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Morphological trends in three different populations of the noble scallop 
Mimachlamys crassicostata (G. B. Sowerby II, 1842) along the South 
China Sea Coast and their relationship to environmental factors

ABSTRACT
This study was carried out to assess the spatial patterns of morphological characteristics of the three cultured populations 
of the scallop Mimachlamys crassicostata (G. B. Sowerby II, 1842), from Yazhou Bay, Liusha Bay and Mirs Bay along 
the South China Sea coast and to determine whether any of the morphological characteristics could be related to selected 
environmental parameters. Morphological ratios of seven traits were analysed by classification and regression tree to 
evaluate the morphological variations in 1353 samples from three geographic locations. In addition, relationships between 
discriminatory morphological characteristics (ratios of shell weight to length, shell weight to height, whole weight to 
length and shell weight to adductor muscle weight) and nine environmental parameters (seawater temperature, salinity, pH, 
chemical oxygen demand, dissolved inorganic nitrogen, active phosphate, total petroleum hydrocarbons, dissolved oxygen 
(DO) and chlorophyll a were assessed using mixed-effects linear models (LMMs). Results showed that more than 80% 
of individuals could be assigned to their collection locations based on the classification and regression tree. The accuracy 
of assigning individuals to their collection location of Mirs Bay, Yazhou Bay and Liusha Bay based on morphological 
variation was 85.52, 80.30 and 80.68%, respectively. Results of the LMMs revealed that ratios of shell weight to height and 
whole weight to length correlated positively with temperature and salinity, respectively. Shell weight to adductor muscle 
weight correlated negatively with DO concentration, indicating that high DO levels may be necessary to provide a suitable 
environment for scallops cultured in a food-rich coastal bay. These results may be helpful for future resource management, 
including stock recognition, productive management and stock conservation of M. crassicostata in the South China Sea.

Keywords: Cultured population, Environmental parameters, Mixed-effects linear model, Morphological characteristics, 
Stock conservation

Introduction 

Morphological characters are visual and convenient 
tools to infer taxonomic affinities and have been used 
to distinguish different populations, subspecies and 
species in bivalves (Wang et al., 2004; Lomovasky et al., 
2008; Sigwart, 2009). As phenotypic trait can be 
altered by genetic variation and environmental factors, 
morphological traits always have genetic correlations with 
other economic phenotypic traits such as body weight 
(Luo et al., 2013; Zhao et al., 2014; Marie-Orleach et al., 
2017). Thus, morphological traits are useful indices for 
assessing the growth state of molluscs (Marquez et al., 
2010; Epelbaum et al., 2011). 

Shell morphology is likely to affect locomotion 
performance and self-protection ability, while the 
phenotypic plasticity could enhance the adaptability of 
molluscs to their environment (Peyer et al., 2011; Tremblay 
and Guderley, 2012). Phenotypic plasticity of shell 

morphology could allow molluscs to respond to different 
selective pressures caused by environmental conditions, 
including depth of distribution, water movement, type of 
sediment, food quantity and contaminants (Peyer et al., 
2010; Selin, 2013). Thus, analyses focused on identifying 
similarities and differences in morphological variation 
and inferring mechanisms involved in generating 
morphological diversity which could improve taxonomic 
identification, germplasm conservation and fisheries 
management of bivalves.

The noble scallop Mimachlamys crassicostata  
(G. B. Sowerby II, 1842), which is distributed from 
the lower edge of the intertidal zone to a depth of about 
300 m, is found mainly in the coastal waters of Honshu, 
Shikoku and Kyushu in Japan, Thailand, Indonesia and 
the South China Sea. Since 1980s, M. crassicostata has 
been considered as an economically important species in 
the bivalve aquaculture industry along the south coast of 
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China due to its rapid growth and short culture period. It 
is typically cultured at 2-7 m depth in Fujian, Guangdong 
and Hainan Provinces (Lu et al., 2017). The broodstock 
selected from hatchery-cultured stock have been used 
to produce the next cultured generation every year for 
decades and this could cause low effective population 
size and inbreeding. Yuan et al. (2009) reported that 
the genetic composition of cultured M. crassicostata 
populations in southern China presented low degree of 
variation and significant geographic structure among 
regions. Therefore, effective germplasm and aquaculture 
management strategies are needed for M. crassicostata. 
Previous studies of M. crassicostata have focused 
mainly on toxicology, shell colour inheritance, genetic 
markers, gene expression and genetic diversity (Pan and 
Wang, 2008; Wang et al., 2013; Zheng et al., 2013; Lu 
et al., 2016). Studies of morphological variations in M. 
crassicostata and their responses to environmental factors 
are lacking.

The goals of this study were to determine whether 
spatial patterns exist in the morphological characteristics 
of three M. crassicostata populations along the South 
China Sea coast and whether any of the morphological 
characteristics could be related to selected environmental 
parameters. The results of this research will be useful for 
germplasm management and optimising the distribution 
of M. crassicostata stock based on environmental monitoring.

Materials and methods
Sample collection and analysis

Samples of 1-year old M. crassicostata were collected 
separately from each of three cultured populations located 
in Yazhou Bay (SY), Liusha Bay (LZ) and Mirs Bay 
(SZ) (468, 472 and 463 individuals respectively), in the 
South China Sea, during May 2016 to June 2016 (Fig. 1). 
Offsprings of the cultured populations were hatched in 
a local nursery farm. Spats (over 0.5 cm shell length) 
were transferred to the sea and cultured in lantern net on 
suspended longlines until harvested. Samples from SY 
and LZ were transported live in cool moist conditions to 
the Tropical Fisheries Research and Development Center, 
South China Sea Fisheries Research Institute, Hainan 
Province, P. R. China. Samples from SZ were transported 
in the same way to Shenzhen Base of the South China 
Sea Fisheries Research Institute, Guangdong Province,  
P. R. China. Scallops were first cleaned to remove attached 
organisms. Dead, broken or malformed individuals were 
abandoned. Then the samples were washed thoroughly 
in fresh filtered seawater before taking measurements. 
Finally, morphological ratios of seven traits were 
analysed by classification and regression tree to evaluate 
the morphological variations in 1353 samples from three 

geographic locations (Table 1). Shell length (L), hinge 
length (HL), shell height (H) and shell width (W) were 
measured using digital vernier calipers (Liansi Shenzhen, 
China) to the nearest 0.01 mm. The whole weight (WW), 
shell weight (SW) and adductor muscle weight (AW) were 
measured using an electronic balance (Yuheng Shenzhen, 
China) to the nearest 0.01 g. 

Seasonal (May 2015, August 2015, November 2015 and 
March 2016) environmental data were collected at the three 
sites (Table 2). The average values of nine environmental 
parameters viz., seawater temperature, salinity, pH, 
chemical oxygen demand, dissolved inorganic nitrogen, 
active phosphate, total petroleum hydrocarbons, dissolved 
oxygen (DO) and Chlorophyll 'a', were used to assess their 
potential influence on M. crassicostata morphological 
characteristics. Environmental data for Liusha Bay 
were based on water sample testing conducted once per 
season. Dissolved oxygen, salinity, pH and temperature 
were measured in situ using a YSI 556 device (Yellow 
Springs, OH, USA). Dissolved inorganic nitrogen, active 
phosphate concentrations, total petroleum hydrocarbons, 
chemical oxygen demand and Chlorophyll 'a' in seawater 
samples were analysed according to the methods in the 
Specification of Oceanographic Survey GB17378.4-2007 
(SBQTS, 2007). Environmental conditions data for 
Yazhou Bay and Mirs Bay were based on water quality 
monitoring information data in the sea areas of Sanya 
and Shenzhen from the website of China’s State Oceanic 
Administration (http://www.soa.gov.cn/zwgk/hyhjxx/) to 
represent conditions at Mirs Bay and Yazhou Bay, 
respectively. 

Statistical analysis

Statistical analyses of the data included: Generating 
a classification and regression tree (CART) to match 

China

Leizhou
(Liusha Bay)

Sanya
(Yazhou Bay)

Shenzhen
(Mirs Bay)

Fig. 1. Map showing the study area and location of sampling sites
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individuals to their original sites and to quantify the 
importance of the biometric variables; Creating a 
description of the biometric variables selected in step 
one and using mixed-effects linear models (LMMs) 
to highlight the relationships between biometry and 
environmental parameters.

In step one, 21 biometric variables (SW/AW, SW/
WW, SW/L, SW/H, SW/W, SW/HL, AW/WW, AW/L, 
AW/H, AW/W, AW/HL, WW/L, WW/H, WW/W, WW/
HL, L/H, L/W, L/HL, H/W, H/HL, W/HL) for 300 random 
individuals from each cultured population were used 
to build a classification tree (Fig. 2). After pruning, the 
numbers and biometric variables of the remaining 151 
individuals in each cultured population were used to 
validate the classification tree by checking to see if the 
output of the tree matched individuals to their collection 
locations. In step two, the morphological ratios identified 

as the most discriminatory by the previous classification 
method were analysed using Kruskal-Wallis statistics 
to test for spatial differences. In step three, LMMs 
were used to quantify the relationships between certain 
morphological traits and environmental factors.

In order to test the performances of the classification 
and regression tree (CART), the accuracy rate was used. It 
was determined using the relation:

Accuracy rate = Ti / (Ti+Fi) x 100%

where Ti is the number of individuals that are correctly 
classified to site i and Fi is the numbers of individuals that 
are erroneously classified to site i.

Statistical analysis was performed following the 
method described by Caill-Milly et al. (2014). Calculations 
were carried out using R Software (RCore Team, 2013) 
and Rpart was used to generate the classification tree 
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Table 2. Environmental parameters recorded in Mirs Bay, Liusha Bay and Yazhou Bay during May 2015 to March 2016
Environmental parameters Mirs Bay Liusha Bay Yazhou Bay
Dissolved inorganic nitrogen (mg l-1) 0.24±0.10 0.52±0.78 0.034±0.026
Active phosphate (mg l-1) 0.016±0.013 0.012±0.006 0.003±0.002
Total petroleum hydrocarbons (mg l-1) 0.062±0.043 0.026±0.011 0.016±0.003
Chemical oxygen demand (mg l-1) 1.78±1.40 2.77±1.34 0.505±0.266
Dissolved oxygen (mg l-1) 7.06±1.54 6.54±1.40 6.57±0.301
pH 8.28±0.08 8.46±0.09 8.13±0.06
Chlorophyll a (mg l-1) 2.61±1.28 3.18±2.57 2.43±1.65
Temperature (℃) 22.69±6.35 26.63±6.14 27.85±2.26
Salinity (ppt) 2.73±0.55 31.04±1.65 32.75±0.54

Table 1. Morphometric characteristics of Liusha Bay (LZ); Mirs Bay (SZ) and Yazhou Bay (SY) populations (n = 1353)
Morphometric characteristics LZ SZ SY
Shell length (mm) 59.37-81.74 60.86-81.81 59.84-77.44
Shell height (mm) 44.41-78.59 65.34-84.22 62.81-82.2
Shell width (mm) 17.84-31.84 18.39-28.15 19.15-34.8
Hinge length (mm) 33.01-50.72 35.14-51.88 35.55-49.95
Shell weight (g) 18.56-36.25 18.31-36.71 21.99-40.81
Adductor muscle weight (g) 2.41-8.17 2.81-9.52 3.09-8.04
Whole weight (g) 28.31-55.66 28.72-73.92 34.19-69.5

LZ

LZ

LZ

LZ

SY SY

SY SY SZ

SZ

SZ

WW.L<0.7331

WW.W<2.471SW.H>=0.4012

AW.WW>=0.1066WW.L<0.6724

WW.L<0.5027

SW.H>=0.3213

WW.L<0.6236

SW.AW>=5.174

SW.L>=0.3886 SW.H>=0.3999

SZ

Fig. 2. Plot of the selected classification tree obtained before pruning; LZ: Liusha Bay; SY: Yazhou Bay; SZ: Mirs Bay
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(Therneau et al., 2013). Linear mixed-effects models were 
generated using the lmer procedure from the lmerTest 
library (Kuznetsova et al., 2015) and the nlme library 
(Pinheiro et al., 2014).

Results and discussion
Twenty-one biometric variables were used to build a 

classification tree to assess the morphological variations 
in different geographic populations of M. crassicostata. 
The selected classification tree and the verification 
matrix are shown in Fig. 3 and Table 3, respectively. 
Shell valves from LZ were differentiated from those 
from SZ and SY by a low WW/L ratio (<0.6236) and 
were then differentiated from the other individuals from 
SZ by a high SW/H ratio (≥0.3213). Individuals from 
SY were differentiated from those from SZ by three 
morphological characteristics; some individuals from 
SY had a high WW/L ratio (>0.6236), and the others 
were characterised by a SW/AW value >5.174 or a SW/L 
value >0.3886. The accuracy of assigning individuals 
to their collection location of SZ, SY and LZ based on 
morphological variation was 85.52, 80.30 and 80.68%, 
respectively. Compared to linear discriminant analysis, 
classification and regression trees (CARTs) do not depend 
on data fitting, covariance homogeneity, or normality 
conditions (Feldesman, 2002). Furthermore, CART has 

been previously used to quantify the importance of the 
target variable and to investigate interactions between 
predictors in sub datasets (Kail et al., 2015). Research 
suggests that CART can successfully select and identify 
more significant parameters for predicting distribution or 
habitat of clam and abalone (Kock and Wolmarans, 2007; 
Lessard and Campbell, 2007). In the current study, WW/L, 
SW/L, SW/H and SW/AW were the variables that were 
most significant in separating and identifying individuals 
from different populations. In fact, there are few studies 
that focus on the scallop hinge. The hinge ligament has 
received more attention than the hinge itself because it is 
involved in the hydrodynamics and movement behaviour 
of scallops (Cheng and Demont, 1996; Tremblay, et al., 
2012). However, hinge length was less applicable for 
distinguishing individuals from different populations.

Table 4 shows the SW/AW, SW/L, SW/H and WW/L 
data for the three populations. SY had the highest values 
of SW/L, SW/H and WW/L, among the three populations, 
which were 0.43±0.04, 0.40±0.03 and 0.73±0.07 respectively. 
The SW/L and SW/H ratios of the LZ population were 
greater than those of the SZ population. They were 
0.37±0.04 and 0.39±0.05 respectively. The WW/L value 
in the SZ population fell in between those of the SY and 
LZ populations. The SZ population had the lowest SW/L 
and SW/AW ratios among the three populations. The SW/
AW ratio of LZ was 5.98±0.96 which was higher than SY 
(5.87±0.75). Kruskal-Wallis tests applied to each ratio 
confirmed significant differences among sites.

Morphological variations are widespread among 
different geographic populations of molluscs. Thus, 
knowledge about specific shellfish morphological 
variations could be applied to stock assessment and 
management (Lomovasky et al., 2008; Owada et al., 
2013; Guo et al., 2017). The adductor muscle is the 
most valuable edible part of the scallop and it is the most 
important locomotory organ in scallops, as it is used for 
swimming and defense. High shell mass can influence 
the gravitational effect on scallops and potentially reduce 
movement ability (Tremblay et al., 2017). Thus, a high 
SW/AW ratio may mean low commercial value and poor 
swimming ability of scallops. 

Results of the mixed-effects linear models revealed 
significant positive correlations between SW/H and 
temperature and WW/L and salinity and a negative 
correlation between SW/AW and DO concentration 
(Table 5). No environmental factor was linked with 
SW/L. Previous reports (Laing, 2002; Hiebentha et al., 
2012) indicate that both temperature and salinity can 
influence the growth and shell formation of shellfish, 
which suggests that temperature and salinity may affect 
the morphological ratios of scallops. Telesca et al. 
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LZ SZ

SY SZ

SZ
SW.L> = 0.3886

SW.H> = 0.3213 SW.AW> = 5.174

WW.L< = 0.6236

Fig. 3. Plot of the selected classification tree obtained after 
pruning; LZ, Liusha Bay; SY, Yazhou Bay; SZ, Mirs Bay

Table 3. Verification matrix related to the pruned classification 
tree in Fig. 3

Real/Predicted SZ SY LZ Accuracy rate %
SZ 124 19 8 85.52
SY 19 106 26 80.30
LZ 2 7 142 80.68
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(2018) suggested that salinity has the strongest effect 
on the spatial patterns of shell shape variation of North 
Atlantic and Arctic blue mussels (Mytilus edulis and 
M. trossulus), while temperature and food supply are 
the main drivers of shape heterogeneity. Furthermore, 
mussels showed similar shell shape responses to less 
favourable environmental conditions, with the formation 
of elongated, narrow shells. Tomiyama (2021) observed 
that clams (Ruditapes philippinarum) originating from 
unsuitable habitats to suitable habitats showed a reduction 
in shell height relative to shell length, while clams from 
suitable habitats to unsuitable habitats showed a greater 
growth in shell height than shell length. Our results show 
that cultured population in Leizhou had the lowest WW/L 
ratio. The noble scallop M. crassicostata is a stenohaline 
marine bivalve mollusc with an optimum salinity range 
for growth of 28 to 32 ppt (Tan et al., 2022). Liusha Bay 
had the lowest annual average salinity (31.04±1.65 ppt) 
compared to Mirs Bay (32.73±0.55 ppt) and Yazhou Bay 
(32.75±0.54 ppt). Suitable salinity in Liusha Bay may 
lead to a greater contribution of shell length to the growth 
(whole weight) of the scallop. Cultured population in 
Yazhou Bay had both the highest SW/H and SW/L ratio, 
which reflects higher thickness or weight of scallop shell. 
Some of the differences in shell thickness can be explained 
by temperature. Lagos et al. (2021) observed that overall 
higher shell density was recorded in scallop Argopecten 
purpuratus exposed to increased elevated temperature 
rarely occurring in Tongoy Bay. A positive correlation 
between shell thickness and site temperature was reported 
in eastern oyster (Crassostrea virginica) along the eastern 
North American seaboard ranging from New Brunswick, 
Canada, to Florida (Lord and Whitlatch, 2014). 

Dissolved inorganic nitrogen, COD and active 
phosphate are commonly used indicators to assess water 
quality or eutrophication (Liu et al., 2011). As suspension 

feeders consume more organic matter from increasing 
abundance of phytoplankton, their rate of growth should 
also increase if they are food limited (Wall et al., 2013). The 
net effect of eutrophication on bivalves, therefore, depends 
on the balance between enhanced food supply and habitat 
alterations that are mediated by attributes of the receiving 
estuary and differences among species, particularly 
feeding habits, feeding physiology and tolerance to 
hypoxia (Carmichael et al., 2012). Although good trophic 
conditions are expected to lead to better growth, results 
of this study suggest that no morphological ratio was 
correlated with the concentration of Chlorophyll 'a', 
dissolved inorganic nitrogen, COD and active phosphate. 
This may be because trophic conditions were good in all 
three bays from which the scallops were collected. Due 
to land runoff, or the aquaculture environment, plankton 
and organic matter were abundant for scallops in the three 
study areas (Si et al., 2013; Li et al., 2014). Our results 
demonstrated that a higher DO level might result in a higher 
AW/SW ratio, which indicates high commercial value 
and swimming ability of scallops. Dissolved oxygen is 
known to affect metabolism and eventually lead to growth 
and survival in marine invertebrates. For the scallop  
C. farreri, a low DO level reduced the survival rate and 
decreased immunity (Chen et al., 2007; Yu, et al., 2010). 
Furthermore, a high DO concentration is always related 
to good water exchange and water quality (Oldham et al., 
2017; Kakehi, et al., 2018). Therefore, a high DO level 
may be necessary for a suitable environment for scallop 
culture in a food-rich coastal bay. However, morphological 
traits can be altered by genes and further verification of the 
genotype-environment interaction is needed.

In this study, variations in morphological patterns 
could be applied for stock classification of different  
M. crassicostata populations, as >80% of individuals 
could be assigned to their collection locations based on 
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Table 4. Morphological characteristics of SZ, SY and LZ populations (n = 1353)
Indicators SZ SY LZ Range Chi-square value p value
SW/AW 4.79±0.79 5.87±0.75 5.98±0.96 3.95-8.20 408.71 1.78E-89
SW/L 0.37±0.04 0.43±0.04 0.37±0.04 0.27-0.53 451.61 8.58E-99
SW/H 0.35±0.04 0.40±0.03 0.39±0.05 0.26-0.56 333.31 4.21E-73
WW/L 0.71±0.09 0.73±0.07 0.57±0.07 0.38-0.98 650.11 6.76E-142

Table 5. Linear multilevel models showing the effect of environmental parameters on morphological characteristics identified for the 
scallop populations using classification trees

Morphological 
ratios

                                Null model                         Final model
Intraclass correlation 
coefficient (%)

Significance between null model containing  
a random spatial effect and one without

Significant environmental 
variables

p-value of  
fixed effects

SW/L 41.97 < 0.0001 – –
SW/H 30.91 < 0.0001 Temperature 0.027
WW/L 54.01 < 0.0001 Salinity 0.0435
SW/AW 38.00 < 0.0001 DO 0.002
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these variations. Thus, the CART was an effective tool 
for discriminating M. crassicostata cultured in the three 
different sites. The morphological ratios such as SW/AW, 
SW/L, SW/H and WW/L differed significantly among 
the different populations. In addition, SW/H, WW/L and 
SW/AW values showed a significant relationship with 
seawater temperature, salinity and DO concentration, 
respectively. Mixed-effects linear models results indicated 
that DO may be a key factor in culture management of  
M. crassicostata. These results provide valuable information 
about population identification of M. crassicostata 
in the South China Sea, which may be helpful in 
taxonomic identification, stock conservation and fisheries 
management of scallops.
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