blue Economy Value Chain opportunities.
As regards women’s participation, the findings showed
most women had minimal input in decisions regard-
ing the economic activity they participate in, how
much output generated is sold or consumed in the
family and how income generated from the economic
activity is used. Further, the majority of women did not
have access to the right information for decision-mak-
ing. Moreover, their living standards and that of their
families had not improved from their participation in
the economic activity. Finally, most women did not
own productive assets and were not in leadership posi-
tions in the community. Therefore, the economic par-
ticipation level of women in the Malindi area of Kilifi
County was low given their low participation in most
activities and barriers inhibiting their participation in
Blue Economy Value Chain opportunities.

Implications for policy and theory

The study’s findings have practical and theoretical
implications for women’s involvement in the Blue
Economy Value Chain potential in Kilifi and beyond.
The study’s conclusions are important for policymak-
ers at both the subnational (Kilifi County) and national
levels. Subnational and national governments, through
their ministries and agencies, should encourage women
to participate in Blue Economy Value Chain activities
by identifying and removing impediments. The gov-
ernment and stakeholders should therefore prioritise
skill development, access to financial resources, gender
awareness sensitization, women’s rights to equitable
participation, preventing retrogressive cultural and
religious traditions, and preserving women’s employ-
ment rights, among other things. Gender mainstream-
ing should be implemented in sub-national and
national development policy frameworks to enable
women’s participation in all aspects of the economy,
including Blue Economy Value Chain opportunities.
The study is also important for theory, particularly in



terms of women’s participation in economic activities
and participation. Specifically, it informs on women’s
participation levels and factors (cultural, religious, eco-
nomic, and work-related) influencing women’s partic-
ipation in economic opportunities presented by the
Blue Economy around the world. This research is one
of the few that measure women’s engagement in Kenya
as a direct result of their participation in the Blue Econ-
omy. The study findings should be evaluated within the
context of Kilifi County, and any application outside of
Kilifi should be done with caution.
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Abstract

The spatial and temporal distribution of macroalgal assemblages at 10 sites in the Baie de
Ranobe and Baie de Toliara in southwestern Madagascar were investigated during warm (Feb-
ruary to March) and cool (July to August) seasons. Algal species were identified and coverage
estimated at six habitats between the shore and 15 m depth, based on surveys with 0.5 m x 0.5
m quadrats along transects of 30 m long by 5 m broad. Ninety eight taxa (53 red, 24 green, 21
brown) were identified of which 42 were edible. Species dominance varied by bay and season,
with Sargassum latifolium dominating during the warm season, and Hypnea musciformis and Ulva
lactuca prevalent during the cool season. Algal cover did not differ significantly between bays,
but cover differed significantly between habitats. S. latifolium, U. lactuca, and H. musciformis were
prominent on the algal shelf, Ulva reticulata on the inner shelf, and Amansia rhodantha on the
outer shelf. Edible seaweed proportions increased during the cool season, particularly at algal
and inner-shelf habitats. Generalized Linear Model analysis confirmed significant differences in
edible algal cover across habitats and seasons. The potential of sustainably using macroalgae for
aquaculture and human consumption in southwestern Madagascar is highlighted.

Keywords: species richness, species cover, edible seaweed, season, Ranobe Bay, Toliara Bay

Introduction

and India millions of years ago, Madagascar has evolved

Madagascar, an island nation renowned for its extraor-
dinary biodiversity and unique ecosystems, is situated
in the Southwestern Indian Ocean off the coast of Africa.
With an approximate land area of 587,041 Km?, Mada-
gascar boasts a coastline stretching over 5,603 km (San-
bar, 2015). Following its geographic isolation from Africa

diverse flora and fauna species. Over 13,780 plant species
and 2,108 animal species have been recorded, of which
many are endemic to the island (CBD, 2024). Further-
more, the marine diversity surrounding Madagascar
encompasses over 5,000 species, reflecting the island’s
ecological richness (MESUPRES, 2018).

http://dx.doi.org/10.4314/wiojms.v23i2.11
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However, despite its natural ecosystem richness, Mad-
agascar faces significant socioeconomic challenges.
The country is consistently ranked among the world’s
poorest, with high levels of hunger and malnutrition.
According to the Global Hunger Index (GHI) rank-
ing in 2022, Madagascar was placed as the 119" of 121
countries in the world, highlighting the severity of the
nation’s socioeconomic issues (Grebmer et al., 2022).
Malnutrition, particularly prevalent among children,
remains a major challenge, with nearly half of chil-
dren under the age of five suffering from stunting
(Rakotomanana et al., 2016). In addition, the majority
of Madagascar’s population lives in extreme poverty,
earning less than 2 USD per day (Razakamanana e¢ al.,
20238). This disastrous situation is underscored by a low
Multidimensional Poverty Index (valued at 0.4), which
places Madagascar among the bottom five countries in
Sub-Saharan Africa (GMPI, 2028) and highlights the
need for urgent intervention (UNDP, 2022).

The southern region of Madagascar, comprised of the
administrative regions of Atsimo-Andrefana, Androy,
and Anosy, known as the ‘Grand Sud’ or ‘Deep South, is
particularly vulnerable to these socioeconomic issues.
With a population of approximately 2.74 million (11 %
of the nation’s total population), the Deep South is one
of the areas with the highest rates of poverty and food
insecurity and most limited access to essential services
(Harrington et al., 2022). Ninety percent of the popu-
lation lives below the poverty line (Harrington et al.,
2022). Key indicators of living conditions in the region,
such as poverty rates and undernourishment, are sig-
nificantly worse than the national average, exacerbat-
ing the challenges faced by its inhabitants (Healy, 2018;
Gondard et al., 2023). Recurrent droughts due to the
arid climate further compound this situation, leading
to crop failures and food crises (Ralambomanantsoa et
al., 2023). Recently, a severe food crisis has struck the
region, causing tens of thousands to face famine-like
conditions (Harrington et al., 2022).

To help address these challenges, the ‘Institut Halieu-
tique et des Sciences Marine’ of the university of Toli-
ara (IH.SM), in collaboration with Feedback Madagas-
car and Mara Seaweed Company, has launched the
Global Seaweed STAR project. This initiative aims to
address food insecurity in Madagascar by harnessing
the nutritional potential of seaweed.

Seaweeds, also known as macroalgae, are multicellular
photoautotrophic organisms predominantly found in
coastal and marine ecosystems. Classified into three
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major groups according to the nomenclature of Algae
Base, Rhodophyta (red algae), Chlorophyta (green
algae), and Heterokontophyta (brown algae, class
Phaeophyceae) seaweeds offer rich nutritional benefits
and serve as essential resources for various industries
(Mohiuddin et al., 2023). With approximately 12,000
species identified so far, including nearly 500 spe-
cies collected from natural sources and used locally
and about 33 genera commercially farmed, seaweeds
represent a promising alternative food source rich
in micro- and macro-nutrients, vitamins, and other
essential compounds (Akrong et al., 2021).

Today, seaweed cultivation has emerged as one of the
world’s fastest-growing industries, with nearly 130
countries engaging in farming or harvesting seaweeds
on industrial or experimental scales (FAO, 2021). The
total output of seaweed production has risen signifi-
cantly over the years, highlighting the economic and
nutritional importance of seaweed (FAO, 2021).

Despite Madagascar’s rich biodiversity, documenta-
tion of its marine flora remains inadequate, with cur-
rent estimates likely underestimating the true algal
diversity (Vieira ez al., 2021). Consequently, the aim of
this study was to assess the spatial and temporal varia-
tion of seaweed assemblages in the southwest of Mad-
agascar. By evaluating the potential of seaweed as a
sustainable food source to combat food insecurity and
contribute to the valorization of Malagasy seaweed,
this research seeks to address pressing socioeconomic
and environmental challenges facing Madagascar’s
coastal communities.

Materials and methods

Study area

The study was conducted in Baie de Ranobe (BR) and
Baie de Toliara (BT) (Fig. 1). BR is located between
23°3'0” S and 48°33'0” E, and is limited by the
Manombo river in the north and by the Fiherenana
river in the south. The BT, situated between 23°25°0”
S and 48°42’0” E, is a small bay adjacent to BR. It is
located between the Fiherenana river in the north and
the Onilahy river in the south. These rivers play a cru-
cial role in transporting substantial terrigenous inputs
from their respective watersheds, making them the
primary contributors to lagoon sedimentation. More-
over, they have a significant influence on seawater tur-
bidity, particularly during the rainy season.

The coral reefs present in BR and BT are classified as
continental outer barrier reefs. The choice of these two
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bays as study areas was based on the fact that their reefs
exhibit distinct characteristics compared to the reefs
located farther north and south of these bays, which
are classified as complex coastal barrier reef complexes
(Mahafina, 2011). Additionally, these areas have received
considerable attention in research and tourism due to
their biodiverse marine (coral reefs, seagrasses, and
seaweeds) and coastal (mangrove) ecosystems.

Five monitoring sites were established in each bay. In
BR, these sites were referred to as BR1, BR2, BR3, BR4,

BAY OF RANOBE

BAY OF TOLIARA

43.520 43.680

{ eSongoritelo

137

distance of 10 m between transects. Within each tran-
sect, the observation width extended to 2.5 m on both
sides of the median line, giving an area of 150 m’. Sys-
tematic identification of all encountered algae species
within each transect was conducted. However, to esti-
mate the percentage cover of algae species, six quad-
rats of 0.25 m* (0.5 m x 0.5 m) each were systemati-
cally positioned at 5 m intervals, altering between the
left and right sides of the median line of the transect,
from start to finish of the 30 m transect. Visual esti-
mation and on-site scoring of the cover for each iden-

43.840
I

Legend

= Village names
Sampling sites

— River

[ Coral reefs

B Sea

[ Land

Data source:
7| Coral reef: wemc, 2010

Figure 1. Location of the Baie de Ranobe and the Baie de Toliara and the studied sites.

and BR)5, while the sites in BT were labeled as BTI,
BT2, BT8, BT4, and BT5 (Fig. 1).

Sample and data collection

The research was carried out during the warm season
(February-March 2022) and the cool season (July-Au-
gust 2022). Within each site, six habitats - littoral,
inner-shelf, algal shelf and outer-shelf (0-5 m, 5-10
m and 10-15 m) - were surveyed. At each habitat, four
transect lines (830 m), were haphazardly placed per-
pendicular to the waterline to inventory the macroal-
gae and to identify their distribution, with a minimum

tified algal species within a quadrat were conducted,
with cover recorded as rounded percentages based on
visual observations. Additionally, each quadrat was
photographed, serving as an observational and ana-
lytical reference for verification and further analysis.
On-site identification of algae was performed macro-
scopically, primarily based on morphological charac-
teristics. Uncommon specimens, not easily identifiable
by divers, were initially photographed, carefully col-
lected, and securely packaged for subsequent detailed
examination in the laboratory. This approach allowed
for more precise observations and analysis of these
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specimens. The algal identification process involved
utilizing taxonomic keys (Richmond, 1997; Jha et al,
2009; Pereira, 2016) and local checklists (Mollion,
2019; Vieira et al., 2021) to determine the algae’s taxo-
nomic classification at the most specific level possible.
The names of the identified species, along with their
classifications, were cross-validated using AlgaeBase
(www.algaebase.org), a trusted online resource for
algae taxonomy and nomenclature.

The classification of species as edible was based on
Pereira (2016), which provides insight into the func-
tional uses of various algae.

At each site, in situ measurements of various parameters,
including temperature, salinity, light, and pH, were con-
ducted to characterize the environmental conditions.
The mean salinity was 87.21 * 1.61 psu, and the mean pH
was 748 + 0.07. Water temperature varied between 24.5
+1.25 °C (cool season) and 28.5 = 0.51 °C (warm season),
while luminosity ranged from 4,902 * 6,181 lux (outer-
shelf, 10-15 m) to 20,396 + 36,690 lux (algal-shelf).
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Data analysis

For marine macroalgae in general and edible species
in particular, non-metric multidimensional scaling
(nMDS) was used to visualize the spatial and temporal
distribution of seaweed assemblages, i.e., between sea-
sons (Cool and Warm), bays (BT and BR) and among
habitats (Littoral, Inner-shelf, Algal-shelf, Outer-shelf
0-5m, 5-10 m and 10-15 m). The eventual differences in
macroalgal assemblages were then tested using the Anal-
ysis of Similarity (ANOSIM). When ANOSIM exhibited
a significant difference, Similarity Percentage test (SIM-
PER) was performed to determine the taxa having the
greatest contribution to the dissimilarity. Finally, Gen-
eralized Linear Model (GLM) was also used to examine
differences in proportion of edible algae species among
habitats. All the statistical analyses were performed with
R software (version 4.2.1, R Core Team, 2021).

Results

Species richness

A total of 98 marine macroalgae taxa (53 red, 24 green
and 21 brown) were observed in the coastal habitats of
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Figure 2. Spatial and seasonal distribution of algae species richness along the coastal habitats from the littoral to the reef outer-shelf at 15m depth.
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Southwestern Madagascar, of which 42 are edible (16
red, 12 green and 14 brown) and 56 are not (37 red, 12
green and 7 brown, Table 1).

The species richness in terms of algae is higher in the
Baie de Ranobe (89 taxa) than in the Baie de Toliara (80
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taxa). The seaweed richness was spatially and season-
ally dominated by the red algae (Fig. 2). Additionally,
the cool season was richer in red algae species than
the warm season. The highest species richness of red
seaweed occurred in the algal shelf and outer-shelf,
especially in the deepest outer-shelf (Fig. 2).

Table 1. Presence-Absence of algae species among habitats and seasons split by their use (edible or not) and the algae type (green, brown and red).

Seasons Habitats
Color Genus species ) ) inner- algal- Outer- Outer- Outer-
Edible Cool Warm Littoral shelf shelf shelf shelf shelf
0-5m  5-10m 10-15m
Acantophora spicifera Yes 1 1 0 1 1 0 0 0
Amansia glomerata Yes 1 0 0 1 1 1 1 1
Amphiroa fragilissima Yes 1 1 0 1 1 1 1 1
Asparagopsis taxiformis Yes 1 1 0 1 1 0 0 1
Digenea simplex Yes 1 1 0 1 1 0 1 1
Euchema denticulatum Yes 0 1 0 0 0 1 0 0
Galazaura rugosa Yes 1 1 0 0 1 1 1 1
Red Gelidiella acerosa Yes 1 0 0 0 1 0 0 0
Gracilaria corticata Yes 1 1 0 1 1 1 1 1
Gracilaria salicornia Yes 1 1 0 1 1 1 1 1
Halymenia durvillei Yes 1 1 0 1 1 1 1 1
Hypnea cervicornis Yes 1 0 0 1 1 1 0 0
Hypnea musciformis Yes 1 1 0 1 1 1 1 1
Hypnea pannosa Yes 1 1 0 0 0 0 1 1
Kappaphycus striatus Yes 0 1 0 0 0 1 0 0
Portieria hornemannii Yes 1 1 0 0 0 1 1 0
Boodlea composita Yes 1 0 0 1 1 0 0 0
Caulerpa laetevirens Yes 1 0 0 0 1 0 0 0
Caulerpa racemosa Yes 1 1 0 1 1 1 1 1
Codium arabicum Yes 0 1 0 0 0 0 1 1
Codium bursa Yes 1 1 0 1 1 1 1 1
Codium fragile Yes 0 1 0 0 0 0 0 1
Green R R
Codium geppiorum Yes 1 1 0 0 0 1 1 1
Halimeda opuntia Yes 1 1 0 1 1 1 1 1
Ulva compressa Yes 1 0 1 0 0 0 0 0
Ulva intestinalis Yes 1 1 1 1 1 0 0 0
Ulva lactuca Yes 1 1 0 1 1 1 1 1
Ulva reticulata Yes 1 1 0 1 1 1 1 1
Colpomenia sinuosa Yes 1 0 0 1 1 0 1 1
Dictyota dichotoma Yes 1 1 0 1 1 1 1 1
Dictyota friabilis Yes 0 1 0 0 0 1 0 0
Hormophysa cuneiformis Yes 0 1 0 1 1 0 0 0
Hydroclathrus clathratus Yes 1 1 0 1 1 0 0 1
Lobophora variegata Yes 1 1 0 0 0 1 1 0
Padina boryana Yes 1 0 0 1 1 0 1 1
Brown R
Padina gymnospora Yes 1 1 0 1 1 0 0 0
Padina pavonica Yes 1 1 0 1 1 1 1 1
Sargassum crassifolium Yes 1 1 0 0 0 1 1 1
Sargassum ilicifolium Yes 1 1 0 1 1 0 0 1
Turbinaria conoides Yes 1 1 0 1 0 1 0 0
Turbinaria decurrens Yes 1 1 0 1 1 1 1 1
Turbinaria ornata Yes 1 1 0 1 1 1 1 1




Seasons Habitats
Color Genus species ) ) inner- algal- Outer-  Outer-  Outer-
Edible Cool Warm Littoral shelf shelf shelf shelf shelf
0-5m  5-10m 10-15m
Acantophora muscoides No 1 0 0 0 1 0 0 0
Actrinostrichia fragilis No 1 0 0 1 1 0 0 0
Amansia rhodantha No 1 1 0 0 1 1 1 1
Amphiroa anceps No 1 1 0 1 1 1 1 1
Amphiroa rigida No 1 1 0 1 1 1 1 1
Amphiroa sp1 No 1 0 0 0 0 0 0 1
Amphiroa sp2 No 1 1 0 0 0 1 1 1
Callithamnion stuposum No 0 1 0 0 0 0 0 1
Carpopeltis maillardii No 0 1 0 0 0 1 0 1
Cryptonemia natalensis No 0 1 0 0 0 0 0 1
Dasia stanleyi No 1 1 0 0 0 1 1 1
Dictyomenia sp No 0 1 0 0 0 0 1 0
Eucheuma platicladum No 1 0 0 1 1 1 1 1
Eucheuma sp No 1 0 0 1 1 1 1 1
Galazxaura obtusata No 1 1 0 0 0 1 1 1
Galazxaura tenera No 1 1 0 1 1 1 1 1
Galaxaura verprecula No 1 0 0 1 1 0 0 0
Gelidium pteridifolium No 1 1 0 0 1 1 1 1
Red  Gibsmithia hawaiensis No 0 1 0 0 0 0 0 1
Gracilaria millardeti No 0 1 0 0 0 0 1 0
Hypnea sp No 0 1 0 0 0 0 0 1
Jania adhaerens No 1 1 0 1 1 0 1 1
Kappaphycus sp No 1 1 0 1 1 1 1 1
Laurencia complanata No 0 1 0 0 0 1 1 1
Laurencia filiformis No 1 1 0 0 1 1 1 1
Laurencia sp No 1 0 0 0 1 0 0 0
Liagora ceranoides No 1 0 0 0 0 0 0 1
Liagora divaricata No 0 1 0 0 1 0 0 0
Lithophyllum tortuosum No 0 1 0 0 0 1 0 0
Peysonnelia capensis No 1 1 0 0 0 1 1 1
Peysonnelia simulans No 1 1 0 0 0 1 1 1
Phacelocarpus neurymenioides No 1 1 0 0 0 1 1 1
Phacelocarpus tristichus No 1 1 0 0 0 1 1 1
Platysiphonia delicata No 0 1 0 0 0 1 0 1
Ptilophora sp No 1 0 0 0 0 0 0 1
Spyridia hypnoides No 0 1 0 0 0 0 1 0
Tricleocarpa fragilis No 1 0 0 0 1 1 1 1
Boengersenia forbessi No 1 1 0 1 1 1 1 0
Bryopsis myosuroides No 0 1 0 0 0 0 0 1
Chlorodesmis fastigiata No 1 1 0 1 1 1 1 1
Cladophora sp No 1 0 0 1 1 0 0 0
Dictyosphaeria cavernosa No 1 1 0 1 1 1 1 1
Green Dictyosphaeria versluysii No 1 1 0 1 1 0 0 0
Halimeda macroloba No 1 1 0 1 1 1 1 1
Halimeda tuna No 1 0 0 0 0 1 1 1
Monostroma obscurum No 0 1 0 0 0 0 0 0
Udotea sp No 1 0 0 0 0 1 1 1
Valonia fastigiata No 1 1 0 0 1 1 1 1
Ventricaria ventricosa No 1 1 0 0 0 1 1 0
Cystoseira myrica No 0 1 0 1 1 0 0 0
Desmia sp No 1 0 0 1 0 0 0 0
Dictyota humifusa No 1 1 0 0 0 1 1 1
Brown Dictyota liturata No 0 1 0 0 0 0 1 0
Sargassum denstfolium No 0 1 0 0 1 0 0 0
Sargassum latifolium No 1 1 0 1 1 1 1 1
Stypopodium multipartitum No 1 1 0 0 1 0 0 1
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Species cover

The species with a cover of more than 6 % in both
sites are presented in Figure 3 for each season. Dur-
ing the warm season, the species Sargassum illicifolium,
Sargassum latifolium and Hormohpysa cuneiformis were
dominant in BR (with cover more than 20 %) while
S. latifolium, Sargassum densifolium and Amansia rhodan-
tha were dominant in BT. The dominant species dur-
ing the cool season in BR were Ampiroa sp2, A. rhodan-
tha and Ulva lactuca, while those in BT were Lobophora
variegata, U. lactuca and Hypnea musciformis. S. latifolium
was dominant in both bays during the warm season
while U. lactuca was dominant in both bays during the
cool season.

Spatial and seasonal variation of seaweed
coverage

The nMDS ordination showed that seaweed cover
differs between the seasons (Fig. 4a). An ANOSIM test
revealed a significant dissimilarity between seasons
(R: 0.12; p-value = 0.001). A SIMPER test demon-
strated that this significant seasonal distribution was
due to the high cover of S. latifolium (40 %) during the
warm season and H. musciformis (20 %) and U. lactuca
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(22 %) during the cool season (Table 2). The observed
separation of the two groups of samples in the warm
season may reflect site-specific environmental varia-
tions between the two bays, such as differences in local
hydrodynamic conditions and nutrient availability,
which could influence seaweed coverage. Although
the nMDS showed a slight difference in algae cover
between the two bays (Fig. 4b), no significant differ-
ence was observed using ANOSIM statistics (p > 0.05).

Seaweed cover differs significantly between habitats,
particularly the algal shelf and inner-shelf habitats
that were clearly separated from the others (Fig. 5)
with an ANOSIM statistical R of 0.38 and a p-value
of 0.001. The SIMPER test revealed that these differ-
ences were linked to the high cover of S. latifolium, U.
lactuca and H. musciformis in the algal-shelf, the Ulva
reticulata in the inner-shelf and the 4. rhodantha in the
outer-shelf from O - 15m (Table 3).

Proportion and cover distribution

of edible algae species

Among the 42 edible algae species observed during
this study, the most dominant (>5 % cover) 32 species
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Figure 3. Species with a cover of more than 6 % in the two bays during warm and cool seasons.
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Figure 4. Seasonal distribution of seaweed cover through nMDS ordination; a) between seasons and b) between bays.

in BR and BT during the warm and cool seasons are
presented in Figure 6. Dominance of edible species
varies between the two bays and seasons. During the
warm season, three species including S. illicifolium,
H. cuneiformis and Galaraura rugosa were most domi-
nant in BR (>20 % cover) while H. musciformas, Dictyota
dichotoma, and Amphiroa fragilissima are dominant in
BT (>10 % cover). During the cool season, U. lcatuca, U.
reticulata and H. musciformis were observed to be dom-
inant in BR (>15 %) while L. variegata, U. lactuca and H.
mausciformis dominate in BT (>20 %). Seven species
including H. musciformis, U. reticulata, Halimeda opun-
tia, Turbinaria decurrens, Padina pavonica, Gracilaria
corticata, and U. lactuca were observed during the two
seasons in both bays (Fig. 6).

The findings exhibit that the proportion of edible sea-
weed species was extremely important during the cool
season. The highest proportion values during the cool
season were found in the algal-shelf and inner-shelf

(Fig. 7), in which more than 75 % of the recorded
marine algae were edible species. Such a pattern has
been observed in both the BR and BT and for all the
studied sites in each bay. The Generalized-Linear
Model (GLM) showed that the proportion cover of
edible algae in the algal-shelf and inner-shelf differs
significantly from other habitats with respective p-val-
ues of 0.049 and 0.02. On the outer-shelf, the marine
algae comprised around 50 % of edible species.

The cover of edible marine algae also differed signif-
icantly between the warm and cool season (ANOSIM
statistic R = 0.10, p-value = 0.001). SIMPER revealed
that this difference is due to the high cover of H.
musciformis and U. lactuca occurring during the cool
season (Table 4). The cover of edible marine algae
also significantly differed between the two bays and
between different habitats, with p-values of 0.02 and
0.001 respectively. However, the ANOSIM statistic R
was very low for the difference between bays (R=0.05)

Table 2. Top 10 discriminating species for each season (i.e., characteristic of each season).

. Cumulated
Rank Species Warm season Cool season contributions
1 Sargassum latifolium 0.15 0.01 8.9
2 Hypnea musciformis 0.10 0.14 17.6
3 Amansia rhodantha 0.10 0.08 25.6
4 Ulva lactuca 0.01 0.12 32.8
5 Ulva reticulata 0.02 0.06 37.0
6 Dictyota dichotoma 0.04 0.05 41.0
7 Halimeda macroloba 0.05 0.02 44.2
8 Halimeda tuna 0.02 0.04 471
9 Galaxaura obtusata 0.04 0.01 49.9
10 Gracilaria corticata 0.02 0.04 52.7
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Figure 5. Ordination of the cover distribution of seaweed according to

different habitats using nMDS.

while it was high among habitats (R=0.28). Based on
SIMPER results, the difference in edible algae cover
between habitats was mostly due to the high cover-
age of H. musciformis and U. lactuca on the algal shelf,
U. reticulata on the inner-shelf, and Dictyota dichotoma
on the outer-shelf between 5 — 15 m (Table 5).

Discussion

Seaweed species richness: Contrasting
Southwest Madagascar with national diversity

In this study, 98 marine algae taxa were identified in
the Southwestern region of Madagascar, consisting of
53 red, 24 green, and 21 brown species. In contrast,
Mollion (2019) documented 69 species within the
same Southwestern region, which included 385 red, 18
green and 16 brown species. The present study dis-
covered additional 29 species comprising 18 red, 6
green and 5 brown likely due to a more comprehen-
sive sampling approach. Mollion’s study focused only
on the fringing and barrier reefs without specifying
the sampling period, while the current study covered
a broader range of morphological areas and depths.
These included the survey of the littoral, inner-shelf,
algal shelf, and outer-shelf (0-5 m, 5-10 m, and 10-15
m) areas across the two bays, covering two distinct

seasons. Furthermore, while Mollion identified a total
of 92 species across multiple regions of Madagascar—
including the Southwestern, Southern, Southeastern,
and Northeastern regions, such as Saint Marie —the
findings reported on here specifically reflect the diver-
sity present in the Southwestern region alone. In con-
trast, Vieira et al. (2021) reported a total of 442 algae
species in Madagascar, with 241 red, 116 green, and 85
brown algae. This national dataset highlights signifi-
cant variations in seaweed distribution across different
regions of Madagascar, underscoring the complexities
of marine biodiversity that cannot be fully captured in
localized studies alone. As an example, Mollion (2019)
recorded 16 species in the Southern and Southeastern
regions of Madagascar that this study did not identify
in the Southwestern region. These include three spe-
cies of green algae (Bryopsis sp, Caulerpa taxifolia and
Codium duthiae), two species of brown algae (Ecklonia sp
and Stypopodium sp) and 11 species of red algae (Botryo-
cladia madagascarensis, Cryptonemia. sp, Gelidium mada-
gascariense, Gracilaria mamillaris, Martensia elegans, Plo-
camium sp, Porphyra sp, Sarconema filiforme, Solieria sp,
Solieria robusta and Yoganugia ligulatus). Moreover, the
current study revealed 27 species that were not men-
tioned in the study by Vieira et al. (2021), comprising

Table 3. The characteristic species contributing to the difference between habitats from a SIMPER test.

Rank Species Algal-shelf Inner-shelf Outer-shelf

0-5m 5-10m 10-15m
1 Sargassum latifolium 0.17 0.16 0.02 0.03 0.01
2 Ulva lactuca 0.19 0.13 0.01 0.01 0.01
3 Hypnea musciformis 0.26 0.20 0.06 0.06 0.04
4 Ulva reticulata 0.06 0.12 0.01 0.01 0.01
5 Amansia rhodantha 0.01 0.00 0.16 0.13 0.15
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Figure 6. Dominant edible algae species (>5 %) in the BR and BT during the warm and cool seasons.

18 red, 6 green, and 3 brown algae. This divergence
highlights the importance of localized studies in cap-
turing region-specific biodiversity, as well as the need
for continued research to fully catalog and understand
the marine flora of Madagascar. It is noted that among
the 27 species that were not reported by Vieira ef al.,
2021, 16 were already reported in the Indian Ocean
Islands and 10 were observed in African countries.

Comparison of seaweed species richness:
Madagascar and continental East Africa

In this section, the seaweed species richness of Mada-
gascar with that of continental East Africa is compared,
highlighting the significant biodiversity present in
these regions. The 98 species identified in the present
study contribute to the overall biodiversity of Mada-
gascar’s marine flora. Vieira et al. (2021) reported a total
of 442 algae species in Madagascar, comprising 241
red, 116 green, and 85 brown algae. This species rich-
ness highlights an important aspect of Madagascar’s

unique marine ecosystems, although true biodiversity
also encompasses factors such as species distribution
and genetic variation.

According to AlgaeBase, Madagascar has a total of 606
recorded seaweed species. In comparison, Kenya has
875 species, Tanzania has 583 species, and Mozam-
bique has 652 species (Guiry and Guiry, 2024). These
figures illustrate the considerable diversity present
along the African coast, which encompass distinct
biogeographical regions characterized by unique sea-
weed communities (Bolton et al., 2003).

Overall, Africa hosts a total of 8,886 recorded seaweed
species, with the Indian Ocean Islands accounting
for 1,583 species. These comparisons emphasize the
need for localized studies to understand the ecological
dynamics and species distributions in Madagascar’s
marine environments.
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Figure 7. Spatial and seasonal variation in the proportion of edible marine algae.

Species richness among the three groups

(red, green and brown)

This study highlighted that red algae are significantly
richer in species compared to green and brown algae.
This finding aligns with the species richness observed
at the national level (Vieira et al., 2021) and is consist-
ent with results from various studies, except for that
of Mushlilah et al., 2021. Rhodophytes (red algae) are
characteristically diverse and abundant in both trop-
ical and temperate regions (Littler and Littler, 2008)
exhibiting a wider ecological amplitude compared to
the other two seaweed groups (Romdoni et al., 2018).

Typically, species richness of red algae is followed by
the green algae and then brown algae, as seen in the
results of this study. A similar trend has been reported
by authors in different regions including South Africa
(Bolton et al., 2003), Ghana (Akrong et al., 2021), NE
and SE Brazil (Cavalcanti et al., 2022), Atol das Rocas,
Brazil (Villaga, 2010), the eastern coasts of Qeshm
Island, Persian Gulf, Iran (Kobabi et al., 2016), Viet-
nam (Nguyen ef al., 2013), Myanmar (Soe-Htun, 2010)
and The Pari Island Reef Cluster, Jakarta, Indonesia
(Zulpikar et al., 2020). However, species richness of
green algae is sometimes less than that of brown algae,

Table 4. Edible species contributing to the difference between seasons using the SIMPER test.

. Cumulated
Rank Species Warm season Cool season contributions
1 Hypnea musciformis 0.10 0.14 16.1
2 Ulva lactuca 0.01 0.12 28.0
3 Dictyota dichotoma 0.04 0.05 36.8
4 Ulva reticulata 0.02 0.06 43.8
5 Padina pavonica 0.05 0.01 49.3




Table 5. Edible species contributing to the difference between habitats using the SIMPER test.

Rank Genus species Algal-shelf Inner-shelf Outer-shelf

0-5m 5-10m 10 - 15m
1 Hypnea musciformis 0.26 0.20 0.06 0.06 0.04
2 Ulva lactuca 0.19 0.13 0.01 0.01 0.01
3 Ulva reticulata 0.06 0.12 0.01 0.01 0.01
4 Dictyota dichotoma 0.02 0.01 0.04 0.08 0.07

as reported in other studies like in Udo, Jeju Island in
Korea (Kang et al., 2011), Sao Miguel, in the Azores
archipelago, Portugal (Neto, 2001) and the Persian
Gulf (Niamaindi et al., 2017).

To explore these patterns further, the Cheney ratio
(R+G)/B was calculated, where R represents the num-
ber of red algae species, G the number of green algae
species, and B the number of brown algae species.
This study found a Cheney ratio of 3.66 in South-
eastern Madagascar, which is slightly lower than the
4.2 reported by Vieira et al. (2021) for Madagascar as
a whole. In comparison, Phu Yen Province in Viet-
nam reported a Cheney ratio of 8 (Hang e¢ al., 2020),
while a notably high ratio of 23.6 was documented
in Campeche, Mexico (Hernandez-Casas et al., 2024).
The high Cheney index value observed in Campeche
indicates a tropical affinity of its flora, as values greater
than six signify tropical characteristics.

Biogeographic affinity can also be inferred from the
Cheney index values. For instance, estuaries and coastal
flora in Campeche exhibit Cheney indices between 6.5
and 18, further supporting their classification as tropical
flora. In contrast, lower values found in the Northwest
Atlantic—where ratios vary from 1.0 in Churchill, Hud-
son Bay (Saunders and McDevit, 2013) to 5.9 in tropical
waters of Florida (Dawes and Mathieson, 2008)—indi-
cate a transition to temperate affinities.

These comparisons illustrate the considerable diversity
present along African coastlines and underscore the
varying ecological dynamics and species distributions
across different marine environments. Understanding
these patterns provides valuable insights into the eco-
logical dynamics of seaweed communities, particularly
regarding biogeographic affinities and the importance of
localized studies in characterizing marine biodiversity.

Spatial and seasonal variation

of species richness

This research has revealed that the dominance of
seaweed varies according to the season, bay, site, and

habitat. This finding aligns with other ecological stud-
ies (Raffo et al., 2014; Kobabi et al., 2016; Melsasail et al.,
2018), which have shown that the structure and com-
position of macroalgal assemblages fluctuate both
temporally and spatially due to seasonal variations in
rainfall, salinity, nutrients, and light intensity (Kobabi
et al., 2016). According to Mushlilah ez al. (2021), the
distribution of macroalgae is influenced by various
environmental factors, ranging from anthropogenic
pressures such as the activities of local communi-
ties and tourists to the environmental parameters of
the waters. Environmental parameters include wave
action, substrate, and nutrients (Thakur et al., 2008;
Kang et al., 2011; Petsut et al., 2012). Diez et al. (2003)
have also noted that abiotic factors such as substra-
tum, nutrients, water motion, sedimentation and pol-
lution affect the structure and distribution of algal
communities at a local scale. However, seawater tem-
perature is considered one of the important physical
factors determining seaweed distribution (Zhuang
and Zhang, 2001).

The succession of seaweed assemblages over time
may be attributed to the seasonal fluctuation of nutri-
ent supplies in seawater in the study area (Kobabi et
al., 2016). In the present study, the dominance of Ulva
species (U. lactuca and U. reticulata) was observed dur-
ing the cool season and the dominance of Sargassum
species during the warm season. Phillips and Hurd
(2003) have reported that Ulva species are among the
fast-growing algae and exhibit temporal differences,
being abundant in winter and early spring but dimin-
ishing in summer (Kobabi et al., 2016). However, the
strategies of annual seaweeds that develop during late
spring to summer in periods of low nutrient supplies,
such as Sargassum species, are poorly investigated
(Vaz-Pinto et al., 2014). It is possible that these Sargas-
sum species exhibit slow-growing perennial charac-
teristics, similar to other perennial seaweeds, with low
nutrient uptake rates. According to Kobabi et al. (2016),
slow-growing perennials accumulate large nutrient
pools in winter, which support their growth in spring/
summer when light levels increase. While specific
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studies on Sargassum nutrient uptake strategies are
limited, this general pattern may explain their dom-
inance during the warm season in the current study.

Potential of seaweed for aquaculture

and human consumption

During this study, seven dominant seaweed species
with significant potential for aquaculture and con-
sumption were consistently observed across the two
bays (BR and BT) during the two seasons: H. musci-
formis, U. reticulata, H. opuntia, T. decurrens, P. pavonica,
Gracilaria corticata, and U. lactuca. These species hold
valuable nutritional properties that could address key
food challenges in the southwestern part of Madagas-
car, a region known for its issues with food insecurity
and malnutrition.

Among the species identified, H. opuntia, T. decurrens,
and P. pavonica have been relatively underexplored in
terms of large-scale farming. However, these species
are rich in bioactive compounds and nutrients that
are particularly beneficial in addressing dietary defi-
ciencies. For example, H. opuntia has shown potential
for use in enhancing human health, particularly due
to its antioxidant properties, which can help protect
cells from damage. Additionally, its antibacterial and
antimicrobial qualities suggest its utility in promoting
both human and aquaculture health (Nazarudina et al.,
2022; Darfia et al., 2021; Radhika et al., 2022).

T. decurrens and P. pavonica are similarly promising.
T. decurrens contains compounds with anticoagulant
and anticancer properties, which could offer medic-
inal benefits alongside its nutritional potential (Shan-
thi et al., 2021; Sami and Nur, 2022). Moreover, it has
shown efficacy in agricultural applications, such as
controlling bacterial brown rot disease (Abd-El-Aziz,
2020), making it a candidate for addressing both
health and agricultural productivity issues. P. pavonica
has been studied extensively as a dietary supplement
in fish aquaculture, with positive effects on growth
and health, particularly for rabbitfish and Nile tilapia
(Monier et al., 2022; Maghawri et al., 2023). Its con-
sumption is considered safe due to its non-genotoxic
and antioxidant properties (Gluner, 2021), and its min-
eral content makes it a valuable nutritional addition
to local diets.

U. reticulata, although less studied in terms of aqua-
culture trials, stands out for its medicinal and nutri-
tional properties. It is rich in proteins, minerals, and
iodine, making it a valuable food source for combating
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malnutrition, especially in regions where iodine defi-
ciency is prevalent (Ratana-arporn and Chirapart,
2006). Its potential for managing diabetes, thanks to its
ability to inhibit carbohydrate-metabolizing enzymes
and promote insulin secretion, further highlights its
value in addressing non-communicable diseases that
may affect the population (Unnikrishnan ez al., 2022).

The more widely cultivated species, such as U. lac-
tuca, H. musciformis, and G. corticata, also demonstrate
considerable nutritional potential. U. lactuca is rich
in Ulvan, a polysaccharide known for its health ben-
efits, including its ability to support immune func-
tion and reduce inflammation (Pappou et al., 2022;
Dominguez and Loret, 2019). This species, already
grown in various countries, could play a pivotal role
in enhancing local diets by providing essential vita-
mins and minerals.

Similarly, G. corticata is recognized as a potential
functional food due to its nutrient content, includ-
ing essential fatty acids and proteins (Rosemary et
al., 2019). The development of its cultivation could
directly contribute to addressing protein shortages in
the local population. H. musciformis, though lower in
protein and carbohydrate content, is rich in essential
minerals such as calcium, magnesium, sodium, and
potassium (Balamurughan et al., 2013), which are vital
for maintaining proper bodily functions and could
help alleviate common mineral deficiencies in south-
ern Madagascar.

In conclusion, the findings underscore the substan-
tial nutritional potential of the identified seaweed
species in the southwestern region of Madagascar. By
promoting the cultivation and consumption of these
species, local food challenges, including malnutri-
tion and nutrient deficiencies, can be addressed. Fur-
ther research and targeted cultivation efforts will be
crucial for integrating these species into sustainable
aquaculture systems and enhancing food security in
the region.
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Abstract

Declining fluvial discharge, dust storms, salinity increases to ~44 PSU and anthropogenic
activities impact the phytoplankton of Kuwait Bay, located in the hyper-arid desert climate of
the north-western Arabian Gulf. Historical trends in phytoplankton dynamics in the bay are
reviewed, which include decadal changes in phytoplankton communities and episodic algal
blooms. The number of identified dinoflagellate species has increased from 45 to 213 since 1931,
with increases in six categories of potentially toxigenic species, of which Gymnodinium catenatum,
Karenia papilionacea and Pyrodinium bahamense pose the highest risk. A decline in chlorophyll a
between 2002 and 2020, despite available nutrient sources, likely contributed to the decline
in Arabian Gulf fisheries. Apart from declining pelagic fish catches, several mass fish mortality
events have been reported for mullets, sobaity seabreams and sea cucumbers. Experimental
manipulation of offshore Kuwait surface waters (~42 PSU) to salinities of 32, 87, 42 and 50 PSU
resulted in phytoplankton bloom proportions in four days at 32 and 37 PSU. The measured
trends in key ecosystem variables together with the decline in diatoms to dinoflagellates, and
mass mortalities of fish, suggest a rapidly changing structure and functioning of phytoplank-
ton communities in Kuwait Bay. Restoration measures are suggested to improve the ecological
condition of the bay and surrounding Arabian Gulf, including greater regional collaboration to
reduce the flow of brine and waste water nutrients into the Gulf.

Keywords: Environmental perturbations, desalination, eutrophication, remediation,
oligotrophication, Arabian Gulf

Introduction

of the rivers Tigris, Euphrates, and Karun contributes

The Arabian Gulf (AKA. Persian Gulf) is a unique, sub-
tropical, nearly enclosed, hyper-saline inland sea in a
semi-arid region (Fig.l). The Gulf is approximately
1000 km long, 200-300 km wide, 2.39 x 10° km? in
area, with an average depth of 35 m and 8630 km? vol-
ume (Al-Yamani, 2008). To quote Brewer and Dyrssen
(1985), the Gulf experiences ‘extraordinary neglect
and tanker traffic. Besides the hot climate, natural
perturbations affecting the Gulf include the discharge
from Shatt Al-Arab River - the only freshwater source,
and dust storms. Shatt Al-Arab River- the confluence

35-133 km? y! freshwater and 62.4 x 10° tons y! sedi-
ment (Reynolds, 1993). Several publications (Al-Yam-
ani et al., 2007, 2008, 2021; Jones et al., 2008; Ben-
Hasan et al., 2018) addressed the importance of the
Shatt Al-Arab River flow on the Gulf marine environ-
ment. Additionally, the dust storms contribute 60-200
x 10° tons y-aeolian dust (Al-Dousari et al., 2021).

Kuwait Bay (Bay) in the north-western Arabian Gulf, is
a mesotidal hyper saline semi enclosed Bay with 130
km coastline, 720 km? area and ~3.76 km3 volume.

http://dx.doi.org/10.4314/wiojms.v23i2.12
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The average depth of the Bay is 5.2 m, and its maxi-
mum is 30m. The Bay experiences natural and anthro-
pogenic perturbations similar to those in the six Gulf
Co-operation Council (GCC) countries.

The Gulf region is a harsh environment, and the high
temperatures compound the stress caused by multi-
ple perturbations that operate at multiple time scales.
The present Gulf population of 48.2 million people is
growing rapidly by 4 % y! and is expected to reach 59.8
million by 2050 (Le Quesne et al., 2021). With an aver-
age <100 mm y' rainfall, decreasing flow from Shatt
Al-Arab, Gulf Co-operation Council (GCC) countries
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anthropogenic environmental perturbations that
have been on the rise and unabated for decades (Hos-
seini et al., 2021). Intensive dredging, reclamation and
infilling impact coastal habitats. Additionally, the Gulf
acts as a receptacle for unintended spillage from oil
tankers, discharges of ballast waters from shipping,
sanitary wastewater, industrial wastes, effluents from
slaughterhouses, dairy plants and mariculture opera-
tions which perturb the ecosystem (Table 1).

To protect water quality and further environmental
deterioration and habitat loss in the Arabian Gulf, GCC
countries established a Regional Organization for the

B

SAUDI ARABIA

Arabian Guif

TShatt-Al-Arat

Arabian Gulf

2 5600"

A

3070°0"

Bushehr

BAHRAIN

Figure 1. Location of Gulf countries, Euphrates and Tigris, Third River, marshlands of Mesopotamia (top left) and station locations in Kuwait Bay

(bottom left).

receive much of their freshwater requirements from
1483 desalination plants that produce 9 x 10° hm?
y, and this figure is expected to grow substantially
(Qureshi, 2020). Within the GCC, approximately 40
coastal towns with 300 wastewater treatment plants
discharge 3455 hm? y! of which 73 % is treated and 389
% of this is reused, with the rest is discharged into the
sea (Qureshi, 2020) . The socio-economic conditions
in many regions of the Gulf are similar and acceler-
ate the environmental stresses that would increase
in future as a direct consequence. Common to the
GCC countries, whose solid waste management prac-
tices are similar (Al-Hasawi, 1999), are the incessant

Protection of the Marine Environment (ROPME) in
1979. ROPME is mandated to co-ordinate efforts of
the eight member countries to protect the marine and
coastal environment and ecosystems. However, much
of the data generated from the Gulf are disparate and
disorganized spatially or temporally, compared to
data from the western countries. Of all the GCC coun-
tries, Kuwait has a more organized environmental
database that incorporates environmental data from
its monitoring program which began in 1967. In this
paper these long-term series datasets are focused on,
as a representative study indicative of the environ-
mental issues in the Gulf.
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Table 1. Natural and anthropogenic perturbation impacting the Gulf ecosystem.
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Category Perturbation Contribution y! Reference
Shatt Al-Arab out flow 35-133 km? freshwater Reynolds, 1993
and 62.4 x 10° tons sediment)
Evaporation ~-350-800 km? Swift and Bower, 2003
Natural
Incursion of Indian Ocean Surface water 0.10 - 0.20 Swift and Bower, 2003
Sverdrup 0.28 Sv Johns et al., 2008
Aeolian dust due to Dust storms 60-200 x10° tons Safar, 1985
PR
Third River (Khor Al-Zubir -Khor Al-Sabiyah 6.57 km? Drainage Richardson et al., 2005
from Salt encrusted fields
Brine from 1483 Desalination plants km? 1.264 Qureshi, 2020
Wastewater x 104km? 2.39 average Qureshi, 2020; Chalit, 2009;
GCC wastewater Report, 2020
Waste water discharged into sea km? 1.09 Al-Anzi et al., 2012
Anthropogenic
Sewage km? 1.84 Aleisa and Al-Zubari, 2017b
Discharge from slaughterhouses, diary plants 9125 tons ggf;lllo-LeCompte and Mehrvar,
Spillage of oil 160 x 10° t

Dredging, coastline encroachments,
reclamation

Details not available

Jacob and Al-Muzaini, 1995

Dorgham and Moftah (1989) published the first account
on the plankton of the northwest Gulf based on data
assembled by the Kuwait Institute. Subsequent stud-
ies discussed the environmental conditions and phy-
toplankton ecology (Subba Rao and Al-Yamani, 1998,
2000), and climatic factors regulating phytoplankton
(Nezlin et al., 2010). Sheppard et al. (2010) reviewed
the large-scale activities impacting this shallow Gulf,
and concluded that environmental conditions within
this young sea were on the decline. Dorgham (2013)
identified the achievements and limitations in plank-
ton research in the Gulf. Essential gaps exist due to
irregular collection of samples, sporadic studies in
localized areas, the lack of integrated studies between
the GCC countries, and the absence of comprehensive
regular monitoring studies in the whole Gulf. After the
Sheppard et al. (2010) study, new information on the
Gulf has been published on water quality from 1983
to 2016, (Devlin et al., 2015, 2019), diatoms, dinoflagel-
lates, flagellates, and cyanobacteria (Al-Kandari ez al.,
2009; Al-Yamani and Saburova, 2019 a and b), winter
phytoplankton (Polikarpov et al., 2016), hydrography
(Al- Yamani ez al., 2017), and algal blooms (Al-Yamani
et al., 2012; Al-Yamani and Saburova, 2019 a; Polikar-
pov et al., 2020) which are included in this review.

Despite the uncertainties in the data (Dorgham, 2013),
reorganization of the metadata provides a valuable
means to assess the environmental perturbations

and their impact on the Gulf phytoplankton ecol-
ogy. Based on a meta-analysis of data collected since
2010, this review was conducted to understand the
combined impact of natural and anthropogenic per-
turbations, and increasing salinity on phytoplankton
ecology, a crucial ecosystem component. It is hypoth-
esized that the current high temperature and high
salinity regime in the Arabian Gulf, the heavy loading
of nutrients and chemical elements, and the longer
residence times of bay waters are causing shifts in
phytoplankton biomass to the detriment of the eco-
system. It is contended that the resultant breakdown
of any seasonal phytoplankton cycle and the conse-
quential loss of pelagic fish catch is an alarming sign of
the shifting structure and functioning of this unique
environment. This study is used to reiterate the need
for more systematic time series data collections
among GCC countries and for initiation of laboratory
algal culture studies aimed at understanding the struc-
ture and physiological functioning of phytoplankton.

Sources of data

The physical, chemical and biological data presented
here are based on various publications but were not
balanced with regard to sampling. Temperature and
salinity plots for 2004-2014 (Al-Yamani et al., 2014)
were used to show their temporal changes. A Sea Bird
electronic 25 profiler was also used to obtain profiles
of temperature and salinity. Nutrients were analyzed
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using standard methods with an automated Auto-ana-
lyzer- Skalar SANplus Segmented Flow Analyzer
Model. The precision obtained was greater than 0.2 %
for nitrate, 1.1 % for phosphate and 0. 2 % for silicate.
Phytoplankton biomass expressed as chlorophyll a
(chl. @) was determined on duplicate samples using the
fluorometric method utilizing a Turner Design Fluo-
rometer Model 10-AU. Extraction of pigments was in
15 ml 90 % acetone + 5ml DMSU, in dark at O °C for 24
h (Barnes et al., 1992). Water samples preserved with
acidified Lugol solution were used for enumeration
of phytoplankton by the Utermoéhl method. These
are described by Al-Yamani et al. (2006, 2012, 2017),
Al-Yamani and Saburova (2019 a and b), Al-Said et al.
(2017), Al-Kandari ez al. (2009), and Polikarpov et al.
(2016). Taxonomic nomenclature is based on WoRMS
Editorial Board (2023).

Additionally, remotely sensed ocean color data from
January 2002 to December 2002 were used for chlo-
rophyll a estimations. Ocean color data was down-
loaded from Ocean color https:/www.oceancolour.
org site. The Ocean Color data sets consist of a time-se-
ries of merged and bias- corrected MERIS, MODIS
Aqua, and SeaWiFS data at 4 km-by 4 km resolution
(https://oceancolor.gsfc.nasa.gov.). Chlorophyll a data
was processed using QGIS and ArcGIS Pro software
for Geometric correction, and calibration. Data are
downloaded in NetCDF format; the NetCDF file was
converted to GeoT'IFF format using QGIS. Final pro-
cessing and analysis are performed in ArcGIS Pro for
the chl. a distribution and final cartographic products
are generated for 2020.

Results and Discussion

Natural perturbations

a) Fluvial discharge from Shatt Al-Arab

Strong inter annual variations in nutrient loading can
be seen due to variations in riverine flow. The Shatt
Al-Arab fluvial outflow contributes to the nutrient dis-
tribution (p mol) in the Gulf (Table 2); nutrients were
high and ranged from 1.82-7.07 p mol PO,-P, 865.9 —
783.8 1 mol NO,-N, and 135.6 -806.9 SiO, -Si (Talling,
1980; Al-Ansari et al., 2019; Al- Said et al., 2017; Saad,
1985). An earlier study showed that in the Kuwait Bay,
nutrients were not exhausted during 1985-89 when
there was good river discharge; of the 28 instances,
only on two occasions in Kuwait Bay waters and three
instances in the offshore, SiO,-Si was <11.832 pm and
chl. a ranged between 5.4 to 9.9 mg chl. a m? (Subba
Rao and Al-Yamani, 1999). When freshwater inflow
was moderate the SiO,-Si: salinity (SiO,:PSU) is usually
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about 1 and can be used as a tracer of freshwater. Dur-
ing 1997 the mean SiO,: PSU in the Bay (sampling sta-
tion K6) was 2.92 (Al-Yamani et al., 2006) and the mean
for 2006-2023 at station Z04 (located~ 48 ° E and ~29
9.50N in the vicinity of K6) was 0.68 (Devlin et al., 2015)
suggesting a decrease in the flow of freshwater.

Nutrients in the Bay varied between 0-5.91 PO,-P, O
- 111.27 NO, N and 0.05-68.96 SiO,-Si and are higher
than those reported for 1983-2013 (Devlin et al., 2015)
(Table 2). A compilation of nutrient levels in the Gulf
(Shatt Al-Arab, Basrah Estuary, Kuwait, Iran-Busheir,
North of Iran, South of Iran, Qatar, UAE, Hormuz
Strait, Gulf of Oman) shows existence of a large vari-
ation in the nutrient levels; i.e., 0-6.01 PO,-P, 0-103.5
NO,-N and 0-306.9 SiO,-Si (Subba Rao and Al-Yam-
ani, 2000). Compared to the northern Kuwait waters,
nutrient levels in the south, near Hormuz and the Sea
of Oman are low (Ismail and Al Shehhi, 2022; Emara,
2010) possibly due to reduced freshwater admixture.
Besides the contribution by Shat Al-Arab, in these
tidally well mixed shallow Gulf waters, the multiple
sources of anthropogenic enrichments (Table 1) oblit-
erate any seasonal trends, and account for large varia-
tions in nutrients.

Various sources contribute to elemental loadings to
the Bay (Table 3). Kuwait surface water samples yielded
high levels (uM) of Fe 670-28160, Cu 10260-23250, Ni
15.63- 238.25, Co 50-1340, Zn 5140-25330 and Mn 0.91-
1.09, generally higher than in the offshore (Al-Said e¢
al., 2018 a). Shatt Al-Arab sediments are rich in Fe, Cu,
Ni, Co and Zn and their ranges and mean (p M) cor-
respond to 0.00067-0.028 (x 0.0144 Fe), 0.0039-0.023
(x 0.014 Cu), 0.0078-0.0248 (x 0.0163 Ni), 0.00051-
0.00134 (x 0.000925Co0) and 0.005-0.025 (x 0.015Zn)
(Al-Said et al., 2018 b). Of interest is the existence of a
gradient of Fe, Cu, Ni, Co, Zn Cr, Mn, V levels in the
sediments, similar to the macronutrients, with high
values in the north decreasing to the south (Basaham
and Al-Lihaibi, 1998).

Although there was a reduction in the Shat al-Arab
flow, the high level of nutrients is attributed to
increased loading associated with industrial dis-
charges and sewage outfalls. Devlin’s analysis sug-
gests several hypotheses related to the structure and
functioning of phytoplankton in the Bay but data
from perturbation experiments utilizing natural or
cultured algae are required. Results of an experimen-
tal study in the Northern Arabian Gulf showed high
denitrification 404+78 g NO,-N ha day (Al Ghadban et
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Table 2. Nutrient levels (uM) in the Arabian Gulf.
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Region PO,-P NO, - N SiO, - Si Reference
1.82-7.07 865.9 - 733.8 NA Talling, 1980

Shatt Al-Arab
Al-Ansari et al., 2019.
115-6.46 4113- 114.52 185.6-806.9 Saad, 1985
Kuwait waters 0.07-0.59 0.29- 4.60 0.10-11.32 Al-Said et al., 2017
(mean 2000-2012) Traces —5.91 Traces — 111.27 0.05-68.96 Al-Said et al., 2017
(monthly 1997-98) 0-5.16 0-14.12 1.19-52.48 Al-Yamani et al., 2006
(mean 1983-2013) 0.4-0.7 2.1-3.5 25.8-33.5 Devlin et al., 2015
Nov-Dec 2018 ~38.1 ~9 30.0 Ahmed et al., 2022
Qatar 0.08-1.23 0.12-0.90 0.66-5.12 Dorgham and Mofta, 1989
UAE 0.07-0.84 0.17-0.54 2.14-6.26 Emara, 2010
Strait of Hormuz 0.23-0.49 0.15-0.28 0.39-0.99 Dorgham and Mofta, 1989
Gulf of Oman 0.19-0.79 0.12-0.59 1.62-5.48 Dorgham and Mofta, 1989
Sea of Oman 0.08-1.65 0.08-3.44 2.49-22.47 Emara, 2010
Hormuzgan Sea 0.82-2.15 5.2-273 Esmaeili et al., 2021

al., 2012) corroborated by Al-Yamani and Naqvi (2019)
who reported high nitrite levels in the euphotic zone
of the Gulf. Hypoxia occurs in the Arabian Gulf due
to oxidation of dissolved organic material. Similar to
denitrification, there are no estimates of the sources
of organic matter. The only work using clean sam-
pling and analytical techniques is that of Al-Said et al.,
2018 b, who suggested that anthropogenic inputs are
important for Total Organic Carbon.

b) Dust Storms

The Gulf countries experience 15-20 dust storms per
year that contribute 60-200 x10°¢ tons of dust km-?
y. This enormous quantity of dust is deposited over
the land and sea (Prakash et al., 2015; Al-Dousari et
al., 2021). The annul amount of dust received var-
ies regionally; the Kuwait region experiences on
the average 373 tons (Al-Dousari et al., 2017). The
most abundant elements delivered by dust storms
(Al-Awadhi, 2005) are Fe (19.62 g-kg') and Al (9.672
g-kg!) followed by Cr (0.4318 g-kg') and Mn (0.3941
g-kg!) besides large quantities of Si, Zn, P, Cu and
Ni. The total dust fallout into the Kuwait Bay from
August 2010 to July 2011 was estimated as 94,282.0 t
that contributed 4569 t iron, 12,743 t clay, 99,818 t
quartz, 14,177 t sulfate, and 169.167 t of ash (Neelamani
and Al-Dousari, 2016).

Shatt Al-Arab sediments act as store houses of Fe,
Cu, Ni, Co and Zn, and their ranges and mean (pM)
are presented in Table 8. Dredging is an ongoing

coastal activity for expansion of berths, deepening the
approach channel, construction of marinas, and mil-
lions of tons of dredged spoil are redistributed. The
Aeolian dust swept over the bays sinks to the bottom
and is buried in the sediment. The surface one-meter
layer of the Gulf sediments is rich in total organic car-
bon (TOC), Fe, Mn, Zn, V, Cr, Cu, Ni and Pb (Al-Ghad-
ban et al., 1994, Al-Sarawi et al., 2002).

Dredging churns up the sediments and releases stored
nutrients. Of interest is the existence of a gradient of
Fe, Cu, Ni, Co, Zn Cr, Mn, and V levels in the sedi-
ments with high values in the north and decreasing to
the south (Basaham and Al-Lihaibi, 1993). The surface
one-meter layer of the Gulf sediments is rich in TOC
carbon and heavy metals (Al-Ghadban et al., 1994). In
Kuwait Bay during summer, TOC ranged between 101
-318.4 pM with a mean 161.2 pM (Al-Said et al., 2018 b)
and is attributed to anthropogenic input. Sediments in
Sulaibikhat Bay, an offshoot of Kuwait Bay, contained
large quantities of Fe, Mn, Zn, V, Cr, Cu, Ni and Pb
(Al-Sarawi et al., 2002), and are mostly derived from
sewage. Large depositions of trace elements could be
toxic to phytoplankton (Paytan et al., 2009). The dust,
rich in several trace elements, stimulated phytoplank-
ton growth when added to surface seawater in certain
quantities (Subba Rao et al., 1999 b).

c) Other multiple sources of enrichment
In the Gulf Countries sewage disposal is a major form
of coastal pollution that increases nutrient levels. Also,
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Table 3. Elements (M) in Kuwait Bay together with associated perturbations.

Kuwait Bay Seawater
Anthropogenic
Brine (Kuwait Bay) ' Sanitary water 4 Kuwait Bay %%’ 2
Quantity y! — 1.264 km? 2.39 x 10* km? 3.76 km?
Element v

1 Nitrogen Range 124.3-848.9 3142.9-7142.9 0-5.63 1107.14

Mean 486.6 5142.9 1.53
2 Phosphorus Range NA 451.6-2064.5 0-15.1 2.84

Mean NA 1258.1 0.355
8  Silicon Range 1.8-21749.4 NA NA 103.25

Mean 10875 NA NA

4  Iron Range 0.5-799.8 - 71.95-182.6
Mean 400.2 1.3x103 145.2 6.0 x 107

5  Manganese Range 0.9-76.9 - 2.2x1072-2.7x10-2
Mean 38.9 4.0 x 107 2.5x10? 7.3 x10°

6  Copper Range 0.8-635.5 - 8.7x102-0.57
Mean 318.1 11016 0.29 1.4 x 102

7  Zinc Range 0.8-91.5 - 0.28-3.44
Mean 46.15 30621 1.22 7.65 x 102

8  Cobalt Range NA NA 0.29-0.42
Mean NA NA 0.38 6.6 x 10

9  Nickel Range 0-0.17 - 0.72-2.13
Mean 8.0x10% 1891.2 1.6 0.112

10 Molybdenum Range NA NA NA
Mean NA NA NA 0.411

11  Cadmium Range 4.7x102-5.0x10?
Mean 186.8 4.7x107? 9.8 xc 10

12 Chromium Range 0.38-675.9 0.37-0.78
Mean 338.13 1538.6 0.56 3.8x10°

18 Lithium Range NA NA 1.44-1.96
Mean NA NA 1.73 24.50

14 Vanadium Range NA NA 0.55-0.64
Mean NA NA 0.59 3.7x107?

15  Mercury Range NA - NA
Mean NA 289.15 NA 7.5x10*

16 Lead Range NA - NA
Mean NA 1626.4 NA 1.5x 10

17 Aluminum Range NA - NA
Mean NA 14x10° NA 3.7x10?

18  Strontium Range 56.6-498.2 NA NA
Mean 2774 NA NA 92.45

19 Barium Range NA NA NA
Mean NA NA NA 0.153

! Ahmed et al., 2001; 2 Ahmed et al., 2004; * Enezi et al., 2004; * Aleisa and Al-Shayii, 2017a; ° El-Anbaawy et al., 2018; ¢ Al-Mutairi et al., 2014;

7 Al Said et al, 2018 b; 8 Anthoni, 2006. NA: Not Available

sludge from dredging the channels, discharge of ships’
ballast water, slaughterhouse wastewater and effluents
from mariculture operations enrich the Gulf. The
annual wastewater collection in the Gulf is about 4.0
km?and 73 % is treated in 800 wastewater treatment

plants (Qureshi, 2020). Many of the treatment facili-
ties are either outdated or are exceeding their design
capacity. Despite extreme water poverty, only 39 % of
the treated wastewater is reused, and the remainder
is discharged into the sea (Qureshi, 2020). Human
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influence enriches the Kuwait Bay with N, P, Zn, Ni, Al,
Fe, and Mn (Aleisa and Al-Shayii, 2017a). Mean con-
centrations of NO, and PO, in the Bay were 14.9 and
52.5 pg ' (Al-Mutairi et al., 2014). Estimated slaughter-
house wastewater (SWW) from the GCC countries is
9125 tons y "'(Qatar, 2015). Analyses of SWW (Bhunia
et al., 2022) showed these are rich in surfactants, vola-
tile biosolids, chloride anions, carbon, nitrogen, heavy
metals, and TOC impacts on the environment when
discharged into the Gulf.

Effluents from mariculture are another potential
source of nutrient enrichment. A BLOOM ECO model
developed (Bhunia ez al., 2022) for 73 cages for Sea-
bream fish in Kuwait Bay yielded dissolved nutrient
inputs (tons y') of 9.27 inorganic nitrogen and 0.89
inorganic phosphate and particulates as well. However,
the expansion of marine cage aquaculture operations
in Kuwait were halted in 2008 because of several mass
fish kills and this has been stagnant with production
of around 412 tons y*! (Almutawa and Alfraih, 2023).
Under the New Kuwait 2035 Plan, several projects are
being considered to provide technical help for grow-
ing fish and shrimp by 2029. In this GCC region aqua-
culture is on the increase and there are 80 maricul-
ture farms (Feidi, 2009). Cage mariculture produces
organic matter that could also increase the nutrient
loads up to six-fold by 2050 (Islam, 2005) which may
promote an increase in harmful algal blooms (Bouw-
man et al., 2013). There are plans to establish 200,000
tons of cage fish production in the Arabian Gulf. Based
on a nutrient model Risk et al. (2021) concluded that
the resulting nutrient footprint could affect the entire
Gulf raising ecological concerns. In the Kuwait Bay
with a 5.2 m average depth and a 30 m maximum
depth and a tidal range 3.5 to 4.0 m (Abu-Seedo et al.,
1990), the water column would be well mixed facilitat-
ing nutrient distribution. This could have devastating
impacts on the AG ecosystem and it is emphasized that
Environmental Impact Assessment (EIA) studies are
important before embarking on this ambitious goal.

Thus, multiple perturbations enrich the Bay with sev-
eral elements (Table 3); their range and mean levels
are very high compared to the mean (uM) 0.0056 (Cd),
0.515 (Cu), 0.146 (Fe) 0.0073 (Mn), 0.019 (Ni) and 0.512
(Zn) reported in seawater of the Bahrain environment
(Juma and Al-Madany, 2008). Some of these elements
could be toxic to phytoplankton and all other forms
of marine life depending on their speciation, i.e., oxi-
dation state when they are more stable (e.g., Pb 0 +2
and +4, Mo +2 to +6, Cr +3 and +6, V +2, +3, +4 and
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+5, Mn +2, +4, and +7, Hg+l and+2, As +3 and +4, Cu
+1, +2). As estimates of these elements are not availa-
ble for Kuwait wastewaters, values given by Baawain et
al. (2014) in Oman waters were used; overall average
levels of Cd, Cr, Cu, Pb, Mo, Ni and Zn in activated
sludge (RAS) corresponded to 38,139,99,39,8,34 and
2800 mg/kg, and slightly lower in recycled activated
sludge. Suffice is to say that natural and anthropogenic
perturbations also impact waters in other regions of
the Gulf and contribute N, P, Si, Fe, Mn, Cu, Zn, Co,
Ni, Mo, Cd, Cr, Li, Va, Hg, Pb, Al and Sr.

d) Salinity

Decrease in the annual discharge of the Tigris and
Euphrates Rivers affected the salinity in Kuwait Bay
and the Gulf as well. The flow of these rivers decreased
significantly (Al-Ansari et al., 2019). Analysis of flow
model data indicates that the average annual flow
volume (10° m?) is 80 for the period 1965-1973, and
decreased to 55 by 1973-1989, to 50 by 1989-1998
(Jones et al., 2008) and to 20 by 2010 (Abdullah, 2016).
This decline is due to stream regulation in the ripar-
ian countries (Al-Yamani et al., 2017) and will have a
significant effect on the closely coupled phytoplank-
ton ecology in Kuwait Bay and the Gulf. Gulf coun-
tries depend on intense activity of water desalination
and the most relevant impacts are related to discharge
of the brine. Discharges amount to 7.31 km? y' and
may increase to 29.2 km? y! by 2050 (Le Quense et
al., 2021). Kuwait discharges 1.26 km? y! brine (Bashi-
tialshaaer et al., 2011). Multi-stage flash (MSF) desal-
ination plants account for 86.7 % of the desalting
capacity, while reverse osmosis accounts for only 10.7
% (Qureshi, 2020). Desalination results in an increase
of salt concentration to 1.5 to >2 times than that of
the seawater. Brine also contains 17 elements (uM),
with chloride as the highest (1101749) followed by Na
(854304), Mg (57188), Ca (15350), K (12349), and car-
bonates (7344) (Ahmed et al., 2004). Nitrate (3804), Si
(7.7), Fe (3.76), Cu (4.33), Zn (0.92) and Mn (1.09) were
also present in concentrations higher than in normal
coastal waters (Anthoni, 2006; Duxbury et al. 2020)
and are known to impact micro algal growth (Ahmed
et al., 2004). During 2002 to 2020, salinity off Kuwait
increased from about 37 to 44 PSU, which affected the
phytoplankton community (Al-Said e¢ al., 2017). Sur-
face temperature also increased during 2002-2020.

Kuwait Bay is impacted by the “Third River”, a 565 km
outfall drainage (Fig. 1) installed by Iraq to remedy the
chronic salinity problem in the >7,750 km? farmland
between Tigris and Euphrates Rivers (Al-Handal and
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Hu, 2015). It collects wastewater and drainage from 1.5
x 10% km? salt-encrusted fields (Fig. 1) and discharges
0.018 km?d-'into the Arabian Gulf via Khor Al-Zubair
and Khor Al-Sabbiya (Pearce, 1998). The international
‘Basra Water Crisis” workshop 15-16 February 2024
Save the Tigris (coordinator @ savethetigris.org) dis-
cussed increase in salinity levels of Shatt al-Arab and
the possible solutions to this salinity crisis. Details
about the flow are not available.

Phytoplankton

There are two seasons in the Gulf: a ‘cooler’ December
to February, and a hot April-October season. There
are no distinct winter, spring, summer, and autumn
seasons and therefore the local conditions influence
the phytoplankton of the Gulf. In near shore Kuwait
waters during 1985 to 1990, chl. a ranged between 1.6
to 8.1 pg chl. a I (Fig. 2); biomass integrated in the col-
umn ranged from 3.8- 118.4 mg chl. a m? with the high
values in the near shore (Subba Rao and Al- Yamani,
1999 a). Remotely sensed chl a. in the littoral Kuwait
waters during 2020 ranged between 6.2 and -8.1 pg
a 1" (Fig. 2). Albanai (2021) observed chl. a level (7 mg
m?) during winter in Kuwait Bay that were higher
than in the open Gulf (< 2.5) and <0.5 in the central

WIO Journal of Marine Science 23 (2) 2024 151-171 | S. Durvasula et al.

Gulf. However, off Kuwait, their monthly averages for
2002 to 2020 ranged between 2.85 and 8.64 pg chl.
a 1! during June and September (Fig. 3). There was
no pronounced seasonal progression; increases in
chl. a were small and were during March-May, and
August-October-December. During 2002 to 2020 as
the Kuwait Bay warmed up and the salinity increased,
chl. a decreased. These findings are consistent with
earlier findings (Nezlin et al., 2010); the seasonal max-
ima were during late summer-autumn on the western
coast. Al-Naimi et al. (2017) pointed out that satellite
data do not recognize the optical depth and the satel-
lite sensors systematically over estimated chlorophyll;
they suggested a need for a regionally calibrated algo-
rithm to estimate chlorophyll in the Gulf.

Silica is related to river discharge and would impact
diatom populations. In Kuwait Bay there have been
qualitative and quantitative shifts in the dominant
phytoplankton groups, particularly the halophytes
(Al-Said et al., 2017). In particular, perturbations in the
silicon cycle caused by the decrease in river flow has
impacted the growth of diatoms, and the increase
in the amount of organic loading is now promot-
ing blooms of dinoflagellates. Changes in salinity
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Figure 2. Distribution of average chlorophyll a (mg m?) in Kuwait waters during 2002 -2020. Based on
https://www.oceancolour.org site, https://oceancolor.gsfc.nasa.gov.).
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Figure 3. Distribution of average chlorophyll a in Kuwait waters during 2002 -2020 based on Ocean Color.

and anthropogenic perturbations seemingly impact
the phytoplankton growth and species diversity in
the inshore Kuwait waters. During 2000-2007 when
the salinities were ~40 PSU, there were 243 diatom
and 103 dinoflagellate species (Al-Yamani and Sabu-
rova, 2019 a) but by 2008 as the salinity increased
to ~44 PSU their diversity decreased to 74 diatoms
and 46 dinoflagellates (Al-Said et al., 2017). In addi-
tion, in the offshore waters during 2005-2006 there
were 108 diatom and 48 dinoflagellate species, but
by 2012-2018 diatom diversity decreased to 83 spe-
cies and dinoflagellates increased to 67 species.
Members of Cryptophyceae and Prymnesiophy-
ceae also increased. Such a replacement may be
due to a physiological response of algae to salinity
stress in these semi-arid, hyper saline, and warm
Gulf waters. Brine salinity typically ranges from 1.6
to 2 times the salinity of seawater (Lee et al., 2024)
and part of the increase in salinity may be explained
by the increased discharge of brine from desalina-
tion plants in the Gulf. Also, from thermal-based
technologies brine could increase temperature to
1.87 to 1.82 times that of ambient seawater temper-
ature (Lee et al., 2024). Increased salinity and tem-
perature resulted in a 82-60 % reduction in chloro-
phyll levels and total algal cell numbers in the AG
waters (Omerspahic et al., 2022). This corroborates
with the results on osmotic and ionic effects due to
NacCl resulting in the loss of activity of photosystems
(Ps) I and II and loss of oxygen-evolving activity in
Synechococcus sp. (Allakhverdiev et al., 2000). Culture
studies utilizing native microalgae in a salinity gradi-
ent would be necessary to establish that salinity is a
crucial abiotic factor.

There is indirect evidence from Kuwait Bay to show
that lowering of salinity is a highly effective stress
reliever. Results of earlier microcosm experiments
showed natural assemblages of phytoplankton pos-
itively responded to changes in salinity in real time.
Incubations of offshore Kuwait surface water in a gra-
dient of salinities 32, 87, 42 and 50 PSU, enriched with
f/2 nutrients (0.2ml 1), showed a positive response
only in samples with 32 and 37 PSU and not at salin-
ities >87 (Madhusoodhanan et al., 2018). Centric dia-
toms Leptocylindrus, Lauderia, Streptotheca, Chaetoceros,
Eucampia and pennate diatoms Thalassionema, Thalassi-
othriz, Nitzschia and Bacillaria grew rapidly leading to a
bloom in four days. At high salinities (42 and 50 PSU),
algal growth was poor, indicative of their sensitivity
to salinity stress. Also, results on the physiology of the
chlorophyte Clamydomonas plethora and the naviculoid
diatom Nitzschia frustula isolated from the coastal waters
off Kuwait with 40 PSU but cultured in Atlantic Ocean
water (34 PSU) medium f /2 are of interest. Results
showed high growth rates u max) of 2.5 for C. plethora
and 3.4 for N. frustule (Subba Rao et al., 2005). Their
photosynthetic functioning measured as assimilation
numbers (P®_: ug C [ug Chl a] - h*'): 22.8 for C. plethora
and 18.1 for N. frustula and initial slopes (c®: ng C [ug Chl
a] ' h™ [umol m-? '] -'was also the highest observed so
far, with 79.5 for C. plethora and 89.6 for N. frustula con-
firming their potential when cultured at lower salinity
(Subba Rao et al., 2005). Flash floods with a discharge
1400 of m? s, exceeding the earlier records of 80 m?
s, lowered the salinity and promoted algal growth
(4 -7 chl. @ mg m?) along the Kuwait coast (Alosairi et
al., 2019). Floodwater contributes silica and facilitates
uptake of biogenic silica. Floods due to heavy rains
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in the winter of 1991-1992, lowered the salinity of the
hyper saline waters of the Dead Sea to 70 % of their
formal salinity, and a bloom of Dunaliella parva (15
x10¢ cells 1) developed (Oren et al., 1995).

Aperiodic biomass

Unlike in the temperate seas that experience clear
seasonal events such as the winter overturning,
upwelling and monsoons that drive phytoplankton
blooms, the shallow, semi enclosed, heavily nutrient
enriched waters of the Arabian Gulf are not charac-
terized by well-defined seasonal blooms. In the Gulf,
multiple processes, prevailing high temperatures,
salinities, nutrients, trace elements, aeolian dust,
pollutants, and ballast water introductions operate
at multiple time scales. Their interplay influences
their constituents, when and where ephemeral phy-
toplankton pulses or blooms occur, and their dura-
tion and magnitude. Results of Winder and Cloern
(2010) on the diversity of constituent species and
their ephemeral nature in temperate and subtropical
zones are relevant here. Of their 125-time series of
phytoplankton biomass, about a third of them had
a series of irregular pulses of biomass but no sea-
sonal cycle. Anthropogenic perturbations, aperiodic
weather events and strong coupling between phyto-
plankton and herbivores in Kuwait Bay may result in
a high noise to signal ratio and probably masks any
seasonal cycle.
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There were 31 dinoflagellates reported from the Ara-
bian Gulf and the Gulf of Oman (Bohm, 1931) and their
numbers have increased since (Table 4). Using plank-
ton nets with 55 pM pore size Dorgham and Moftah
(1989) reported 88 diatom and 37 dinoflagellate taxa,
185 diatom and 9 dinoflagellate taxa in Kuwait waters
during 1989, compared to 175 diatoms and 124 dino-
flagellate taxa in the U.A.E and Qatar waters. A two-
year study in the Gulf of Oman (Al-Azri et al., 2010)
showed a chlorophyll maximum of 8 mg? and the
phytoplankton was dominated by diatoms and the
dinoflagellate Noctiluca. From the coastal waters of
Oman, Al-Hashmi et al. (2015, 2019) reported a high
diversity of 130 diatom and 80 dinoflagellate spe-
cies and their abundance related to the Northeast and
Southwest monsoons. Maximum diatom abundance
was 1832704 cells per m?, four-fold less compared to
the previous decade but dinoflagellates were domi-
nated by Noctiluca (8x 10° m?). There were 24 poten-
tially harmful algal species identified, including 11
species of dinoflagellates and eight species of diatoms.

Long-term phytoplankton surveys in Kuwait waters
(Al-Kandari et al., 2009; Al-Yamani and Saburova,
2019 a) are more instructive than information from
a few samples (Dorgham et al., 1987). Diatoms were
dominant in the unfractionated Kuwait water sam-
ples (Table 4). Recently, the ratio of diatoms to dino-
flagellates was suggested to be a new environmental

Table 4. Phytoplankton diversity in Kuwait waters, ROPME Sea Area and the Arabian Gulf.

Kuwait Kuwait Kuwait Kuwait Kuwait Central ROPME*’ Arabian

waters' waters? waters® waters* waters® Gulf® Gulf®
Total species » 327 200 250 188 223 376 1220
Taxonomic group v
Bacillariophyceae 202 134 250 125 184 171 888
Dinoflagellata 108 56 213 13 86 194 211
Cryptophytes 1 1 5 1 1
Cyanobacteria 2 2 2 2 2
Dictiochales 3 1 2 15
Haptyophytes 3 1 15
Chlorophytes 6 3 6 4 90
Raphidophceae 4
Chromista 5 1
Ebriophytes 1 3 1
Prasinophytes 1 4
Prymnesiophyta 2
Litostomaetea 1
(Myrionecta rubra)

! Al-Kandari et al., 2009; 2 Polikarpov et al.,2009, ® Al-Yamani and Saburova, 2019 a; * Al-Yamani and Saburova, 2019 b; * Dorgham et al.,
1987; 8 Dorgham et al.,1987; 7 Polikarpov et al., 2016; ®Jacob Al-Muzzaini, 1995
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indicator; in the Baltic Sea due to eutrophication a
shift from diatom to dinoflagellates is affected (Spill-
ing et al., 2018). In Kuwait waters the diatom:dinoflag-
ellate numbers corresponded to 202:108 (Al-Kandari
et al., 2009), 134:56 (Polikarpov et al., 2009) 92:38
(Al-Yamani and Saburova, 2019a). Samples from
ROPME areas (across the Arabian Gulf, the Strait of
Hormuz, and the Sea of Oman) revealed 131 diatom
and 194 dinoflagellate species (Polikarpov et al., 2016).

Besides the usual diatoms, dinoflagellates and other
groups of microalgae, picoplankton is an integral
component of phytoplankton biomass and responds
to environmental perturbations. The relative con-
tribution of picoplankton to the phytoplankton in
Kuwait waters is not known but may be important.

Additionally, the results from this study on the impact
of enrichment with aeolian dust in stimulating dia-
tom growth are of interest (Subba Rao et al., 1999
b). Surface water 51.7 km off Kuwait with low phyto-
plankton collected during summer was enriched with
aeolian dust comparable to the fall out levels 0-100
g m? sea surface (Gharib et al., 1986). Initial micronu-
trients (uM) were 1.4 - 4 NO,, 6.6 -8.4 PO,, and 18.3-
28.1 SiO,. Data from the present study showed the
doubling rate of algal biomass increased from 0.56 to
1.42; in 5 days, 29 species of diatoms, mostly 6x3 pM
naviculoids, grew rapidly and attained a maximum
biomass (527 pg 1 chl. a) (Subba Rao et al., 1999 b).
Dust storms are a source of enrichment of Fe, Al, Cr,
Mn, Si, Zn, P, Cu, and Ni (Al-Awadhi, 2005) some of
which could stimulate phytoplankton growth. Satel-
lite observations have shown that aeolian dust ferti-
lizes the Gulf waters (Nezlin ef al., 2010). The impact
of these trace elements on marine phytoplankton is
rather complex and could be either positive or inhib-
itory depending on the algal species, salinity of the
medium, frequency of enrichment, stoichiometry,
solubility state, oxidative reductive states, availability
of chelators like organic ligands, siderophores, and
on microbial feedbacks.

Episodic blooms

In these hyper saline Gulf waters, algal blooms are
ephemeral, episodic, few and far between. They are
atypical in respect of their non-seasonality, non-recur-
rence, and multi species in contrast to seasonal HAB
blooms of Dinophysis sps., Prorocentrum sps. Karenia
brevis, Gamberidiscus sps., Pyrodiniumbahamense, Karlod-
inium venefiucum and Alexandrium tamarense from other
regions (Subba Rao and Durvasula, 2020). In Kuwait
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Bay there were significant short-term elusive pulses
of red tides during 1987- 2000; both the constituent
species and their abundance varied. Based on phyto-
plankton monitoring data for 2004-2017, Al-Yamani
and Saburova (2019 a) recorded incidences of 50 algal
blooms. About 29 species attained > 8 x 10° cells 1! or 10
pg I, within the blooms. Most blooms contained more
than one species, that included Chrysochromulina sp.,
Gymnodinium spp, Heterosigma akashiwo, Karenia papil-
tonacea, Karenia selliformis, Karlodinium sp, Leptocylindrus
Sp., Prorocentrum spp., Nanoflagellates, Nitzschia cf- laevis,
Nitzschia longissima, Nitzschia sp., Nitzschia spp., Phaeo-
cystis globosa, , Leptocylindrus sp., Prorocentrum spp., Pro-
rocentrum balticum, Pseudo-nitzschia seriata, Rhodomonas
Sp., Skeletonema grevillei, Takayama spp., and Thalassio-
sira spp. Highly exceptional blooms contained 1008.9
x 106 1! cells and 4525.5 pg 1" chl. a (Subba Rao et al.,
2003). Monospecific blooms observed include Chaeto-
ceros socialis, Dunaliella salina, Myrionecta rubra, Noctiluca
scintillans, Oltmannsiella lineata, Phaeocystis globosa, and
Trichodesmium erythraeum.

In September 2001, the globally invasive Gymnodinium
catenatum and Gyrodinium impudicum were the main
bloom-forming species (>10° cells/l) that suggests their
ability to tolerate the prevailing high salinity (Glibert
et al., 2002). Analyses of historical records of algal
blooms in the Indian Peninsula (1908-2017) similarly
showed a high variability; 24 genera and 30 species
including Cyanophyceae, Bacillariophyceae, Dino-
phyceae, Raphidophyceae, Prymnesiophyceae, Tre-
bouxiophyceae and Ciliates in the 154 events (Oyeku
and Mandal, 2021). The non-recurrence of taxa and
their biomass varied depending on the sea surface
salinity, eutrophication and high nutrient conditions.

Due to continued perturbations in the Gulf, probably
a few resistant species grew better. Based on a mecha-
nistic competition theory, Floder and Sommer (2015)
showed that factors other than macro-nutrients affect
the structure of macroalgal communities. Rengefors
(2020) discussed adaptive C, S, R strategies (Compe-
tition, stress tolerance and disturbance tolerance) as a
response to the environment, favoring distinct species.
In the Bay that experiences incessant perturbations,
competition for resources among phytoplankton spe-
cies and groups can determine which species become
dominant. Mesocosm experiments of 90 days dura-
tion with sequential pulse perturbations, showed the
resistance and recovery index of algae, finally result-
ing in a failure of the community to recover (Stelzer
et al., 2022). In addition to the salinity gradient studies
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mentioned earlier, experiments along the lines of Folt
(1999) may be taken up by the GCC and utilize cultures
of microalgae native to the Gulf to understand their
response to synergism (increased stress) and antago-
nism (decreased stress). Not a single nutrient but an
array of complex factors including optimal temper-
ature and light and a mix or multiples of the macro,
micro and trace elements regulate phytoplankton
growth. If their levels are higher than the threshold,
the nutrients become toxic to phytoplankton. The Fe,
Cu, Co, Zn and Mn levels in Kuwait Bay (Table 5) are
much higher than those in {/2 algal culture medium
(Guillard, 1975). However, culture medium has much
higher P, N, Si concentrations than in Kuwait Bay
(Al-Said et al., 2018a).

Elevated levels of PCBs, PBDEs and dioxins were
reported near crude oil industries along the Kuwait
Bay coastline. Alshemmari (2021) in a review of persis-
tent organic pollutants in Kuwait sediments (g/ DW)
reported ranges of TPH 40-240 pg, and PCBs 0.40
-81.7 ng. Further, elevated levels remain relatively high
(426-459 pg) in industrial areas and near oil loading
terminals. Their longevity, high hydrophobicity and
resistance to degradation are a matter of concern. In
the highly saline Kuwait waters these may be toxic for
phytoplankton growth and may prevent progression
of phytoplankton into blooms Studies such as that of
Gallo ez al. (2020) indicating that PAHs from sediment
elutriate inhibit growth of Phaeodactylum tricornutum,
Skeletonema costatum and the halophyte green alga
Dunaliella tertiolecta are required for the AG region. In
addition, precise physiological ecology studies utiliz-
ing cultures of native algae are required to understand
their response and recovery to perturbations and to
answer the question as to why the algal blooms in the
Gulf are sporadic and not regular.
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Ballast waters: microalgae

More than 17 million barrels of ballast water from
various geographical regions are transported to the
ROPME area annually and may have inadvertently
introduced exotic microalgae (Al-Yamani et al., 2015)
and heavy metals as well (Dobaradaran et al., 2017).
Comparison of a list of dinoflagellate records from
Kuwait waters shows a steady increase in dinoflagel-
late species from 39 (Dorgham et al., 1987), to > 108
(Al-Kandari et al., 2009; Al-Yamani and Saburova,
2019 a) and included several first-time records. In
the whole Gulf the increase has been from <45 spe-
cies in 1931 (Bohm, 1931) to 509 species (Subba Rao
and Durvasula, 2020). It is plausible that ballast water
from 50,000 ships visiting the Gulf annually from
various geographic regions may have introduced spe-
cies new to the Gulf. Of interest are the changes in
the constituent species; 19 species from Dorgham et
al. (1987) were absent in observations of Al-Kandari et
al. (2009) while 155 species additional were reported
by Al-Yamani and Saburova (2019 a). Only 33 species
from the first study are common to those of the sec-
ond. Assuming 60 % of these, particularly the athecate,
were “poorly preserved” the remaining were thecate
and well preserved. While such an increase in dino-
flagellate diversity could be partly due to an underes-
timation of native taxa, it is plausible that at least some
of the 40 % new of thecate dinoflagellates constitute
the “suspect” transient species brought in by ballast
waters. However, it appears that their physiological
conditions and low abundance precluded their devel-
opment into a bloom.

It has been observed previously that a few of the
opportunistic species when “inoculated” in sufficient
numbers in enriched coastal waters can result in ape-
riodic, episodic non-recurrent blooms as in Karenia

Table 5. Enrichment levels (uM) in {/2 algal culture medium compared to their range in Kuwait waters.

. f/2 medium Range in Kuwait waters
AU (Guillard, 1975) (A-Said et al., 2018)
Phosphorus 36.3 0.07-0.45
Nitrogen 883 0.08-2.85
Silica 107 0.26-9.72
Iron 10 670-28160
Copper 0.04 10260-23250
Cobalt 0.05 50-1340
Zinc 0.08 5140-25330
Manganese 0.9 -1.09

Additionally, /72 contains 8 x 10-* Molybdenum, Vitamin B, 3.69 x 10-1° M), biotin 2.05 x 10-2M. and 2.96 x 10”7 thiamine.
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(Gymnodinium) mikimotoi, Gonyaulax polygramma, Nocti-
luca scintillans, Pfiesteria piscicida, Prorocentrum cordatum
(Burkholder, 1998). Heterocapsa circularisquama, a spe-
cies of hardy alien opportunistic and toxic dinoflagel-
late from the Western Pacific developed into blooms
in Kuwait Bay during June-July 2020 (Saburova et al.,
2022). During the blooms, chl. concentrations were
20 pg 1'and cell concentrations were 267.9 x 10° cells
1" along with the native blooming diatoms Thalassio-
sira delicatula, T. exigua, and Minutocellus polymorphus
(Saburova et al., 2022). Their geographical distribu-
tion suggests introduction from Malaysia, Brunei,
Philippines, New Guinea, Japanese waters, Australia,
Belize, Russia, and South African seas, like the occur-
rence of Indo-Pacific dinoflagellates in the Medi-
terranean (Gomez, 2006). It is desirable to establish
the viability of such suspect introduced alien species
using culture methods (Subba Rao et al., 1994). In the
enclosed Black and Caspian Seas some of the novel
transient hardy species Lingulodinium machaerophorum
and Impagidinium caspienense introduced by shipping
activities bloomed (Sala-Perez et al., 2020; Lattuada
et al., 2020). Clarke et al. (2020) reported the possible
introduction of a wide range of 136 invasive non-na-
tive species of which 56 potentially invasive species
from four microalgae to fish in the Arabian Gulf and
Sea of Oman. Such bio-invasions could affect at local,
regional and global scales.

Harmful algae

Species of algae reported harmful elsewhere causing
Paralytic Shellfish Poisoning (PSP), Diarrhetic Shell-
fish Poisoning (DSP), Neurotoxic Shellfish Poisoning
(NSP), Amnesic Shellfish Poisoning (ASP), Ichthyo-
toxin poisoning, Yesso toxin poisoning, are present
in Kuwait waters (Devlin et al., 2019; Al-Yamani and
Saburova, 2019 a; Saburova, et al., 2022). Out of a total
of 62 harmful algal species, 43 are potentially toxic
to humans and marine biota (Al-Yamani et al., 2012).
These species are: PSP -, Alexandrium acatenella, A.
leei, A. ostenfeldii, A. pacificum, A. tamiyavanichii, Gym-
nodinium catenatum, DSP - Phalacroma rapa, P. rotun-
datum, ASP -, Pseudo-nitzschia seriata, and Halamphora
coffeaeformis, Neurotoxin - Karenia brevis, Prorocentrum
cordatum, Heterosigma akashiwo, Karenia papilionacea,
and Icthyotoxin—Margalefidinium polykrikoides, Karenia
mikimotor and Yessotoxin producer Protoceratium retic-
ulatum. Karenia selliformis produces a compound gym-
nodimine in culture that may accumulate in shellfish
with no effect proven for human health. Analysis of
214 species from a data set (2007-2016) listed 39 poten-
tial Harmful Algal Bloom (HAB) species (Devlin et al.,
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2019) in Kuwait waters. Species that produced phy-
cotoxins are Alexandrium minutum, A. tamarense, Gym-
nodinium catenatum, Pyrodinium bahamense (PSP), Dino-
physis acuminata, D. acuta, D. caudata, D. fortii, D. miles,
D. norvegica, D. tripos, Prorocentrum lima, P. mexicanum
(syn Prhathymum), P. concavum, (DSP), Gonyaulax spinif-
era (Yessotoxin), Karenia selliformis (NSP), Heterosigma
akashiwo, Karenia brevis (syn K. papilionacea), Prorocen-
trum minimum, (Neurotoxin), P. reticulatum (Yessotoxin),
Karenia mikimotoi (Icthyotoxin), Pseudo-nitzschia pun-
gens, and Pseudo-nitzschia seriata,(ASP). Additionally,
Devlin et al. (2019) reported the occurrence of Akashiwo
sanguinea a surfactant species, Chaetoceros socialis, C.
curvisetus, Chaetoceros spp, Cyclotella sp., Cylindrotheca
closterium, Eucampia zodiacus, Guinardia flaccida, Lepto-
cylindrus sp., Nitzschia laevis, Noctiluca scintillans Peridin-
ium quinquecorne, Prorocentrum micans, Pseudo-nitzschia
americana, Tripos furca, T. fusus, Dictyocha fibula, Dicty-
ocha speculum and Trichodesmium erythraeum. Cell den-
sities (1) of these were for the non-toxigenic diatoms
Eucampia zodiacus (929,3338), the toxigenic Karenia bre-
vis (116,333) and Pyrodinium bahamense (110,667) and
were probably sufficient to be toxigenic. Al-Yamani and
Saburova (2019 a) listed 57 blooms in Kuwait waters
during 1987-2017, and 22 dinoflagellate species were
the constituents. Cell densities (1) ranged between 0.4
x 10¢ and 1x 10° and chl. a (ng 1) between 4.1 to 4256
(Table 1 in Al-Yamani and Saburova, 2019 a). Of these
only 14 had >10 chl. pg 1! (Al-Yamani and Saburova,
2019 a). Biosynthesis and bioaccumulation of phyco-
toxins in Pseudo-Nitzschia multiseries (Pan et al., 1996)
and Prorocentrum lima (Pan et al., 1999) is dependent on
sufficient cell biomass and their growth phase. Alex-
andrium pseudogonyaulazx that produces a mucous trap
and Scripsiella trochoidea were also recorded in Kuwait
waters. The bloom of S. trochoidea was nontoxic; how-
ever, their high blooms can negatively impact coastal
ecosystems and cause mortality in marine biota (Hal-
legraeff, 1993; Hold et al., 2001). As discussed earlier
it is possible that prevailing high salinity in the Gulf,
inhibited growth of these toxic species preventing
their growth into bloom proportions that are needed
for elevating toxin levels in the water. It is recom-
mended that culture studies are conducted on isolates
from Kuwaiti waters and investigations are carried out
at various phases of their growth for phycotoxin pro-
duction in this harsh environment.

Mass mortalities

Marine mortalities in the Gulf include 25-30 tons of
mullets (Planiliza macrolepis), approximately 80,000
tons of farmed Sobaity (Sparidentex hasta) in floating
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cages in Kuwait Bay during 1999, Gilthead Seabream
(Sparus aurata) in aquaculture cages, Fringescale
(Sardinella fimbriata) in marinas in 2005, and Catfish
(Netuma thalassina and Policofollis tenuspinus) in 2006,
2015, 2017 and 2019 (Al-Yamani et al., 2020). The most
well-known fish kill of Planiliza macrolepis in Kuwait
occurred in 1999, as a result of a bloom of ichthyo-
toxic Karenia selliformis (Heil et al., 2001, Al-Yamani et
al., 2020). A large-scale fish kill event worthy of men-
tion was associated with intensive heterotrophic bac-
terial activity (Streptococcus agalactiae) on dead algae in
Kuwait Bay during August-September 2001 (Glibert
et al., 2002). This study also reported various harmful
algae including Gymnodinium catenatum, Gyrodinium
impudicum, and Pyrodinium bahamense var. compres-
sum. Cell numbers of G. catenatum and G. impudicum
exceeded 10° I, probably sufficient to deliver phyco-
toxins. But these algae were neither cultured nor phy-
cotoxin production determined. Data are needed to
conclude whether the fish mortality may have been
caused either by a phycotoxin or due to hypoxic con-
ditions that followed the bloom.

The Gulf acts as a topographical shelter and concen-
trates organic carbon in the water column ranging
from 101.0 — 818.4 pM (Al-Yamani and Naqvi, 2019).
Oxidation of this organic matter and bacterial het-
erotrophic activity on dead algae also exacerbate
deoxygenation leading to formation of dead zones
with low oxygen. The prevailing high temperatures,
excessive pollutants, and bacterial action of Sirepto-
coccus agalactiae may have resulted in hypoxia caused
by the die off from phytoplankton, leading to the
mortalities. A three-dimensional numerical model
(Alosairi and Al-Sulaiman, 2020) showed depletion
of dissolved oxygen is local and near the pollution
out falls limited to Kuwait Bay. A bloom of toxic
Heterocapsa circularisquama in Kuwait’s waters during
June-July 2020 (Saburova et al., 2022) was associated
with shellfish mortality.

In Kuwait’s southern shore mass mortalities of pearl
oyster Pinctada radiata and scallop Chlamys livida in
2013 was associated dredging activities. The mass
mortalities of Sea Cucumbers, Holothuria arenicola
in 2018 on Kuwait’s southern shore are believed to
be due to osmotic shock resulting from a drastic
decrease in salinity from 45 PSU to 5 PSU (Al-Yam-
ani et al., 2020). This change in salinity was caused by
rainwater discharge and coincided with dominance
of the nano flagellate Plagioselmis prolonga (Al-Yamani
et al., 2020). Nevertheless, to establish the causative
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factors it is stressed that it is necessary to conduct
culture experiments. Richlen ez al. (2010) established
cultures of Margalefdinium polykrikoides isolated
from coastal waters near Ras Al-Khaimah, located
in the northern United Arab Emirates. In one study,
Al-Muftah et al. (2016) isolated cultures of the ichthy-
otoxic dinoflagellate Vulcanodinium rugosum from the
coastal areas of Doha, Qatar, and these strains con-
tained between 603 and 981 ng pinnatoxin (PnTx) H
per mg dry weight in addition to being positive for
portimine. It is suggested that going forward, molec-
ular analysis of organism-level gene regulation and
transcriptiomics under hypoxic conditions would be
illuminating.

Fisheries

The natural and anthropogenic perturbations pre-
sented above resulted in concomitant changes in the
hydrographical conditions during 2000-2013 that
caused shifts in functional plankton groups. Phyto-
plankton biomass (chl. @) in Kuwait waters decreased
from ~6 to 2 pg 1! with along term mean of 3.64 pg 1!
(Al-Said et al., 2017) and 1.01- 2.27 (Devlin et al., 2015).
This in turn may have altered the pelagic tropho-
dynamics evident from a drastic decline in the fish
stocks. Fish and shrimp production declined (Alqgat-
tan and Gray, 2021). Off Kuwait, the landings (tons) of
the pelagic feeders decreased during 2000 and 2012
(Al-Husaini et al., 2015); i.e., Tenulosa ilisha (Suboor)
642 to 72, Carangoides sp. (Hamam) 117 to 76, Oto-
lithes ruber (Nowaiby) 728 to 535, Parastromateus niger
(Halwaya) 50 to 42, and Epinephelus coioides (Ham-
oor) 262 t0l120. Correlation between the flow of the
Tigris-Euphrates rivers and estimated finfish recruit-
ment trends are positive (Ben—Hasan et al., 2018).
Declining catches in the Northwestern Arabian Gulf
indicate possible over-fishing. Ben-Hasan et al. (2018)
on the other hand, allude to such declines as being
the result of recruitment changes caused by reduced
freshwater flow in the Tigris-Euphrates Rivers. In the
Aral Sea where surface salinity increased from 10
PSU in 1960 to 92 PSU by 2004 (Zavialov, 2005), the
commercial fish catch was decimated from 43,430
tons in 1960 to zero in 1980. It is to be noted that
damming the Nile in 1965 reduced freshwater flow to
the Mediterranean by 90 %, resulting in concomitant
changes in the nature of the productive ecosystem
and a collapse of the fishery within 15 years (Nixon,
2003). Changes in nutrient load caused by damming
the Danube River similarly affected the food web
structure in the Black Sea surface waters (Humborg
etal., 1997).
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Conclusions

Environmental protection practices in the Gulf coun-
tries are similar, and it is assumed that natural and
anthropogenic perturbations like those in Kuwait
would prevail in other Gulf countries. High sea surface
temperature together with reductions in river flow, and
enrichment due to natural and anthropogenic pertur-
bations result in stressful environmental conditions for
marine biota in the Gulf that have far-reaching conse-
quences that need to be addressed. In the GC, 61 % of
treated wastewater is not utilized but discharged into
the sea (Qureshi, 2020). This study calls for a concerted
effort by GCC for a systematic reduction in the release
of treated wastewater in the AG for ecosystem restora-
tion as was demonstrated in the highly eutrophicated
Seto Inland Sea, Japan (Imai et al., 2006). Long-term
reduction of nutrient inputs has been considered as
the most effective pathway to mitigate eutrophica-
tion to improve the structure and functioning of the
ecosystem (Imai et al., 2006). Prior to the reduction in
wastewater outflow, about 299 harmful algal blooms
developed and damaged a fishery worth US$ 60 mil-
lion per annum. The causative microalgae included
Chattonella antiqua, C. marina, C. ovata and Heterosigma
akashiwo (Raphidophyceae), and Karenia mikimotoi and
Margalefidinium polykrikoides (Dinophyceae) and in 1988
a novel red-tide of dinoflagellate species Heterocapsa
circularisquama. The “Law Concerning Special Meas-
ures for Conservation of the Environment of the Seto
Inland Sea” was legislated in 1973 and nutrient loading
was systematically reduced to half the level of 1972.
The incidence of harmful algal blooms also decreased
to 100. A similar success story is that of Thau Lagoon,
France, where a reduction of phosphorus loading as a
means of ‘de-eutrophication’ resulted in a decrease in
dinoflagellate abundance (Gowen et al., 2015).

The Arabian Gulf is experiencing “extraordinary
neglect compounded in large part by excessive tanker
traffic (Brewer and Dyrssen, 1985) and unabated dis-
charge of pollutants from land. As a result of the warm-
ing trend and the prolific increase in the number of
desalination plants all around its coast, the Arabian Gulf
is emerging as one of the most thermohaline stressed
environments. Compounding thermohaline stress,
are both natural and anthropogenic perturbation lev-
els of inorganic nutrients, nutrient stoichiometries,
trace elements, heavy metals, and the PAHs, PCBs and
PBDEs concentrations to the detriment of the envi-
ronment. When several exogenous cumulative stresses
exist beyond a threshold for biological tolerance, the
threats to the ecosystem increase dramaticaaly. In
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order to maintain the integrity of the Gulf ecosystem,
it is suggested that brine should not be discharged into
the AG but pumped further inland on to the desert
flat. Although this would decrease sea level, it would
be compensated by incursion of relatively less saline
(~35.4 PSU) Arabian Sea Water into the Gulf.

It is emphasized that it is time for all the GCC coun-
tries to come together to strengthen cooperation
to implement of strategic management programs
that reduce environmental stressors and build resil-
ience of the Arabian Gulf ecosystem. This study calls
for implementation of GCC-wide, sustained long
term series data acquisition programs. Furthermore,
research studies that include cultures of microalgae
native to the Gulf and from ballast waters, improved
screening of suspect toxigenic algal cultures for phy-
cotoxins, and assessment of the impact of ‘oligotroph-
ication’ to reduce nutrient loading and its impact on
phytoplankton, are called for.

In addition a regional ecosystem-based nutrient man-
agement strategy plan is called for, like the HELCOM
Baltic Sea Action Plan (HELCOM BSAP, 1974) in the
Baltic Marine environment which has demonstrated
the effectiveness of long-term and large-scale reduc-
tion of nutrient inputs to improve the Baltic Marine
environment (OSPAR, 2020; Murray et al., 2019).
Duarte et al. (2009) cautioned that coastal eutrophica-
tion results in shifting baselines and reduced chloro-
phyll, but prediction of trajectories of ‘oligotrophica-
tion’ of individual ecosystems is still a challenge and
should be based on more long-term systematic data.
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