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ABSTRACT: The oceans continue to warm due to rising atmospheric greenhouse gas concentrations. Most climate-change studies of aquaculture species use temperature changes based on coarseresolution climate models and without considering thermal ranges of an animal. Coarse-resolution
climate models are generated by global-scale data, which is insufficient to capture the conditions
of coastal areas where most aquaculture activity occurs. Therefore, ocean warming research on
coastal organisms requires a more comprehensive design to include broad temperature gradients.
By using the ecologically and commercially important coastal whelk Rapana venosa, we combined long-term and short-term experiments and selected 4 temperature treatments (19, 23, 27,
and 30°C) to simulate different scenarios to test ocean warming effects on growth rates and foraging performances of whelks. We found that elevated temperature within the whelk’s thermal
range (23 and 27°C) significantly increased growth rates and enhanced foraging performances of
marine whelks when compared to the current temperature (19°C). Conversely, the whelk’s performance collapsed at 30°C in terms of both growth and foraging behavior. Our research clearly
shows that local conditions and the tolerance range of a species must be considered to develop
meaningful information for testing the effects of a changing climate. Our study suggests that rapa
whelks may increase their feeding and reach larger sizes during warmer periods. Moreover, our
study may provide a foundation for future climate research on aquaculture species.
KEY WORDS: Ocean warming · Growth rate · Foraging performance · Predator−prey interactions
· Rapana venosa · RCP 8.5

As our climate continues to warm due to rising
atmospheric greenhouse gas concentrations, the
ocean is currently facing a variety of perturbations

which include ocean warming, ocean acidification,
decreased oxygen concentrations, reduced sea-ice
area and rising sea levels (Hoegh-Guldberg & Bruno
2010, Keeling et al. 2010, Doney et al. 2012,
Poloczanska et al. 2013). These perturbations may
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pose a variety of threats to marine ecosystems, and
affect aquaculture production (Merino et al. 2012,
Handisyde et al. 2017, Barange et al. 2018, Soto et al.
2019). Studying the vulnerabilities of these systems
to climate change may contribute to mitigating the
negative influences, and in turn, increase aquaculture productivity.
The aquaculture industry has been growing rapidly and plays an important role in food production,
providing up to 46.8% of the world’s total production
(including wild capture and aquaculture), of which
35.9% is marine aquaculture (FAO 2018). However,
the aquaculture sector will face climatic impacts
under a ‘business-as-usual’ gas emission scenario
(FAO 2017). As climatic changes will not be the same
everywhere to every stressor (Cane et al. 1997),
studying the potential effects of specific stressors in
specific areas is essential (Des et al. 2020).
Water temperature is a major driving factor in
aquatic species and aquaculture productivity because of its importance in physiological and chemical
processes and species interactions (Zippay & Helmuth 2012, Gestoso et al. 2016). Elevated temperature can directly increase the speed of enzymatic
reactions and thereby increase metabolic rates (Pörtner & Farrell 2008). An increment in metabolism rate
can increase growth rate as organisms need to
increase foraging or consume more prey to keep
metabolic homeostasis (Pörtner & Peck 2010, Manríquez et al. 2017). Therefore, foraging behavior can
be crucial for individuals because they need to
acquire energy to maintain their life functions and
assure normal activities continue. Species can respond to ocean warming in several ways: they can
move to a new habitat where temperature is within
their thermal niche; they may extend their thermal
niche by acclimating and/or adapting to new temperatures; they can also experience range contractions
when the temperature already exceeds their range,
preventing endurance (Donelson et al. 2019). It has
long been known that the first response by organisms to a novel environment is mainly modifying of
their behavior (Tuomainen & Candolin 2011). The
inherent behavioral plasticity also implies that it may
be one of the most powerful ways for animals to
adjust to rapid climate change (Wong & Candolin
2015). Moreover, critical behaviors, including foraging behavior, predator avoidance, dispersal, and
migration, are all directly affected by ocean warming
(Pörtner & Peck 2010).
Extensive climate change studies have only focused on the expected scenario by the end of this
century, typically based on the representative con-

centration pathway (RCP) 8.5. Under this scenario,
ocean temperatures are predicted to rise by an average of 2.73 ± 0.72°C (mean ± 1 SD) compared to the
1990s (Bopp et al. 2013). However, this RCP projection is strongly based on averages across large spatial and/or temporal resolutions (Falconer et al.
2020). Though it is widely useful to predict general
trends and potential risks, this resolution is inadequate in capturing the complexity of coastal areas,
where aquaculture is located (Falconer et al. 2020).
In addition, for producers, only the environmental
changes in the aquaculture farm and surrounding
area would affect key aspects of production. Therefore, it is essential to evaluate conditions at the local
scale, especially for coastal aquaculture species that
are not able to migrate.
To demonstrate this, we conducted 2 mesocosm
experiments using the coastal marine whelk Rapana
venosa (Valenciennes, 1846): (1) a long-term experiment (3 mo) to test the effects of warming on the
growth rate of juvenile whelks, and (2) a short-term
behavioral experiment to determine the effects of
warming on the whelk’s foraging performance. R.
venosa is an economically and ecologically important
coastal species that accounts for > 20% of the gastropod production in China (Yu et al. 2019). R. venosa is
usually harvested for human consumption by
SCUBA divers. It is considered a potential candidate
for molluscan aquaculture, as local demand for sea
products is increasing. The whelk is a dominant species in the benthic ecosystem of Laizhou Bay (Hu et
al. 2016) and widely distributed on all types of bottom (Kosyan 2016). R. venosa commonly feeds on
clams, mussels and oysters. This common Asian species is found in muddy-sandy sublittoral areas and is
well adjusted to varying physical environmental factors since it inhabits transitional coastal systems (e.g.
rock pools, lagoons) where large fluctuations in temperature and other factors, like pH, occur naturally
(Wahl et al. 2016). Its commercial and ecological significance make it a suitable organism for addressing
our hypotheses.
We established comprehensive temperature gradients involving 4 scenarios (19, 23, 27 and 30°C) to test
the effects of different elevated temperatures on the
growth and foraging performance of R. venosa. We
hypothesized the following: (1) R. venosa growth and
foraging performances will increase under 23 and
27°C when compared to 19°C; (2) the elevated temperature of 30°C is beyond the species’ comfort
range (sublethal) (Ban et al. 2014) and, therefore, the
30°C scenario will decrease the growth rate and
depress foraging performances.
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2. MATERIALS AND METHODS
2.1. Animal collection and maintenance
This study was conducted at the Ecology Laboratory of the Institute of Oceanology, Chinese Academy of Sciences on Furong Island in May 2016. A
total of 257 adult Rapana venosa (shell length, mean
± SD: 55.21 ± 3.03 mm) and 432 juveniles (shell
length: 22.37 ± 2.89 mm) were collected from
Laizhou Bay, Bohai Sea (37° 13.1’ N, 119° 73.0’ E) by
SCUBA diving and immediately transported to the
laboratory. Following collection, the juvenile and
adult whelks were acclimated in separate fiberglass
aquaria for 2 wk. The aquaria were filled with seawater under ambient conditions (temperature: 19 ±
0.5°C; salinity: 30 ± 1 ppt). The juvenile whelks were
used in the long-term growth experiments and adults
were used in the short-term behavioral experiments.
The whelks were fed Manila clams Ruditapes philippinarum twice a week. Manila clams (shell length:
19.16 ± 0.92 mm) were collected from the coastal
beach close to the site of collection of the whelks. To
standardize the hunger level, the whelks were not
fed for 7 d prior to experimentation (Garton & Stickle
1980, Giacoletti et al. 2017). The photoperiod was set
to 14 h light:10 h dark (consistent with summertime
in Laizhou Bay). The seawater was changed twice a
week to prevent accumulation of metabolic waste.

2.2. Experimental design
2.2.1. Long-term experiments: effects of elevated
temperature on growth rate
We conducted a long-term common garden experiment in a controlled temperature laboratory maintained at 18°C. Juvenile whelks were exposed to the
following temperatures: (1) 19°C ambient temperature, consistent with that most often experienced in
the natural environment (Harding et al. 2008); (2) a
23°C treatment as suggested by the coarse climate
resolution model (RCP 8.5) scenario for sea surface
temperature by the end of this century (IPCC 2014);
(3) a 27°C treatment, which is the maximum temperature currently experienced by whelks (e.g. rock
pool); and (4) a 30°C treatment that has been suggested as the sublethal temperature for R. venosa
(Ban et al. 2014). Five juvenile whelks were randomly assigned to 1 of 16 aquaria (40.0 cm × 15.0 cm
× 40.0 cm, 24 l, 15 cm sand sediment). Each aquarium
was randomly assigned to a temperature treatment;
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each treatment was replicated 4 times, with a total of
80 juveniles used in the experiment. Adjustable submersible heaters with a maximum power of 100 W
(Trixie, Aquarium-Heizer, AH 301) were used to
maintain a stable temperature in each aquarium. The
heaters were raised by 1°C per day until the final
treatment temperature was reached. At the start of
the experiment, juveniles did not initially differ in
shell length regardless of temperature (ANOVA, all
p-values > 0.14). During the experiments, whelks
were provided clams every other day, and the empty
clam shells were removed daily. The experiment
lasted 90 d, from 17 April to 16 July 2016.

2.2.2. Short-term experiments: effects of elevated
temperature on foraging behaviors
The short-term behavioral experiment with adult
rapa whelks was conducted over a period of 4 d in the
same lab as the growth experiment. A single whelk
was randomly assigned to 1 of 16 circle aquaria
(radius = 50 cm, height = 40 cm; 314 l) with 15 cm of
sand sediment, and each aquarium was then assigned
to a temperature treatment, with each treatment including 4 replicates. Each aquarium was heated by a
single 500 W submersible heater (EHEIM) and supplied with aerated seawater. Prior to the elevated
temperature exposure, both whelks and clams were
acclimated for 24 h at the mean water temperature of
the collection site during the study period (19°C). Similar to the long-term experiment, after acclimation,
the heaters were also raised by 1°C per day until the
final treatment temperature was reached. Each 1°C
increase in seawater temperature was reached within
30 min of adjusting the heater. Twenty clams were
carefully planted just below the sediment surface
with the siphon upwards and relatively evenly
spaced. We took care not to disturb the surrounding
sediment (Seitz et al. 2001). Clams were allowed to
acclimate for 24 h, prior to the introduction of 1 adult
rapa whelk to each aquarium. All trials lasted for 4 d.

2.3. Data collection
After 90 d in the long-term growth experiments,
we measured a number of morphological variables
known to be proxies of growth for gastropods
(Trussell & Nicklin 2002, Bourdeau 2011). Total shell
length of each whelk to the nearest 0.01 mm was
measured with a digital caliper. We also measured
wet body weight of live whelks using a non-destruc-
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tive method, following Palmer (1990). The whelks
were then euthanized and the soft body parts were
removed; shell weight was measured by using an
electronic analytical balance to the nearest 0.0001 g.
We calculated the soft tissue section (hereinafter designated as body mass) as wet body weight minus
shell weight. We analyzed the body mass, shell mass
and shell length to determine the effects of warming
on the growth rate of whelks.
Behavioral data of R. venosa over the 4 d period
were acquired using a video recorder (model DS2CD864-EI3, China) fixed 1 m above the water surface; the data were stored in the recorder (Hikvision,
DS-7604 N, China) for future analysis (Hu et al.
2016). Whelk behavior was quantified continuously
during the 4 d period for all trials. Details of the foraging behavior of R. venosa were assessed in a previous study (Hu et al. 2016). Briefly, R. venosa mostly
rested on the sand or on the wall of the aquarium for
all temperature treatments. Burrowing behavior only
occurred in the 30°C treatment. The moving but not
searching behavior generally involved circular
routes independent of the position of the clams.
Searching was considered only when a predator
showed a fast-directed movement towards the prey.
Physical contact between a whelk and a clam was
considered an encounter. Capture was thought to
occur when the clam was completely wrapped by a
whelk’s foot. Handling of a clam began when the
whelk completely enclosed the prey and ended
when the whelk rejected or ingested the clam.
The following foraging performance variables
were measured: (1) encounter rate — defined as total
number of encounters divided by the total searching
time; (2) capture rate (the probability of capture upon
encounter) — calculated as the number of captures
divided by the total encounters; and (3) ingestion rate
(the probability of ingestion upon capture) — calculated as the number of eaten clams divided by the
total captures. In addition to these foraging performances, time budgets were also measured, including
searching and handling prey. The proportions of
searching and handling times were calculated as
total searching time or handling time divided by the
total observation time, respectively. Total searching
time was identified as the total time from the beginning of the search to the encounter with a clam; total
handling time was estimated as the time from the initial encounter with the clam to the end of ingestion,
including attacking, manipulating, and ingesting
(Hu et al. 2016). Individual prey handling time was
also quantified; this was defined as the average handling time for successful ingestion. Moreover, we cal-

culated the predation rate per replicate as the mean
number of clams consumed by the whelk per day.
Whelks have 4 main behaviors during the foraging
period: (1) Resting or stationary, (2) moving but not
foraging, (3) searching and (4) handling. We measured foraging activity by counting the frequencies of
transition among the 4 behavioral states. Meanwhile,
we compared the foraging event transitions among
temperature treatments, including resting−searching
(resting to searching), moving−searching, searching−handling, and handling−searching. We used
kinematic graphs to assist in behavior analysis
(Nadeau et al. 2009, Sun et al. 2016).

2.4. Statistical analysis
All data are presented as mean ± SD. Prior to statistical analyses, probability data were arcsine-transformed. Normality and homoscedasticity of the data
were tested by Shapiro-Wilk’s test and Levene’s test,
respectively. In the long-term growth experiment,
we used ANCOVA with temperature as a fixed factor
to analyze body mass and shell mass. Because individual whelks within a given aquarium are not independent replicates, each aquarium was treated as a
random effect nested within temperature treatment.
Due to the potential soft tissue growth–shell calcification trade-off, the body mass analysis used shell
mass as a covariate. The analysis of shell mass used
the length of the shell as a covariate, since the length
of a whelk correlates with shell mass (Trussell &
Nicklin 2002). We used a Kruskal-Wallis test to compare shell length among temperature treatments
because the shell length data did not follow a normal
distribution. One-way ANOVAs, followed by post
hoc Tukey’s test, were used to compare predation
rate, foraging behaviors, time budget, and foraging
activity of R. venosa. For the foraging events of
whelks, we used 1-way ANCOVA that treated foraging activity as the covariate and temperature as the
main fixed effect. In all analyses, p < 0.05 was considered statistically significant. All statistical analyses
were conducted in R software, version 3.5.2 (R Core
Team 2016).

3. RESULTS
3.1. Long-term juvenile growth experiment
Elevated temperatures of 23 and 27°C did not
cause negative effects on juvenile growth traits
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(Fig. 1). The Kruskal-Wallis test showed that tem3.2. Foraging behavior, activity and predation rate
perature had significant effects on shell length
of Rapana venosa
(Table 1); this result was mainly due to the whelks
in the 30°C treatment growing much less than in
Collectively, foraging performance and predation
the other treatments (Fig. 1a). The ANCOVA
rate of R. venosa were highest at 23 or 27°C and
showed that temperature did not significantly influence the shell mass
Table 1. Nested ANCOVAs (F-test) on body mass and shell mass, and Kruskal(Table 1) when the shell length was
Wallis test (rank sum test, χ2) on shell length for Rapana venosa from 4 tempa covariate in the analysis. However,
erature treatments. Significant effects in bold
an increased temperature of 23 and
27°C had slightly positive effects on
Effect
SS
MS df F or χ2
p
shell mass growth, and 30°C had a
Kruskal-Wallis test on log shell length
significantly negative effect on shell
Temperature
3 11.735 0.008
mass growth (Fig. 1b). For the soft
tissue, temperature had a significant
Log shell mass (Y ) vs. log shell length (X)
Temperature
0.056 0.019 3 2.107 0.107
effect (Table 1). Specifically, 23°C
Covariate
0.247 0.247 1 27.944 < 0.001
slightly increased the body mass
Temperature × Covariate
0.080 0.027 3 3.019 0.036
growth, but juveniles in the 27°C
Log body mass (Y ) vs. log shell mass (X)
treatment showed a slight decline
Temperature
0.140 0.047 3 12.490 < 0.001
(Fig. 1c). Juveniles in 30°C treatment
Covariate
0.044 0.044 1 11.732 < 0.001
almost stopped body mass growth
Temperature × Covariate
0.007 0.002 3 0.628 0.599
(Fig. 1c).
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Fig. 1. Long-term effect of temperature on (a) shell length,
(b) shell mass, and (c) body mass of juvenile Rapana venosa.
All data are means ± SD, n = 4 for each temperature
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reduced significantly at 30°C (Fig. 2). Temperature
had a significant effect on all foraging behavior and
activity (Table 2). The encounter rates at 23 and 27°C
were significantly higher than at 19 and 30°C (Fig.
2a). There were no significant differences between

Encounter rate (no. of prey h–1)

15

a
b
b

10

p < 0.001

a

a

5

23 and 27°C or between 19 and 30°C (Fig. 2a). The
capture rate of R. venosa was significantly lower at
30°C than the other 3 temperatures, and there were
no significant differences among the other 3 groups
(Fig. 2b). Overall, the capture rate decreased with
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Fig. 2. Foraging performance and predation rate of adult Rapana venosa under 19, 23, 27 and 30°C: (a) encounter rate between
whelks and clams, (b) capture rate upon encounter, (c) ingestion rate upon capture, (d) foraging activity, (e) handling time per
clam, and (f) predation rate. All data are means ± SD, n = 4 for each temperature. Statistical significance (p < 0.05, 1-way ANOVA)
is indicated by the p-value and different lowercase letters indicate significant differences between temperature groups
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Table 2. ANOVA for the effects of temperature on Rapana venosa foraging
behaviors (encounter rate, capture rate, ingestion rate, foraging activity and
handling time per clam), predation rate and time budget. Significant effects
in bold
Performance

SS

Encounter rate
92.481
Capture rate
0.626
Ingestion rate
1.537
Foraging activity
9934.222
Handling time per clam 243383
Predation rate
16.952
Searching proportion
0.001
Handling proportion
0.098

MS

df

F

p

30.833
0.218
0.512
3311.435
81128
5.653
0.0004
0.033

3,12
3,12
3,12
3,12
3,12
3,12
3,12
3,12

15.524
5.097
7.943
78.342
25.786
40.945
14.732
4.221

< 0.001
0.017
0.003
< 0.001
< 0.001
< 0.001
< 0.001
0.030
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increasing temperature. R. venosa
ingested more clams at 23°C than at
both 27 and 30°C (Fig. 2c). The ingestion rate at 30°C showed a much wider
variance than the other 3 groups
(Fig. 2c).
Foraging activity (transitions among
4 behaviors) significantly increased
with increasing temperature but
sharply decreased at 30°C (Figs. 2d
& 3). This result suggests that an elevated temperature can boost foraging
activity of whelks but an extreme temperature beyond their typical thresh-

Fig. 3. Kinematic graphs of the behavioral sequences of Rapana venosa under 19, 23, 27 and 30°C. The thickness of the arrows
and the numbers beside the arrows indicate the relative frequency (%) between 2 behaviors; N: total number of transitions
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old may negatively affect foraging performance.
Whelks were more active at 23 and 27°C than at 19 or
30°C. It is worth noting that activity at 19°C was significantly greater than at 30°C (Fig. 2d). Handling
times per clam were highest at 30°C when compared
with the other 3 groups (Fig. 2e). Whelks at 23°C took
relatively less time to deal with a captured prey than
whelks at 19, 23, and 30°C (Fig. 2e). Accordingly,
predation rate increased with the temperature
increase from 19 to 23°C, and sharply decreased at
30°C (Fig. 2f). The predation rate at 30°C was significantly lower than the other 3 temperatures.
Ethograms showed that the main transitions of
whelks at 19, 23, and 27°C were between resting and
non-foraging displacement, which accounted for
35.9−40.1% of the transition behavior (Fig. 3). However, the main transitions at 30°C were from resting
to searching and searching to handling, which
accounted for > 60% (Fig. 3). The ANCOVA for the
effects of temperature on searching events showed
that temperature had a significant effect on the

searching events of whelks (Table 3). Also, there was
a significant relationship between foraging activity
and searching events as the p-value of the covariate
was significantly less than 0.001 (Table 3).

3.3. Foraging time budget of R. venosa

Elevated temperature had significant effects on the
foraging time budget of whelks for both searching
and handling (Fig. 4, Table 2). The time that whelks
spent on searching was significantly less at 30°C
than at 19, 23, and 27°C (Fig. 4a), which accounted
for <1% of the total observation time. Whelks spent
the most time on searching at 27°C, which was significantly greater than the time spent searching at 23°C
but not at 19°C (Fig. 4a). Handling time decreased
with increasing temperature (Fig. 4b). Whelks spent
35.5% of their time on handling at 19°C, which was
significantly greater than at 30°C (14.6%). However,
elevated temperature within the whelk’s temperature threshold (23 and 27°C) did not
significantly affect the handling time
Table 3. ANCOVA for the effects of temperature, foraging activity (X) and
budget, because there were no signifitheir interactive effects on Rapana venosa searching events (Y ). Significant
cant differences among the 19, 23, and
effects in bold
27°C groups (Fig. 4b).
Foraging Performance

SS

MS

df

Searching events (Y ) vs. foraging activity (X)
Temperature
50.121
16.712
Covariate
1251.362 1251.36
Covariate × Temperature
0.813
0.581

F

p

4. DISCUSSION
3
23.391 < 0.001
1 1751.892 < 0.001
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Fig. 4. Proportion of time that Rapana venosa spent on (a) searching and (b) handling under 19, 23, 27 and 30°C. All data are
means ± SD, n = 4 for each temperature. Statistical significance (p < 0.05, 1-way ANOVA) is indicated by the p-value and
different lowercase letters indicate significant differences between temperature groups. Note the different y-axis scales
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the aquaculture industry requires properly assessing animal foraging performances and growth that
directly contribute to productivity. In the current
study, we jointly conducted a long-term common
garden experiment and a short-term behavioral
experiment to examine the effects of different
warming scenarios on growth rate and foraging
performance of a coastal whelk. We found that an
elevated temperature of 23 and 27°C had positive
effects on growth rate and foraging behavior, but
a high temperature of 30°C had significantly negative effects. We also found that the optimal thermal
range might broaden or increase with increased
body size because the elevated temperatures had a
greater positive effect on adults than on juveniles.

4.1. Effects of elevated temperature on
juvenile growth
Our findings show similarities but also differences
from previous studies on the effects of ocean warming on marine organism growth. In our study, an elevated temperature of 23 and 27°C did not have negative effects on growth; instead, we detected a slight
positive effect. Several studies have identified significantly negative effects of ocean warming (Hoffman
et al. 2003, Reynaud et al. 2003, Metzger et al. 2007).
The lack of a similar negative result in Rapana
venosa could be explained by the relative thermal
tolerances of R. venosa when compared to other marine species. R. venosa performed best between
19~27°C, suggesting these temperatures are within
its thermal range. This finding is consistent with a
previous study on rapa whelks (Song et al. 2016). In
the 30°C treatment, whelks sealed themselves off by
borrowing into the substrate and ceased most activities. The whelks maintained at 30°C grew less than
in the other treatments. Such findings suggest the
thermal limits of this species should be between 27
and 30°C. Yang et al. (2019) found rapa whelks had
little to no food intake at 28°C. Similarly, Harding et
al. (2008) showed that temperatures below 28°C
could promote reproduction in rapa whelks. Growth
and reproduction are fitness-related life-history traits
that determine the population sustaining itself.
Therefore, the combination of our study and previous
research suggests we may reasonably accept that the
upper thermal limit of rapa whelks in Laizhou Bay is
28°C. Moreover, our findings show that R. venosa
growth rates are not likely to be affected or increased
under future oceanic warming throughout much of
the species’ range.
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4.2. Effects of ocean warming on adult foraging
performances
In our study, elevated temperatures within the current limits (23 and 27°C) enhanced foraging performance when compared to the present-day average
temperature (19°C). Specifically, encounter rate, capture rate, ingestion rate, and foraging activity were
all boosted by an elevated temperature, with whelks
consuming more clams. Also, the time taken to open
the clamshell (handling time per prey) decreased,
which is consistent with the rising foraging performance; this may be due to 2 factors. Firstly, it may be
explained by increased metabolic rates with temperature (Biro et al. 2007, Pörtner & Farrell 2008). Elevated temperatures can increase metabolic rates in
animals, and therefore, animals need to forage more
and feed on more prey to produce the additional
energy to offset the greater metabolic costs in order
to maintain normal performance (Jobling 1997, Biro
et al. 2007, Nagelkerken & Munday 2016). Secondly,
prey performance including avoidance behavior and
anti-predator ability can also play a crucial role in
shaping predator behavior (Freitas et al. 2007, Allan
et al. 2015). The burrowing rate of clams was greatly
increased from 23 to 27°C. Consequently, the searching time for whelks was significantly increased at
27°C when compared to 23°C, suggesting that this
was likely to be a crucial factor in the whelks’ foraging performance. Similarly, the elevated temperature
linearly reduced the anti-predator endurance of
clams, resulting in a lower proportion of the whelk’s
time spent handling in increased temperatures.
However, if temperatures fall outside of the optimal range, performance usually declines (Brett 1971,
1979, Jobling 1997). This was demonstrated again in
our study, as all foraging performances, including
predation rate, sharply decreased at 30°C. Additionally, regardless of the physiological mechanisms,
decline in foraging performance and activity might
be short-term protective strategies for R. venosa
against extreme ocean warming. Although these
strategies can bring temporary mitigation from a
stressor (Guppy & Withers 1999), they are considered
non-adaptive in the longer term. Long-term inactive
foraging may lead to lower energetic intake than
required, leading to deleterious metabolic trade-offs
such as reduced growth or reproduction, or even
death (Munday et al. 2012). However, although temperatures within the current limits (23 and 27°C)
seemed to enhance foraging activity of R. venosa,
greater foraging activity may lead to greater vulnerability to predators (Biro et al. 2007). For instance,
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Biro et al. (2007) found that an elevated temperature
increased the feeding activity of the young rainbow
trout Oncorhynchus mykiss but reduced survival to
only half due to predation. Given that R. venosa
shares the same prey (e.g. bivalves, barnacles, and
gastropods) with crabs, which are also a typical predator of whelks, it is likely that greater foraging activity of the whelk would surely increase the risk of predation by crabs.

4.3. Implications for whelk aquaculture
Aquaculture now produces more sea product than
wild-capture fisheries (Waite et al. 2014, FAO 2016),
and has immense potential to sustainably support the
continuously growing human population (Gentry et
al. 2017, Hambrey 2017). However, coarse-resolution
climate models based on global or regional averages
are insufficient to capture the conditions of coastal
areas where most aquaculture activity is located (Falconer et al. 2020). The thermal fluctuations along
coastal areas are substantial (Elisio et al. 2020), and
therefore, most coastal organisms already experience temperature variations. Consequently, directly
using the coarse-resolution climate models may
underestimate the effects of climate change on aquaculture organisms. In our study, thermal regimes on
R. venosa have been observed to vary by up to 4−8°C
on a diurnal cycle during summer months (pers.
obs.). The results showed that elevated temperatures
based on the coarse climate resolution model (RCP
8.5) were within the previously experienced range
(23 and 27°C). This temperature range clearly increased the growth rate, enhanced foraging performance and thus increased the feeding rate. This obviously underestimates the effects of climate change
because it tested the effects of whelks’ optimum temperatures instead of climate change. When whelks
were exposed to 30°C, growth rate was suppressed
and foraging performance and consumption collapsed. Therefore, the culturing of this species should
avoid extremely high temperatures. Our study suggests that local conditions and the actual thermal
range experienced by a species must be considered
when studying climate change effects on species in
coastal areas.
Our study suggests that whelks may increase their
feeding rate and reach larger sizes in warmer environments. The finding suggests that shallower areas
may be a more productive zone for the farming activity of rapa whelks because the shallower areas can
rarely reach 27°C for the whole year in Laizhou Bay.

However, previous studies found that elevated temperature might affect the shell thickness and strength
of mollusks, with higher temperatures resulting in
thinner and frailer shells (Lagos et al. 2016, Martinez
et al. 2018). The changes in the shells of mollusks
may increase their vulnerability to predators and
parasites (e.g. perforating polychaetes), and increase
the risks of shell breakage and mortality during capture and transportation in the commercial process.
Therefore, the shell characteristics of whelks under
different temperature scenarios should be a key
focus for future research. In addition, the growth rate
of R. venosa may depend on life stage, as a previous
study found that the optimal temperature for the culture of rapa whelk larvae ranged from 28 to 31°C
(Zhang et al. 2017). This temperature is beyond the
comfort range of adult whelks. Thus, the farmer
should consider temperature requirement variations
when producing whelks.

5. CONCLUSIONS
We found that an elevated temperature that was
within the species’ thermal range had positive effects
on growth rate and foraging performance of a marine
gastropod. Such findings have demonstrated here
that responses to anthropogenic ocean warming will
not always be negative. This is a particularly important consideration when predicting taxon-specific
responses to global warming. We have also demonstrated that coastal areas with large climatic fluctuations should be fully considered when studying coastal
species. Furthermore, species-specific responses may
have serious ecological and practical consequences
when interacting organisms show different responses
to the same stress. Our study provides insight into the
practical culture of the economically and ecologically
important whelk Rapana venosa.
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