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  Abstract         Neptunea   cumingii  is an important nutrition-rich economic species in China. Juveniles of 
 N .  cumingii  suff er from high mortality at low temperatures, which has proved a limiting factor in raising 
seedlings in artifi cial habitats. Previous research has shown that  N .  cumingii  displays aggregation behavior 
in response to adverse environmental changes. Therefore, we determined the eff ects of temperature, food, 
size of juvenile snails, substratum type, and density of juvenile snails on the aggregation behavior of 
 N .  cumingii . Results show that, at a low (4°C) or a high (22°C) temperature, juvenile snails adjusted to 
the inhospitable environment by exhibiting increased aggregation behavior. However, their aggregation 
behaviors diff ered at these two temperatures. There was no signifi cant diff erence in the aggregation rate, but 
the typical aggregation size was larger at 4°C than at 22°C. At 10°C or 16°C, aggregation behavior of juvenile 
snails reduced. Aggregation increased in the satiation treatment at 10°C and 16°C. Small-sized juveniles 
tended to have higher aggregation rates (92.22%) and a larger typical aggregation size. More juveniles were 
distributed in the bottom of shaded substrata. A larger typical aggregation size or higher density signifi cantly 
reduced the mortality of juvenile snails at a low temperature (4°C). These results broaden our understanding 
of gastropod aggregation behavior and can be used to develop and improve commercial breeding strategies 
and resource recovery for  N .  cumingii . 

  Keyword : aggregation behavior;  Neptunea   cumingii ; environmental temperature; survival rate; seed 
production 

 1 INTRODUCTION 

  Neptunea   cumingii  Crosse is a large sea snail 
species of the family Buccinidae (Cai, 2001). It is an 
important fi shery resource found along the north coast 
of China, predominantly distributed in the Yellow and 
Bohai Seas (Miranda et al., 2009; Zhang et al., 2014). 
 N .  cumingii  is a carnivorous snail, rich in many types 
of amino acids, glycogen, enzymes, and other 
nutrients, and has high economic and nutritional value 
(Cai, 2001). Owing to the current overfi shing of wild 
resources, the  N .  cumingii  population has declined in 
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large numbers; however, artifi cial breeding technology 
for this species is still in its infancy. Another major 
challenge for aquaculture is the low survival rate of 
juvenile snails, especially at low water temperatures 
in winter, because the most suitable water temperature 
is 8–20°C. This limiting factor has been highlighted 
in  N .  arthritica  (Miranda et al., 2008), a species 
closely related to  N .  cumingii . 

 Winter is a stressful period for animals; living in 
cold environments requires individual morphological 
and physiological adjustments, as well as cooperative 
behavior from the group. Aggregation is an important 
group behavior (Sukhchuluun et al., 2018) that 
represents an ecological strategy adopted by animals 
in response to inhospitable environments. The 
“group eff ect” produced by aggregation behavior, 
such as reduced water loss (Yoder et al., 2002), 
reduced energy loss (Gilbert et al., 2007; Kotze et 
al., 2008; Nowack and Geiser, 2016), and anti-
predation defense (Hatle and Salazar, 2001), is of 
great signifi cance to animals (Su et al., 2007). Many 
organisms such as mammals, insects, and aquatic 
organisms exhibit aggregation behavior in winter, 
which is a proven strategy for resisting adversity and 
improving survival (Clark and Faeth, 1997; 
Scheibling and Lauzon-Guay, 2007; Kobak et al., 
2009; Zhang et al., 2018). 

 In general, the aggregation behavior of organisms 
is aff ected by many factors, such as environmental 
temperature, light, biological specifi cations, and 
organism density (Lapointe and Sainte-Marie, 1992; 
Rojas et al., 2013; Xu et al., 2017). These factors have 
diff erent eff ects on the aggregation behavior of 
diff erent organisms. For example, sea urchin density 
and body size are the two most important factors 
aff ecting their aggregation behavior (Hagen and 
Mann, 1994), whereas the aggregation behavior of 
the gastropod  Buccinum   undatum  Linnaeus is aff ected 
by water fl ow (Lapointe and Sainte-Marie, 1992). 
Moreover,  Lasiopodomys   brandtii  mice develop 
aggregation behavior at low temperatures 
(Sukhchuluun et al., 2018). 

 During the process of artifi cial cultivation, juvenile 
 N .  cumingii  exhibit obvious aggregation behavior, 
especially at low water temperatures (personal 
observation). We hypothesize that this behavior is 
related to their adaptation to the harsh winter 
environment. Therefore, this study investigates the 
following research question: How do factors such as 
temperature, juvenile snail size, substratum type, and 
juvenile snail density aff ect the aggregation behavior 

of  N .  cumingii . The hypotheses tested within the study 
are as follows: (1) low temperature and satiation 
promote the aggregation of juvenile snails; (2) small 
juvenile snails aggregate at a higher frequency; (3) 
juvenile snails prefer a shaded substratum; and (4) 
high snail density promotes the aggregation of 
juvenile snails. The fi ndings of this study expand our 
understanding of the aggregation behavior of 
gastropods, which prevents low temperature death in 
juvenile snails. Therefore, this research is signifi cant 
for resource management and improving seedling 
breeding effi  ciency.  

 2 MATERIAL AND METHOD 

 2.1 Juvenile culture and holding methods 

 Adult  N .  cumingii  broodstock were collected from 
the Bohai Sea in Shandong Province, China. Adult 
male and female snails (50 males and 50 females in 
each cement pool) were kept in seawater at a 
temperature of 13–15°C to mate and lay eggs in the 
absence of light. In nature, the mating and spawning 
season extends from March to May. In the experiment, 
the hatching rate of egg capsules was more than 80%, 
and we obtained more than 6 000 juvenile snails. All 
experimental juvenile snails (shell height, SH, of 
5–16 mm) were cultured under laboratory conditions 
(water temperature: 13–15°C; salinity: 29.8–31.7 
with constant aeration) and fed on  Ruditapes  
 philippinarum  mollusks (shell length, SL, of 
10±0.5 mm) for 5 d prior to experimentation. 

 2.2 Collection of behavioral data 

 The experimental device was a plexiglass 
aquarium (370 mm×280 mm×310 mm). The 
behavior of juveniles was recorded with a time-
lapse camera (Brinno TLC-200) at 5-s intervals for 
24 h. The experiment was repeated six times and 
diff erent juveniles were used in all replicates. At 
the end of each experiment, the aggregation of 
juvenile snails was counted and the aquaria were 
cleaned; new fi ltered seawater was used for each 
experiment. It was considered aggregation behavior 
only when two or more juveniles gathered, and 
their numbers were then counted. The formula for 
calculating the aggregation rate of juvenile snails is 
as follows: 

 = 100%,nM
N
  

 where  M  is the aggregation rate,  n  is the number of 
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aggregating juveniles, and  N  is the total number of 
juveniles. 

 However, the animals could form large or small 
aggregations but result in the same fi nal aggregation 
rate, therefore exhibiting clearly diff erent behavior. 
As the aggregation rate does not show this diff erence, 
the typical aggregation size was used to represent this 
diff erence. The formula for calculating the typical 
aggregation size is as follows: 

 
2 2 2
1 2 ,nn n n

S
n

  


  

 where  S  is the typical aggregation size,  n  is the number 
of aggregating juveniles, and  n  1 ,  n  2 , ∙∙∙ are the number 
of individuals in each aggregation (including 
singletons) (Jarman, 1974). The greater the  S  value, 
the larger the typical aggregation size. 

 2.3 Eff ect of temperature and food on aggregation 
behavior  

 This experiment was designed to test whether 
temperature and food were contributing factors to 
aggregation behavior. Aggregation behavior was 
examined in four diff erent water temperature groups 
(4°C, 10°C, 16°C, and 22°C) and two food groups 
(satiation and hunger). In the satiation treatment, fi ve 
 R .  philippinarum  (SL=10±0.5 mm) were introduced 
as prey in the center of the aquarium (gathered 
together) and their total wet weight ( W  1 ) was measured 
before the experiment. Thirty  N .  cumingii  juveniles 
(SH=5±1 mm) were then introduced into each 
experimental group. After the experiment, the 
remaining food was removed and its wet weight was 
measured ( W  2 ) to calculate the daily food intake of 
juveniles. The formula for calculating the daily food 
intake ( Fd ) of juveniles was as follows:  Fd = W  1 – W  2 . 
The experiment was conducted at a salinity of 29.8–
31.7 with constant aeration in the absence of light. 

 2.4 Eff ect of size on aggregation behavior 

 This experiment was designed to test whether the 
size of  N .  cumingii  was a contributing factor to 
aggregation behavior. Aggregation behavior was 
examined in three diff erent size groups (SH=5±1 mm, 
10±1 mm, and 15±1 mm). Five  R .  philippinarum  
(SL=10±0.5 mm) were introduced as prey in the 
center of the aquarium. Thirty  N .  cumingii  juveniles 
were then introduced into each experimental aquarium 
(water temperature: 4°C, salinity: 29.8–31.7 with 
constant aeration in the absence of light). 

 2.5 Eff ect of substratum type on aggregation 
behavior 

 This experiment was designed to test whether 
substratum type was a contributing factor to 
aggregation behavior. Aggregation behavior was 
examined for six diff erent substratum types: 1. top of 
an oyster shell (the internal surface of a single valve); 
2. bottom of an oyster shell (the external surface of a 
single valve); 3. top of a transparent corrugated plate; 
4. bottom of a transparent corrugated plate; 5. top of a 
black corrugated plate; 6. bottom of a black corrugated 
plate. We placed an oyster shell, transparent corrugated 
plate, and black corrugated plate (the size of all three 
substrates was 90 mm× 40 mm, selected and measured 
the size of an oyster shell and then corrugated plates 
were cut to the appropriate size according to the size 
of the oyster shell) on the bottom of the same aquarium 
with no overlap. The substrates were in parallel 
contact with the bottom of the aquarium so that the 
juvenile snails could reach their bottom sides due to 
their corrugated shape. The depth of the corrugation 
was 2.0 cm. The experimental aquarium was 
illuminated from the top with an incandescent lamp 
with a light intensity of 800±50 lx (Illuminometer, 
LB-ZD809, China). Then, thirty  N .  cumingii  juveniles 
(SH=5±1 mm) were introduced into the experimental 
aquarium (water temperature: 4°C, salinity: 29.8–
31.7 with constant aeration). This experiment did not 
provide food. After the experiment, substratum 
preferences were calculated according to the 
distribution (numbers/percentages of all animals 
occupying particular materials whether aggregated or 
not) and aggregation rate (percentage of aggregated 
animals on each material, relative to the total number 
of individuals on the material). 

 2.6 Eff ect of density on aggregation behavior and 
mortality rate 

 This experiment was designed to test whether 
density was a contributing factor to aggregation 
behavior and mortality rates. The eff ect of aggregation 
behavior on mortality rate was examined in three 
diff erent experiments with diff erent numbers of 
 N .  cumingii  juveniles (10, 30, and 50; SH=5±1 mm). 
Five  R .  philippinarum  (SL=10±0.5 mm) were 
introduced as prey in the center of the aquarium. The 
experiment lasted for 15 d. The prey and the full 
volume of water were changed daily (water 
temperature: 4°C, salinity: 29.8–31.7 with constant 
aeration in the absence of light). The number of 
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aggregating juveniles and typical aggregation size 
was calculated every 24 h. Then, the average values 
of these parameters over the entire experiment 
duration were calculated and the juvenile mortality 
was determined. 

 2.7 Statistical analysis 

 The data were tested for normality (Shapiro-Wilk 
test) and homogeneity (Levene’s test). Data related to 
the aggregation rate and typical aggregation size in 
diff erent temperature and food groups were analyzed 
using two-way analysis of variance (ANOVA). 
Bonferroni-adjusted paired sample  t -tests were used 
for post-hoc comparisons. When the interaction was 
signifi cant, one-way ANOVA was used to compare 
the temperature eff ect for each food group, and an 
independent sample  t -test was used to compare the 
food eff ect for each temperature group. Data related 
to food intake, the size and density of juvenile snails 
were analyzed using one-way ANOVA. Tukey’s post-
hoc test was performed to identify signifi cant 
diff erences among groups. Data related to the eff ects 
of substratum type (distribution rate) were analyzed 
using repeated measures ANOVA (with the substratum 
as a within-subject factor). Bonferroni-adjusted 
paired sample  t -tests were used for post-hoc 
comparisons among the substrata. Data related to the 
eff ects of substratum type (aggregation rate) were 
analyzed using a paired sample  t -test, using only the 
substrata frequently visited by snails (see Section 3). 
All statistical computations were conducted using 
SPSS v. 16.0 software (SPSS Inc., Chicago, IL), 

where α-values of 0.05 were considered to be 
statistically signifi cant. 

 3 RESULT 

 3.1 Juvenile culture and holding 

 Adult  N .  cumingii  broodstock began mating and 
laid eggs at 12°C. The base of the egg capsule was 
attached to the bottom or the wall of the cement pools. 
20–80 yellow egg capsules were laid in a cluster and 
each egg capsule produced 1–2 juvenile snails. The 
larvae did not pass through the planktonic stage but 
directly metamorphosed into juvenile snails (SH=5–
7 mm) in the egg capsule before hatching. Bivalves  R . 
 philippinarum  were provided as food.  

 3.2 Eff ect of temperature and food on aggregation 
behavior  

 The aggregation rate diff ered signifi cantly among 
the diff erent temperature groups (4°C, 10°C, 16°C, 
and 22°C) ( F  3,48 =89.11,  P <0.001) and between 
diff erent food groups (satiation and hunger) 
( F  1,48 =19.73,  P <0.001) (Fig.1a). Temperature and 
food had signifi cant interactive eff ects with the 
aggregation rate of snails ( F  3,48 =5.21,  P =0.004). The 
aggregation rate of the 4°C group was higher than that 
of the 10°C ( P <0.001), 16°C ( P <0.001), and 22°C 
( P =0.014) groups. The aggregation rate of the 22°C 
group was higher than that of the 10°C ( P <0.001), 
and 16°C ( P <0.001) groups. 

 In both satiation ( F  3,20 =27.33,  P <0.001, Fig.1a) and 
hunger ( F  3,20 =72.95,  P <0.001, Fig.1a) groups, the 
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 Fig.1 Aggregation rate of  N .  cumingii  juveniles in diff erent temperature and food groups (a) and the average daily food 
intake in diff erent temperature groups (b) 
 The diff erences ( P <0.05) of temperature eff ect for satiation groups are indicated by capital letters (D, E, F), temperature eff ect for hunger groups by 
lowercase letters (a, b, bc, c) and food eff ect for each temperature group by asterisks (*). Bars represent mean values and error bars indicate standard 
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aggregation rate was aff ected by temperature. In the 
satiation group, the aggregation rate of the 4°C group 
was higher than that of the 10°C ( P <0.001), 16°C 
( P <0.001), and 22°C ( P =0.018) groups. Moreover, 
the aggregation rate of the 22°C group was higher 
than that of the 10°C ( P =0.003) and 16°C ( P =0.001) 
groups. In the hunger groups, the aggregation rates of 
the 4°C and 22°C groups were higher than those of 
the 10°C ( P <0.01) and 16°C ( P <0.001) groups. The 
aggregation rate of the 10°C group was higher than 
that of the 16°C ( P =0.018) group. Diff erences in 
aggregation rate between satiated and hungry groups 
varied according to temperature. At 10°C and 16°C, 
the aggregation rate of the satiation group was higher 
than that of the hunger group (10°C:  t =2.34,  P =0.042; 
16°C:  t =6.50,  P <0.001). However, at 4°C and 22°C, 
there was no signifi cant diff erence between the 
satiated and hungry groups (4°C:  t =1.51,  P =0.162; 
22°C:  t =0.46,  P =0.659). 

 The typical aggregation size diff ered signifi cantly 
among the diff erent temperature groups (4°C, 10°C, 
16°C, and 22°C) ( F  3,48 =14.45,  P <0.001) but not 
between diff erent food groups (satiation and hunger) 
( F  1,48 =0.01,  P =0.977) (Table 1). The typical 
aggregation size of the 4°C group was higher than 
that of the 10°C, 16°C, and 22°C groups (satiation: 
4–10°C,  P =0.017, 4–16°C and 4–20°C,  P< 0.001; 
hunger: 4–10°C,  P =0.025, 4–16°C,  P =0.016, 
4–20°C,  P< 0.001).  

 The average daily food intake was also aff ected by 
temperature ( F  3,20 =24.29,  P <0.001, Fig.1b). The 
average daily food intake of the 16°C group was 
higher than that of the 4°C ( P <0.001), 10°C ( P =0.003), 
and 22°C ( P <0.001) groups. The average daily food 
intake of the 10°C group was higher than that of the 
4°C ( P =0.003) group. At 16°C, juveniles had the 
highest average daily food intake (3.56 g/d) but the 
lowest aggregation rate (60.56%), whereas at 4°C, 
juveniles had the lowest average daily food intake 
(0.34 g/d) but the highest aggregation rate (92.22%). 

 3.3 Eff ect of size on aggregation behavior 

 The aggregation rate was aff ected by the varying 
sizes of the juvenile snails; aggregation rates 
decreased with increasing juvenile size ( F  2,10 =12.59, 
 P =0.001, Fig.2). The aggregation rate of the 5±1 mm 
group was higher than that of the 10±1 mm ( P =0.018) 
and 15±1 mm ( P <0.001) groups. However, there was 
no signifi cant diff erence between the 10±1 mm and 
15±1 mm groups ( P =0.190). The typical aggregation 
size was also aff ected by juvenile size ( F  2,15 =7.39, 
 P =0.006, Table 2). The typical aggregation size of the 
5±1 mm group was higher than that of the 10±1 mm 
( P =0.029) and 15±1 mm ( P =0.006) groups. 

 3.4 Eff ect of substratum type on aggregation 
behavior 

 The distribution was aff ected by diff erent 
substratum types ( F  5, 30 =57.10,  P <0.001, Table 3). 
The percentage at the bottom of the oyster shell 
(38.89%) and at the bottom of the black corrugated 
plate (32.78%) was higher than that at the top of the 

 Table 1 Mean (±SE) typical aggregation size in diff erent 
temperature and food groups 

 Temperature (℃) 
 Typical aggregation size 

 Satiation  Hunger 

 4  20.90±4.33 a   19.93±4.56 a  

 10  14.32±4.97 b   15.32±1.57 b  

 16  10.97±1.68 b   8.06±4.11 b  

 22  9.40±1.20 b   8.16±0.83 b  

 Diff erent lowercase letters (a, b) indicate signifi cant diff erences between 
the mean values ( P <0.05). 
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 Fig.2 Aggregation rate of  N .  cumingii  juveniles of diff erent 
sizes  
 Diff erent lowercase letters (a, b) indicate signifi cant diff erences 
between the mean values ( P <0.05). Bars represent mean values and 
error bars indicate standard errors. 

 Table 2 Mean (±SE) typical aggregation size in diff erent 
size groups 

 Size (mm)   S  value 

 5±1  17.87±3.27 a  

 10±1  12.92±2.29 b  

 15±1  11.64±3.23 b  

 Diff erent lowercase letters (a, b) indicate signifi cant diff erences between 
the mean values ( P <0.05). 
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oyster shell ( P =0.003,  P =0.001, respectively), the top 
of the transparent corrugated plate ( P =0.003, 
 P< 0.001, respectively), the bottom of the transparent 
corrugated plate ( P <0.001,  P =0.005, respectively), 
and the top of the black corrugated plate ( P =0.003, 
 P =0.006, respectively). Only a few juvenile snails 
gathered on the top of the oyster shell (2.22%), the 
top (3.89%) and bottom (2.78%) of the transparent 
corrugated plate, and the top of the black corrugated 
plate (3.33%). The aggregation rate of juveniles 
predominantly occurred at the bottom of the oyster 
shell (86.09%) and the bottom of the black corrugated 
plate (82.11%), with no signifi cant diff erence between 
the two materials ( t =0.79,  P =0.467). 

 3.5 Eff ect of density on aggregation behavior and 
mortality rate 

 Juvenile snail density signifi cantly aff ected the 
typical aggregation size ( F  2,15 =43.03,  P< 0.001, Fig.3) 
and mortality of juvenile snails ( F  2,15 =20.67,  P< 0.001, 
Fig.3). With an increase of juvenile density, the 
typical aggregation size increased and the mortality 
rates decreased. The typical aggregation size in the 
50-snail group (19.82) was higher than that in the 
10-snail group (4.22,  P <0.001) and 30-snail group 
(11.83,  P =0.001). Moreover, the typical aggregation 
size of the 30-snail group was higher than that of the 
10-snail ( P =0.001) group. The mortality rate in the 
10-snail group (28.33%) was higher than that in the 
30-snail group (18.89%,  P =0.006) and 50-snail group 
(12.00%,  P <0.001). Moreover, the mortality rate of 
the 30-snail group was higher than that of the 50-snail 
group ( P =0.041). 

 4 DISCUSSION 

 4.1 Eff ect of temperature and food on aggregation 
behavior 

 Both temperature and food are important factors 
that aff ect aggregation behavior in various species. 
For example, mice (endothermic animals) show more 
obvious aggregation behavior in cold conditions than 
warm conditions as it enables them to lose less heat 
and produce heat for one another (Batchelder et al., 
1983). Aggregation is a social thermoregulatory 
behavior, which is important for reducing heat loss 
and energy expenditure and maintaining body 
temperature to survive the cold (Gilbert et al., 2010; 
Sukhchuluun et al., 2018). However, heterothermic 
animals have diff erent heat demands and cold defense 
mechanisms. The insect  Pyrrhocoris   apterus  
aggregates signifi cantly during overwintering to 
lower their metabolic rates (Su et al., 2007). 
Additionally, the gastropod  Nerita   atramentosa  has 
shown aggregation behavior in winter in intertidal 
habitats, where the temperature of aggregated snails 
is 2°C warmer than that of solitary individuals. The 
proposed reason for this phenomenon was that 
aggregation can increase thermal inertia (higher 
thermal inertia means that snails cool down more 
slowly) and thus reduce thermal exchanges rates 
between aggregated snails and environment 
(Chapperon and Seuront, 2012). Increased aggregation 
was found in the satiation treatment at 10°C and 16°C. 
However, this eff ect disappeared at suboptimum 
temperatures (4°C and 22°C). At 10°C and 16°C, 
some snails aggregated around the food sources, 
which increased the aggregation rate of the satiation 
treatment. It should be noted that aggregating around 

 Table 3 Mean (±SE) distribution and aggregation rate of  N . 
 cumingii  juveniles on diff erent substrata 

 Substratum type  Distribution 
(%) 

 Aggregation 
rate (%) 

 Top of an oyster shell  2.22±4.03 b   – 

 Bottom of an oyster shell  38.89±5.84 a   86.09±10.15 A  

 Top of a transparent corrugated plate  3.89±6.12 b   – 

 Bottom of a transparent corrugated plate  2.78±4.43 b   – 

 Top of a black corrugated plate  3.33±5.16 b   – 

 Bottom of a black corrugated plate  32.78±4.91 a   82.11±8.89 A  

 Diff erent lowercase letters (a, b) indicate signifi cant diff erences between 
the mean values ( P <0.05). The capital letter (A) indicates no signifi cant 
diff erence between the two groups ( P =0.467). Only the aggregation rate of 
the most frequently occupied  substrata was counted. “–” indicates that the 
aggregation rate of the substrata was not counted. 
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 cumingii  juveniles in diff erent experimental groups 
 Diff erent capital letters (A, B, C) and lowercase letters (a, b, c) 
indicate signifi cant diff erences between the mean values ( P <0.05). 
Bars and polyline represent mean values. Error bars indicate 
standard errors. 
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food is not a real aggregation with conspecifi cs, i.e. 
driven by preferences for individuals of own species, 
because each individual behaves independently of the 
others and the presence of conspecifi cs may be even 
disadvantageous for them. On the contrary, true 
aggregations are formed to defend from cold, 
predators and for reproduction purposes. Both can 
lead to a clumped distribution, but their mechanisms 
are diff erent. In the experiment on temperature and 
food, both these mechanisms can be involved.  

 The most suitable water temperature for  N .  cumingii  
is 8–20°C (Cai, 2001). In this study, the aggregation 
rate of juveniles was lower in water temperatures of 
10°C (52.78%) and 16°C (41.44%), but higher at 
22°C (78.89%) and 4°C (85.56%). This indicates that 
aggregation behavior plays an important role at a 
water temperature of 4°C or 22°C for juvenile snails. 
During actual production, we found that a temperature 
above 22°C increased the mortality of snails 
(Production data, unpublished). Of the studied 
temperatures, 10°C and 16°C were deemed more 
suitable for juvenile snails as they ate more food 
(Fig.1b) to gain more energy; thus, the aggregation 
rate was signifi cantly reduced. However, although 
there was no signifi cant diff erence in the aggregation 
rate between 4°C and 22°C, the typical aggregation 
size was signifi cantly diff erent. Snails formed a small 
number of large groups at 4°C and a large number of 
small groups at 22°C. Large groups at low temperature 
may benefi t juvenile snails by reducing heat loss, 
whereas small groups at high temperature may aid 
heat dissipation through the water. The question 
arises: why did juvenile snails exhibit high aggregation 
rate at high temperature? This may be because 
aggregation brings other benefi ts; for example, 
aggregating juveniles might be better protected 
against predators (Hatle and Salazar, 2001). 

 4.2 Eff ect of size on aggregation behavior 

 The size of an organism has signifi cant eff ects on 
its aggregation behavior. Smaller juvenile snails of  N . 
 cumingii  had high aggregation rates (92.22%) and 
larger typical aggregation sizes at 4°C (Fig.2 & Table 
2). Larger snails created groups of smaller size, which 
generated a similar mass and level of protection as 
larger groups of smaller individuals. This may be 
because the diff erent life stages of species have 
diff erent tolerance to low water temperature, and 
smaller individuals are more strongly aff ected than 
larger ones because of a higher energy demand per 
unit weight due to the large surface area-to-volume 

ratio. In contrast, larger individuals are more tolerant 
of low water temperature, and smaller individuals 
require more aggregation to survive (Mehner and 
Wieser, 1994; Kotze et al., 2008; Sukhchuluun et al., 
2018).  

 4.3 Eff ect of substratum type on aggregation behavior 

 Marine invertebrates are susceptible to light in 
many aspects such as feeding, growth, and survival. 
Miao et al. (2016) found that higher light intensity can 
inhibit the growth of juvenile shellfi sh  Sinonovacula  
 constrict . Xu et al. (2017) indicated that light could 
reduce the aggregation rate of juvenile  Mytilus  
 coroscus  mussels. In this study, the substratum type 
had a signifi cant eff ect on the distribution of juvenile 
snails, but no signifi cant eff ect on their aggregation 
rate. Juvenile snails were predominantly distributed 
on shaded substrata (bottom of opaque substrata), 
which may indicate that juvenile snails prefer a dark 
environment. 

 4.4 Eff ect of density on aggregation behavior and 
mortality rate 

 Density is an important factor aff ecting the 
aggregation behavior of organisms. For example, an 
increase of urchin density led to an increase in 
aggregation size (Hagen and Mann, 1994). The 
aggregation rate of juvenile  Mytilus   coroscus  mussels 
also increased with an increase of density (Xu et al., 
2017). However, it is diffi  cult to determine if the 
 N .  cumingii  snails aggregated due to a change in 
available space caused by the increase of density or 
because they actively clumped together according to 
the experiment conditions. Aggregation can 
signifi cantly increase the survival rates of organisms 
overwintering at low temperature due to a reduction 
in activity, respiration, and metabolic rate (Tojo et al., 
2005). At the same time, aggregation improves heat 
preservation by reducing individual energy 
expenditure (Ancel et al., 1997; Sukhchuluun et al., 
2018). In this study, it was found that the mortality of 
juvenile  N .  cumingii  decreased signifi cantly with an 
increase in typical aggregation size. This was similar 
to the fi ndings of Su et al. (2007), who found that 
increased aggregation improved the survival rates of 
 Pyrrhocoris   apterus . 

 5 CONCLUSION 

 We investigated the aggregation behavior of 
juvenile  N .  cumingii  gastropods and demonstrated 



1597No.5 YU et al.: Aggregation behavior of  Neptunea   cumingii 

that, at both low and high temperature, juvenile snails 
adjusted to the inhospitable environment through 
aggregation behavior. Food increased the aggregation 
rate of snails. Small juveniles exhibited more active 
aggregation behaviors. More juveniles were 
distributed on the bottom of substrata, i.e., in the 
shade. These fi ndings enable us to recommend culture 
practices that will increase the survival rates of 
juvenile snails in winter. First, it is recommended to 
provide shelter, such as oyster shells or black 
corrugated plates. Second, it is advisable to increase 
the breeding density appropriately in order to increase 
the typical aggregation size. In this study, we only 
studied the aggregation behavior of small juvenile 
snails (SH<15±1 mm), neglecting adult snails of 
larger size. In the future, we will continue to study the 
aggregation behavior of adult snails and explain the 
aggregation mechanism from the perspective of 
energy and physiological changes. In summary, this 
study broadens our understanding of gastropod 
aggregation behavior and can be used to develop or 
improve commercial breeding strategies for 
 N .  cumingii . 

 6 DATA AVAILABILITY STATEMENT 

 The datasets generated and/or analyzed during the 
current study are available from the corresponding 
author on reasonable request. 
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