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Abstract: Climate change has presented a serious problem in recent times, which is why a new
approach is being sought in terms of aquacultural food quality. In this study, the influence of
temperature increase (by 2 °C) and pH decrease (by 0.2) was investigated on the queen scallop,
Aequipecten opercularis (Linnaeus, 1758). Furthermore, the effect of a food-enriched diet with the
probiotic culture Lactiplantibacillus plantarum I was assessed in climate-changed conditions. Scallops’
morphometric parameters were measured before the experimental setup and after one month of being
kept in controlled conditions. Morphometric parameters included the elongation index, compactness
index, convexity index, density index, condition index, meat yield, gonadosomatic index, adductor
muscle index, and hepatosomatic index. Climate-changed conditions had no effect on the scallop
condition index, meat yield, or hepatosomatic index. Nevertheless, the addition of probiotics to
their diet had a positive effect on the queen scallops cultivated under conditions of climate change,
influencing positive allometry and the increase of the gonadosomatic indices. On the other hand,
the same conditions negatively affected the adductor muscle index of the scallops. To conclude, in the
context of climate change conditions, queen scallops could be a good organism of choice that can be
very well adapted to the changed environmental conditions, especially with the addition of the lactic
acid bacteria culture Lpb. plantarum 1.

Keywords: queen scallop; climate change; mariculture; morphometric indices; probiotic culture
Key Contribution: The impact of the probiotic Lactiplantibacillus plantarum 1 had a positive effect

on queen scallop Aequipecten opercularis cultivated under conditions of climate change, influencing
positive allometry and the increase of the condition and gonadosomatic indices.

1. Introduction

Climate change today represents one of the biggest challenges that humanity has to
face in order to protect the environment and the lives of all species on Earth. All climate
models indicate a trend of temperature increase as a consequence of the increased level of
greenhouse gases [1-3]. Climate change is already having a major impact on the marine
ecosystem, mostly due to the increase in sea temperature and the decrease in the pH value
of seawater. Predictions point to the fact that the sea temperature could rise by 2 °C over the
next 50 years [1]. Since the start of the Industrial Revolution, the global mean sea surface
pH has dropped by 0.1 units (from 8.2 to 8.1), equivalent to a 30% increase in ocean acidity.
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Anthropogenic climate change is expected to cause a further decrease in global mean sea
surface pH by 0.32 units, which could reach pH 7.4 by 2300 [2].

The sea temperature increase for the Mediterranean basin was recorded to be 0.4 °C
between 1989-2009 [4]. The Adriatic Sea is one of the 12 units that the Mediterranean basin
is divided into and is therefore considered a sea sensitive to climate change. Research in
the Adriatic Sea has demonstrated decadal fluctuations in sea surface temperature [5-7].
Namely, the average monthly sea surface temperatures revealed a cooling trend before
1979 and a significant warming after 2008 [5]. Furthermore, the mean temperature rise
rate from 1946 to 2015 was noted to be 1.3 £ 0.5 °C per century [8]. In another study, it
was stated that temperature, together with salinity and macronutrient availability, will
be the main drivers of changes in the area of the Po’ river delta, which is the Northern
Adriatic Sea [9]. Therefore, due to the vast effect of ocean warming on marine populations
and fisheries over the past 15 years [10,11], it is important to explore growth patterns,
particularly in relation to parameters such as sea temperature and pH [12]. In one study,
55 of the 90 Mediterranean threatened species were characterized by high vulnerability to
climate change. In the aforementioned study, the species that were recorded to have high
vulnerability regarding climate change, especially the elevation of the temperature, were
noted to be Anthozoa (n = 13 of 16), Chondrichthyes (n = 30 of 45), Actinopterygii (n = 6 of
18), marine mammals (n = 2 of 6), sea turtles (n = 2 of 3), Bivalvia (n = 1), and Malacostraca
(n=1)[13].

The swift warming of coastal and estuarine habitats has prompted pressing inquiries
regarding the future of shellfish fisheries and aquaculture [14]. Human nutrition in the
Mediterranean region is largely based on the intake of food of marine origin, mostly differ-
ent types of fish, crustaceans, and shellfish. In the age of global warming, the flourishing of
mariculture, the increase in intensity, and the economic benefit that comes with it created
problems of reduced water and soil quality and disease outbreaks due to bacterial infections
of cultivated organisms [15]. The increase in seawater temperature is causing higher mortal-
ity rates in farmed shellfish cultures due to frequent diseases caused by the rapid growth of
microbial pathogens. The main consequence is the loss of an entire population of organisms,
which leads not only to economic problems in the industry but also to irregular supply of
the targeted market [16]. Almost all edible shellfish fall into the categories of oysters, mus-
sels, and scallops, which are used in environmental quality monitoring programs [17-20].
Depending on the type of shellfish, the range of tolerance for changes in temperature
and pH values differs, and once it crosses this limit, mortality rates increase rapidly [21].
Scientific research points to the growing global trend of mass mortality of farmed mussels,
clams, oysters, and scallops, affecting all life stages of shellfish, from larvae to young and
adult individuals [2,22]. Sea acidification makes it difficult for many organisms to survive,
especially bivalves. The disadvantage of bivalves can be seen in the fact that at a reduced
pH, bivalves invest less energy to create shells so that the internal soft tissue continues to
develop. Acidification also reduces the availability of carbonate minerals that bivalves use
to build their shells, leading to abnormal and reduced shell growth. In these conditions,
bivalves are more susceptible to shell destruction in nature [23]. In addition to acidification,
the rising sea temperatures serve as a catalyst for the proliferation and reproduction of
marine organisms, including pathogenic species. This environmental shift enhances the
potential for infections in other marine organisms. Furthermore, the increase in average
air temperatures will significantly increase the risk of shellfish spoilage during storage
and distribution to consumers. Additionally, it is also necessary to consider the negative
impact of temperature increases on the bioenergetics of bivalves, which leads to excessive
energy consumption, affecting their growth, reproduction, and immunity, which can lead
to premature death of the organism [2]. For this reason, it is necessary to find an alternative
species of shellfish well adapted to a wider range of environmental conditions, especially
to the expected increase in temperature and decrease in pH value.

In our previous research, we have shown that an adequate choice of an alternative
bivalve species for such cultivation is the queen scallop, Aequipecten opercularis (Linnaeus,
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1758) [20,24,25]. Scallops have been farmed commercially in Europe for more than 100 years,
and directed fisheries in most countries began in the 1930s. The annual catch of A. opercularis
varied between 7000 and 16,000 tons for a long period, with overfishing occurring in 1995 and
1996. An increase in the annual catch to 30,000 tons was recorded in 2013, which represented
31% of the total catch of scallops [26]. There is no controlled breeding of this species in Croatia,
but it is caught seasonally [27-29], and as a commercially unavailable species, it was chosen
in this research. The biology and physiology of the queen scallop have not been extensively
studied, probably due to its lower market value than other commercially important species
of this family, but it has received considerable attention due to its feeding mechanism and
swimming ability [26]. Research and development of successful scallop breeding depend
on a wide range of economic and industrial conditions. There are various initiatives for
the development of Pectinidae mariculture in the United Kingdom, Spain, France, Norway,
and Ireland, and to a lesser extent in Italy and Croatia [28,30,31]. Despite the development
and adaptation of new technologies, scallop mariculture has not developed in Europe to
date, which is mostly due to seed shortages, high production and labor costs related to the
cultivation, and low population survival [32]. Nevertheless, our previous research has shown
that during ex situ cultivation, queen scallops maintain good nutritional quality and can be
proposed as a shellfish of choice for human consumption [20,33,34]. Furthermore, the scallops
achieved the highest nutritional value during winter and spring, thus pointing to this time of
year as the best period for scallop consumption.

We need to find fast ways to determine the effects of climate conditions on the environ-
ment and the laboratory setup. Today, many countries employ underwater probe instruments
and corers equipped with sensors to detect the physical and chemical properties of seawater,
enabling the monitoring of the aquatic environment. However, these sensors have high
maintenance costs and can only detect local and short-term changes. Early environmental
changes can be detected by monitoring the behavioral and physiological responses of organ-
isms. This method allows for continuous observation and assessment of a broad spectrum
of environmental alterations [35,36]. Shellfish are organisms that possess a desirable set of
characteristics: wide distribution, a large number of organisms per population, commercial
and mariculture value, and for this reason they are often used in studies for climate change
predictions [37—42]. The most common research technique in fisheries and ecology is the
analysis of individual parts of shellfish tissues and their general condition in response to
changes in the seawater environment [1,43,44]. Such responses include this study of bivalve
behavior, including shell growth and dissolution of their shells, premature release of larvae,
or horizontal movement for some species [45]. The morphometric indices, allometric relation-
ships, and physiological parameters are easily trackable, thus making them a good tool for the
assessment of shellfish growth or lack of growth in aquaculture with changed environmental
conditions [19,24,30,31,38]. Over a long period of time, many studies have used indices that
can provide basic information about the state of the organism and water quality. The fitness
index, growth index, and survival broadcast time comprise simple measurements that can be
performed by many laboratories [36]. Methods of determining the physiological parameters
of individuals, such as the effect on morphometry, allometry, and indices, are often used in
scientific research on bivalves. While the queen scallop is rarely used in scientific research,
these methods have provided significant insights into the cultivation of other bivalve species,
such as mussels and oysters, under altered environmental conditions or in the presence of
certain anthropogenic pollutants [20,46—48].

Nowadays, without a significant shift in approach and a focus on innovative, rapid,
and environmentally sustainable methods for shellfish cultivation, the advancement of
mariculture will face significant obstacles [49]. In addition to the discovery of a species
resistant to the environmental changes ahead of us, an alternative approach was also
found in the addition of a probiotic culture to mariculture. Canak et al. [24] have shown
that the probiotic strain Lactiplantibacillus plantarum 1 isolated from the queen scallop’s
digestive tract increased the growth rate, weight, and length of the organism and gave
a significantly higher meat yield. The indigenous strain Lpb. plantarum I also helped
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the scallop growth during cultivation under stressful environmental conditions (pH 7.8,
T =16 £ 2 °C) [25,27]. Furthermore, the use and success of Lpb. plantarum species were
recognized in crab farming, as indicated by three studies conducted on the tiger shrimp and
the Pacific white shrimp [50-52]. They found that the addition of Lpb. plantarum bacteria to
the diet significantly increased weight gain, specific growth rate, feed conversion efficiency,
and protein efficiency. In this experiment, during the feeding of shrimp with probiotics,
the number of lactic acid bacteria (LAB) significantly increased in the intestines, with a
simultaneous decrease in the number of pathogenic bacteria. However, the number of
LAB decreased after returning to the basic diet, which clearly indicates that Lpb. plantarum
is not able to permanently colonize the intestines of Pacific white shrimp and needs to
be continuously added to maintain its beneficial effect [52,53]. In aquaculture, probiotics
are being increasingly used as an alternative to chemotherapy and vaccination. This
approach helps to address the rise of various diseases and new strains of pathogenic
microorganisms, which are emerging due to the temperature increases associated with
climate change [27]. To ensure Lpb. plantarum I exhibits its protective benefits, it was crucial
to test their strain survival under simulated climate change conditions before starting
shellfish experiments, revealing that Lpb. plantarum I maintained a high number of viable
cells even after one month [25]. Probiotics in aquaculture enhance immune function,
improve nutrient utilization, and mitigate harmful algal blooms, helping shellfish resist
diseases and thrive amid climate change [54].

Considering all the above, this study aims to investigate the morphological parameters
of the queen scallop kept for a month ex situ in the changed environmental conditions.
Furthermore, the addition of the probiotic culture Lpb. plantarum I to the climate change
conditions was also assessed. The morphological parameters of the scallops that were
analyzed in this study were: morphometric indices, condition index, meat yield, adductor
muscle index, gonadosomatic index, and hepatosomatic index.

2. Materials and Methods
2.1. Scallop Culture

In February 2022, approximately 120 specimens of the queen scallop Aequipecten
opercularis (Linnaeus, 1758) were obtained from a location approximately two nautical miles
southeast of the Albanez shoal, situated within the E2 fishing zone in the Municipality of
Medulin, Croatia (44°43'58.49" N, 13°56/48.94" E). Local fishermen collected the scallops
using a bottom-trawling net deployed from a fishing vessel at a depth of around 50 m. After
collection, the scallops were relocated to the Aquarium Pula facility and accommodated
in a circular basin with a volume of 1900 L, featuring a flow-through seawater system
with a rate of 200 L per hour. The scallops were kept in this basin during a one-week
acclimatization period. A total of 90 individual queen scallops, with shell lengths averaging
51.4 £ 3.0 mm and shell widths averaging 48.5 &+ 2.2 mm, were selected randomly from
the 1900 L tank and utilized for this study. Throughout both the acclimatization phase
and the experimental period, the scallops were provided daily nourishment, following the
methodology outlined by Canak et al. [24]. Briefly, the scallops were fed with a mixture of
algae cultures comprising Tetraselmis sp. (Chlorophyta; 5 x 10° cells/mL), Nannochloropsis
sp. (Eustigmatophyceae; 30 x 10° cells/mL), and Phaeodactylum sp. (Bacillariophyta;
12 x 10° cells/mL).

2.2. Supplementation with the Probiotic Strain Lactiplantibacillus plantarum I

The lactic acid bacteria (LAB) strain Lactiplantibacillus plantarum 1 utilized in this
research was isolated from the intestinal tract of live queen scallops (A. opercularis), and it
was thoroughly identified and characterized in our previous study [24]. This strain has been
deposited in the microorganism collection of the Laboratory for General Microbiology and
Food Microbiology, situated at the Department of Biochemical Engineering, Faculty of Food
Technology and Biotechnology, University of Zagreb, Croatia. The Lpb. plantarum I strain
was cultivated in MRS broth (Biolife, Milan, Italy) at 37 °C overnight, aerobically. Following,
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the bacterial cells were harvested through aseptic centrifugation at 6440 rcf for 10 min and
washed twice with physiological saline. Subsequently, the cells were suspended in sterile
physiological saline. The total viable count (TVC) of Lpb. plantarum 1 was determined
using the standard dilution method on MRS agar (Biolife, Milan, Italy), with subsequent
incubation at 37 °C for 24-48 h. The final count revealed 10° viable bacterial cells of Lpb.
plantarum I per gram of wet biomass.

2.3. Experimental Design

After a one-week acclimatization period, three groups of 30 queen scallops were
transferred into closed-system tanks with a total volume of 190 L, each having a working
volume of 160 L. The tanks were aerated using single aeration stones and maintained
for a duration of 30 days. Seawater within the tanks underwent continuous filtration via
mechanical aquarium filters, except during feeding hours (from 9 a.m. to 3 p.m.). Every
other day, 20% of the seawater was exchanged. The photoperiod was regulated to maintain
12 h of light and 12 h of darkness.

The control tank was maintained under natural seawater conditions for this period of
the year (March 2022) with a stable temperature (~15 °C) and pH (~7.8), and the scallops
were fed solely with algae culture. In the first experimental tank (ApHT), scallops were
exposed to simulated climate change conditions that included a temperature increase of
approximately 2 °C (~17 °C) and a pH reduction of 0.2 (7.6). In the second experimental
tank (ApHT + LAB), scallops were exposed to the same aforementioned climate change
conditions, and Lpb. plantarum I culture (~10> CFU/mL) was introduced daily during
feeding. Climate change conditions were simulated according to predictions by Salgado-
Garcia et al. [1]. The environmental parameters in the tanks were changed in such a way
that the pH value was reduced through a pipe that released carbon dioxide bubbles from
the gas bottle into the water, which reduced the pH of the seawater in the experimental
tank. The tube was built with a spiral system so that the gas bubbles slowly dissolve in
the water without rising to the surface and passing into the atmosphere. The temperature
was raised using an aquarium heater that constantly heated the two experimental tanks
(ApHT and ApHT + LAB). Finally, in one pool with changed environmental conditions, a
probiotic was added. A probiotic for shellfish was applied along with feeding as a starter
culture. Algae concentration for feeding was modified based on the scallop population and
Lpb. plantarum I culture presence. Water flow was restricted during feeding. Temperature,
pH, and dissolved oxygen were monitored daily using a Hanna HI98193 multiparameter
probe. Two repetitions for each condition have been conducted without any differences.
The experimental design is shown in Figure 1.

E2 fishing zone in ‘
the Municipality of ' ——————————————— P

] .
Medulin, Croatia ﬂ _______________ . mmp 1 LABidentificationand 1 | LA caltivation !
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13° 56'48.94" E) 1 from the intestinal tract :
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Figure 1. The illustration of the queen scallops A. opercularis kept for 30 days in the control conditions,
exposed to changed climate conditions (ApHT) and changed climate conditions with the additions of
Lpb. plantarum I (ApHT + LAB).
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2.4. Morphological Measurements

Randomly selected 90 individuals from the 1900 L tank (where the scallops were
kept during the acclimatization period) were initially cleaned of fouling so that further
measurement could be performed accurately. After cleaning, the scallops were marked with
different numbers to enable individual tracking before and after the experiment. Before
and after a month of cultivation, the scallops were measured for different morphometric
parameters, as described previously by Schmidt et al. [43]. Briefly, the shell dimensions
(shell length-SL, shell height-SH, and shell width-SW) of individual specimens were as-
sessed using a digital steel caliper with an accuracy of 0.1 mm. The total wet weight
(TW) and wet meat weight (MW) of each bivalve were measured using an electronic bal-
ance. Subsequently, adductor muscle, gonads, and hepatopancreas were isolated from
the dissected scallop wet meat and weighed alone. Various morphometric indices, such
as elongation index (SH/SL), compactness index (SW/SL), convexity index (SW/SH),
and density index (TW/SL), were utilized to characterize the morphology and growth
patterns of bivalves [55-57].

The morphometric relationship was determined using the allometric equation pro-
posed by Ricker [58], Y = a Xb, where ‘Y’ represents TW, while ‘X" denotes the shell length
(SL), “a’ stands for the intercept, and ‘b’ represents the slope. The allometric coefficient,
expressed by the exponent ‘b’ in linear regression equations, indicates whether the growth
is isometric (b = 3) or allometric (b < 3 or b > 3) [59]. To verify if the obtained ‘b’ values
significantly deviated from the isometric value (b = 3) and indicated a negative (b < 3) or
positive (b > 3) allometric relationship [60].

To evaluate the condition index (IC), meat yield (MY), adductor muscle index (Al), go-
nadosomatic index (GSI), and hepatosomatic index (HSI), the scallop’s body was dissected,
and the gonads and muscles were separated from the rest of the soft tissue. Condition
index (CI) and meat yield (MY) were calculated using the following formulas:

CI (%) = [MW (g)/SW(g)] x 100 and

MY (%) = [(MW (g)/TW (g)) x 100].

Somatic indices: adductor muscle index (Al), gonadosomatic index (GSI), and hepato-
somatic index (HSI) were calculated as follows:

Al (%) = [adductor muscle wet weight (g)/wet body weight (g)] x 100,

GSI (%) = [gonad wet weight (g)/adductor muscle wet weight (g)] x 100, and
HSI (%) = [hepatopancreas wet weight (g)/adductor wet weight (g)] x 100.

2.5. Statistical Analyses

Morphometric indices, condition indices, meat yield, and somatic indices were sub-
jected to a one-way ANOVA to test the effect of climate change conditions and the effect
of Lpb. plantarum I on the climate change conditions on the 30th day of the experiment.
When significant differences were found, the mean values were subjected to post hoc
analysis using Tukey’s HSD test (p < 0.05). To test the difference between morphometric
indices measured at the beginning (1st day) and at the end (30th day) of the experiment,
Tukey’s HSD test was used (p < 0.05). Analysis of covariance (ANCOVA) was applied
to determine the difference in the log transformed data of the weight-length relationship
between control scallops and scallops in climate change conditions and scallops with the
effect of Lpb. plantarum I in the climate change conditions. All analyses were performed
using the Statistica 9.0 software (StatSoft Inc., Tulsa, OK, USA).
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3. Results
3.1. Seawater Conditions

During the experiment, the average temperature in the control tank was recorded to
be 15.67 £ 0.65 °C, and the pH was 7.88 &= 0.07. In the ApHT tank, the average temperature
was 16.88 £ 0.46 °C and the pH was 7.64 £ 0.08, while in the ApHT + LAB tank, the average
temperature was 16.83 £ 0.49 °C and the pH was 7.64 £ 0.08. In all three experimental
tanks, the dissolved oxygen concentration was stable at ~90% (Table 1).

Table 1. Temperature, pH, and dissolved oxygen levels (mean + SD) of the seawater measured in
the control tank with no changed conditions (Control), in the experimental tank where the climate
conditions were changed (ApHT), and in the experimental tank where the climate conditions were
changed and the strain Lpb. plantarum I was added as a food supplement (ApHT + LAB).

Control ApHT ApHT + LAB

pH 7.88 + 0.07 7.64 £+ 0.08 7.67 £+ 0.08
Temperature (°C) 15.67 + 15.65 16.88 £+ 0.46 16.83 £ 0.49
Dissolved oxygen (%) 89.94 4+ 1.59 89.92 +1.54 89.94 + 1.50

3.2. Morphometric Indices, Allometry, and Somatic Indices

The elongation index (EI) of the scallops kept in the Control tank remained the same
during the experimental period of 30 days (EI = 0.987 £ 0.019) (Table 2). In the ApHT tank,
a slight increase (1.012 £ 0.083) was recorded in the EI of the scallops on the 30th day of the
experiment. Whereas, in the ApHT + LAB experimental tank, the EI was again the same as
on the 1st day of the experiment (EI = 0.98 & 0.014) and very similar to the one recorded in
the control scallops. The compactness index (CMI) was found to be statistically different
on the 30th day of the experiment only in the ApHT tank (CMI 1st day = 0.321 £ 0.018;
CMI 30th day = 0.337 & 0.027). On the other hand, the control tank and the ApHT + LAB
tank showed no statistically significant differences between the 1st and 30th days of the
experiment. The obtained density index (DI) was recorded to be lower if comparing the 1st
and last days of the experiment again only for the ApHT tank (DI 1st day = 0.288 + 0.032;
DI 30th day = 0.256 £ 0.030). The morphometric parameter convexity index (CVI) showed
no differences in the duration of the experiment for all tested tanks.

Table 2. Morphometric indices (mean £ SD) measured for the queen scallops A. opercularis on the
1st and 30th day of the experiment kept in different tanks: in the control tank, exposed to pH and
temperature change conditions (ApHT), and exposed to pH and temperature change conditions with
the addition of Lpb. plantarum I (ApHT + LAB). Bolded values are significantly different from the first
day of exposure (Tukey HSD test, p < 0.05).

Control ApHT ApHT + LAB
Elongation index
1st day 0.987 £ 0.019 0.988 & 0.017 0.98 +0.017
30th day 0.987 £ 0.019 1.012 £ 0.083 0.98 4+ 0.014
Compactness index
1st day 0.335 £ 0.023 0.321 4 0.018 0.330 £+ 0.018
30th day 0.338 & 0.020 0.337 £ 0.027 0.337 £ 0.023
Convexity index
1st day 0.339 & 0.024 0.325 £ 0.019 0.332 £ 0.020
30th day 0.343 £ 0.022 0.334 £ 0.018 0.341 £ 0.024
Density index
1st day 0.309 £ 0.038 0.288 4 0.032 0.290 £ 0.032
30th day 0.292 £ 0.040 0.256 =+ 0.030 0.283 £ 0.043

The values of the allometric coefficient b were similar for all scallops on the 1st day of
the experiment and varied between 2.221 (ApHT) and 2.991 (ApHT + LAB), indicating a
slight negative allometry. The weight-length relationship on the 30th day of the experiment
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decreased in scallops in climate change conditions (ApHT) but increased in control scallops
and scallops from the ApHT + LAB experimental tank (p < 0.05) (Table 3).

Table 3. The weight-length relationship: Allometry (A+, positive; A—, negative), a-intercept, and
b-slope (mean £ SD) measured for the queen scallops A. opercularis kept in the control tank (Control),
the tank with the changed pH and temperature change conditions (ApHT), and in the tank with pH
and temperature change conditions with the addition of Lpb. plantarum I (ApHT + LAB). Bolded
values are significantly different from the first day of the experiment (ANCOVA, p < 0.05).

Control ApHT ApHT + LAB
a
1st day 2.302 2.433 2.462
30th day 2.532 2.942 2.925
b
1st day 2.707 2.221 2.991
30th day 3.125 0.943 3.798
Allometry
1st day A— A— A—
30th day A+ A— A+

The condition indices (CI) and the meat yield (MY) did not show any statistical
differences among all three tested tanks (Figure 2). Nevertheless, a slight increase in CI and
MY was noted when comparing the scallops from the control tank to the other two tested
tanks. The CI was noted to be 37.34 & 10.20% for the scallops kept in the control tank. The
CI for the scallops kept in the ApHT tank was 40.54 & 8.19%, while the same parameter
was found to be 41.36 & 4.42% in the ApHT + LAB tank. Further, the MY for the scallops
kept for a month in the control tank was recorded to be 18.60 = 4.29%. The MY was higher
in the other two tanks, with values of 21.18 4 3.39% in the scallops exposed to ApHT and
20.81 £ 2.36% in the scallops exposed to ApHT + LAB tank.

50
45 ]

Control ApHT ApHT+LAB

15

MY (%)

10

Control ApHT ApHT+LAB

Figure 2. Condition index (CI, %) and meat yield (MY, %) of the queen scallops A. opercularis kept
for 30 days in the control conditions, exposed to changed climate conditions (ApHT), and changed
climate conditions with the addition of Lpb. plantarum I (ApHT + LAB).
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In Figure 3, the adductor muscle index (Al), gonadosomatic index (GSI), and hepato-
somatic index (HSI) are presented for all three experimental tanks. The Al for the scallops
kept in the control tank for 30 days was recorded to be the highest (30.72 & 14.95%). No sta-
tistical difference in the Al was noted between the scallops kept in the control tank and the
scallops kept in the changed climate conditions (ApHT). Contrary to this, the Al obtained
for the scallops kept in the ApHT + LAB tank was found to be significantly lower compared
to the control tank (Al = 6.80 £ 6.73%; p < 0.05). The GSI was noted to be very similar in
the scallops kept in the control conditions (3.92 &= 3.33%) and the ones kept in the changed
climate conditions (3.58 & 1.00%). On the other hand, the GSI was statistically significantly
higher in the scallops kept in the ApHT + LAB tank (10.22 £ 10.02%, p < 0.05). Finally, the
HSI showed no difference among all tested scallops and ranged from 10.28 &£ 2.02 up to
10.75 & 5.78% for all 90 scallops included in the 30-day experimental design.
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Figure 3. Adductor muscle index (Al, %), gonadosomatic index (GSI, %), and hepatosomatic index
(HSI, %) of the queen scallops kept for 30 days in the control conditions, exposed to changed
climate conditions (ApHT) and changed climate conditions, and the additions of Lpb. plantarum 1
(ApHT + LAB). The means labeled with the asterisk are significantly different (Tukey’s HSD test,
p <0.05).
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4. Discussion

Climate change exerts significant pressure on coastal ecosystems by altering water
biogeochemical and physicochemical parameters (e.g., temperature, pH, and salinity), ulti-
mately leading to the degradation of aquatic ecosystems [4,9-13]. Accordingly, in the future
climate change scenario model for years 2070 and 2100, it was pointed out that salinity
and temperature would be the main drivers of changes, together with macronutrients,
especially in the area of the Po’ River delta in the North Adriatic [9]. Moreover, the increase
in sea temperature and the decrease in pH value can have negative consequences, such as
an increase in coral bleaching [10] and a change in marine species abundance [11].

Due to the negative impact of climate change on aquaculture, there is an inevitable
need to develop research to breed shellfish strains that are more resistant to climate change.
Such an approach is crucial for optimizing shellfish aquaculture production in light of
climate change [61]. Many studies have been conducted with the aim of producing high-
quality foods that provide a rich source of human nutrition and economic value for local
communities [20,33,62]. Since the resistance of bivalves to climate change is low, intensive
work is being performed in selective breeding to create bivalve strains that are more
resistant to such conditions and to find solutions for new environmental conditions that may
occur in the near future [20,24,25,27,33,63]. Furthermore, the increase in sea temperature
and the decrease in pH value can have negative consequences, such as an increase in
the number of pathogens (bacterial and viral) that survive better at higher temperatures
because of their faster division rates, which can ultimately lead to the death of entire
shellfish populations [25,27].

Considering all the above, this study was designed as a response to continuous
challenges for the long-term sustainability of the mariculture sector and the safety and
health of consumers of marine products under climate change conditions. The main goal of
this research was to observe the impact and vulnerability of living bivalves due to climate
change and the possibilities of adaptation of certain species to such changes. During the
experiment, changes were applied simultaneously to the temperature and pH values in
the tanks where the bivalves were kept to determine the effect of the upcoming climate
changes on the marine environment. The chosen parameters (T and pH) were determined
in our previous research to be the most sensitive to the growth of the scallops and were
tried to be simulated as conditions of global warming ex situ [20,24,25,33]. In this research,
an increase in temperature of 2 °C, a decrease in pH value of 0.2 units, and the addition
of probiotic culture Lpb. plantarum I were tested on the growth and development of the
scallops (morphometry, allometry, and fitness indices) during the 30-day experiment. In the
control tank, temperature and pH represented the characteristic values of these parameters
found at the place from where the scallops were sampled in the sea and their normal
fluctuations throughout the spring period in the Adriatic Sea [20,34].

Different morphometric indices, such as elongation index (SH/SL), compactness
index (SW/SL), convexity index (SW/SH), and density index (TW/SL), were utilized
in this study to characterize the morphology and growth patterns of the scallops in the
environmentally changed conditions and with the addition of the probiotic culture. These
indices have already been used in numerous studies and have been proven to be good
tools for examining the growth of the bivalves [55-57]. The morphometric indices of all
scallops used in this study gave a similar value with no statistical difference on the first day
of the experiment for all three tanks, indicating the uniformity of the selected population of
scallops in the environment. Furthermore, the results noted for the morphometric indices
of scallops kept in the control tank indicate that the four tested indices do not change
during the period of one month if the scallops are kept in environmentally relevant climate
conditions. The elongation index (EI) and the convexity index (CVI) did not show any
significant change during the experimental design in all three set-up tanks, with only a
slight increase in the EI for the scallops that were kept in the ApHT tank. These results
point out that at this time of year, the scallops do not grow in height and length but are most
likely to put all their energy into gonadal development due to the upcoming spawning
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period in spring. This hypothesis can be further confirmed with a higher GSI index also
recorded in this study, especially for the ApHT + LAB tank (GSI = 10.22%). The highest GSI
(34.06%) was already recorded for queen scallop A. opercularis in the spring period if the
scallops were kept in captivity under controlled environmental parameters [20]. Differences
in the morphometric indices were noted for the compactness index (CMI) and the density
index (DI), which were both statistically different in the ApHT tank on the 30th day of the
experiment if compared to the first day. The CMI was found to be elevated in the scallops
that were kept in the ApHT tank for a month. The higher CMI could be due to a process
called hormesis, in which, under mild stress conditions, the organism tends to recuperate
and express better survival than in normal conditions [64]. This result makes them a good
alternative species for aquaculture in the upcoming change in sea temperature and pH since
it was noted that the scallops can adapt quickly to climate change conditions by increasing
compactness and density, thus preventing the negative effects of the changed environmental
conditions. Ocean acidification is considered the greatest threat to calcifying organisms;
however, recent research suggests the need to reconsider this concept. More than 70% of
this research on the effects of acidification on growth and calcification indicates the ability of
the tested organisms to adapt. Fernandez-Reiriz et al. [38] conducted a study on the effects
of acidification on the physiology of the bivalve Mytilus galloprovincialis (Lamarck, 1819)
and concluded that the maximum extent of growth was observed in individuals exposed
to reduced pH values (—0.3 and —0.6 pH units as compared with the control seawater). In
the aforementioned study, the species showed adaptation to acidification and increased
ammonia excretion as an intracellular pH regulation mechanism. It has been confirmed that
growth, absorption efficiency, and ammonia excretion increase with decreasing pH values.
Mussels respond to acidification by allocating stored energy to preserve somatic tissue,
with negative consequences for shell integrity that vary among species [65]. Contrary to the
results obtained in this study for the CMI, the DI was found to be lower in the ApHT tank
compared to the 1st day of the experiment set up. The lower DI was expected for the ApHT
tank since it was expected that the change in climate conditions would result in a reduction
of the morphometric parameters of the scallops kept ex situ for a month. Furthermore, an
interesting effect was observed in the tank where scallops were given a food supplement
containing the strain Lpb. plantarum 1. It appears that the addition of the LAB culture masks
the change introduced by the higher temperature and lower pH. This indicates that the
LAB culture is compensating for the stress that the ApHT alone is causing on the scallops if
CMI and DI indices are considered. Namely, the results of the morphometric indices for
the control and the ApHT + LAB tank were the same for all tested morphometric indices.
The concept of allometry—this study of how body proportions change with size—
plays a crucial role in understanding the responses of organisms to various environmental
conditions, including climate change [31,41,44,66]. In the context of climate change, positive
allometry implies that certain body parts or traits increase disproportionately in size
compared to overall body size as environmental conditions shift. Conversely, negative
allometry suggests that these traits grow at a slower rate relative to overall body size.
Numerous studies have investigated the allometric growth patterns of mussels and other
bivalves in different regions, particularly in response to changing environmental conditions.
Scallops in the Gulf of Taranto, the Ionian Sea, Southern Italy [31], and the Aegean Sea coast
of Turkey [66] have all employed regression analysis to determine the growth patterns
of bivalves in various habitats. Their findings consistently indicate negative allometry,
implying that certain traits of mussels grow at a slower rate compared to overall body size.
Furthermore, recent research conducted in Canakkale Strait (Turkey) in 2023 also supports
these observations, revealing that many bivalve species exhibit negative allometry in their
growth patterns [44]. This aligns with previous findings and underscores the importance
of considering allometric relationships when studying the impacts of climate change on
marine organisms. The prevalence of negative allometry in bivalves underlines the complex
interplay between environmental factors, such as temperature, nutrient availability, habitat
characteristics, and organismal growth patterns [41]. Understanding these relationships is
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critical for predicting how bivalve populations may respond to ongoing climate change
and its associated challenges, including ocean acidification and shifts in habitat suitability.
In our study, scallops with the addition of probiotic culture (Lpb. plantarum I) showed
positive allometry, which may indicate certain adaptive responses to climate change in
scallop species and may suggest them as potential alternative aquaculture species in the
Adriatic Sea in the near future.

The condition index (CI), meat yield (MY), and gonadosomatic index (GSI) are impor-
tant parameters for evaluating the quality of shellfish meat [43]. In this study, the scallops
kept in the ApHT and ApHT + LAB tanks showed a slight increase in condition index (CI)
and meat yield (MY) compared to the values obtained from the scallops kept in the control
tank. However, the difference between the tanks was not found to be statistically significant.
The obtained results point out that the duration of the experiment over a period of 30 days
might be crucial for these parameters to show an effect on this specific bivalve species.
This assumption is further supported by one of our previous studies, where the scallop A.
opercularis showed statistically significant differences in the CI and MY during a year-long
experiment in controlled conditions in captivity [20]. However, the effect of adding a probi-
otic culture to the diet would be more likely to be noticeable, i.e., probiotic compensation
for stressful environmental conditions. This remains to be investigated in future research
since we have previously proven that the scallops can be kept in aquaculture for a year,
during which period they maintain their commercial value [20,33]. Another explanation
for the obtained results could be the selection of the time of year for this experiment, which
took place in March. Namely, at this time of the year, the bivalves do not grow but rather
invest all their energy in the growth of gonads due to the upcoming spawning period in
spring. In this research by Kovaci¢ et al. [20], the CI for the queen scallop A. opercularis in
the spring was noted to be approximately 70%, a result that is almost two times higher than
the CI of the scallops obtained in this study for the control tank (CI = 37.34). Contrary to
our results, warming and acidification resulted in a decrease in the nutritional value of the
sea snail Dicathais orbita (Gmelin, 1791), especially protein content and MY, which scientists
attributed to the cumulative impact of environmental factors [67]. Furthermore, in many
studies, CI was found to be altered by the climatic conditions. In a study conducted on
mussels (Mytilus edulis and M. galloprovincialis) and oysters (Crassostrea gigas and Ostrea
edulis) ex situ for a month, the CI was higher at higher food concentrations and decreased
with increasing temperature [42]. Similar results were obtained in another study where the
effect of climate change was studied on the bivalve Cerastoderma edule (Linnaeus, 1758) in
laboratory conditions, and the results showed that the combined effects of warming and
acidification had the greatest impact on the CI [40]. The results of the aforementioned re-
search indicate a synergistic effect of two parameters on the CI. The impact of the combined
factors of lowered pH and elevated temperature was also investigated on the growth and
strength of mussel shells [39]. Acidification and warming resulted in a decrease in shell
strength and a drop in the CI, and a significant difference was observed in comparison to
the control pool that contained seawater with parameters equal to marine environmental
conditions. Contrary to these findings, a study showed that the growth of 47 Atlantic and
Mediterranean sardine Sardina pilchardus populations was not related to the increase in sea
temperature but was recorded to be positively related to oxygen levels. These results point
out that sardines grow larger in size in a more oxygenated marine environment [12].

The adductor muscle index (Al) for the scallops kept in the ApHT + LAB tank was
found to be significantly lower (p < 0.05) compared to the control tank. On the other hand,
the gonadosomatic index (GSI) was recorded to be significantly higher in the same tank,
thus indicating that the group of scallops kept in the ApHT + LAB tank compensates for the
lower Al by building the gonads for the upcoming spawning period during spring. This
could pose a great advantage for scallops in the marine environment with the upcoming
change in environmental conditions in the near future. Since it appears that only with
the addition of the strain Lpb. plantarum 1 in the changed climate conditions, the scallops
almost duplicated their gonad mass. The breeding season for the scallops starts in April
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and lasts until September in the Mediterranean Sea. The highest reproduction rate occurs
in mid-summer in the Adriatic Sea, especially in July and August [20]. In the same period,
with a maximum in July and August, the spawning season is reported for other shellfish
species, such as the oyster Crassostrea gigas [68]. As breeding time approaches, the scallops
concentrate growth and development into the gonads so that they are ready to go through
gametogenesis and gamete formation by summer. At the same time, due to the growth of
the gonads, the mass of other soft tissues, including the scallop adductor muscles, stagnates
because the energy for growth stops being consumed. Another explanation could be that
the AI was much lower in scallops exposed to changed climatic conditions and the addition
of a probiotic culture because the shellfish sensed the presence of a large volume of food
(i.e., an increase in probiotic cultures in their surroundings). Therefore, the bivalves kept
their shells open for a long time, which could have led to the weakening of the adductor
muscle, i.e,, its total mass, throughout the month of the experiment.

The growth and reproduction of shellfish depend on various biotic and abiotic con-
ditions, such as food availability, environmental conditions, and the metabolic needs of
bivalves. In many previous studies, an increase in temperature is cited as the main factor
that affects the reproduction of bivalves in the form of an increase in GSI [69-71]. If the food
concentrations are optimal, energy for gametogenesis in shellfish is taken directly from the
food [72]. However, in one study that investigated the influence of temperature on GSI,
it was determined that the availability of food is one of the critical factors that affect the
maturation of the gonads, where individuals under the influence of temperature and not
fed showed lower values of the index in contrast to fed individuals [70]. Bivalves usually
store glycogen as reserve energy in the adductor, which they use for gametogenesis. In
such cases, the Al varies inversely proportional to the GSI, and during reproduction, the
muscle loses weight. Similar results were obtained by Pichaud et al. [73], who concluded
that gametogenesis occurs when the food is of sufficient quality to support the energy
requirements of various processes, and when the food source is insufficient, reserve energy
is used in the bivalve adductor. In another study, scientists linked the increase in the total
mass of the scallop Placopecten magellanicus (Gmelin, 1791) to better gonadal development
with feeding that had a large effect on growth at higher temperatures [74]. In the afore-
mentioned research, the change in temperature itself did not prove to be significant for the
growth rate and mass of bivalves, but for the high or low nutrition they received ex situ.
Likewise, in this study, the addition of probiotic culture had a significant positive effect on
the GSI of the scallops.

Finally, the hepatosomatic index (HSI) did not differ between all 90 scallops used in
this study, non-depending on the experimental tank, thus not giving any data regarding the
possible positive effect of the addition of probiotic culture in the changed climate conditions.

To sum up the obtained data from this study, we hypothesized that the change in
temperature and pH conditions would contribute to a lower condition index and meat
yield of scallops compared to those that were kept in the control tank and that the addition
of probiotics would improve their growth. However, according to the obtained results,
it is undeniable that such changed climatic conditions do not have a negative effect on
the CI and MY of the scallop A. opercularis kept in cultivation ex situ for a month. These
results further confirm the choice of the queen scallop as an alternative species that is
suitable for successful survival in the conditions of climate change. This type of bivalve is
limited to warmer waters; therefore, it occupies waters whose temperature ranges from
an average winter minimum of 5 °C to an average summer maximum of 24 °C. Due to its
wide temperature tolerance, it is likely that the scallop, A. opercularis, is capable of adapting
to this variability in temperature [37]. A positive correlation between organism growth,
temperature increase, and pH decrease is visible in another study conducted on the sea
star Pisaster ochraceus [48]. In this study, the individuals were separately exposed to water
temperatures ranging from 5-21 °C. The increase in temperature caused a linear increase
in the growth rate of the organism and accelerated the feeding rate, with an optimum
between 15 and 20 °C. Although the relative calcified mass of P. ochraceus decreased with
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increasing CO,, the overall growth rate was not changed. These results are explained
by the possibility that the calcified part of this organism makes up a relatively small
proportion of its total mass. Another possible explanation that the authors mentioned
is that reduced pH increases feeding efficiency. For example, the slightly lower pH of
seawater could help digest prey tissues and make feeding less energetically demanding. It
is emphasized that the increase of these two parameters will not have direct negative effects
on all marine invertebrates, the same statement that can be concluded from this research
as well. Contrary to these findings, adult mussel M. galloprovincialis was found to be very
sensitive to sea warming, with 100% mortality observed at an elevated temperature during
the summer of +3 °C above the upper critical temperature limit for mussels (25-28 °C) [46].
Furthermore, in another study, the sea acidification and increase in temperature resulted in
a negative effect on the juvenile fluted giant clam Tridacna squamosa, which showed a much
lower survival rate of <20% when a reduced pH (7.83) was combined with an increased
temperature (~30 °C) [47]. Although this species mostly inhabits the warm seas of the
South Pacific and Indian Oceans, it does not show a good possibility of survival under the
conditions of global warming. Most of this research to date is based on already commercial
bivalve species, as in the aforementioned study on M. galloprovincialis; thus, the detection of
species whose adaptation might be possible under stressful conditions, such as the scallop
A. opercularis, is of the greatest advantage.

This study has proven that queen scallops adapt well to the changing environmental
conditions that lie ahead. Due to climate change happening nowadays, it is necessary to
start the aquaculture of these shellfish in the Adriatic in the near future. Moreover, since
the increase in temperature was recorded for the Adriatic Sea [5-8], future research should
examine the effect of the temperature increase on the queen scallops in vivo in mariculture
cultivation. In the aforementioned study, incorporating a probiotic culture as a nutritional
supplement would be advantageous to monitor not only the growth indices of the bivalve
but also the immune response of the shellfish. Furthermore, it would be interesting to
examine how the probiotic culture is absorbed in the digestive system of this bivalve.

5. Conclusions

To date, a lot of research has been conducted examining the effect of abiotic parameters
(especially T and pH) on marine organisms, including bivalve species. However, in such
research, a proposal for adapting to new environmental conditions is rarely offered. Namely,
in this research, it was proven that the change of environmental parameters does not have a
negative effect on the scallop and that the addition of probiotic culture induces the growth
of gonads in the climate-changed conditions. The obtained results point to the need for
additional and more extensive research in the field of the use of lactic acid probiotics as a
supplement for shellfish mariculture, especially in examining the state of oxidative stress
in scallops. To overcome the stressful effects of the temperature increase and pH decrease
in mariculture in the near future, we propose two main solutions: alternative species with
good adaptations to new environmental conditions and the addition of probiotics isolated
from the same organism.

To conclude, the results from this study point out that the addition of Lpb. plan-
tarum 1 to the scallop A. opercularis diet enhances the growth of the scallop gonads in the
environmentally changed climate conditions in captivity.
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