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Abstract: The current study aimed to determine the acute and sub-chronic toxicity of ammonia
to juvenile surf clams (Mactra chinensis Philippi). Acute toxicity tests were conducted with seven
concentrations of ammonium chloride using a 96 h static-renewal approach. Sub-chronic ammonia
exposure tests (20 d exposures) were conducted with 6 concentrations at 20 ◦C. The 96 h median
lethal concentration (96 h LC50) was 11.1 (10.0; 12.0) mg/L total ammonia nitrogen (TAN) and 0.56
(0.50; 0.60) mg/L unionized ammonia (NH3). The relative growth rate was significantly reduced
at concentrations higher than 1.6 mg/L TAN (0.075 mg/L NH3) in the 20 d tests. The estimated
maximum acceptable toxicant concentration (MATC) based on the reduced growth of juvenile M.
chinensis was between 0.8 and1.6 mg/L TAN (0.038–0.075 mg/L NH3). Histopathological changes
were evaluated in the surviving clams after 20 days of exposure. Exposure to 14.1 mg/L TAN
(0.661 mg/L NH3) resulted in changes in the mantle, foot and digestive diverticulum. We also
examined the antioxidant enzyme activities of superoxide dismutase (SOD) and catalase (CAT)
in 10 d and 20 d at 6 different levels (plus a control) of ammonia from 0.8 mg/L to 14.1 mg/L
TAN. Ammonia exposure at 0.8 mg/L TAN (0.038 mg/L NH3) significantly affected SOD and CAT
activities. The level of enzymic activity decreased with the increasing concentration of TAN. The
results improved our understanding of oxidative damage under ammonia exposure and provided
data for the aquaculture of sunray surf clams.
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1. Introduction

Global mollusc production from aquaculture has recently increased to 17.7 million
tonnes (USD 29.8 billion) [1]. The sunray surf clam (also called hen clam, Mactra chinensis
Philippi) is an essential commercial bivalve mollusc living in the intertidal zone of the
Asia-Pacific region [2]. This species is vital to producing seafood in China, Korea and
Japan [3]. However, its supply often cannot fulfill the market demand, and its farming is
limited because of the high mortality rate due to pollution [4].

Ammonia is a constituent of concern due to its high likelihood of causing toxicity
to marine molluscs [5]. Elevated ammonia levels have been found to compromise the
survival, growth and reproduction of various aquatic organisms [6]. High concentrations
of ammonia can alter various biological processes of marine bivalves, such as affecting
the metabolic pathways involved in oxidative stress [7]. However, marine water quality
guidelines for ammonia are rarely established to protect seawater organisms, mainly due
to a lack of data on the toxicity of ammonia to marine organisms [8].

Recently, the toxic effects of ammonia have received increasing attention because of
regional excessive nitrogen discharge [9]. Two forms of ammonia exist in seawater: ionized
ammonia (NH4

+) and unionized ammonia (NH3) [10]. Generally, the sum of NH4
+ and
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NH3 is expressed as the total ammonia nitrogen (TAN) [11]. The proportion of each form
mainly depends on water temperature, ionic strength and pH, while NH3 presents a more
toxic impact [12]. A recent review of ammonia toxicity to shrimp and crabs concluded that
the mechanisms of ammonia toxicity are crucial for the aquaculture of crustaceans [13].
Therefore, it is essential to discuss the mechanism of ammonia detoxification and provide
practical guidance for marine aquaculture [14].

The toxic effects of ammonia on marine bivalves vary among taxa. For example,
the surf clam species Spisula solidissima is considered one of the more ammonia-sensitive
marine species, with a 48 h lethal concentration (LC50) at 10.6 mg/L TAN and 0.53 mg/L
NH3 at the larvae life stage [15]. Histological observations revealed that the gill tissue
of Ruditapes philippinarum was loose with large vacuoles scattered under the exposure
of 0.1 mg/L NH3 [16]. However, ammonia-induced toxic effects are often tested using
standard toxicology model organisms, such as freshwater mussel fatmucket (Lampsilis
siliquoidea) [17]. Despite their contribution to the regional economy, very little ecotoxicolog-
ical information could be found for M. chinensis under ammonia stress.

Our objectives in this study are to determine the lethal and sublethal effects of ammo-
nia on juvenile M. chinensis in laboratory tests. The results provide data for water quality
control in aquaculture and assess the protectiveness of the existing threshold guidance. In
addition, we aim to examine the antioxidant enzyme activities of superoxide dismutase
(SOD) and catalase (CAT) in order to provide information on the detoxification mechanism
of marine bivalves under environmental ammonia exposure.

2. Materials and Methods
2.1. Test Organisms

Parental Mactra chinensis Philippi was collected from the Jianshan natural scenic area of
Zhuanghe in Dalian, China. Juvenile M. chinensis propagated at Zhuanghe marine shellfish
farm (Dalian, China). Healthy juvenile clams of uniform size (averaging 1.00 ± 0.10 cm
in shell length (SL) and 0.75 ± 0.04 cm in shell height) were selected for toxicity tests.
Juvenile SL and height were measured using an electronic vernier caliper for 21 randomly
chosen individuals.

2.2. Test Water and Water Chemistry

The control water was prepared with sand-filtered seawater from Heishijiao (Dalian,
China). Several routine water chemistry parameters of the control water were periodically
collected and characterized, including temperature (19.8 ± 0.5 ◦C), pH (8.22 ± 0.04), salinity
(29.6 ± 0.4 psu), dissolved oxygen (DO, 7.0 ± 0.8 mg/L), chemical oxygen demand (COD,
1.15 ± 0.09 mg/L), ammonia nitrogen (NH+

4-N, 23.5 ± 4.6 µg/L) and nitrite nitrogen
(NO2

−, 15 ± 0.8 µg/L), as per the specification of the National Standards of the People’s
Republic of China for marine monitoring (GB 17378.1-2007).

Salinity was measured with a portable salinometer (WYYII, Chengdu Hao Chuang
Photoelectric Instrument, Chengdu, China). DO was measured by the iodometric method,
and COD was tested based on the basic potassium permanganate method. Ammonia and
nitrite concentrations (hypobromite oxidation method) and pH were monitored using a
UV-visible spectrophotometer (V-1800, Shanghai Mapade Instruments, Shanghai, China)
and pH meter (pHs-3C, Shanghai Precision Science Instrument, Shanghai, China).

2.3. Acute Exposure (96 h)

The exposure bioassays were conducted as 96 h acute tests without feeding or aeration.
During the acute ammonia nitrogen exposure experiment, 100% of filtered seawater was
replaced every 24 h, and an ammonia stock solution was added to the seawater relative to
the designated ammonia level (10, 15, 20, 50, 70, 100 and 200 mg/L TAN plus a control).

Ammonium chloride (NH4Cl, analytical reagent, 20 mg/mL) was purchased from
Shenyang Chemical Reagent Co. (Shenyang, China), and the stock solution was then
diluted to the desired ammonia concentration. The incubation was performed in 2 L glass
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beakers immersed in 20 L water baths (polyethylene container) with temperature controlled
at 19.8 ± 0.5 ◦C. The 3 replicates of 20 individuals in each beaker were tested and observed
daily for mortality. At the start and end of each 24 h interval, pH and ammonia were
measured in all concentrations in the control samples.

2.4. Sub-Chronic Exposure (20 d)

A sub-chronic 20 d ammonia test was conducted using aeration with juvenile clams
in beakers. As conducted during acute exposure, three replicate beakers per concentra-
tion were placed in water baths for sub-chronic exposure. The water temperature was
maintained at 19.5 ± 0.5 ◦C. The clams (20 juveniles) in each replicate beaker were fed
with a 20 mL algae mixture 4 times per day, which was previously used to culture these
juveniles. The algae mixture (5–8 × 103/mL) mainly contained Prymnesium parvum and
Chlorella vulgaris. The exposure solutions were renewed daily.

At the end of the 10 d and 20 d exposure, the clams in each replicate beaker were
examined under a microscope (VANOX-S AH-2, Olympus (Beijing) Sales & Service, Beijing,
China) to check the reaction and mortality during the acute test. The sub-chronic toxicity
experimental concentration of TAN was designed as 0 (control), 1, 2, 3, 5, 9 and 15 mg/L,
and mean concentrations were measured as 0.56 ± 0.07, 0.85 ± 0.09, 1.57 ± 0.10, 2.72 ± 0.20,
4.36 ± 0.33, 8.43 ± 0.43 and 14.12 ± 0.50 mg/L (n = 15 for each concentration). The survival
and SL of 10 juveniles selected without any particular order were determined on test days
10 and 20.

2.5. Histological Procedures and Assessment

Histological analysis of the live clams at 14.1 mg/L TAN after the 20 d exposure was
conducted using histologic sections and the microscopy method [18]. Briefly, the tissue
samples were embedded in paraffin wax. The digestive diverticulum, the mantle and foot
tissues were fixed in Bouin’s solution. The wax was cut into 5–6 µm thick sections using
a microtome (Leica RM2135, Leica Instruments, Nussloch, Germany) and stained with
hematoxylin and eosin. The sections were observed using a microscope (VANOX-S AH2,
Olympus (Beijing) Sales & Service, Beijing, China) at ×10 and ×40 magnifications, and
photographs were obtained using a digital microscope camera (DP71, Olympus (Beijing)
Sales & Service, Beijing, China).

2.6. Antioxidant Enzyme Activities

The superoxide dismutase (SOD) and catalase activity (CAT) were determined from
whole-body (soft tissue) homogenates. The samples (soft tissue of survived clams) were
homogenized in 2 mL of ice-cool 1:9 physiological saline solution [19]. The homogenate
was centrifuged at 5000 rpm for 15 min at 4 ◦C to eliminate cellular debris and cartilage
fragments, and the supernatant was used for antioxidant enzyme measurements. The
Coomassie Brilliant Blue Total Protein Assay kit (Nanjing Jiancheng Bioengineering Insti-
tute, Nanjing, China) was used to determine the total protein contents in tissue samples [20].
Enzyme activities were measured with diagnostic reagent kits purchased from Nanjing Jian
Cheng Bioengineering Institute (Nanjing, China). Each enzymatic assay was performed
in triplicate. The results were expressed as enzymatic units per mg proteins [21]: an SOD
unit was defined as the enzyme amount necessary to inhibit 50% of the reaction rate per
mg protein in 1 mL reaction solution; a CAT unit was defined as the enzyme amount that
transforms 1 µmol of H2O2 per second per mg protein.

2.7. Data Analysis

Data analysis was conducted using the statistical program SPSS Version 13.0. Data
are presented as means ± standard deviation (SD). Differences between treatments were
tested by one-way analysis of variance (ANOVA) with the least significant difference (LSD)
method for multiple comparisons and by using Duncan’s multiple range test. The level of
statistical significance was set at p < 0.05. A freely available internet platform, MOSAIC [22],
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was used to estimate LC50 with a 95% credible interval (CI). The relative growth rate (RGR)
was calculated as follows:

RGR =
L1 − L0

L0
(1)

where L0 and L1 are the shell lengths measured before and after exposure.
The concentrations of NH3 were calculated as follows [23]:

C(NH3) = C(TAN) × fNH3 (2)

fNH3 = 1/(10ˆ(pK − pH)) (3)

where C(TAN) and C(NH3) are in mg/L; pH is the negative log10 of the hydrogen ion's
activity; and pK is the acid dissociation constant for water (Equation (4)):

pK = 9.245 + 0.002949 × S + 0.0324 × (25 − T) (4)

where T is the water temperature in ◦C; S is salinity in the practical salinity unit (psu).
Although applying a safety factor on toxicity data to estimate the “safe level” of environ-
mental ammonia is still under debate [24], the safe concentration (SC) of TAN and NH3 for
M. chinensis is estimated by multiplying an application factor 0.1 times the 96 h LC50 [25].

3. Results
3.1. Acute Toxicity Test

The mortality of M. chinensis increased along with the increasing concentration of
ammonia. The LC50 values for M. chinensis are illustrated in Table 1. The LC50-96 h
and SC of TAN for juvenile M. chinensis were 11.1 (10.0; 12.0) and 1.11 mg/L, respec-
tively. The 96 h LC50 and SC of NH3 for juvenile M. chinensis were 0.56 (0.50; 0.60) and
0.056 mg/L, respectively.

Table 1. The median lethal concentration (LC50) with 95% credible interval (CI) for juvenile
M. chinensis.

Time (h) LC50-TAN (mg/L) LC50-NH3 (mg/L)

24 90.4 (78.0; 106.0) 4.14 (3.57; 4.85)
48 16.5 (15.1; 18.3) 0.79 (0.72; 0.88)
96 11.1 (10.0; 12.0) 0.56 (0.50; 0.60)

3.2. Sub-Chronic Toxicity Test

The mean survival rate was 100% in all treatments with concentrations lower than
8.4 and 14.1 mg/L TAN. The survival rates of the clam were observed at 99.3 ± 0.9% and
97.7 ± 1.5% at 8.4 and 14.1 mg/L TAN, respectively.

The RGR decreased as the TAN concentration increased (Figure 1). A linear relation-
ship was obtained between the RGR of juvenile M. chinensis and the logarithm of TAN
concentration (R2 = 0.99 for 10 d and 0.89 for 20 d, respectively). In the control group, the
juvenile had grown by 0.48 ± 0.02 cm of SL on day 20 of exposure. However, the mean
increment of SL at 14.1 mg/L TAN (0.661 mg/L NH3) was only 0.20 ± 0.01 cm, which
was significantly lower compared to the control (p < 0.05). On day 20 of the experiment,
significant differences in SL growth were found among juveniles exposed to a TAN of
1.6 mg/L (0.41 ± 0.02 cm), 2.7 mg/L (0.39 ± 0.01 cm), 4.4 mg/L (0.36 ± 0.01 cm), 8.4 mg/L
(0.32 ± 0.01 cm) and the control (p < 0.05). The estimated maximum acceptable toxicant
concentration (MATC) for TAN was between 0.8 and 1.6 mg/L TAN (0.038–0.075 mg/L
NH3), which was in agreement with the SC obtained from acute toxicity tests (1.11 mg/L
TAN and 0.056 mg/L NH3).
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Figure 1. Relative growth rate based on the shell length (SL) of juvenile M. chinensis exposed at
different ammonia concentrations for 10 and 20 days. Error bars represent standard deviation (n = 30).

3.3. Histological Observations

Figure 2 shows the histological observations of juvenile clams exposed at 14.1 mg/L
TAN (0.661 mg/L NH3) for 20 days. The normal structure of the mantle is shown in
Figure 2(1), and the mantle cavity is identified as the epithelial cell (EC: a tight and neat
layer of the epithelium). However, several impairments were observed at 14.1 mg/L
TAN (0.661 mg/L NH3) exposure, such as the large granular basophilic cells produced
(Figure 2(2)), vesicles-like connective tissue and disordered muscle fiber (Figure 2(3)).

The normal phasic activity of the digestive diverticulum (gland) was observed in the
control clams (Figure 2(4)). The gland exposed to ammonia showed vesicles-like acinar
(Figure 2(5)), produced abnormal objects (Figure 2(6)), a ruptured acinar, collapsibility,
dissolved necrosis (Figure 2(7)) and increased basophilic cells (Figure 2(8)).

The juvenile control clams had an extensive muscular foot that showed connective
tissue and muscle fibers (Figure 2(9)). Under the exposure of 14.1 mg/L TAN (0.661 mg/L
NH3), histopathological damages in the foot were observed, including epithelial cell break
or fall off (Figure 2(10)), muscle fiber disorder (Figure 2(11)) and mucus cell hyperplasia
(Figure 2(12)).

3.4. Enzyme Activities under Sub-Chronic Ammonia Stress

The activities of antioxidant enzymes (SOD and CAT) measured in the soft tissue of
the clams were significantly affected by ammonia exposure (Figures 3 and 4). SOD activity
tended to decrease with the increase in ammonia concentration on days 10 and 20 (Figure 3).
SOD activity was significantly lower in clams exposed to ≥0.8 mg/L TAN (0.038 mg/L
NH3) on days 10 and 20. Clams exposed to the highest ammonia level (14.1 mg/L) showed
a mean activity of 16% compared to the control at day 20. CAT activity also decreased in
ammonia-exposed clams during the experiment (Figure 4). CAT activity was significantly
lower in the ≥0.8 mg/L TAN (0.038 mg/L NH3) concentration groups than the control
group during days 10 and 20. There were no increases in SOD and CAT activity observed.
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Figure 2. The photomicrographs of histological sections of juvenile clams after 20 days of exposure.
(1) Control mantle without ammonia exposure (X 400); (2,3) impaired mantle exposed with 14.1 mg/L
TAN (X 400); (4) normal structure of digestive diverticulum (X 100); (5–8) impaired digestive di-
verticulum (X 400); (9) juvenile foot in the control group (X 200); (10–12) impaired foot exposed at
14.1 mg/L TAN (400). EC: Epithelial cell; SC1: large granular basophilic cells; CT: connective tissue;
MF: muscle fiber.
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Figure 3. Changes in superoxide dismutase (SOD) activity (U/mg proteins) in the soft tissues of
clams. Ammonia concentrations were measured at 0.6 (control), 0.8, 1.6, 2.7, 4.4, 8.4 and 14.1 mg/L
TAN. Error bars represent the standard deviation (n = 3). Treatments that do not share a common
letter significantly differ with respect to exposure time (p < 0.05).
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Figure 4. Catalase activity (U/mg proteins) in the soft tissues of M. chinensis Philippi for 20 days.
Ammonia concentrations were measured at 0.6 (control), 0.8, 1.6, 2.7, 4.4, 8.4 and 14.1 mg/L TAN.
Error bars represent standard deviation (n = 3). Treatments that do not share a common letter indicate
a significant difference from each other with respect to exposure time (p < 0.05).

4. Discussions and Conclusions

The sensitivity of juvenile M. chinensis to ammonia is comparable to that of other bi-
valve species. Table 2 summarizes the selected studies using ammonia toxicological values
for bivalve species. The 48 h LC50 concentration of larvae surf clam Spisula solidissima was re-
ported as 10.6 mg/L TAN (0.53 mg/L NH3) under similar water quality (pH = 8.14 ± 0.06,
T = 19.7 ± 0.4 ◦C and salinity = 31 ± 0.5‰) [15], which is close to the current study (48 h
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LC50 = 16.5 mg/L TAN, 0.79 mg/L NH3). Recently, another species of economically im-
portant marine clam Cyclina sinensis was found at 96 h LC50 at 80.7 mg/L TAN (4.01 mg/L
NH3) (pH = 8.0 ± 0.3, T = 24 ◦C, salinity = 21 ppt) [26], which is an order of magnitude
higher compared to the current study (96 h LC50 = 11.1 mg/L TAN, 0.56 mg/L NH3).
As for SC, Batley and Simpson [27] proposed a guideline value of 0.46 mg/L TAN for
ammonia in estuarine and marine waters using species sensitivity distributions. In the
literature, the guideline value was derived using toxicity data at a pH value from 7 to 8.3
and temperatures from 6 to 28 ◦C, resulting in a varied fraction of NH3 of TAN [27]. It
should be cautioned that NH3 is more toxic compared to NH4

+ [28], and guideline values
should always be converted to mg/L NH3.

Table 2. Selected studies using bivalve species in the ecotoxicological assessments of ammonia.

Species Stage Effect Response Duration (h) pH T (◦C) Salinity Toxicological Values
(TAN/NH3, mg/L)

Spisula
Solidissima [15] Larvae Mortality LC50 48 8.14 ± 0.06 19.7 ± 0.4 31 ± 0.5‰ 10.6/0.53

Growth EC50 2.35/0.12

Cyclina
Sinensis [26] 3.38 ± 0.21 g Mortality LC50

72 8.0 ± 0.3 24 21 ppt 105.0/5.22
96 80.7/4.01

Ruditapes
philippinarum [29]

Larvae Growth MATC 96 8.1 23.05 27 2.98–5.85/0.09–0.18
Juvenile 8.18 27.65 27.5 58.05–95.69/3.01–4.97

Argopecten
Irradians [30]

Larvae Growth EC50 144 7.95–8.10 23–25 27–28 2.023/0.089
Embryo Hatching MATC 24 8.20–8.30 21.5–22.5 0.86–1.80/0.054–0.113

Grice and Bell [29] observed that approximately 0.6–0.85 mg/L of ammonium treat-
ment resulted in significantly a slower growth of juvenile giant clam (Tridacna maxima) in
terms of SL during the 25 days. Although pH, temperature and salinity information were
not clearly disclosed in the literature [29], it is similar to that observed in the current study,
in which case the growth of juvenile clams was significantly reduced at 1.6 mg/L TAN.
In the present study, variations in sensitivity to the mortality of juveniles were observed
between acute and sub-chronic test results. The deviation, i.e., the survival endpoint that
was less sensitive during the 20 d assay, could be due to the testing organisms from different
batches. The reference toxicant and reference toxicity tests should be developed to establish
an acceptable deviation range in future tests.

In a recent study, Ma et al. [31] reported that the MATC on the growth of the ‘Ze-
bra 2’ strain of the manila clam (Ruditapes philippinarum) juveniles ranges from 58.05 to
95.69 mg/L TAN (3.01–4.97 mg/L NH3, pH = 8.18, T = 27.65 ◦C, salinity = 27.5). This range
is almost two orders of magnitude compared to the current study (0.8–1.6 mg/L TAN,
0.038–0.075 mg/L NH3). However, the exposure period was only 96 h [31], which is shorter
than the current study (20 days). Yuan et al. [30] reported an MATC of 0.86–1.80 mg/L
TAN (0.054–0.113 mg/L NH3) based on the 24 h hatching rate of bay scallops (Argopecten
irradians) at a water temperature of 21.5–22.5 ◦C, pH of 8.20–8.30 and a salinity of 27–28.
The reported MATC range is comparable to the current study.

Although the literature indicated the addition of ammonium as a nutrient for clams [18],
growth stimulation was not observed at any ammonium concentrations in the current study.
The significant reduction in growth caused by 1.6 mg/L TAN (0.075 mg/L NH3) should be
considered in an aquacultural setting or a natural ecosystem.

Clams usually exhibit an extreme retraction of their mantle edge before death, and foot
protrusion is also one of the stress manifestations [32]. Lasee [33] conducted histological
assessments of juvenile Lampsilis ventricose and observed severe effects with respect to
the digestive glands and mantle by 30 and 50 µg/L Cd. In addition, the most evident
histopathological effects were vacuolization, necrosis and tissue separations [33], which
agree with our current observations. Recently, Liu et al. [18] performed a histological analy-
sis using marine clams (Meretrix meretrix), and epithelial cell exfoliation and necrosis were
also observed in the digestive glands exposed to functionalized polystyrene nanoplastics.
Necrosis has been considered an uncontrolled form of cell death [34], and colliquative
necrosis may be used as a biomarker of exposure to ammonia.



Pollutants 2023, 3 240

Compared to SOD, CAT is considered a more sensitive biomarker of oxidative stress,
although under certain circumstances. [35]. However, our data demonstrated a similar
decrease in CAT and SOD activity under ammonium exposure. The decrease in SOD and
CAT activity at 0.8 mg/L TAN (0.038 mg/L NH3) indicating the level of ammonium is
sufficient to impair the oxidative potential of juveniles.

Liu and Chen [36] found that SOD activity in the hemocytes of white shrimps (Litope-
naeus vannamei) decreased significantly at 21.60 mg/L ammonia nitrogen (0.696 mg/L NH3)
after 7 days. However, increased CAT activity in the gill of Asian clam (Corbicula fluminea)
was found in under 25 mg/L of TAN exposure for 48 h, although the SOD and CAT ac-
tivity in the digestive gland was suppressed significantly (pH = 8.2, T = 20 ± 0.5 ◦C) [37].
Recently, Zhao et al. [38] reported the impairment of SOD and CAT activities in the hep-
atopancreas and gills of triangle sail mussels (Hyriopsis cumingii) exposed to 6.43 mg/L NH3
for 96 h. Although whole-body tissue was examined in the current study, the ammonia
level is considered more environmentally relevant.

The current results demonstrated that the relatively sensitive endpoint for ammo-
nia toxicity in this study was antioxidant enzyme activities, compared to survival and
growth inhibition. Therefore, the recommended water quality criteria to protect juve-
nile clams from ammonia would be 0.8 mg/L TAN (0.038 mg/L NH3). In Australia and
New Zealand, the NH3 guideline for the protection of aquaculture species in saltwater
production is < 0.1 mg/L [39], which seems insufficient for the protection of M. chinensis.
Han et al. [40] suggested that NH3 should be controlled below 0.020 mg/L during the
breeding of Manila clams (Ruditapes philippinarum).

While ammonia is not a common guideline indicator for marine water quality, it is
generally traced in freshwater and fisheries. For example, Canada set a criterion for protect-
ing freshwater aquatic life at <0.019 mg/L NH3 [41]. Similarly, the Chinese water quality
standard for fisheries was developed and set at ≤0.02 mg/L NH3 [42]. The recommended
water quality criteria derived from the current study were comparable to both guideline
values, indicating that adopting freshwater/fishery guidelines for the marine environment
could still be promising.

Our work revealed that the sensitivity of M. chinensis to ammonia is comparable to
other species of surf clams and economically crucial marine clams. Sub-chronic ammonia
exposure for 10 d and 20 d caused a decrease in CAT and SOD activity ≥0.8 mg/L TAN
(0.038 mg/L NH3), indicating that ammonia exposure could induce oxidative stress by
decreasing antioxidant enzyme activity. A significant effect on growth was observed using
1.6 mg/L of TAN (0.075 mg/L NH3). The LC50 of TAN (NH3) for juvenile M. chinensis
after 24, 48 and 96 h were 90.4 (4.14), 16.5 (0.79) and 11.1 (0.56) mg/L TAN, respectively.
Various histological effects were observed at 14.1 mg/L TAN (0.661 mg/L NH3) for 20 d
exposure. The results indicated that decreased antioxidant enzyme activity could be a
sensitive indicator of ammonia stress.

Overall, under the current experimental condition in seawater (pH = 8.22 ± 0.04,
T = 19.5 ± 0.5 ◦C and salinity = 29.6 ± 0.4 psu), the recommended criterion for the pro-
tection of M. chinensis from ammonia would be 0.8 mg/L TAN (0.038 mg/L NH3). As
the mixtures of ammonium associated with other pollutants may be more toxic than the
individual concentration, the regional freshwater/fishery guidelines of ammonia should be
advised for the marine environment. The current study provided ecotoxicological insights
into the mechanisms underlying ammonia toxicity effects in clams, and it also provided
relevant information for clam development and healthy aquaculture. Additional studies
are needed to test other life stages of clams for a more extended period.
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