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Behavioral and physiological
responses of Umbonium vestiarium
to temperature variation from cold-
water discharge of H-OTEC system
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Umbonium vestiarium is a prevalent benthic species in many tropical regions and is highly sensitive to
environmental changes. Investigating the effects of low temperatures on its behavior and physiology
is critical for understanding the ecological and environmental consequences of cold-water discharges
associated with the Hybrid Ocean Thermal Energy Conversion (H-OTEC) system. Although assessing
the ecological impact of cooling emissions from H-OTEC system is important, research on this subject
remains limited. This study examined live specimens of U. vestiarium collected from the coast of Port
Dickson, Malaysia. The organisms were grouped and cultured at temperatures of 10 °C, 16 °C, 23 °C,
and 28 °C, with 30 individuals in each group. Behavioral (feeding, clinging, spreading, hiding, and
crawling) and physiological (Chl-a consumption rate, respiration rate, body temperature, and gut
passage rate) observations were conducted on all specimens across these temperature conditions.
The statistical analysis revealed that within the experimental temperature range, low temperatures
had an inhibitory effect on the survival of U. vestiarium. At 10 °C, the snails exhibited early mortality
and a low final survival rate. At 16 °C, the snails remained in a prolonged resting state, while at 23 °C,
they displayed pronounced behaviors such as retraction, hiding, and clinging. The highest levels of
behavioral and physiological activity were observed at 28 °C. Additionally, body temperature and
respiration rate increased significantly with rising water temperatures, while gut passage time showed
an inverse relationship. Except at 23 °C, chlorophyll-a (Chl-a) consumption rates also increased
markedly with higher water temperatures. The results of this study demonstrated that temperature
significantly influenced the survival, behavior, and physiological responses of U. vestiarium under
controlled laboratory conditions.
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To mitigate the environmental impact of fossil fuel power plants, Malaysia is actively pursuing clean and
sustainable energy alternatives. Given its unique geographical advantages, Ocean Thermal Energy Conversion
(OTEC) system have emerged as a highly promising energy source for the country'. Port Dickson, located in
Negeri Sembilan, Malaysia, is renowned for its warm and calm waters, making it an ideal location for OTEC
operations®. These favorable conditions allow for the construction of OTEC facilities in close proximity to the
coast. Malaysia’s first Ocean Thermal Energy Conversion (OTEC) plant, a 1.0 MW Hybrid OTEC (H-OTEC)
facility, was completed in 2023 at the International Institute of Aquaculture and Aquatic Sciences (I-AQUAS),
Universiti Putra Malaysia. This Hybrid Ocean Thermal Energy Conversion (H-OTEC) power plant extracts 28.5
tons per hour of artificially chilled seawater to condense the working fluid, such as ammonia. Warm surface water,
pumped into the vicinity of the plant, is used to evaporate the working fluid. To optimize energy efficiency, the
used artificially chilled seawater (7.4 ~ 11.3 °C) is discharged near the sea surface. However, the large volumes of
cold discharge may significantly disrupt the marine ecosystem, necessitating an assessment of these impacts>*.
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Currently, research on the impact of OTEC cold emissions on marine ecology predominantly focuses on
phytoplankton and fish®*. In contrast, studies examining the effects of temperature reductions caused by OTEC
cold emissions on marine benthic organisms are limited, and the potential impacts remain unclear. Lamadrid-
Rose and Boehlert (1988) found that cold discharge inhibited the growth and development of eggs and larvae
of tropical benthic fish, potentially resulting in significant mortality®. Reid et al. (2022) demonstrated that fish
acclimated to a narrow thermal range, such as 15-20 °C, can experience cold shock when suddenly exposed to
temperatures 5-10 °C lower than their acclimation temperature. In many species, acute drops exceeding 6-10 °C
within hours can elicit physiological stress responses—such as increased ventilation rate, loss of equilibrium, and
reduced swimming performance—and may lead to mortality if the cold exposure is prolonged (e.g., 4 days)*. In
contrast, Giraud et al. (2019) found that the low temperatures associated with cold-water discharge from OTEC
system had a negligible effect on phytoplankton production®. However, low temperatures have been shown
to impact metabolic rates’, growth rates®’, and food consumption rates'” in benthic organisms. A year-long
field investigation conducted near the Port Dickson H-OTEC Pilot Plant (July 2023-May 2024) revealed that
cold-water discharge is continuous and exerts a significant, lasting influence on benthic community structure,
diversity, and abundance. Among macrobenthic assemblages, Umbonium vestiarium contributed most strongly
to the observed impacts!!.

Umbonium spp. (Trochidae), commonly known as button snails, display distinct ecological and evolutionary
characteristics as sedentary, deposit, and suspension feeders'?. Notably, Umbonium vestiarium was the only
known filter-feeding gastropod possessing both inhalant and exhalant siphons'>. U. vestiarium constitutes a
key component of the macrobenthos. For example, on the beaches of Penang Island, Malaysia, it represented
approximately 99% of the abundance of macrofauna and was the main food source for predators such as naticid
gastropods and starfish!'4, playing an important role in coastal ecosystems!”. The narrow habitat requirements'¢
and broad distribution of U. vestiarium, whose optimal temperature range is between 24.8 °C and 29.3 °C!”18,
make it highly susceptible to both natural and anthropogenic disturbances!’. Therefore, U. vestiarium has been
utilized as a key species in several ecological studies!*!>!?. Current research on the behavior of U. vestiarium
has primarily focused on the influence of environmental factors, with findings indicating that the species tends
to aggregate and migrate toward the shore in sandy environments®’. Additionally, studies have shown that its
reproduction and shoreward migration are seasonally influenced, with spawning mainly from March to August
and peak recruitment between March and May. Settlement began at the lowest shore levels in early spring, and
juveniles reaching 5-6 mm by June migrated upshore to higher sand flats, forming dense adult populations in
the upper shore zones?!. However, there is a paucity of research addressing the effects of specific physical and
chemical parameters on its behavior (Fig. 1).

Although U. vestiarium is a prevalent benthic organism in tropical and subtropical regions , there is
limited information regarding the effects of temperature on its feeding behavior. This study investigates the
impact of temperature variation on the physiology and behavior of U. vestiarium, a marine gastropod mollusk
from Port Dickson, under controlled laboratory conditions, to elucidate how exposure to colder water—such
as that potentially released by Ocean Thermal Energy Conversion (OTEC) system—may affect this species. We
hypothesized that reduced temperatures would suppress physiology activity and alter behavioral patterns, and
we expected to observe measurable declines in food consumption rates, respiration rate alongside increased
refuge-seeking or reduced mobility at lower temperatures.

14,21,22

Materials and methods
Collection of Umbonium vestiarium (Linnaeus, 1758)?3 sample and preparation of culture
medium

Umbonium vestiarium used in the study were collected during low tide in August, 2024 from the vicinity
of the H-OTEC pilot plant discharge port in the coastal waters of Port Dickson, Negeri Sembilan, Malaysia
(2°27°57.4"N 101°50°54.6"E), an area exposed to cold-water discharge for one month before sampling. They were

Fig. 1. Global distribution of Umbonium vestiarium"’.
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placed in sealed bags with seawater, filling approximately one-quarter of the bag’s volume, and then stored in
an insulated box with ice packs. The snails were transported to the laboratory within 24 h. Considering that U.
vestiarium is a filter-feeding benthic organism, its primary food source is microalgae. For this experiment, the
snails were fed with Thalassiosira sp. (diatoms), sourced from the microalgae laboratory at I-AQUAS, as diatoms
are the most abundant microalgae at the collection site**. Thalassiosira sp. was cultured using Conway medium?
prepared with Port Dickson seawater, which was filtered through a 0.22 um membrane filter (Sigma-Aldrich), at
a dilution ratio of 1:1000. All chemicals utilized in this study were of analytical grade and were procured from
Sigma-Aldrich. The physicochemical properties of seawater from Port Dickson used in the experiment were
measured and are presented in Table 1.

The sand used in the study was collected from the habitat of the snail, transported to the laboratory, and
dried in an oven at 120 °C for 12 h to minimize experimental errors caused by algae and organic matter. After
drying and cooling, the sand was passed through a 1 mm sieve to remove any benthic organisms collected with
the sand?, thereby reducing potential interference with the experiment. Chlorophyll-a and pheophytin-a were
not detected in the dried sand, and the total organic matter (TOM) was 1.28 + 0.43%.

Experimental design and procedures

The seawater temperature along the Port Dickson coast remains relatively stable throughout the year, ranging
from 27.1 °C to 29.4 °C?’. The cold-water discharge temperature of the H-OTEC system varies between 7.4 °C
and 11.3 °C. During the cold discharge process, a temperature monitoring module (Pt100, XunYan) was used
to measure water temperature at different distances from the discharge port. The temperature distribution was
recorded over time, and after approximately 100 s, the temperature influence range and temperature differences
reached a steady state, maintaining long-term stability thereafter. The observed temperature range was between
8.6 °C and 28.0 °C (Fig. 2). This study investigated the behavioral and physiological responses of Umbonium
vestiarium under experimental conditions of 10 °C, 16 °C, 23 °C, and 28 °C.

Acclimation

A total of 120 healthy and active U. vestiarium (Trochidae) samples (30 snails collected at 0.5 m, 2.0 m, 4.5 m,
and 10.0 m from the discharge point, respectively), with a mean shell size of 6-8 mm, were selected, representing
fully grown individuals based on the typical adult size range reported for this species in the study area'>?!. The
snails were washed with filtered seawater and then treated with a 0.1% KMnO, solution to prevent pathogen
infection?®. They were then divided into four groups according to their collection distance from the discharge
point, with 30 individuals allocated to each group. Each group was placed in a separate aquarium containing
4 L of filtered seawater. All aquaria were initially set at 28 °C, and the aquaria with snails collected at 10.0
m maintained at this temperature. To provide U. vestiarium sufficient time for physiological and behavioral
acclimation while avoiding acute thermal shock?>*, the water temperature in three aquaria was independently
reduced by 6°C every 6 hours until the target temperatures of 23 °C (4.5 m samples), 16 °C (2.0 m samples), and
10 °C (0.5 m samples) were reached. Additionally, the water was changed daily, and the snails were fed 40 ml
of Thalassiosira sp. with a density of 3.0 x 10° cells-ml™**!. Once the target temperature was reached, the snails
were allowed to acclimate to the laboratory conditions, including food and temperature. Various behavioral and
physiological indicators were monitored daily from the first day of temperature adaptation until no significant
changes were observed after 3 days. Consequently, the experiment began on the fifth day to minimize potential
experimental errors resulting from abrupt environmental fluctuations®>33. The lighting cycle was set to 12 h of
light and 12 h of darkness. Following the acclimation period, the snails were starved for 2 days to ensure their
guts were empty before beginning the experiment.

Physiological and behavioral observation experiment on U. vestiarium

For each of the four experimental temperatures, six feeding arenas were established: three experimental enclosures
containing snails and three control enclosures without snails. Each experimental feeding arena housed 10 snails
for the feeding experiments. Each feeding arena consisted of a 1-liter beaker with a 3 cm deep sand layer at the
bottom, sufficient for the snails to bury themselves. After soaking the beakers with filtered seawater, 500 ml of

Index Seawater
Temperature ('C) 30.60+0.30
pH 8.30+0.02
Conductivity (ms-cm™) 46.23+3.36
Total Dissolved Solids (mg-L™") 27225.5+2002.05
Salinity (ppt) 26.73+2.18
Dissolved Oxygen (mg-L™) 3.25+0.15
Ammonia(mg-L™") 0.07+0.01
Phosphate(mg-L™) 0.07+0.01
Nitrate(mg-L™) 3.65+0.25
Biochemical Oxygen Demand (mg-L™") 3.10+0.05
Chlorophyll-a (ug-L™) 0.036+0.004

Table 1. Mean (+ SE) water quality parameters of seawater in Port Dickson.
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Fig. 2. Seafloor temperature contour map over distance and time.

filtered seawater was added to each beaker, along with 5 ml of Thalassiosira sp. (3.0 x 10° cells-ml™). Snails in each
experimental beaker were observed and recorded for 2 min every half hour, from 9:30 am to 9:30 pm daily. This
observation protocol was consistently implemented over a 5-day period. In the experiments involving the 10 °C,
16 °C, 23 °C, and 28 °C groups, behavioral observations were conducted for a total of 4 h per arena (with snails),
amounting to an overall observation time of 48 h. During nighttime observations (after 7:00 pm), the light
was briefly activated to facilitate visibility. During the five-day continuous experiment, the used seawater was
removed daily, and feces on the sand surface were scraped off. Filtered seawater and Thalassiosira sp. were then
added to replace the seawater, ensuring consistent initial chlorophyll-a and dissolved oxygen concentrations in
all beakers. The oxygen meter was calibrated for each temperature treatment. Following each seawater renewal
and the measurement of initial indicators, the beaker’s mouth was securely sealed with plastic wrap exclusively
during respirometry measurements to prevent atmospheric oxygen from diffusing into the water.

At the end of the experiment, the maximum shell diameter of the snails was measured to the nearest 0.05 mm
using a digital caliper. Residual water was removed from snails with retracted feet by gently blotting them with
soft absorbent paper towels, following the non-destructive weighing method described by Palmer (1982)*. The
snails remained on the paper towels until their shells were visibly dry (approximately 20-40 min). They were
then weighed on an analytical balance, with their wet weight recorded to the nearest 0.0001 g.

Recording of activity

Based on the total records from the observation period, various activity variables were calculated. The time spent
feeding (TE, %) was determined as the proportion of time spent feeding relative to the total observation time,
with values averaged for all snails in each beaker. Similarly, the time spent clinging (TL, %), spreading (TS, %),
hiding (TB, %), and crawling (TC, %) were calculated in the same way.

To facilitate the identification of various activities, feeding behavior was indicated by the inhalant siphon
extending from the shell opening!?. Clinging behavior was defined as the snail attaching firmly to the surface of
the beaker without significant movement. Spreading behavior involved the snail extending its foot or body to
explore the surrounding environment. Hiding behavior was characterized by more than half of the snail’s body
surface area being buried in the sand layer. Crawling behavior was identified as movement across the surface of
the beaker or substrate. If a snail was retracted such that its cover was at or below the level of the shell opening, or
if it remained in a resting state—without displacement or morphological changes (e.g., at the bottom with its foot
extended)—for three consecutive observation periods (3 h), it was considered inactive. Being in a hidden state
was also classified as inactive. Any other state of the snails was considered active. Observations were conducted
for 2 min at 30-minute intervals on the first day of the experiment to record the first appearance of feces in each
beaker. All behavioral processes of U. vestiarium were systematically recorded using a video camera (Canon
700D).

Analysis of Chl-a
There is a strong correlation between the Chl-a content of phytoplankton and its concentration for cells of the same
size class®. To minimize interference from suspended sand particles, this study measured Chl-a concentration

Scientific Reports |

(2025) 15:40159 | https://doi.org/10.1038/s41598-025-23909-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

instead of directly counting algal cells. Seawater samples (200 ml) were collected from each beaker at 0 and 24
h, filtered through 0.22 um membranes, and extracted with 90% acetone following the standard protocol of Bao
and Leng (2005)%. After overnight extraction at 4 °C, the absorbance of the extracts was measured at 665 nm
and 649 nm using a DR 2700 Portable Spectrophotometer (Hach Company). A calibration curve was established
using Chl-a standards (1-50 pg-L™"), and the Chl-a concentration (mg-L™') was calculated using the formula
described by Bao and Leng (2005)%.

Cehl—a = 13.95 X Agss — 6.88 X Agao (1)

The equation for the algae Chl-a consumption rate (mg-L™"-ind"*.d™") was®":

Chl — a Consumption Rate = [(Cexp,0 X Cetr,24/Cetri,0) — Cexp,24] /N (2)

Where C__ ,,is the Chl-a content of the experimental group at 24 h, Cexpols the Chl-a content of the experimental
group at 0 k, C 1124 is the Chl-a content of the control group at 24 h, and Cgrio 18 the Chl-a content of the control
group at 0 h. N refers to the number of snails per beaker.

Measurement of respiration rate and body temperature

The surface temperature (°C) of each U. vestiarium was measured hourly from a distance of 5 cm by G320
infrared thermometer (distance-to-spot ratio: 12:1). Dissolved oxygen content (mg-L™') in each beaker was
measured at 0 and 24 h in every experiment using the YSI Model 52 Dissolved Oxygen Meter (Xylem Inc.). The
equation for the respiration rate (mg-L™"-ind™'-d™") was:

DO Consumption Rate = (Cexp,0 — Cexp,24) /N (3)

where C__, is the dissolved oxygen content of the experimental group at 24 h,and C__ , is the dissolved oxygen
content of the experimental group at 0 h. N refers to the number of snails per beaker.

The Temperature Coefficient (Q,,) is a measure used to express the sensitivity of biological or chemical
processes — food consumption rate, oxygen consumption rate, and gut passage rate — to a 10 °C temperature

change’. The formula for Q, is:
Qo= (Ra /RQ)IO/(TQ_TI) (4)

Where R, represents the rate of the process at temperature T,, and R, represents the rate of the process at
temperature T,. When calculating Q,, for gut passage times, note that the process rate can be expressed as the
inverse of time (1/time).

Analytical methods

The physiological index, including body temperature, Chl-a consumption rate, respiration rate, and gut
passage rate, was assessed for normality and homogeneity of variance using normality plots and Levene’s test.
All physiological variables met the assumptions of normality and homogeneity. One-way ANOVA was then
conducted to examine whether these indices differed significantly among temperature treatments. When
significant differences were detected, Student-Newman-Keuls (SNK) multiple comparison tests were applied to
identify pairwise differences between temperature groups.

As the behavioral indices of snails did not meet parametric assumptions, nonparametric tests (Kruskal-
Wallis) were used to analyze significant differences in behavioral activities among the groups. When significant
differences between median values were detected, Dunn’s Test was employed to assess differences between
temperature groups.

The study evaluated the effects of temperature on physiological and behavioral indicators of benthic organisms
across four temperature groups (10 °C, 16 °C, 23 °C, and 28 °C). The response variables analyzed included body
temperature, Chl-a consumption rate, respiration rate, gut passage rate, feeding, clinging, spreading, hiding, and
crawling rate. Organism size (e.g., shell length) was included as a covariate, and tank identity was incorporated
as a random effect to account for non-independence of individuals within the same tank and to control for tank-
specific variability in the statistical estimation. The general formula for the mixed-effects model was:

Activity index ~ temp scaled 4 I(temp — scaled®) + size — scaled + (1/Tank — n) (5)

To reduce multicollinearity among predictors and enhance the interpretability, stability, and reliability of
the model, the standardized temperature (temp-scaled) was utilized in this study®*. It was calculated using
the formula: temp-scaled = [temp — mean(temp)]/sd (temp); Similarly, the standardized size was employed,
computed as: size-scaled = [size — mean(size)]/sd (size).

The fitdistrplus package was used to fit the data to multiple distributions (e.g., normal, Gamma). When
AAIC (difference) > 5, the model with the lower AIC was strongly preferred*!. The mixed-effects model biplot
presents a grey shaded area representing the 95% confidence interval around the fitted line. The equation in
the top left corner represents the model fit, while R* denotes the coefficient of determination, indicating the
model’s explanatory power. The formula is conducted with the activity index as the dependent variable (Y) and
standardized temperature (temp-scaled) as the independent variable (X).

Principal component analysis (PCA) was used to integrate the physiological and behavioral responses of U.
vestiarium across temperature treatments. All variables were logo(x + 1) transformed before PCA analysis.
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Additionally, the Mann-Whitney U test was conducted to compare various behavioral activity indices of U.
vestiarium between day and night. No significant differences were found in behavioral activities between day and
night (U=17~60, N, = N , = 15, P=0.1~0.89). Consequently, the daytime and nighttime data for behavioral
activity indices were combined for analysis.

All Figures and analyses were generated in R v4.4.2, and all statistical analyses were conducted with a
significance threshold of P<0.05.

Results
Survival of U. vestiarium in varied temperature conditions
A one-way ANOVA analysis revealed no significant differences in mean size or wet weight among the
experimental groups (size: F ,,=0.54, p=0.87; wet weight: F,,  =1.03, p=0.43). The mean shell diameter
ranged from 6.905 to 7.18 mm, while the mean wet weight ranged from 0.0916 to 0.1061 g.

In this study, U. vestiarium exhibited significant mortality at 10 °C, with half of the snails dying within 2 h and
all snails succumbing within 5 h. In the other groups, at 16 °C and 28 °C, only 2 snails died in total throughout
the experiment, resulting in high survival rates of 9 to 10 snails out of 10 in each temperature group.

Temperature effects on the behavioral activity of U. vestiarium
This study examined the proportion of time spent on various behaviors of Umbonium vestiarium under different
temperature conditions: 10 °C, 16 °C, 23 °C, and 28 °C (Fig. 3). Significant differences were observed in the
behavioral time proportions among the four temperature groups. Specifically, the Kruskal-Wallis test revealed
significant variations in crawling (H=10.85, P<0.05), feeding (H=38.02, P<0.001), spreading (H=51.19,
P<0.001), hiding (H=43.66, P<0.001), and clinging (H=14.26, P<0.001).

Crawling time constituted a large proportion of activity in the 28 °C and 23 °C groups, whereas it was notably
lower in the 16 °C and 10 °C groups, with the 10 °C group exhibiting almost negligible crawling. Statistical
analysis revealed a significant difference in crawling time between the 28 °C and 10 °C groups (p <0.05), while
no significant differences were found between the 28 °C and 23 °C groups or the 28 °C and 16 °C groups. Feeding
time was similarly high across the 28 °C, 23 °C, and 16 °C groups, but significantly lower in the 10 °C group.
The difference in feeding time between the 10 °C group and the other three groups (28 °C, 23 °C, 16 °C) was
significant (p <0.001).

The analysis of crawling and spreading activity revealed that both the linear (temp-scaled, p<0.001) and
quadratic (I(temp-scaled?), p<0.001) terms were highly significant, while size was not a significant predictor
(p>0.05) (supplementary material Table 1, 3 S). Those activities exhibited a distinct peak at approximately 28 °C
(Fig. 4a, c). For feeding rate, the linear (p<0.01) and quadratic (p <0.05) terms were significant, whereas size
was not significant (supplementary material Table 2 S). Feeding activity increased sharply with temperature,
reaching its maximum at 21 °C, followed by a decline beyond this point (Fig. 4b). In terms of hiding activity, the
linear term was not significant (p > 0.05), but the quadratic term was highly significant (p <0.001), with size again
not significant (supplementary material Table 4 S). Hiding activity displayed a parabolic pattern, peaking at an
optimal temperature of 19.1 °C. Finally, clinging activity showed significant effects for both the linear (p <0.001)
and quadratic (p<0.01) terms, while size was not significant (supplementary material Table 5 S). The optimal
temperature for clinging activity was determined to be 24.0 °C.

Relationship of respiration rate, feeding rate, and gut passage time to temperature

Figure 5 showed the physiological activity of Umbonium vestiarium at different temperatures (10 °C, 16 °C,
23°C, and 28 °C). All one-way ANOVA tests yielded p < 0.001, with effect sizes (%) of 0.98 for body temperature,
0.91 for gut passage time, 0.94 for chlorophyll-a consumption rate, and 0.95 for respiration rate.

Figure 5a illustrated a significant decline in body temperature as environmental temperature decreased.
Figure 5(b) showed a significant increase in gut passage time from 28 °C to 16 °C, with the warmest environment
(28 °C) producing the shortest gut passage time. In contrast, the cooler condition (16 °C) resulted in the longest
gut passage time. Notably, at 10 °C, U. vestiarium exhibited no excretion.

Figure 5(c) revealed that the Chl-a consumption rate reaches its peak at 23 °C. As the temperature deviated
from this optimum, the consumption rate declined sharply, with the lowest rates observed at the coldest
temperature (10 °C). Figure 5(d) showed that respiration rate was highest at 28 °C and decreased significantly
with declining temperature, reaching its lowest level at 10 °C.

The analysis of Chl-a consumption rate and gut passage rate indicated that both the linear term (temp-
scaled, p<0.001) and the quadratic term (I(temp-scaled?), p<0.001) were highly significant, while size was not
a significant factor (supplementary material Table 6, 7 S). The optimal temperature for Chl-a consumption rate
was calculated to be 22.6 °C, whereas the optimal temperature for the gut passage rate was 28 °C (Fig. 5). In
contrast, body temperature and respiration rate showed that only the linear term was highly significant, with size
having no significant effects (supplementary material Table 8, 9 S; Fig. 5).

The results indicated that U. vestiarium exhibited a Q,, value of 2.115 for the food consumption rate and 1.771
for the gut passage rate (Table 2). Compared to reported Qo values in other gastropod species, U. vestiarium
displayed lower thermal sensitivity in food consumption than T. aureotincta (3.768) and T. funebralis (southern,
2.724), but higher than T. brunnea (1.542) and T. funebralis (northern, 1.000). For gut passage rate, U. vestiarium
had a higher Qio than T. aureotincta (0.759), T. brunnea (1.042), T. funebralis (southern, 1.000), and T. funebralis
(northern, 1.054). In terms of oxygen consumption, U. vestiarium (2.125) exhibited slightly higher temperature
sensitivity than Trochus maculatus (1.9).
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Fig. 3. Effect of Temperature on (a) Crawling, (b) Feeding, (c) Spreading, (d) Hiding, and (e) Clinging of

Umbonium vestiarium under experimental conditions. In the boxplots, the box borders denote the interquartile
range (IQR), with the horizontal line within the box indicating the median value. The upper and lower
whiskers extend to 1.5 times the IQR beyond the upper and lower quartiles, respectively. Statistical significance
is denoted by asterisks: * p <0.05; ** p<0.01; *** p <0.001 (Kruskal-Wallis test, Dunn’s test).
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Fig. 4. Effect of temperature on (a) crawling, (b) feeding, (c) spreading, (d) hiding, and (e) clinging of U.
vestiarium under experimental conditions. The black dots represent the observed values of behavioral activity
at different treatment temperatures. The blue line (regression curve) depicts the predicted relationship between

standardized temperature and behavioral activity, modeled using a generalized linear mixed-effects model
(GLMM).

Relationship of respiration rate, feeding rate, and gut passage time to temperature
This study combined all physiological (Chl-a consumption rate, gut passage time, body temperature, respiration
rate) and behavioral (crawling, feeding, spreading, hiding, clinging) responses of U. vestiarium into a multivariate
analysis using principal component analysis (PCA). The first principal component (46.7%) primarily reflects
variation in respiration rate, body temperature, feeding activity, and Chl-a consumption, while the second
principal component (20.2%) is driven mainly by spreading, hiding, and clinging behaviors (Fig. 6).

The loadings indicate that PC1 was most strongly influenced by respiration rate (0.447), body temperature
(0.435), feeding time (0.412), Chl-a consumption rate (0.406), and gut passage time (0.342). PC2 was mainly
driven by spreading time (0.628), hiding time (0.554), Chl-a consumption rate (0.342), and clinging time (0.320).
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Species Parameter U. vestiarium (Q, ) | Reported Q,, Values | Source

Food consumption rate | 2.115 3.768 2
T. aureotincta

Gut passage rate 1.771 0.759 42

Food consumption rate 2.115 1.542 42
T. brunnea

Gut passage rate 1.771 1.042 2

Food consumption rate 2.115 2.724 42
T. funebralis (southern)

Gut passage rate 1.771 1 42

Food consumption rate 2.115 1 2
T. funebralis (northern)

Gut passage rate 1.771 1.054 42
Trochus maculatus Oxygen consumption rate | 2.125 1.9 38

Table 2. Comparison of thermal sensitivity (Q,,) among various Trochidae species.
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Fig. 5. Predicted relationships (log-transformed) between water temperature and (a) body temperature

(°C), (b) gut passage times (h), (c) Chl-a consumption rate (mg-L™"-ind™"-d™"), and (d) respiration rate
(mg-L™"ind™"-d™") for U. vestiarium across experimental temperatures, based on three replicates per
temperature condition. Curves were fitted to individual data points; the model-estimated relationship is shown
as a blue line with its 95% confidence band (grey). The black dots represent the mean values of physiological
activity at different treatment temperatures. Different letters on each dot indicate significant differences as
determined by the Student-Newman-Keuls (SNK) post hoc multiple comparison test.

Discussion

Given Malaysia’s commitment to achieving carbon neutrality by 2050** and its considerable potential for ocean
thermal energy conversion (OTEC) development!, there is a notable gap in research concerning the effects of
cold-water emissions from such projects on marine ecosystems.

The abundance of U. vestiarium in the marine environment is influenced by various environmental factors,
including wave activity?"*4, salinity?®, and tides??>. Among these, temperature stands out as the dominant factor
affecting the abundance and community structure of benthic organisms, particularly under the influence of cold
and thermal emissions from power plants?. Temperature also plays a key role in the growth and development
of Umbonium ap.”’. However, no standardized regulations currently exist for controlling the temperature of
cold discharge from OTEC system’. Investigating the effects of temperature variations on the behavior and
physiology of U. vestiarium is essential for assessing the ecological impacts of cold emissions from OTEC system
and for informing the development of effective mitigation strategies.
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Fig. 6. Principal Component Analysis (PCA) of physiological and behavioral responses of U. vestiarium.

Temperature effects on the behavioral activity of U. vestiarium

This study found that U. vestiarium exhibited higher feeding activity between 16 °C and 28 °C, with significantly
reduced activity in colder conditions. Similar trends have been observed in other species, such as T. brunnea
and Pomacea canaliculata, where feeding rates decline at lower temperatures'®*2. In U. vestiarium, hiding and
clinging behaviors increased as temperatures dropped below 28 °C, likely reflecting thermodynamic constraints
on activity under thermal stress. These patterns align with observations from other studies. On Penang
Island, U. vestiarium dominated fine-sand habitats with sediment temperatures of 28.86-31.4 °C, under less
favorable thermal conditions, U. vestiarium often increased refuge use or relocated along the shore*8, Likewise,
Echinolittorina malaccana reduced oxygen consumption and heart rate via metabolic down-regulation during
thermal stress?.

Temperature also affected movement-related behaviors. Between 16 °C and 23 °C, U. vestiarium displayed
opposing trends in spreading behavior versus hiding and wall-attaching, likely due to metabolic shifts in response
to temperature variations. Warmer conditions increased energy demands, promoting more active behaviors,
while colder environments favored energy conservation strategies'®>’. Additionally, crawling behavior was
significantly higher between 23 °C and 28 °C, consistent with findings in other benthic species®'. These results
highlight the critical role of temperature in shaping behavioral responses and ecological interactions in U.
vestiarium.

Relationship of respiration rate, feeding rate, and gut passage time to temperature
U. vestiarium depends on external environmental conditions to regulate its body heat, meaning its body
temperature and metabolic activities are directly influenced by surrounding water temperatures®2. Additionally,
the study observed a positive relationship between water temperature and intestinal passage rate in U. vestiarium,
where lower temperatures were associated with delayed excretion. This reduction in excretion may be attributed
to the decreased metabolic rate of benthic organisms at lower temperatures, as noted by Robinson et al. (1983)%.
The thermal sensitivities of U. vestiarium’s food consumption rate, and respiration rate are all greater than 2
(Table 2), indicating positive thermal sensitivity—that is, these physiological processes accelerate with increasing
temperature®*. In biological systems, Q;o values around 2 are typically indicative of enhanced metabolic and
digestive activity in response to rising temperature®. However, the thermal sensitivity of U. vestiarium’s gut
passage rate is lower than that of its food consumption rate and respiration rate. This difference arises because,
in ectotherms like snails, metabolic rate and respiration rate are highly sensitive to temperature fluctuations*”-.
Elevated temperatures substantially increase metabolic demands, resulting in greater respiration rate™. In
contrast, the processes governing gut passage—such as the physical movement of food through the intestine

Scientific Reports |

(2025) 15:40159 | https://doi.org/10.1038/s41598-025-23909-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

(peristalsis) and enzymatic activity—are less influenced by temperature. Consequently, the efficiency of the
digestive system, as reflected in intestinal transit rates, exhibits a lower thermal sensitivity*®®.

This study also found that U. vestiarium exhibited the highest efficiency in consuming chlorophyll-a (Chl-a)
at approximately 23 °C, with feeding activity significantly reduced at both extremely high and low temperatures.
This suggests that U. vestiarium is most efficient at consuming Chl-a at moderate temperatures, while extreme
temperatures have an inhibitory effect on its metabolism®. Similar results were reported by Miyata & Nakatsubo
(2024), who observed that feeding rates increased with temperature between 15 °C and 25 °C but declined
at temperatures above 25 °C!. Furthermore, the study demonstrated that the oxygen consumption rate of U.
vestiarium decreased significantly with falling temperatures, consistent with previous research showing that the
respiration rate of gastropods generally increases with rising temperatures within an optimal range!®0.

The ecological and management consequences of temperature effects on the behavioral and
physiological of U. vestiarium

This multivariate analysis demonstrates that temperature variation drives coordinated shifts in both behavioral
and physiological traits. Warmer conditions (23-28 °C) enhance foraging activity, respiration rates, and mobility,
reflecting elevated metabolic performance. In contrast, colder environments (< 16 °C) trigger stress-associated
behaviors, such as increased clinging and hiding, coupled with reduced feeding and suppressed metabolic
activity. Over time, these thermally induced changes in individual performance may translate into altered
population dynamics and shifts in benthic community structure®!.

As key consumers and decomposers in marine ecosystems', U. vestiarium exhibits heightened sensitivity
to temperature changes within the cold discharge gradients of H-OTEC operations. This pronounced thermal
sensitivity makes U. vestiarium a valuable indicator species for assessing and monitoring the impacts of cold-
water discharges'!. Such discharges can trigger changes in the abundance and behavior of key species, such
as primary consumers and predators, which may cascade through food webs, resulting in altered trophic
interactions and potential ecosystem instability.

Based on the findings of this study, strategies can be implemented to maintain water temperatures near the
outlet within the range of 23-28 °C, mitigating the ecological impacts of H-OTEC cold water discharge. Regular
monitoring of water temperatures is crucial to ensure they remain within the optimal range for key species, such
as U. vestiarium®. Additional strategies include designing the discharge system to enhance the dispersion of cold
water, thereby minimizing localized cooling effects®>%4,

Conclusion

This study provides the comprehensive assessment of the behavioral and physiological responses of U. vestiarium
(Trochidae) under four temperature conditions (10 °C, 16 °C, 23 °C, and 28 °C), highlighting the species’ thermal
sensitivity. Temperature strongly influenced behavior, metabolism, and feeding, with optimal activity occurring
within the 23-28 °C range and the highest performance at 28 °C. In contrast, colder conditions (<16 °C)
induced stress-related behaviors (e.g., clinging, hiding) and suppressed metabolic activity, potentially leading
to population declines.

Determining thermal performance curves—and the apparent behavioral and physiological optimal
temperature—for U. vestiarium could inform monitoring thresholds for local cooling near the outfall. However,
we did not quantify molecular stress biomarkers (e.g., heat-shock proteins HSP70/HSP90) due to technical
constraints, and the experiments focused on a single species. Accordingly, long-term, multi-species benthic
monitoring near the outfall remains necessary.

Data availability

The data supporting the findings of this study are available from figshare under the DOI: **https://doi.org/10.608
4/m9 figshare.28148696.v3**. The data are publicly available and can be accessed without restriction. The dataset
is licensed under CC BY 4.0.
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