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Abstract: This study investigates the toxic effects of the dinoflagellate
Gonyaulax verior on the embryonic development of medaka fish
(Oryzias javanicus) sourced from four distinct aquatic environments in
the Makassar Strait. Given the increasing presence of harmful algal
blooms in marine ecosystems, understanding the impact of toxic
dinoflagellates is crucial for assessing risks to fish populations. Embryos
were exposed to varying concentrations of Gonyaulax verior isolated
from four locations: Jeneberang Estuary, Maros Estuary, Pangkep
Estuary, and Paotere Port. The effects on embryonic mortality,
morphological abnormalities, and developmental rates were
systematically recorded. The findings revealed significant variations in
embryonic development across locations; notably, embryos exposed to
dinoflagellate toxins demonstrated increased mortality rates and higher
incidences of morphological deformities compared to control groups.
The data reveal a significant trend: embryos exposed to dinoflagellate
cysts exhibit a higher yolk absorption rate than control groups. This
trend is most pronounced in the Jeneberang Estuary, where
dinoflagellate-exposed embryos demonstrate the highest recorded yolk
absorption rate of 0.0031 mm>hour, contrasted with a control rate of
0.0027 mm?/hour. The Jeneberang Estuary exhibited the highest survival
rates, whereas the Maros Estuary and Pangkep Estuary showed alarming
levels of toxicity, leading to substantial developmental impairments.
These results underscore the ecological implications of Gonyaulax
verior proliferation and highlight the need for monitoring harmful algal
species in the Makassar Strait. This research contributes to
understanding the impact of marine toxins on fish embryonic
development. It emphasizes the need for effective management
strategies to mitigate the effects of dinoflagellate blooms on local
aquatic ecosystems.
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Introduction

Over the past few decades, reports of harmful algal
blooms (HABs) have become increasingly common
worldwide (Anderson et al., 2012; Hallegraeff, 1993;
Heisler et al., 2008; Smayda, 1997). Dinoflagellates are
responsible for 75% of HABs linked to microalgae
(Smayda, 1997), and many of these dinoflagellates
produce various biotoxins that pose serious risks to human
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health, tourism, fisheries, and ecosystems (Hallegraeff,
1993; Nair et al., 2013; Van Dolah, 2000). Although only
a limited number of toxins have been identified—such as
Paralysis Shellfish Toxins (PSTs), Amnesic Shellfish
Toxins (ASTs), Diarrhetic Shellfish Toxins (DSTs),
Neurotoxic Shellfish Toxins (NSTs), Ciguatera Finfish
Toxins (CFTs), Azaprocin Toxins (AZTs), and
karlotoxins (Botelho ef al., 2019; Farabegoli et al., 2018;
Twiner, 2008; Van Wagoner et al., 2010)—many
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ichthyotoxic ~ (fish-killing)  toxins produced by
dinoflagellates remain unidentified or uncharacterized.
These include those from Margalefidinium polykrikoides,
M. fulvescens, Amphidinium carteria, Akashiwo
sanguinea, and Pheopolykrikos hartmannii (Iwataki et al.,
2007; Murray et al., 2015; Shin et al., 2019; Tang et al.,
2013; Tang & Gobler, 2009; Xu et al., 2017). In addition
to generating toxins harmful to marine animals and
humans, many dinoflagellate species also produce
allelochemicals that adversely affect co-occurring
phytoplankton, a process known as allelopathy (Fistarol
et al., 2004; Hakanen et al., 2014; Long et al., 2021;
Tillmann et al., 2007; Yang et al., 2010).

Harmful Algal Blooms (HABs) are triggered by
various species of marine phytoplankton, many of which
generate potent biotoxins (Landsberg, 2002). These
blooms can have significant ecological and economic
repercussions, leading to mass die-offs of both wild and
farmed fish and shellfish (Anton et al., 2008; Gobler et
al., 2008; Imai et al., 2006; Richlen et al., 2010;
Shumway, 1990; Taylor & Trainer, 2002; Whyte et al.,
2001). Despite these notable effects, there is limited
knowledge about the wider ecological consequences of
numerous HABs (Gobler et al., 2008). Forage fish are
vital in marine ecosystems, as they consume algae and
other plankton, facilitating energy transfer to higher
trophic levels (Anton et al., 2008; Gobler et al., 2008;
Imai et al., 2006; Richlen et al., 2010; Taylor & Trainer,
2002). Given their importance, these fish may be
especially vulnerable to HABs. Consequently, the effects
on this group could lead to ripple effects throughout
aquatic food webs and have significant economic
ramifications (Pikitch et al., 2014).

Blooms of the toxic dinoflagellate have expanded in
their geographic reach, occurrence, and duration across
many coastal ecosystems globally (Kudela & Gobler,
2012). These blooms in various parts of Asia, Europe, and
North America have become annual occurrences (Gobler
et al., 2008; Kudela & Gobler, 2012; Richlen et al., 2010;
Taylor & Trainer, 2002; Tomas & Smayda, 2008), posing
significant challenges for managing and conserving
coastal living resources (Anderson, 2009; Kim, 2010;
Landsberg, 2002).

Fish have commonly been utilized as animal models
in toxicological research to study harmful metabolites
produced by dinoflagellates. These metabolites include
ciguatoxins (Argyle et al., 2016; Colman et al., 2004; Yan
et al., 2017, 2020), maitotoxin-3 (Argyle et al., 2016),
brevisulcatic acids (Shi et al., 2012), domoic acid
(Mincarelli et al., 2018; Tiedeken et al., 2005), okadaic
acid (Escoffier et al., 2007), and saxitoxin (G. Chen et al.,
2020; Lefebvre et al., 2004). The marine medaka is an
effective model for exploring the impacts of toxic
metabolites on physiological responses, embryonic
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development, and associated molecular biology (Dong et
al., 2014). Marine medaka has been successfully
employed to study the adverse effects of algal extracts and
toxins by analysing pathological, physiological, and
molecular characteristics. For instance, multiple studies
have demonstrated the toxic consequences of exposure to
pacific ciguatoxin-1  (P-CTX-1), which include
teratogenic effects, reduced reproductive capabilities,
abnormal swimming patterns, lower hatching rates, and
changes in stress-related gene expression (Mak et al.,
2017; Yan et al., 2017, 2020). Additionally, research has
shown early developmental toxicity, anti-estrogenic
effects, and proteomic changes induced by saxitoxin (Tian
et al., 2014), along with neurotoxicity caused by
brevetoxin PbTx-1 (Yau et al., 2019).

The Japanese Medaka (Oryzias latipes), a small
freshwater fish measuring 2 to 4 cm, has been utilized in
toxicity testing for over 50 years. They are exceptionally
resilient, have a low incidence of diseases, can withstand
a broad range of salinities and temperatures, and can be
easily bred in laboratory conditions. In various toxicity
assessments, small fish serve as effective vertebrate
models, acting as ecological sentinels (providing quick
assessments to predict toxicity in mammals) or as detailed
tools for mechanistic research (Hinton et al., 2005; Law,
2001; Shima & Mitani, 2004). Testing protocols may
involve multi-generational exposures and acute or chronic
exposure of adults or developing embryos to individual
compounds or mixtures. Advanced experimental techniques
are also available, including stable transgenic lines (Fu ez al.,
2000; Wayne et al., 2005) and morpholino knock-down
methods (Carl et al., 2002; Paul-Prasanth et al., 20006).

The fish embryo test (FET) has gained recognition
over the past decade as a potentially useful method for
evaluating the acute toxicity of chemicals and effluents to
fish (Braunbeck et al., 2005; Embry et al., 2010; Lammer
et al., 2009; Schulte & Nagel, 1994). Originally, the FET
was designed as a 48-hour assay where recently fertilized
embryos (under 1 hour old) are exposed to various
chemical concentrations, with lethality being measured
throughout the study (Schulte & Nagel, 1994). Signs of
lethality include embryo coagulation, absence of somites,
failure of the tail to detach, or lack of heartbeat, all of
which can result in death. In a prior study (Liu ef al.,
2007), an effective assay using larval medaka (Oryzias
latipes) was developed. Organic toxicants were
concentrated 10 to 100 times from 4 litres of river water
using disposable commercial adsorption cartridges (Liu e?
al., 2007). The Japanese medaka can be easily raised in a
small laboratory setting (Marsh et al., 2010). It has been
utilized as a model organism in various studies within
environmental toxicology and developmental biology due
to its transparent chorion and relatively large size, which
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enhance observation (Chen et al., 2001). This species is
believed to maintain a consistent reproductive capacity
throughout the year. Medaka embryos have been
effectively utilized to investigate the teratogenic impacts
of azaspiracid, a newly identified marine phycotoxin, as
well as the developmental toxicity of okadaic acid, which
is associated with diarrhetic shellfish poisoning (Colman
et al., 2005; Escoffier et al., 2007).

Using Oryzias javanicus (commonly known as the
Javanese medaka) for toxicity testing in this study offers
several notable advantages, particularly in the context of
assessing the impacts of harmful dinoflagellates like
Gonyaulax verior. Oryzias javanicus is known for its
sensitivity to a wide range of environmental pollutants,
including heavy metals, pharmaceuticals, and toxic algal
blooms. This sensitivity makes it an effective bioindicator
for evaluating the health of aquatic ecosystems (Hwang et
al., 2011). The medaka has a short embryonic
development period, typically hatching within 14 days
under optimal conditions. This rapid development allows
for efficient evaluation of toxicological effects on
embryonic and larval stages, making it suitable for time-
sensitive studies (Iwamatsu, 2004). Oryzias javanicus can
be easily bred and raised in laboratory conditions,
ensuring consistent availability for experiments. They can
thrive in freshwater and brackish water environments,
which is beneficial for research focused on a variety of
aquatic habitats (Sakamoto, 2018).

There were several previous studies to test the toxicity
of several dinoflagellates toxins to the embryo of Oryzias
melastigma. However, there were not too many studies to
test the toxicity of dinoflagellates toxins to Oryzias
Jjavanicus embryos. This study investigates the toxicity of
dinoflagellates collected from four different locations in
the Makassar Strait on the embryos of Oryzias javanicus.
Oryzias javanicus serves as an ideal model organism for
toxicity testing due to its sensitivity to contaminants, rapid
development, ease of laboratory culture, and relevance to
broader ecological and economic contexts. The findings
from studies using this species can significantly contribute to
understanding the impacts of toxins like those produced by
Gonyaulax verior on aquatic ecosystems.

Materials and Methods

The materials used in this study were O. javanicus fish
eggs as an object of observation, ERM as an embryo
maintenance medium and used as a dilution material for
dinoflagellates microalgae toxins. Fengli 0 and nauplii
Artemia sp. as fish feed for O. javanicus and
dinoflagellate microalgae poison solution as a poison to
be exposed to O. javanicus fish embryos.

Oryzias javanicus Fish Rearing

Oryzias javanicus fish were obtained from the
Laboratory of Aquatic Animal Physiology, Department of
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Fisheries, Faculty of Marine Sciences and Fisheries,
Hasanuddin ~ University, Makassar. During the
maintenance period, the fish are fed Fengli 0 trademark
commercial feed in powder and naupli Artemia sp. Fengli
0 feed is given with a frequency of twice a day, and naupli
Artemia sp. is given once a day. Cleaning of the aquarium
is carried out when there was leftover feed at the bottom
of the aquarium. Cleaning was done by disposing of water
in the aquarium using a siphon cleaner; the aquarium is
refilled with water.

Fertilization and Harvesting of Oryzias javanicus
Fish Eggs

Eggs are obtained from brood stock of O. javanicus.
Fertilization in O. javanicus broodstock occurs naturally
in the aquarium. After fertilization, the mother attaches
her eggs to the abdomen, and the eggs are collected like
grapes bound by threads (Herjayanto et al., 2019; Yaqin,
2021). O. javanicus can produce 30-80 eggs (Yaqin et al.,
2021).

The mother who has laid eggs is removed using a
shovel (small net), then the eggs are harvested, and the
mother is returned to the aquarium. The harvested eggs
are put into a petri dish, first filled with ERM (Embryo
Rearing Media) embryo rearing medium. To clean and
separate the egg from its fine threads, the egg is gently
rubbed using the index finger (Yaqin, 2021; Yaqin ef al.,
2021).

Preparation of Oryzias javanicus Embryos in the
Laboratory

Eggs separated from the broodstock and cleaned of
fine threads were then observed under a microscope using
40x magnification to select unfertilized eggs (see Yaqin
et al.,, 2021 for criteria). Fertilized eggs (those with a
separated chorion and yolk) were retained for the study.
Unfertilized eggs were marked with a chorion, and the
yolk was not separated by a perivitelline chamber,
meaning the eggs could not be used in this study. The egg
has been fertilized if the perivitelline space has separated
the chorion and yolk. These eggs were used in this study.

Retrieval and Hatching of Dinoflagellate Cysts

Dinoflagellates were taken from Pangkep River,
Jeneberang River, Maros River, and Paotere Port, which
were still cysts. They were then cultured until the cysts
were hatched at the laboratory. The dinoflagellates culture
is impure. The solution containing the species from the
hatched cyst was then put into a sample culture bottle and
stored in the Aquatic Animal Physiology laboratory for
exposure to the embryos of the medaka O. javanicus. The
species of hatching cysts were identified as consisting of
3 types of species, namely Scripsisiella cf. rotunda,
Scrippsiella crystallina (non-toxic) (Rukminasari &
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Tahir, 2021) and dominated by Gonyaulax verior (toxic)
(Khokhar et al., 2018; Mohamed, 2018).

Dilution of Dinoflagellates

The dilution of the dinoflagellate microalgae solution
was based on the culture medium, knowing that the
dominant species in the culture bottle was the toxic
species of Gonyaulax verior. So, in the sample vial, it was
assumed to be a solution with a concentration percentage
of 100%. Then, it was diluted twice to be made into a
solution with a concentration percentage of 50% and 75%.

The first dilution was done by inserting 50 mL of ERM
solution into a 100 mL measuring cup. Then, as much as
50 mL from the 100% concentration was added to a
solution of dinoflagellate microalgae. After that, it was
put into a sample vial and stirred to fuse the solution. So,
it becomes a solution of microalgae poison with a
concentration of 50%. The second dilution was done by
inserting 25 mL of ERM solution into a 100 mL
measuring cup. Then, a solution of microalgae
dinoflagellates was added, as much as 75 mL from the
100% concentration solution, into the sample bottle and
stirred so that the solution fused. So, it becomes a solution
of dinoflagellates microalgae poison with a concentration
of 75%. While embryos that are only given ERM act as
controls.

Experimental Design

This study used a quasi-experimental method. A
quasi-experiment was a research method that, in its
application, does not use random assignments (random
assignment) but uses existing groups. The study was
conducted with one control group with three treatments of
dinoflagellate toxin concentrations, with ten replicates (1
embryo each). The number of replicate per group was ten
due to usual number of replicate for a quasi-experimental
method. Dinoflagellate toxin solutions were prepared
with different concentrations with a total of three
treatments with one control; the details of each treatment
were on medium B (50%), medium C (75%), medium D
(100%), and medium A as a control.

Embryos were inserted into each of the 24-well micro-
plates using a dropper pipette. Then, each well from the
embryo's micro-plate was exposed to a pre-made
dinoflagellate toxin concentration of 2 mL. The embryos
were exposed to the toxin at phase 19, which is the
organogenesis phase. The exposure in phase 19 was
carried out to avoid the suspicion that the embryo
underwent pseudo-fertilization. The number of eggs used
for each treatment was as many as 10 embryos, with a
total of 40 embryos obtained from the spawning of female
mothers in the aquarium.

Parameters tested

Egg Diameter
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The diameter of the egg was measured by drawing the
arrow line horizontally and vertically using the Image
Raster 3.0 application; then a formula was used to obtain
the diameter of the egg (Rodriguez et al., 1995)

(D

D, =\/Dxd

Where:

Ds = Actual diameter (mm)

D = Horizontal diameter (mm)
d = Vertical diameter (mm).

Egg Yolk Volume and Egg Yolk Absorption Rate

Measurement of yolk volume is a method used in
evaluating embryo growth and development (Wang et al.,
2020). The volume of the yolk was calculated by drawing
the arrow lines horizontally and vertically on the yolk ball
using the Image Raster 3.0 application. then calculated
using the following formula (Hardiana et al., 2024).

2

v (E) x LH2

6
Where:
V = Volume of the yolk (mm)
L = Length of the yolk diameter (mm)
H = Height of the yolk diameter (mm).

After obtaining the value of the yolk volume, the yolk
absorption rate was calculated using the following
formula (Hardiana et al., 2024).

Vo1 A3)

o—Vt
LKT = g
(t —to)

Where:
LKT = Egg yolk absorption rate (mm?/h)
V0 = Initial volume (mm?)
Vt. = Volume end (mm?)
t = Start time (hours)
to = End time (hours).

Observation of Embryo Survival Rate (SRE)

Survival is the percentage of the ratio between the
number of embryos that survive early maintenance and
the number of embryos that survive late maintenance.
Calculated by formula (Gebreab, 2022).

4

Final number of maintenance embryos

SRE = x 100%

Initial number of maintenance embryos
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A living embryo is characterized by the appearance of
a heartbeat in the heart and the presence of embryo
movement in the egg. In contrast, dead embryos were not
found to have a heartbeat (Wang ef al., 2020).
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Early Hatching Larval Length

Larval observation was carried out using a stereo
microscope with a magnification of 1.5x. The larval
images were then documented using the Optilab viewer
application. The Image Raster 3.0 application measures
the larval body's total length in each hatched embryo. The
total body length of Oryzias javanicus larvae was
measured from the tip of the lower jaw to the tip of the tail
fin (Wang et al., 2020). The results of the measurements
were then recorded.

Hatching Time

Hatching was characterized by the chorion membrane
having ruptured and the larvae actively moving (Yaqin e?
al., 2022). The hatched eggs are recorded every day from
the first hatching until all the embryos in each hatching
medium are hatched. Embryos that have fully emerged
from the chorion were considered to have hatched and are
considered not to hatch if the opposite occurs (Wang et
al., 2020).

Data Analysis

The data analysis was carried out using statistical
analysis using GraphPad Prism 5 software, which
conducted a non-parametric Kruskal-Wallis test followed
by a Dunn test analysis. The Kruskal-Wallis test provided
a robust and appropriate statistical framework for
analyzing this study's toxicity data, considering the non-
normal distribution, independent group comparisons, and
the need for a method that can handle potential outliers
effectively. Statistical analysis was carried out on
embryogenesis observation parameters such as egg
diameter, yolk absorption rate, heart rate, hatching time,
and length of the initial hatching larvae and embryo
survival. The results of the abnormality observation will
be presented in a descriptive and image form. The results
of statistical data analysis are presented descriptively and
graphically.

Results and Discussion
Embryonic Parameters

This analysis investigates the rate of yolk consumption
by developing embryos, a vital physiological process
influencing their growth and survival as shown in Fig. 1a.
The data reveals a significant trend: embryos exposed to
dinoflagellate cysts exhibit a higher yolk absorption rate
than control groups. This trend is most pronounced in the
Jeneberang Estuary, where dinoflagellate-exposed
embryos demonstrate the highest recorded yolk
absorption rate of 0.0031 mm?3/hour, contrasted with a
control rate of 0.0027 mm?hour. Statistical analysis
indicates that the differences in yolk absorption rates
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between the groups are significant in both the Jeneberang
and Maros Estuaries—as denoted by the differentiation of
letters 'a' and 'b' above their respective bars—suggesting a
robust effect of dinoflagellate exposure on yolk
consumption.

This analysis underscores the importance of yolk
consumption rates in developing embryos and highlights
the significant impact that dinoflagellate cysts may have
on this vital physiological process. The study indicates
that embryos exposed to dinoflagellate cysts show
enhanced yolk absorption compared to controls, with the
most pronounced effects observed in the Jeneberang
Estuary. The recorded yolk absorption rate of 0.0031
mm?hour for dinoflagellate-exposed embryos, compared
to 0.0027 mm?3/hour for controls, suggests a meaningful
interaction between dinoflagellates and the embryonic
development process.

The implications of these findings extend to
understanding the ecological dynamics within marine
environments. Elevated yolk absorption rates may
indicate that dinoflagellate exposure could enhance
metabolic activity in developing embryos, potentially
leading to faster growth rates. However, this accelerated
growth requires further investigation to determine its
benefits and potential drawbacks, such as the risk of
hatching emerging with reduced energy reserves due to
rapid yolk depletion (Ceballos-Osuna et al., 2014). In
trophic terms, the increased metabolic demands and
subsequent yolk utilization can influence survival rates,
especially if post-hatch food availability is inconsistent
(Lentz et al., 2020).

Moreover, the statistical significance of the
differences in yolk absorption rates across the Jeneberang
and Maros Estuaries indicates that the presence of
dinoflagellates can influence not only individual
development but also community dynamics and
population health (Thompson et al., 2022). Therefore,
these findings invite further exploration into the
ecological roles of dinoflagellates and their potential
impact on larval health and survival in various
ecosystems.

This analysis aims to elucidate the relationship
between larval size at hatching and exposure to
dinoflagellate cysts, which is a crucial indicator of
developmental progress and subsequent survival potential
as shown in Fig. 1b. The data consistently demonstrate
that larvae subjected to dinoflagellate cysts exhibit
reduced size at hatching compared to control groups
across all four study locations. Notably, this trend is most
pronounced in the Jeneberang Estuary, where control
larvae attain an average length of 4.8 mm, in contrast to
dinoflagellate-exposed larvae, which measure only 4.1
mm. The statistical significance of this difference is
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consistent across all locations, underscoring the
widespread and substantial impact of dinoflagellate
exposure on larval growth. The shortest larvae recorded at
hatching, measuring 3.9 mm, are found within the
dinoflagellate treatment group at Paotere Port.

a)

0.004+
Il Control treatment (ERM)

0.000 I I

Jeneberang Estuary Maros Estuary
b)

Dinoflagellate cyst treatment

a
a a b
I T I :

Pangkep Estuary Paotere Port

0.003

0.0024

0.001

Egg yolk absorption rate (mm"/hmlr)

69

-I I

Maros Estuary

'S

™

Length of larvae prior hatch (mm)

Pangkep Estuary Paotere Port

a b a

Maros Estuary Pangkep Estuary

Jencherang Estuary

c)
L5

C

Egg diameter (mm)

0.5

0.0

Jeneberang Estuary Paotere Port

Location

Fig. 1: a. Eggs yolk absorption rate (mm*/hour), b. length of
larvae prior to hatch (mm), and c. egg diameter (mm)
during embryonic development of medaka embryos
exposed or mnot to various concentrations of
dinoflagellate cyst. Note different lowercase letters

indicate a significant difference (P<0.05).

The implications of reduced larval size at hatching are
multifaceted. Smaller larvae are generally more
vulnerable to predation and may have diminished
foraging capabilities, which could contribute to lower
survival rates (Houde, 2008). This phenomenon has far-
reaching consequences for population dynamics and
community structure in marine ecosystems, as smaller,
less robust larvae are less likely to recruit successfully into
adult populations (Wilson et al., 2016). Furthermore, the
finding that the shortest larvae, measuring 3.9 mm, are
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from the dinoflagellate treatment group at Paotere Port
underscores the potential local variability in the effects of
environmental stressors, suggesting that certain locations
may be more susceptible to detrimental impacts from
dinoflagellates.

Additionally, underlying mechanisms may be driving
the observed reduction in larval size. For instance,
exposure to harmful compounds released by
dinoflagellates could trigger physiological stress
responses that lead to premature hatching or suboptimal
growth conditions (Peck et al., 2004). Such stressors may
result in larval energy being diverted away from growth
and development, ultimately impacting their fitness and
survival in a competitive marine environment.

Overall, this analysis underscores the critical
importance of understanding the effects of dinoflagellate
exposure on larval development. As marine ecosystems
face increasing pressures from harmful algal blooms, such
research is essential for predicting shifts in population
dynamics and ensuring the sustainability of marine
resources.

This investigation elucidates the significant
relationship between egg size and maternal investment,
highlighting how exposure to dinoflagellate cysts can
adversely affect this vital reproductive metric. The
findings indicate a clear trend of reduced egg diameter in
the presence of dinoflagellates, particularly within the
Jeneberang Estuary, where control eggs average 1.3 mm
in diameter, while eggs exposed to dinoflagellate cysts
measure only 1.0 mm as shown in Fig. 1c. This substantial
difference in egg size evidenced by statistical significance
across the Jeneberang and Maros Estuaries—suggests a
deleterious effect of dinoflagellate exposure on egg
development and maternal resource allocation.

The reduction in egg size associated with
dinoflagellate exposure may be attributed to several
potential mechanisms. One primary explanation is that the
physiological stress induced by environmental factors
associated with dinoflagellates may lead to decreased
energy allocation for oocyte production in adult females
(Baker et al., 2017). This stress can result in smaller eggs
that may not provide adequate energy for developing
embryos, potentially affecting their survival rates post-
hatching. Additionally, the compounds released by
dinoflagellates could disrupt the normal processes of
oogenesis, leading to the production of smaller, less viable
eggs (Llanos et al., 2021).

Moreover, observing the smallest eggs recorded in the
dinoflagellate treatment group at Paotere Port highlights a
potential geographical variability in maternal investment
influenced by local environmental conditions, which
warrants further investigation into the interactions
between dinoflagellates and reproductive success in
marine organisms.

Ecosystem-level implications are significant; smaller
egg size can result in lower energy reserves for developing
larvae, influencing larval growth, resilience to stressors,
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and ultimately their survival in the wild. Understanding
the impacts of dinoflagellate exposure on egg size and
maternal investment is vital for predicting population
dynamics and ecological balance in affected habitats.

Growth Rate, Absolute Growth And Survival Rate

Fig. 2a. illustrated the daily growth rate of the
organism, likely a marine species, in millimeters per day.
The experiment compares a control environment (ERM)
against a treatment where dinoflagellate cysts are
introduced. Across all four locations (Jeneberang Estuary,
Maros Estuary, Pangkep Estuary, and Paotere Port), we
observe negative growth rates, meaning the organisms
are, on average, decreasing in size each day as shown in
Fig. 2a.

The overarching trend is negative growth, suggesting
unfavorable conditions across all locations. However, the
degree of negative growth varies. Jeneberang Estuary and
Paotere Port show the least negative growth rates in both
treatments, hovering around 0 mm/day. In contrast, Maros
Estuary and Pangkep Estuary exhibit the most substantial
decline, with growth rates plummeting to approximately -
0.8 mm/day. This provides valuable insights into the daily
growth rates of a marine organism, revealing a concerning
trend of negative growth across all study locations when
comparing a control environment (ERM) with a treatment
involving the introduction of dinoflagellate cysts. The
data indicate that organisms are, on average, decreasing in
size, which signifies unfavorable growth conditions
prevailing in these environments. Notably, while all four
locations Jeneberang Estuary, Maros Estuary, Pangkep
Estuary, and Paotere Por-show negative growth, the
severity of this decline varies by location.

The relatively less negative growth rates observed in
Jeneberang Estuary and Paotere Port, which stabilize
around 0 mm/day, indicate that these environments may
be less harsh compared to Maros Estuary and Pangkep
Estuary, where growth rates significantly decline to
approximately -0.8 mm/day. This disparity highlights the
potential influence of local environmental factors,
including water quality, availability of food resources,
and the presence of competing or predatory species, which
affect organism growth.

Statistical designations—represented by letters 'a' and
'b' above the bars on the graph—are pivotal for
understanding the significance of the results. Bars sharing
the same letter within individual locations indicate no
statistically significant differences in growth rates
between the control and treatment groups at those sites.
However, the differing letters suggest considerable
variations in growth rates across locations, pointing to the
conclusion that geographic variability has a more
substantial impact on growth dynamics than the
introduction of dinoflagellate cysts alone.
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These findings underscore the complexity of marine
ecosystems and emphasize the necessity of factoring in
local environmental conditions when assessing the
influence of specific biotic factors, such as
dinoflagellates, on growth rates. The persistent negative
growth trend raises concerns about the overall health and
viability of the studied organisms, potentially implicating
broader ecological consequences in affected areas.
Dinoflagellate cysts do not significantly impact the
growth rate within each location. However, regardless of
treatment, the 'a' and 'b' designations reveal significant
differences between locations. This suggests that location
plays a more critical role in influencing growth rate than
the presence of dinoflagellate cysts.

Fig. 2b. shifts the focus from daily growth rate to the
overall change in size (in millimeters) over the
experimental period. Again, negative values dominate,
reinforcing the observation of size decrease across all
locations and treatments. Mirroring the growth rate trend,
absolute growth is most negative in Maros Estuary and
Pangkep Estuary, reaching around -4 mm (Fig. 2b). This
significantly reduces organism size. Jeneberang Estuary
and Paotere Port show less severe size reduction, with
values closer to -1 mm, indicating relatively less harsh
conditions. As indicated by the letters, the statistical
analysis reinforces the findings from the graph (a). No
statistically significant difference exists between the
control and dinoflagellate cyst treatment within each
location. However, significant differences are apparent
between locations (‘a’ vs. 'b'), highlighting the dominant
influence of location on absolute growth.

This underscores a concerning trend regarding the
overall change in size (in millimeters) of the marine
organisms over the experimental period, highlighting a
predominance of negative values that indicate a reduction
in size across all locations and treatments. The consistent
observation of negative growth aligns with previous
findings that indicate unfavorable environmental
conditions affecting organism growth and development.

Maros Estuary and Pangkep Estuary are identified as
the locations experiencing the most substantial size
reductions, with organisms showing a decrease of
approximately -4 mm. This magnitude of size reduction is
indicative of severe environmental stressors that may be
detrimental to the overall health of populations in these
estuaries (Peck ef al., 2004).

Such significant decreases can have dire implications
for the entities involved, as reduced body size in aquatic
organisms is often associated with decreased fitness,
impairments in reproductive success, and heightened
vulnerability to predation.
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Fig. 2: a. Growth rate (mg/day), b. absolute growth (mm), and

c. survival rate of medaka fish larvae exposed to various
concentrations of dinoflagellate cysts. Note different
small case letters indicated a significant difference
(P<0.05).

The lack of statistically significant differences
between the control and treatment groups at each location
reinforces the notion that dinoflagellate cysts, while
potentially harmful, may not impose additional stress
compared to the challenging environmental conditions
already present. However, the marked statistical
differences between locations, indicated by designations
of 'a' versus 'b', emphasize the predominant role that
geographic variability plays in influencing absolute
growth rates (Okubo, 1986). This highlights the
importance of integrating ecological considerations when
assessing the effects of specific stressors like
dinoflagellates on marine organisms.

Fig. 2c examined the survival rates of the organism at
two developmental stages: embryo and larvae. It provides
insights into how well the organism survives across the
four locations. Survival rates are generally low, especially
for larvae. Jeneberang Estuary stands out with the highest
survival rates, approximately 20% for embryos and a
more promising 60% for larvae. In stark contrast, Maros
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Estuary, Pangkep Estuary, and Paotere Port show
alarmingly low survival, nearing 0%, particularly for the
larval stage. Although no specific statistical tests are cited,
the prominent error bars, especially for larvae, hint at high
variability in the data. This variability could make it
statistically challenging to discern definitive differences
between locations. However, the visual trend strongly
suggests that Jeneberang Estuary provides a significantly
more hospitable survival environment than the other
locations.

This highlights the concerning issue of low survival
rates among early life stages of marine organisms,
particularly larvae, which are critical for the continuation
of populations. The Jeneberang Estuary emerges as a
remarkable exception, boasting higher survival rates with
approximately 20% for embryos and a more encouraging
60% for larvae. This suggests that environmental
conditions within the Jeneberang Estuary may be
comparatively more favorable for the development and
survival of these organisms, potentially due to a
combination of suitable habitat features, availability of
food resources, and reduced predation pressure.

In contrast, the survival rates observed in Maros
Estuary, Pangkep Estuary, and Paotere Port are
alarmingly low, particularly for larvae, which approach
levels of 0%. Such stark reductions in survival rates
indicate extremely challenging conditions for these
organisms’ early life stages in these locations. Factors
contributing to this high mortality could include poor
water quality, low food availability, habitat degradation,
or increased levels of predation, all of which can
significantly impact larval and embryo survival.

Large error bars in the data, particularly for larvae,
suggest high variability in survival rates, which may
reflect the heterogencous nature of environmental
conditions across these estuaries. This variability could
make applying statistical tests to discern clear differences
between locations challenging, leading to possible
underestimations of location-specific challenges facing
early life stages (Morris et al., 2014). High variability in
survival data is often characteristic of systems
experiencing significant environmental stressors, where
factors such as food patchiness or predatory dynamics can
fluctuate dramatically over short timescales (Thorson,
1950).

Conclusion

This study highlights the significant toxic effects of
the dinoflagellate Gonyaulax verior on the embryonic
development of medaka fish (Oryzias javanicus) across
various locations in the Makassar Strait. The analysis
demonstrates that exposure to Gonyaulax verior not only
increases embryonic mortality rates but also leads to a
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higher prevalence of morphological abnormalities and
developmental delays. Notably, the varying toxicity levels
from different water sources indicate that environmental
factors may exacerbate the deleterious effects seen in
embryos, with the Maros Estuary and Pangkep Estuary
exhibiting the most severe impacts on development. In
contrast, the Jeneberang Estuary presented relatively
better outcomes, suggesting that localized ecological
conditions may play a critical role in modulating the
effects of dinoflagellate toxicity.

These findings underscore the urgent need for
continuous monitoring of harmful algal blooms and their
potential implications for aquatic ecosystems, particularly
in regions where fish populations rely on the health of
embryonic stages for their recruitment. Additionally, this
research informs conservation and management strategies
to mitigate the impacts of dinoflagellate exposure on
marine biodiversity. Further investigations into the
mechanisms behind the toxicity of Gonyaulax verior will
be essential for developing preventive measures and
ensuring the sustainability of fish populations within the
influenced habitats of the Makassar Strait.
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