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Abstract
Using modiﬁed clay is one of the most promising methods for the mitigation of harmful
algal blooms (HABs). However, the environmental impact of modiﬁed clay has become a subject of global
concern. In this study, turbot (Scophthalmus maximus L.) embryos were used as a model to assess the
eﬀect of modiﬁed clay on this sensitive stage of ﬁsh development. Results show that the 24 and 48h LC50
(median lethal concentrations) of the modiﬁed clay were 1.70 and 1.65 g/L, and the safe concentration
was 0.47 g/L, which is much higher than the concentration used to treat HAB. The modiﬁed clay did not
aﬀect signiﬁcantly the hatchability of turbot embryos but when the concentration exceeded 0.50 g/L, the
deformity rate of newly hatched larvae increased signiﬁcantly. The total length, speciﬁc growth rate (SGR)
and yolk sac absorption rate of larvae reached their peaks at 0.50 g/L and then gradually decreased as the
concentration of modiﬁed clay increased. Therefore, a moderate amount of modiﬁed clay does not harm the
survival and hatching of turbot embryos, or the growth and development of newly hatched larvae.
Keyword: modiﬁed clay; turbot; embryo; larvae; survival; growth

1 INTRODUCTION
In recent years, the frequency, intensity, and area of
coverage of harmful algal blooms (HABs) have been
increasing with the eutrophication and environmental
degradation of seawater (Anderson et al., 2002).
Outbreaks of HAB have seriously aﬀected the
development of ﬁsheries and aquaculture in coastal
areas, resulting in huge economic losses (Larkin and
Adams, 2007; Jin et al., 2008). A recent report by the
National Oceanic and Atmospheric Administration
(NOAA) summarized most of the recent literature on
HABs and concluded that they are responsible for
annual economic losses of $75 million in the United
States alone (Larkin and Adams, 2007). To mitigate
and manage this problem, new technologies and
control methods have been developed that include
various physical, chemical and biological approaches.

However, most of these technologies have only been
tested in the laboratory, and few can currently be used
in the ﬁeld.
Clay is a non-toxic, naturally occurring material
that scavenges algal cells from water and carries them
to bottom sediments (Anderson, 1997). However,
unmodiﬁed clay has been found to remove algal cells
ineﬃciently, meaning that a large amount of clay is
needed (Liu et al., 2016). Notably, the cell-removal
capacity of clay can be greatly increased through
modiﬁcation. Modiﬁed clay technology has been
proven to be eﬀective in the ﬁeld and is considered the
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most promising emergency treatment method because
of its high removal eﬃciency, cost-eﬀectiveness and
potentially low environmental impact (Anderson,
1997). To date, modiﬁed clay has been employed for
emergency control in both freshwater and seawater
systems, especially in China, Japan and Korea (Sengco
and Anderson, 2004; Lee et al., 2008; Pan et al., 2011).
However,
the
potential
ecological
and
environmental eﬀects of modiﬁed clay when used for
HAB mitigation have attracted considerable attention,
especially regarding the impacts on non-target
organisms. Field application of yellow clay to control
blooms of Cochlodinium polykrikoides Margalef was
found to not adversely aﬀect ﬁsh aquaculture if the
clay was dispersed at a concentration below 0.23%
(Lee et al., 2013a). Furthermore, aluminized modiﬁed
zeolite clay was found to neither aﬀect the survival of
crayﬁsh nor produce any sub-lethal eﬀects on crayﬁsh
mobility or physiology at an application concentration
of 350 g/m2 in Lake Okaro (Parkyn et al., 2011).
Additionally, previous studies conducted in the
laboratory have investigated the eﬀects of clay on
adult Penaeus chinensis Osbeck (Sun et al., 2000),
Pagrus major (Temminck et Schlegel), Paralichthys
olivaceus (Temminck et Schlegel) (Lee et al., 2013b),
Perna viridis Linnaeus, milkﬁsh (Chanos chanos
Forsskål), sea bass (Lates calcarifer Bloch), rabbitﬁsh
(Siganus guttatus Bloch) (Orizar et al., 2013),
Daphnia magna, Cyprinus carpio and Limnodrilus
hoﬀmeisteri (Wang et al., 2016). Apparently, the adult
stages of aquatic organisms and ﬁshes with better
swimming ability strongly resist or actively avoid
adverse environmental conditions, whereas the
sensitive stages of organisms are usually more
vulnerable. Therefore, the sensitive life stages of
organisms, such as juvenile Penaeus japonicas Bate
(Song et al., 2003), Crassostrea gigas Thunberg (Gao
et al., 2007), Crassostrea virginica Gmelin (Urban Jr.
and Kirchman, 1992), Mercenaria mercenaria
L. (Archambault et al., 2004), Patinopecten yessoensis
Jay (Wang et al., 2014a) and Apostichopus japonicus
Selenka (Wang et al., 2014b), have been further
studied. These studies show that modiﬁed clay causes
insigniﬁcant harm to the survival and growth of these
organisms even at concentrations higher than those
eﬀective in treating HAB. Previous studies on the
ecological eﬀects of modiﬁed clay have mainly
focused on the adult and larval stages of organisms,
but the eﬀects on embryos have rarely been
investigated. However, ﬁsh embryos have been
reported to be the most sensitive life stage to

Vol. 37

environmental pollutants (Marty et al., 1990; Hamm
and Hinton, 2000). Thus, it is necessary to study the
eﬀect of modiﬁed clay on this particularly sensitive
and vulnerable developmental period in organisms.
Turbot (Scophthalmus maximus L.) is considered
one of the most promising species for marine ﬁsh
farming because of its resistance to low temperatures,
rapid growth rate, disease resistance and delicious
taste. In recent years, there has been an increase in the
production of this species, especially in Spain, France,
Norway and China (Kim et al., 2005; Paulsen et al.,
1998). Embryonic development in turbot is essentially
the same as that in other teleost ﬁsh with telolecithal
eggs that hatch after the blastocyst and gastrula stages,
followed by development into the larval and juvenile
stages. Thus, turbot, which is a typical teleost ﬁsh and
an important commercial species, is a good model
organism. We hypothesized that moderate
concentration of modiﬁed clay would cause negligible
harm to the embryo-larval stages of turbot, whereas
excessive modiﬁed clay might lead to higher mortality
rate or abnormal development of the embryos and
larvae. We also hypothesized the application of
modiﬁed clay in the ﬁeld with a limited concentration
would not adversely aﬀect the survival and
development of embryos and newly hatched larvae. In
the present study, the eﬀects of modiﬁed clay on the
survival and growth of the embryo-larval stages of S.
maximus were investigated to provide a reference for
the treatment of HAB using modiﬁed clay, especially
in the spawning and nursery grounds of ﬁshes.

2 MATERIAL AND METHOD
2.1 Embryo and modiﬁed clay preparation
The healthy embryos were purchased from a ﬁsh
farm (Weihai, Shandong, China) and cultured to the
blastocyst stage of the experiment. The embryos were
reared under natural light conditions at the Institute of
Oceanology, Chinese Academy of Sciences, at 18°C,
water pH 7.9, the dissolved oxygen content >5.0 mg/L,
and salinity of 30–31.
The clay used for the experiment was a type of
kaolin produced in Jiangsu Province, China, and was
modiﬁed using the method described by Yu et al.
(1994). Polyaluminum chloride (PAC) was employed
as the modiﬁer at a ratio of 1:5 (w/w), which is the
ratio that is typically used in the ﬁeld. For the subacute
experiments, a turbid liquid containing the modiﬁed
clay was prepared with hyper-pure water at a density
of 500 g/L (w/v) and shaken violently.
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Table 1 Survival rate of S. maximus treated with varying concentrations of modiﬁed clay
Survival rate (%)

*

Concentration of modiﬁed clay (g/L)

LC50 (g/L)

0

0.25

0.5

0.75

1.0

5.0

24 h

92.5±3.8

89.4±3.1

83.5±12.2

79.2±11.8

75.8±6.3

0±0*

1.70

48 h

92.5±3.8

87.5±1.3

82.2±11.1

78.3±11.2

75.4±3.6

0±0*

1.65

SC (g/L)

0.47

signiﬁcant diﬀerence compared to controls at P<0.05.

2.2 Impact assessment tests
Eighty turbot embryos were assigned randomly to
each of 18, acid-rinsed 1-L glass beakers containing
1 L of membrane-ﬁltered (0.45 μm) seawater. The
control group beakers did not receive modiﬁed clay,
while 0.5, 1.0, 1.5, 2 or 10 mL of turbid liquid
containing modiﬁed clay was slowly and evenly
added to the beakers of the experimental groups so
that the ﬁnal modiﬁed clay concentrations were 0
(control), 0.25, 0.5, 0.75, 1.0, and 5.0 g/L, respectively.
All experiments were conducted in triplicate under
the conditions described above. After the modiﬁed
clay was added, the number of surviving embryos
was observed and counted every 8 h to determine the
cumulative mortality and the lethal concentration
causing 50% mortality (LC50). Embryos were
considered dead when they were deposited onto the
bottoms of the beakers or turned opaque and white.
After all of the larvae were hatched, the following
biological indexes of newly hatched larvae were
measured:
(1) Hatching rate: percentage of the number of
larvae that hatched during the test relative to the
number of embryos initially stocked in each beaker
(80). The number of larvae was determined by
counting with the naked eye after 56 h. No larvae
hatched in any treatment after 56 h, the deﬁned
deadline of hatching.
(2) Morphological abnormality: percentage of the
total number of abnormal larvae out of the cumulative
number of larvae that hatched during the test. This
index was determined by observing all of the newly
hatched larvae under an inverted microscope.
(3) Heart rate: 5 larvae were randomly sampled
with the required amount of seawater from each
beaker at 56 h, and transferred to 24-well plates, in
which 1-min videos were shot using a microscope to
record the number of heartbeats. The larvae were then
returned to the beakers. At 80 h and 96 h, 5 larvae
were randomly sampled again, and their heartbeats
were recorded as described above.
(4) Yolk absorption rate: 10 larvae were randomly
sampled from each beaker at 56 h and 96 h respectively,

and the yolk adsorption rate was deﬁned as follows:
R=(V0–Vt)/t, where V0 and Vt are the sizes of the yolk
sacs of normally developing individuals at 56 h and
96 h, respectively, and t is the elapsed time in hours.
Yolk size (V, mm3) was measured according to the
following formula: V=π·a·b2/6, where a and b are the
major and minor axes of the yolk sac, respectively.
(5) Speciﬁc growth rate (SGR): 10 larvae were
randomly selected from each beaker, and SGR was
calculated according to the following formula:
SGR=100×(eg–1), and g=(lnLt–lnL0)/t, where Lt and
L0 are the ﬁnal (96 h) and initial (56 h) larval lengths
of the normally developing individuals, respectively;
and t is the test duration in days.
(6) Safe concentration (Wang, 2012): SC=0.3×48 h
LC50/(24 h LC50/48 h LC50)2.
2.3 Statistical analysis
Probit analysis, as described by Finney (1997), was
used to determine the LC50 as well as the median
eﬀective concentration (EC50) of modiﬁed clay that
deformed 50% of the exposed embryos at a 95%
conﬁdence level. Prior to analysis of variance
(ANOVA), the data were tested for a normal
distribution using the Kolmogorov-Smirnov test and
for homogeneity of variance using Levene’s test. The
data of survival rates, hatching rates, morphological
abnormality and heart rates met the two assumptions
(normality and homogeneity of variance). Diﬀerence
analysis of these data and the calculated values
(mean±SD) of yolk absorption rate and SGR which
were derived from the mean and standard deviation of
variable V and L at 56 and 96 h according to the
formula described by (Harvard University, 2007),
were then tested by one-way ANOVA with Tukey
post hoc comparisons using SigmaStat 3.5; The
results were considered signiﬁcant when P<0.05.

3 RESULT
3.1 LC50 of modiﬁed clay for embryos
The survival rate of the control group was
(92.5±3.8)% due to natural deaths recorded at 24 h
and 48 h (Table 1). Compared with the survival rates
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Fig.1 Hatching rate of S. maximus embryos under diﬀerent
concentrations of modiﬁed clay

Fig.2 Morphological abnormality of larval S. maximus
under diﬀerent concentrations of modiﬁed clay

Mean±SD; ANOVA, Tukey; * signiﬁcant diﬀerence compared with
the controls at P<0.05.

Mean±SD; ANOVA, Tukey; * signiﬁcant diﬀerence compared with
controls at P<0.05.

at 24 h, the survival rates at 48 h were slightly lower,
but the trends in their variation were consistent. As
the concentration of modiﬁed clay increased, the
survival rates decreased; 5.0 g/L modiﬁed clay
resulted in 100% mortality within 24 h, whereas the
survival rates in the other experimental groups slightly
decreased and did not show a signiﬁcant diﬀerence
compared with the control (ANOVA, P>0.05). The
LC50 at 24 h and 48 h were 1.70 g/L (95% conﬁdence
interval, 1.42–2.17 g/L) and 1.65 g/L (95% conﬁdence
interval, 1.38–2.12 g/L), respectively, and the safe
concentration was calculated to be 0.47 g/L according
to the formula described above.

modiﬁed clay treatment, and abnormality increased
with the concentration of modiﬁed clay to 24.2% at
0.50 g/L. When the modiﬁed clay concentrations
increased to 0.75 and 1.0 g/L, the abnormality rates
were 34.1% and 37.7%, respectively, which were
signiﬁcantly higher than that of the control (ANOVA,
P<0.05). The EC50 based on deformities was 1.34 g/L.
In addition, the malformations observed after hatching
included tail degeneration, spinal curvature and ﬁn
lesions (Fig.3).

3.2 Eﬀect of modiﬁed clay on hatchability and
morphological abnormalities

Larval heart rates were measured at 56 h, 80 h, and
96 h after the modiﬁed clay was added (Fig.4), and as
the newly hatched larvae developed, their heart rate
increased with time, from 102 beats/min at 56 h to
144 beats/min at 96 h in the control. There was a
consistent tendency at all three time points; as the
modiﬁed clay concentrations increased from
0–1.0 g/L, heart rates ﬁrst increased and then
decreased. The groups showing diﬀerences in the
number of heartbeats compared with the control
varied with time: a signiﬁcant increase was observed
in the group of 0.75 g/L at 56 h, and in the 0.5–1.0 g/L
and 0.25–1.0 g/L at 82 h and 96 h, respectively
(ANOVA, P<0.05). The maximal heart rates observed
at 56 h and 80 h appeared under the 0.75 g/L modiﬁed
clay treatment, which was 111 and 150 beats/min,
respectively. At 96 h after the addition of modiﬁed
clay, the heartbeat reached a maximum of 161 beats/
min under the 0.5 g/L modiﬁed clay treatment, which
was 17 beats/min faster than in the control.

All fertilized eggs had hatched by 56 h during the
experiment. The ﬁnal hatching rate was 87.9% in the
control but slightly lower in the experimental groups
(Fig.1). The groups subjected to modiﬁed clay
concentrations of 0.25, 0.5, and 0.75 g/L exhibited
very similar hatching rates of approximately 80%,
and the lowest hatching rate of 74.4% was observed
in the group subjected to 1.0 g/L modiﬁed clay. No
signiﬁcant diﬀerences were observed between the
experimental groups and the control (ANOVA,
P>0.05). However, under the 5.0 g/L treatment, all of
the embryos had died ﬁnally, without the appearance
of any larvae.
Based on the numbers of deformed larvae, the rate
of morphological abnormalities in the control was
16% (Fig.2). Approximately 12.7% abnormally
developed larvae were observed under the 0.25 g/L

3.3 Eﬀect of modiﬁed clay on growth indicators of
newly hatched larvae
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Fig.3 Morphological abnormalities in larval S. maximus
a. normally developed embryo (56 h, control); b. kyphosis deformity (56 h, 0.5 g/L); c. larva with degenerated tail (56 h, 0.75 g/L); d. larva with abnormal
ﬁns (56 h, 0.75 g/L); scale bar represents 200 μm.

4 DISCUSSION
HABs are responsible for massive ﬁsh mortality in
coastal aquaculture worldwide (Bruno et al., 1989;
Kent et al., 1995; Landsberg, 2002; Thangaraja et al.,
2007; Park et al., 2013; Delegrange et al., 2015). They
can also have sub-lethal eﬀects such as (1) physical
damage to mucous membranes, (2) asphyxiation due

180
150
Heart rate (beats/min)

The Lt of the larvae in all experimental groups
(0.25–1.0 g/L) ﬁrst increased to 3.5 mm under the
0.5 g/L treatment with signiﬁcant diﬀerence from the
control group (ANOVA, P<0.05), and then decreased
to 3.4 mm under the 1.0 g/L treatment, while it was
3.3 mm in the control (Fig.5a). Similarly, the SGR
from 56–96 h increased to its maximum under the
modiﬁed clay concentrations of 0.5 g/L and then
gradually decreased (Fig.5b), and the SGR was
signiﬁcantly accelerated under a modiﬁed clay
concentration of 0.5 g/L (5.7%/d) compared with the
control (3.9%/d) (ANOVA, P<0.05).
The yolk is a nutrition reservoir for the growth and
metabolism of newly hatched larvae, and the yolk
adsorption rate is, therefore, another important index
of their development. The changes in the yolk
adsorption rate followed the same pattern as Lt and
SGR (Fig.5c), but there were no signiﬁcant diﬀerences
among groups: 5.7×10-3 mm3/h in the control
compared with 6.1×10-3 mm3/h, 6.3×10-3 mm3/h,
6.1×10-3 mm3/h and 5.1×10-3 mm3/h, respectively,
under the range of modiﬁed clay concentrations from
0.25–1.0 g/L (ANOVA, P<0.05).

0 g/L
0.25 g/L
0.50 g/L
0.75 g/L
1.00 g/L

120
90
60
30
0
56

80
Time point (h)

96

Fig.4 Heart rate of larval S. maximus at 56 h, 80 h, and 96 h
under diﬀerent concentrations of modiﬁed clay
Mean±SD; ANOVA, Tukey; * signiﬁcant diﬀerence compared with
controls at P<0.05.

to oxygen depletion, (3) gas bubble trauma resulted
from photosynthesis driving oxygen hyper-saturation,
and (4) ichtyotoxicity (Landsberg, 2002). As one of
the few HAB mitigation methods, modiﬁed clay
technology has been successfully applied in the ﬁeld.
Although the material selection and preparation of
modiﬁed clays are based on the consideration of
methods with minimal adverse environmental
impacts, the environmental eﬀects of clay and
modiﬁed clay addition have still received intensive
scrutiny (Yu et al., 2017). The eﬀects of modiﬁed clay
on non-target organisms are expected to be negligible,
or at least less harmful than the HAB itself. Studied
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0
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Modified clay concentration (g/L)

0
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0.5
0.75
1
Modified clay concentration (g/L)

Fig.5 Final total length (a), SGR (b), and yolk absorption (c) of S. maximus under varying concentrations of modiﬁed clay
Mean±SD; ANOVA, Tukey; * signiﬁcant diﬀerence compared with controls at P<0.05.

have shown that the eﬀects on ﬁshes or embryos vary
with factors such as the type, composition, and dosage
of clay. Approximately 73% to 100% survival was
observed when juvenile and adult milkﬁsh, sea bass
and rabbitﬁsh were exposed to 2.0 g/L ball clay for
96 h (Orizar et al., 2013). Aminoclay has also been
reported to have a negligible impact on farmed ﬁshes
(P. major and P. olivaceus) at a concentration of 0.1%
(w/v), which is much higher than the recommended
dosage for HAB control (0.001%) (Lee et al., 2013b).
Lewis et al. (2003) tested phosphatic clay mixed with
a coagulant (PAC), which was very similar to the
modiﬁed clay used in this study, and found that it did
not pose any threat of acute or chronic toxicity to
larval sheepshead minnows (Cyprinodon variegatus
Lacépède) and grass shrimp embryos (Palaemonetes
pugio Holthuis) when concentrations of 0.25 g/L clay
and 50 mg/L PAC were applied. The clay subjected to
modiﬁcation by PAC in the present study was a type
of kaolin and resulted in negligible adverse eﬀects in
the 0.25 g/L treatment (with a PAC concentration of
50 mg/L), which was consistent with the results of the
previous study. The survival rate is the most commonly
used indicator in toxicity tests. In this study, the
experiment was performed immediately after the
embryos were transported from the farm to the
laboratory, and the embryos developed to the
blastocyst stage during transport. Lugowska (2007)
observed the highest death rates for common carp
embryos in the blastocyst stage, and we suspect that
changes in environmental factors, such as temperature
and salinity, during transport may have contributed to
the natural death of embryos in the sensitive blastocyst
stage, leading to the 7.5% death rate observed in the

control during cultivation. Notably, the survival rate
tended to be stable 8 h after the addition of modiﬁed
clay (data not shown), and was almost the same at
24 h and 48 h, which indicated that the lethal eﬀect of
modiﬁed clay on turbot embryos did not accumulate
with exposure time after complete ﬂocculation.
Lethal eﬀects mainly occurred during the addition
and ﬂocculation of modiﬁed clay, when clay particles
inevitably met the turbot embryos. Collision with
modiﬁed clay may inﬂuence embryo survival by
causing direct physical damage. In addition, the
surfaces of aquatic organisms often carry with net
negative charge (Chai et al., 2014), and the positively
charged modiﬁed clay may therefore adhere to their
surface. The adhesion of modiﬁed clay caused an
increase in the weight of the buoyant, ﬂoating
embryos. Previous studies showed that a high ﬂoating
rate represented a high quality of the turbot eggs (Jia
et al., 2014). It can be inferred that the adhesion of
modiﬁed clay may inﬂuence the embryo quality by
decreasing the ﬂoating rate. Direct damages mainly
occurred immediately after modiﬁed clay was added
to seawater with a relatively higher concentration.
The higher concentrations of modiﬁed clay contained
more particles, increasing the probability of contact
with embryos. As a result, the survival rate decreased
with an increasing modiﬁed clay concentration, due
to collision and adhesion. However, the D90 (particle
diameter for which the cumulative undersized volume
fraction is equal to 90%) of the clay particles used in
this experiment was less than 40 μm (Yu et al., 2017),
which is much smaller than that of the embryos
(usually greater than 1 mm). Moreover, the
sedimentation rate of modiﬁed clay was quite high.
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The majority of the clay particles deposited within
30 min and sedimentation was nearly complete after
2–3 h. As a result, direct lethal eﬀects of the modiﬁed
clay particles on the turbot embryos were more likely
to occur when the modiﬁed clay concentration was
quite high (for example, 5.0 g/L). In contrast, embryo
death was relatively limited, and there were no
signiﬁcant diﬀerences between the control and
experimental groups at modiﬁed clay concentrations
of 1.0 g/L or less.
A few studies have tested the acute toxicity of
PAC-modiﬁed clay to non-target aquatic animals, and
the results showed that the 96 h LC50 of PAC-modiﬁed
clay for infant oyster (C. gigas) (Gao et al., 2007),
infant P. yessoensis (Wang et al., 2014a) and
A. japonicas (Wang et al., 2014b) were 2.67, 2.3 and
6.01 g/L, respectively. In this study, the 48 h LC50 of
PAC-modiﬁed clay for turbot embryos was 1.65 g/L,
which is lower than the LC50 for previously tested
organisms, indicating that turbot embryos are more
sensitive to the addition of modiﬁed clay. Embryos
represent the most vulnerable stage in the life history
of ﬁshes due to their lack of motility, which prevents
them from avoiding unfavorable environments. On
the other hand, turbot produces buoyant embryos that
ﬂoat on the surface of the seawater and may meet the
suddenly high concentration of clay immediately
after clay is added. In contrast, benthonic and nektonic
organisms are more likely to contact with modiﬁed
clay particles that have already dispersed for some
time. In this study, all of the experimental groups had
experienced the whole process from the addition to
the sedimentation of the modiﬁed clay, and the eﬀects
of modiﬁed clay treatment at diﬀerent stages were
taken into account in the calculation of the LC50. Safe
concentrations are calculated to provide a reference
for the use of chemicals or toxicants and they are
commonly determined based on the LC50. The safe
concentration of modiﬁed clay for S. maximus
embryos was determined to be 0.47 g/L. However, the
concentration of modiﬁed clay that is often used in
the ﬁeld is approximately 4–10 t/km2, which is
equivalent to 4–10 g/m2. Additionally, the spraying of
modiﬁed clay slurry in the ﬁeld is carried out more
than once at a low dose to reach the ﬁnal concentration
(4–10 g/m2), and the sedimentation rate is faster than
in the laboratory due to disturbance, indicating a
minimal risk of lethal toxicity from clay application
to non-target aquatic animals. Even so, the eﬀects of
modiﬁed clay on ﬂoating eggs and embryos should
still be considered with extreme caution, especially in
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the reproductive season. It is also suggested that the
application of modiﬁed clay in these sensitive water
areas should be carried out at a lower intensity with a
longer spraying interval.
Fish embryos are particularly sensitive to
contaminants in the aquatic environment during the
hatching period, and researchers often use hatchability
as a key factor in investigating the toxic eﬀects of
substances on the early life stages of ﬁsh (Fraysse et
al., 2006). Studies have shown that the hatching
success of typical teleost ﬁsh under optimum
conditions is usually above 70% (Jezierska et al.,
2009). None of the embryos in the 5.0 g/L modiﬁed
clay treatment hatched successfully due to the 100%
mortality. The hatchability rates of the other groups
were all above 70% and showed no signiﬁcant
diﬀerences from each other, which was consistent
with the results of previous studies. Fish hatching
results from interacting biochemical (enzymatic),
biophysical (mechanical) and osmotic mechanisms
(Cao et al., 2009). The results regarding hatchability
in this study indicated that a moderate concentration
of modiﬁed clay might not inﬂuence key hatching
factors, such as hatching related enzymes and the
mobility of pro-larvae.
In this study, the deformity rates of newly hatched
larvae were quantiﬁed in all groups. The most
common deformities in ﬁsh larvae have been reported
to be spinal curvature, body shortening, and heart and
yolk sac swelling (Sfakianakis et al., 2015). There
was a signiﬁcantly higher deformity rate than the
control under treatment with a modiﬁed clay
concentration above 0.5 g/L, and the deformity rate in
the experimental groups increased with an increasing
modiﬁed clay concentration. The abnormal larvae
identiﬁed in these groups mostly exhibited spinal and
tail deformities. We speculate that the adhesion and
collision of clay particles were the main causes of
these deformities. Greig et al. (2005) found that the
addition of clay sediment reduced oxygen
consumption by Atlantic salmon eggs by restricting
oxygen availability and blocking micropore canals in
the membrane. Although the clay particles did not kill
these embryos, their attachment likely restricted the
availability of oxygen and blocked micropore canals
in the membrane, thus aﬀecting normal embryo
development. As a result, more abnormally developed
larvae appeared in the groups with higher modiﬁed
clay concentrations. To further assess the risk of
modiﬁed clay regarding the deformity of newly
hatched larvae, the teratogenic index (TI) was
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calculated. TI is deﬁned as the LC50/EC50 ratio, with a
TI>1.5 indicating a high risk of embryo malformation
in the absence of signiﬁcant embryonic mortality
(American Society for Testing and Materials, 1992).
The TI calculated in this study was 1.2, indicating that
a moderate concentration of modiﬁed clay did not
result in a high risk of malformation in the turbot
larvae.
Changes in heart rate are often considered a
reﬂection of the toxic eﬀects of substances on the
early life stages of ﬁsh. Disorders of the heart rate can
adversely aﬀect various physiological processes in
ﬁsh, including their metabolism, growth, and survival;
thus, the heart rate can provide information about
environmental impacts on ﬁsh physiological states,
thereby broadening our understanding of the general
relationship between ﬁsh and their environment
(Priede and Tytler, 1977). In this study, the heart rate
of the larvae in all groups gradually accelerated with
time, similar to the changes in heartbeat observed in
other typical teleost ﬁshes. Studies have shown that
when the concentrations of toxic substances exceed
species tolerance, the heart rates of larval ﬁshes
signiﬁcantly decelerate, which accompanies a delay
in metamorphosis (Cao et al., 2009; Dambal et al.,
2017). In the present study, deceleration of the heart
rate was not observed in the experimental groups. In
contrast, the number of heartbeats was relatively
higher in all of the experimental groups than in the
control, and the number of heartbeats in the
experimental groups at 80 h was very similar to that
in the control at 96 h, indicating potentially increased
growth.
The total length, SGR and yolk absorption rate of
the newly hatched larvae were also measured to assess
the eﬀect of modiﬁed clay on larval growth and
development. Because the yolk sac is the only source
of nutrition for growth and development before larvae
enter the feeding stage, the changes in the yolk
absorption rate were similar to the changes in the
SGR and the total length of the larvae; this tendency
was consistent with previous studies (Cao et al.,
2009). After sedimentation was completed, the eﬀects
of modiﬁed clay on water quality began to play the
dominant role in aﬀecting the growth and development
of newly hatched larvae. Previous studies have shown
that heavy metals and other environmental stressors
in the early life stages of ﬁsh activate energyconsuming detoxiﬁcation processes that increase the
metabolic oxygen demand of the body. Thus, extra
energy is required for detoxiﬁcation, which
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corresponds to less energy being available for growth
and development and leads to a smaller body size
(Jezierska et al., 2009). Both laboratory studies and
ﬁeld monitoring data have shown that an appropriate
dose of modiﬁed clay can eﬀectively improve water
quality by, for example, decreasing the content of
heavy metals in water, such as Cu, Cr, Cd, Pb, Zn and
Ni (Rybicka et al., 1995; Malakul et al., 1998), and
removing bacteria or inhibiting their adhesion in
seawater (Lind et al., 1997; Larraza et al., 2011; Stuart
et al., 2016). Therefore, a moderate amount of
modiﬁed clay may alleviate survival pressure on
newly hatched larvae to a certain extent, which is
beneﬁcial to their growth and development. It has
previously been reported that ﬁsh tanks receiving clay
exhibit a lower abundance of bacteria than tanks
containing algae paste or live algae; cod larvae in
tanks with clay initiated exponential growth earlier
and present a signiﬁcantly higher dry weight
(Attramadal et al., 2012). In this study, the 0.5 g/L
treatment group showed signiﬁcant increases in total
length and SGR, however, the yolk absorption rate
showed an insigniﬁcant diﬀerence compared with the
control group, which indicated that the energy
contained in yolk might be mainly used for the growth
of larvae. When the concentration exceeded 0.5 g/L,
modiﬁed clay may have put pressure on the growth of
larvae that counteracted the eﬀects of the improvement
of water quality.
The addition of aluminum in the modiﬁer during
the ﬂocculation and sedimentation of modiﬁed clay
and its eﬀects on the embryonic-larval stages of ﬁsh
cannot be neglected. Previous studies have found
complex impacts of aluminum on ﬁsh. Although
aluminum is not an essential trace metal for ﬁsh, it is
often introduced through the addition of zeolite,
which is employed to promote ﬁsh growth, improve
metabolism, enhance disease resistance, remove
ammonia nitrogen and improve water quality (James
and Sampath, 1999; Yıldırım et al., 2009). An analysis
of the aluminum content in Salmonidae showed great
diﬀerences among diﬀerent life stages; the aluminum
content reached 49–77 mg/kg during early embryonic
development and the hatching period but fell below
4 mg/kg after continuous growth, suggesting that
aluminum played an important role in early salmonid
development (Hugh, 1991). The apparent decrease in
aluminum during growth may be related to tissue and
bone formation (Hugh, 1991). However, many studies
on aluminum toxicity have shown adverse eﬀects on
ﬁsh growth and development. Excess aluminum
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inhibits enzyme activities and calcium absorption,
which cause metabolic disorders and damage the liver
and gills of ﬁsh (Hugh, 1991; Barcarolli and Martinez
2004; Monette et al., 2008). It is worth noting that
damage from aluminum has only been found in acidic
water environments (Gibbs and Özkundakci, 2011).
The amount of added to seawater in this study resulted
in an aluminum concentration of approximately
1.14×10-3 mol/L under the 1.0 g/L modiﬁed clay
treatment, and the pH of the seawater decreased from
7.68 to 7.47 as the concentration of modiﬁed clay rose
to 1.0 g/L; i.e., the pH decreased slightly but was still
alkaline. PAC shows a strong tendency to hydrolyze
to aluminum hydroxide precipitates in the neutral to
alkaline pH range (Wang et al., 2004). As a result, the
concentration of Al3+ is limited. Moreover, heavy
metals often delay the hatching process or cause
premature hatching or deformation or death of newly
hatched larvae. These disturbances result in reduced
numbers and poor-quality larvae with a small body
size and reduced viability (Jezierska et al., 2009);
however, these phenomena were not observed in the
present study.

5 CONCLUSION
In conclusion, the safe modiﬁed clay concentration
calculated for turbot (S. maximus) was 0.47 g/L,
which is higher than the concentration used in the
ﬁeld for HAB control. Modiﬁed clay had negligible
eﬀects on turbot hatching, and the addition of modiﬁed
clay at a level below its safe concentration may have
the potential to promote the development and growth
of newly hatched larvae without increasing the
number of abnormal individuals, whereas more than
0.5 g/L modiﬁed clay showed a risk of causing more
deformity. Turbot embryos are vulnerable organisms
and could be regarded as a model organism to provide
references to a certain extent for the use of modiﬁed
clay. However, the environments are more complex in
ﬁelds, caution should be exercised in the application
of modiﬁed clay, especially in the spawning and
nursery grounds of ﬁshes in the reproductive seasons.
Experiments with additional types of organisms at
larger scales are necessary to further assess methods
of modiﬁed clay application.

6 DATA AVAILABILITY STATEMENT
The raw datasets generated during and/or analyzed
during the current study are not publicly available
because they will be used in writing Ph.D. thesis of
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the ﬁrst author and so requires secure protection prior
to thesis submission and graduation but are available
from the corresponding author on reasonable request.
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