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Abstract
The Black Sea, which is potentially the largest sink of CO2 among the seas of the Atlantic 
Ocean, has been experiencing a decrease in pH over the last decades. Information 
on the acidification of the Black Sea and its impact on the marine biosystem is scarce. 
Based on literature and our own experimental data, we analyse the effect of low seawater 
pH values on the energy metabolism of the main commercial bivalve molluscs – the mussel 
Mytilus galloprovincialis and the oyster Magallana gigas. These species showed the ability 
to adapt energy metabolism levels over a wide pH range, from 7.0 to 8.1. When the pH was 
lowered by 0.1 unit, the oxygen consumption of mussels decreased on average by 10–20%
in the pH range 7.5–8.2. At pH 7.2–7.5, the respiration rate of M. galloprovincialis 
did not change and remained at 9.15–9.38 µg O2/(g dry tissue·h) and then dropped 
to 6.8 µg O2/(g dry tissue·h) at pH 7.0. In M. gigas, the oxygen consumption rate decreased 
uniformly: on average by 10–15 % for each 0.1 unit of pH change, up to pH value of 7.2. 
At pH 7.0–7.2, aerobic respiration of oysters was recorded at a minimum level of 4.6–
4.8 µg O2/(g dry tissue·h).
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Аннотация
В течение последних десятилетий наблюдается снижение рН в Черном море,
которое потенциально является самым большим поглотителем CO2 среди морей
Атлантического океана. Сведения о закислении Черного моря и его влиянии на
биосистему моря фрагментарны. На основании литературных и собственных
экспериментальных данных проводится анализ влияния низких значений рН
морской воды на энергетический метаболизм основных промысловых двустворчатых
моллюсков – мидии Mytilus galloprovincialis и устрицы Magallana gigas. Данные
виды показали способность адаптировать уровень энергетического метаболизма в
широком диапазоне рН – от 7.0 до 8.1. При понижении рН на 0.1 ед. потребление
кислорода мидиями снижалось в среднем на 10–20 % в диапазоне рН 7.5–8.2. При
рН 7.2–7.5 интенсивность дыхания M. galloprovincialis не менялась и оставалась на
уровне 9.15–9.38 мкг О2/(г сух. тк.·ч), а затем падала до 6.8 мкг О2/(г сух. тк.·ч) при
рН 7.0. У М. gigas интенсивность потребления кислорода снижалась равномерно:
в среднем на 10–15 % на каждые 0.1 ед. изменения рН до значения рН 7.2. При
рН 7.0–7.2 аэробное дыхание устриц фиксировалось на минимальном уровне
(4.6–4.8 мкг О2/(г сух. тк.·ч)).
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Introduction
Global changes in the world's ocean waters are altering almost all coastal

ecosystems. The increase in carbon dioxide content in the marine environment
and the resulting growth of its acidity are of reasonable concern. Ocean water acts
as a major sink for atmospheric carbon, helping to offset the effects of global
warming [1–3]. During the last decades, all seas of the world’s ocean have been
experiencing a decrease in pH, which is expected to fall to 7.1 by 2100 [2].
Obviously, different marine areas will not be affected to the same extent: it is
determined by their geographical location and hydrological characteristics. In shelf
seas, water acidification depends on the volume of river inflow, the degree of organic
pollution, and the intensity of upwelling and production processes in the surface
layers [4–6]. Of note, even with the reduction of greenhouse gas emissions



Ecological Safety of Coastal and Shelf Zones of Sea. No. 4. 2023 75

into the atmosphere, the seawater acidity will be increasing for a long time,
since CO2 is a long-lived atmospheric gas.

Reports by the Intergovernmental Panel on Climate Change argue that fresher 
and colder waters can absorb much more CO2 from the atmosphere than more 
saline oceanic water masses can. The Black Sea is characterised by an average 
surface temperature of 17–19 ℃ (~14 ℃ in winter and ~25 ℃ in summer) and         
a salinity of 17–18 PSU. According to experts, the Black Sea is potentially the 
largest CO2 sink among the nearest seas of the Atlantic Ocean [3, 6]. In the surface 
layers of the sea, this parameter is higher than typical oceanic values due to the 
high total alkalinity of the rivers flowing into the Black Sea [7]. The most 
significant decrease in pH values was recorded in the upper suboxic layer: on 
average by 0.15–0.20 per decade [4–6, 8]. According to the work [6], in the 
surface layer (0–30 m) in 1990–2014, the maximum and minimum mean annual 
pH values were ~ 8.7 and 7.4, respectively. Observational data in the coastal zones 
of the eastern part of the Black Sea showed that during the year the pH varied 
between 8.36 and 8.45 [5], while in the western part (Romanian coast) it ranged 
between 7.37 and 8.58. It is explained by more intensive production processes in 
the 0–10 m layer [3]. There are two seasons: the cold one (November to March) 
with minimum pH values and the warm one (April to October) with maximum 
values. These differences are related to general climatic patterns, river discharge, 
upwelling and seasonal variability of production processes in the Black Sea [6–8]. 
In addition, there are diurnal variations in pH in coastal areas, which can exceed 
unity [5, 9]. These changes often result from the fact that primary producers 
increase the pH of the surrounding seawater in the daytime during photosynthesis 
and decrease it at night during respiration [10, 11].

A number of widely cited meta-analyses and systematic reviews have been
published, which concern the effects of ocean acidification on selected groups of
hydrobionts [12–17]. The considered scenarios and predictions have revealed
gaps in the study of physiological and behavioural responses of bivalves
under conditions of decreasing pH values in the marine environment. This is due
to the difficulty of determining the direct and/or indirect influence of the studied
factor, and the contradictory results obtained by different authors. Marine organisms
that use calcium carbonate (CaCO3) to create shells or other body structures, so-
called marine calcifiers, are directly threatened at all life stages – larval, juvenile
and adult [12, 18–25]. A decrease in the amount of available carbonate ions can not
only impede the formation of biogenic calcium structures in the body, but also
make such structures vulnerable to dissolution under conditions of low pH values
[24, 26, 27]. The authors note that the rate of pH change is extreme and already
potentially dangerous for many calcifying marine species.

A decrease in seawater pH is detrimental to the physiology of bivalves, since
it alters the extracellular acid-base balance [28–30] and metabolic activity [31].
ccccc
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Moreover, it leads to supression of respiration and excretion, decreased food intake
[12, 32, 33], and impaired development of organisms occur [18, 27]. In some cases,
a decrease in pH can lead to death [12]. Acidified marine environment results
in deterioration of the mechanical properties of byssus filaments and in a decrease
in their number [26, 34]. Embryonic and larval stages of mussels were found
sensitive to the pH level. Due to acidification, the size of larvae decreases, their
survival rate reduces, whereas the number of individuals with abnormalities and
a longer developmental period increases [22].

At the same time, there is evidence of some positive effect of water
acidification on shell growth [35]. Thus, a reduced pH value can mitigate
the adverse impact of high temperature on biomineralisation and crystal
ultrastructure of the genus Mytilus. Resistance of bivalves to environmental
acidification has been described in such species from estuarine and upwelling areas
as M. chilensis [22], Argopecten purpuratus [36, 37], M. edulis [22, 38, 39],
M. galloprovincialis [39-41], M. coruscus [42], Pinctada fucata and Perna
viridis [33]. Some studies indicate that food availability plays an important role
in the resistance of mussels to acidification of the marine environment [20, 33].

Data on the Black Sea acidification and its impact on the marine biosystem
are scarce. However, it is clear that many biota components may be affected
by decreasing pH values, which in turn may cause ecological and economic
problems in the region. Bivalves dominate the macrofauna of estuaries and bays.
These organisms are an important element of the biotopes ecological structure
and a commercial resource for fisheries and mariculture. Marine farms cultivating
the two main commercial species, mussels Mytilus galloprovincialis and oysters
Magallana (formerly Crassostrea) gigas, are located along the coastline of
the Black Sea, including the Crimean Peninsula and Krasnodar Krai. Assessment
of the effects of acidification on the state of commercially important species is
a vital task of modern research.

Respiration intensity of molluscs is an important summarizing indicator of
the level of metabolic processes in the organism. The volume of oxygen consumed
by molluscs allows assessment of their physiological state and the extent of influence
of various environmental factors on them [12, 31, 33]. The study investigates
the level of energy metabolism of mussels M. galloprovincialis and oysters M. gigas
under ongoing acidification of the Black Sea. The paper examines how a wide range
of pH values (7.0-8.1), potentially possible in the Black Sea, can influence
the adaptive capacity of these commercially important species.

Materials and methods
Specimens of mussels Mytilus galloprovincialis and oysters Magallana gigas 

were collected from a sea farm located in Laspi Bay (Black Sea, the South Coast 
of Crimea), placed into thermoboxes and delivered to the laboratory of Institute 
of Biology of Southern Seas (Sevastopol). Further, the molluscs were kept 
in flowing sea water at 20–21 °C, pH 8.2 and salinity 18.1 PSU for seven days. 
Molluscs were fed daily with Isochrysis galbana. The experiments were conducted
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in 950 mL closed respirometers using filtered seawater. The duration of
the experiments ranged from 2 to 2.5 h. The molluscs were pre-cleaned of
epibionts, weighed and measured. One specimen was placed into each respirometer,
and a peristaltic pump was used to continuously circulate filtered seawater in a closed
cycle. The initial and final oxygen concentration was determined using a dissolved
oxygen analyser MARK-404.

Seawater with different pH values was prepared using Tetra minus pH.
This certified preparation is used in marine aquaristics to reduce pH and carbonate
hardness and is safe for hydrobionts. By applying different dosages of the prepara-
tion, conditions were created with pH values ranging from 8.1 to 7.0, which is
slightly wider than the expected pH range in the Black Sea. In each respirometer,
the pH value was determined before and after the experiment using an Ohaus
ST2100 laboratory pH-meter.

After completion of each of the experiments, the water in the respirometers 
with molluscs was replaced with new water with preset pH values. The temperature 
was 20–21 °C and salinity was 18.1 PSU. The experiments were carried out in four 
replicates. The total number of studied molluscs was 24.

The oxygen consumption RR, µg O2/(g dry tissue·h), by molluscs was calcu-
lated by the formula

RR = (Сbeg. – Сend)∙V/Т/Wdry tiss.,

where Cbeg. and Cend – O2 content in respirometers with molluscs at the beginning
and end of the experiment; V – volume of respirometer, mL; T – time, h; Wdry tiss. –
weight of dry tissues, g. The dry weight was obtained by drying soft tissues
in thermostat at 98 °C to constant weight.

Statistical and graphical data were processed using Excel, one-way ANOVA.

Results
The main characteristics of the study objects (mussels M. galloprovincialis and

oystersM. gigas) are presented in the table.
The study found that mussels normally had higher energy metabolism levels

(18.23 ± 1.2 µg O2/(g dry tiss.·h) than oysters (10.50 ± 1.1 µg O2/(g dry tiss.·h)).
fffff

Size and weight characteristics of bivalves (mean ± SD)

Species n, ind. L, mm Wtotal, g Wshell, g Wdry soft tiss., g

Mussel 12 55.71 ± 4.82 19.96 ± 4.80 13.73 ± 4.22 0.224 ± 0.088

Oyster 12 64.88 ± 6.17 27.56 ± 8.88 10.19 ± 0.80 0.306 ± 0.217
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F i g. 1. Dependence of oxygen consumption by mussels
M. galloprovincialis and oysters М. gigas on seawater
pH, mean ± SD

A decrease in seawater pH led to a decrease in respiration in both mollusk species
(Fig. 1). A linear negative dependence of oxygen consumption on pH values
was found for mussels M. galloprovincialis (R² = 0.90) and oysters M. gigas
(R² = 0.93).

The results showed that in the pH range of 7.5–8.2, when pH was lowered by 
0.1 unit, the oxygen consumption by mussels decreased by 10–20% of the previous 
value. Further, at pH 7.2–7.5 the respiration of molluscs remained at 9.15–9.38 μg 
O2/(g dry tissue·h), then a drop of this indicator to 6.8 μg O2/(g dry tissue·h) was 
recorded at pH 7.0 (Fig. 2). In M. gigas, the observed decrease in oxygen 
consumption was more uniform, by 10–15% for each 0.1 pH unit, up to pH 7.2. 
Then this parameter did not change and was fixed at a minimum level (4.6–4.8 µg 
O2/(g dry tissue·h)).

Thus, acidification of seawater led to a decrease in the respiration intensity 
in mussels M. galloprovincialis and oysters M. gigas. At pH 7.5–7.7, the most 
noticeable changes in the level of energy metabolism occurred in the 
studied molluscs (Fig. 2). After a uniform decrease in oxygen consumption in 
both species at pH 7.7, an unexpected increase in this indicator was 
recorded (by 8.9% in mussels and by 6.7% in oysters) followed by a sharp 
drop by 20–30% from the previous values (at pH 7.5–7.6). At the same time, 
the two species showed different physiological response: the mussels steadily 
maintained the level of aerobic metabolism when pH decreased from 7.4 to 7.1 
(no changes in respiration rate), while the oysters demonstrated a uniform 
decrease of aerobic processes to minimum values.
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F i g. 2. Dynamics of oxygen consumption by mussels
M. galloprovincialis and oysters M. gigas with a decrease
in pH of seawater by 0.1 unit

Discussion
The ability of bivalves to compensate the level of energy metabolism in the setting

of environmental changes is confirmed by a number of studies [31, 40, 43, 44].
This is due to the lifestyle of molluscs, which form dense settlements in the coastal
area and are occasionally exposed to changing external factors such as temperature,
salinity, and oxygen regime. In our study, the effect of low environmental pH
values on the level of energy metabolism of bivalves cultured in the Black Sea was
investigated for the first time.

On coastal farms, molluscs are grown in plastic cages and nets at depths of up
to 10 m from the surface. Thus, mussels and oysters potentially fall within the areas 
of pH change caused by natural daily and seasonal dynamics of this indicator [5, 
45] and by upwellings [6].

Studies of several species of mussels M. edulis, M. galloprovincialis 
and M. trossulus showed that the threshold of physiological tolerance is at pH 
~7.8, which approximately corresponds to the lower values of the local natural 
background pH of marine waters [39, 40, 46]. The work [28] reports the 
results of keeping juvenile and adult M. galloprovincialis at pH ~7.3 (18 °C). 
Under such acidified conditions, the rate of oxygen consumption decreased 
significantly more in juvenile mussels: after 5 h of the experiment, oxygen 
consumption fell by 25%, after 10 h – by over 45% and after 20 h – by 60–65%. 
In adult molluscs, the maximum decrease in respiratory intensity was 35% of 
the control. Some authors believe that seawater pH < 7.5 is detrimental to 
shellfish, and pH values of ~7.3 may be fatal for them [28, 46].
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The tolerance range of a species is known to be often closely related 
to the range of variability of environmental parameters. This allows us to 
conclude that the studied molluscs can be exposed to pH values > 7.6 in 
the natural environment, i. e. from 8.2 (normal) to 7.5–7.6 pH (acidification), and 
tolerate such changes well. Here are some examples of such studies on bivalves.

C. A. Vargas et al. [23, 25], based on their own and literature data, argue
that organisms of the same species react differently to environmental acidification:
the reaction was from negative to positive. For example, mussels M. chilensis
from estuaries with high natural water CO2 content showed greater tolerance to
high pCO2 levels than individuals from open areas. Molluscs M. trossulus retained
the ability to repair damaged shells and shell mineralisation for 2.5 months at pH
values ranging from 7.29 to 7.95 [47]. The data report Bathymodiolus brevior able
to live in natural conditions at both pH 7.8 and pH 5.36 on the northwestern slope
of the Eifuku submarine volcano of the Mariana Arc, whose hydrothermal
environment contains liquid carbon dioxide and hydrogen sulfide [48]. Comparison
of the two populations showed that the average daily growth rate and shell
thickness of individuals from the volcano area were two times less than those of
molluscs living in water at pH over 7.8.

Recent studies of natural populations of M. galloprovincialis from shallow
lagoons and open coastal areas indicate that there is genetic diversity of adaptation
to ocean acidification in molluscs [49]. An analysis of gene expression patterns
revealed that differences in the pH fluctuations observed in coastal and lagoonal
habitats potentially form patterns of plasticity and molecular-phenotypic differen-
tiation between populations of the same species. The plasticity of expression
in response to the effects of low pH was significantly higher in the coastal popula-
tion, which lives in more stable conditions of the large masses of the Mediterranean
Sea, as opposed to the conditions of shallow lagoons, which are characterised
by abrupt fluctuations in environmental factors [49]. It is suggested that
the tolerance of bivalves to pH changes may be fixed at the molecular genetic level.

The results of studies on the metabolic response of oysters to sea acidification 
are also controversial. For example, the work [50] reports a decrease in respiration 
rate of C. virginica exposed to high CO2 partial pressure (0.8–1 kPa pCO2) and low 
pH (≤ 7) compared to controls (< 0.1 kPa pCO2, pH = 8.2). In another study, high 
CO2 for 30 days resulted in inhibition of food consumption and digestion processes, 
decreased adsorption efficiency in C. gigas, but at the same time it led to increased 
oxygen consumption and ammonium nitrogen excretion rate [51]. The results of 
a 55-day experiment on C. gigas are of interest, where at 15 °C the intensity of 
metabolic processes in the control (pH 7.9) and test (pH 7.09) groups of molluscs 
remained at the same stable level [29]. However, as the temperature increased to 
gfgg 
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20–25 °C, the situation changed: the level of metabolism increased considerably in 
the oysters under the acidified conditions. It is suggested that temperature is             
a more significant factor for oyster physiology than low pH values.

Under conditions of persistent and fluctuating acidification, Pacific oysters 
showed adaptability of such vital processes as calcification, respiration, nutrition 
and survival [52, 53]. Under low pH conditions (7.5–7.7), both male and female 
eastern oysters (C. virginica) showed accelerated reproductive development [54]. 
Observations of gametes during spawning, fertilisation, and embryo incubation 
showed a higher survival rate of the larvae (by 6–8% compared to the control).

In our study at pH 7.7, we recorded an increase in oxygen consumption by the 
molluscs of both species (by 8.9% in the mussels and 6.7% in the oysters).               
A similar response was observed in Black Sea mussels during DDT poisoning 
[55]. Thus, the effect of the toxicant initially inhibited respiration, then there was a 
short-term excitation (by the end of the first week of the experiment, the oxygen 
consumption in mussels was almost restored to the baseline), and after that the 
process was inhibited further. The authors explain this phenomenon by the fact 
that in order to restore the initial physiological state of the organism once the 
action of a negative factor (toxicant) started, the oxygen demand increases and 
oxidative processes intensify. However, the continuing gradual accumulation of 
DDT in the organs and tissues of molluscs eventually caused metabolic processes 
impairment in the latter, and the intensity of oxygen consumption by mussels 
began to decrease again. Analysing our results, we can assume that water 
acidification may have a similar effect on the level of metabolic processes in the 
organism of the studied molluscs.

In the course of evolution, molluscs have developed certain mechanisms of
adaptation to unfavourable environmental factors, e. g. filtration stops, the valves
close tightly and the rate of oxygen consumption decreases abruptly, respiration
becomes anaerobic. The rate of energy processes in molluscs reduces to a minimum,
and the animals enter a state of anaerobiosis. Adaptation of benthic organisms
to unfavourable factors occurs at different levels: molecular, cellular, physiological,
behavioural.

Conclusions
Recent studies show that the tolerance limit for most marine calcifying

organisms is pH 7.5. Our results indicate that mussels M. galloprovincialis
and oysters M. gigas inhabiting the Black Sea are adapted to the acidification of
the marine environment and can maintain viability and energy metabolism level
in a wide range of hydrogen ion concentration: from 7.0 to 8.1. During moderate
stress, the organism can compensate for increased energy demand by higher energy
intake and assimilation. However, under extreme impact of external factors, such
physiological compensation for hydrobionts may be incomplete or impossible.
vvvv
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Thus, molluscs can enter a metabolic depression state to reduce energy expenditure
and increase the survival time until the conditions return to optimal. This paper
shows that at extremely low pH values, the energy homeostasis was disturbed,
which led to a limitation of the aerobic capacity of the organism.

Along with the gradual global ocean acidification caused by high atmospheric
CO2 concentrations, the daily and seasonal dynamics of CO2 and pH in seawater
are expected to increase. Assessment of the effect which these systemic variables
have on the physiological processes of hydrobionts on short time scales is at its
onset. Our understanding of the effects of the ongoing acidification of the Black
Sea on ecologically and economically important hydrobionts is still limited.
In a laboratory setting, it is difficult to reproduce the environmental heterogeneity
that occurs under natural conditions. Fluctuating decreases and increases in pH
can mitigate some of the negative effects of acidification on shell organisms
by providing them with periods of “respites” during which processes associated
with calcification of structural elements are initiated. The vast majority of works
study the effect of stable pH levels on different species of hydrobionts. At the same
time, it becomes obvious that the ecological significance of such studies is limited.
This can be explained by the fact that predicted ocean pH values will be different
from those of today, and also by the fact that physiological adaptations of
organisms and ultimately natural selection are stronger under extreme conditions.
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