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Abstract: The use of biological objects in monitoring the state of the environment and the changes
caused by the impact of environmental pollution on marine and fresh waters is a promising tool
due to a lower cost in comparison to traditional monitoring and the ability to receive immediate
information about the ecosystem status. In this review, we summarize the biological information
about shellfish biomonitors and the results of studies focused on the development and use of the
bioindicator species in early warning systems in Russia. Since the mid-1980s, Russian specialists have
developed online biomonitoring systems; as in the rest of world, there are two main approaches that
are currently applied to study the physiological status of potential biosensor shellfish species and
to monitor freshwater and marine systems: valvometry (registration of gaping activity in bivalve
mollusks) and photoplethysmography (registration of cardiac activity in mollusks and crustaceans).
Valve movement responses to stressors such as abnormal conditions and pollutants include the
closure of shell valves for a long period, decrease in the average distance between valves, rapid
shell opening, and higher closing frequency. Cardiac activity reactions of shellfish to stress factors
include rapid increases in heart rate and stress index, higher variability in heart rate than under
normal conditions, and longer periods required for heart rate recovery after stress. The most common
bioindicators used to monitor environmental disturbances in marine ecosystems are blue mussels,
Iceland scallops, and red king crabs in cold-water habitats and Black Sea mussels in warmer waters
as well as freshwater mussels and crayfish in fresh waters.

Keywords: biomonitoring; biosensors; early warning systems; photoplethysmography; Russian
experience; stress reactions; valvometry

1. Introduction

The assessment of harmful impacts on the aquatic environment and their effective
control and minimization is a key factor in water quality management [1–3]. Monitoring
efforts started mainly in the 1960s and focused on physical and chemical parameters [1,4].
Millions of tons of natural and synthetic chemicals have been produced, used, and released
into the aquatic environment worldwide without knowledge of their possible environmen-
tal impact on recipient ecosystems [5,6]. Although most of these chemical substances did
not have an immediate effect on the structure and functioning of the aquatic systems, the cu-
mulative effects of the total load of pollutants have certainly contributed to environmental
shifts [1,7,8].

The realization that anthropogenic chemicals can damage both wildlife and human
health has led to the development and implementation of various procedures for testing
threat-level concentrations of chemicals, including (a) laboratory toxicity tests that have
been modified from conventional medical toxicology and (b) sensitive analytical methods
for detecting specific chemicals in water and sediments [9,10]. Most of these studies have
been conducted under controlled laboratory conditions [11]. These traditional approaches,
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however, have a number of serious limitations and cannot provide comprehensive real-
time data relating to toxic events in aquatic systems [12]. For example, toxicity testing and
environmental chemistry do not often provide insights into whether tested organisms are
healthy, able to grow and reproduce, or perform their ecological roles [13]. The chemical
approach cannot account for antagonistic, additive, or synergistic effects that might occur,
and chemical data may be lacking for some constituents, particularly reaction products and
trace metabolites, i.e., the chemical detection of a compound in water does not always imply
that information is obtained about the biologically active form of this compound [9]. As the
goal of aquatic biological monitoring is to provide reliable and proper information on the
possible effects of chemicals present in the water due to human activities [14], in order to
enable the protection of the aquatic ecosystems, and particularly to give scientific guidance
for legislation and enforcement, new approaches using bioindicators or biomonitors (i.e.,
the biological objects used in monitoring the state of the environment and the changes
caused by the impact of environmental pollution on marine and freshwater ecosystems [9])
have been developed in the past decades [11,15].

The in situ use of aquatic organisms as natural monitors provides additional and
factual data concerning the present status of and past trends in the environment [9]. Instead
of direct measurements, the development of biomonitoring methods has resulted in an
increased focus on the use of biological effect measures, or biomarkers [12,16]. Biomarkers
are defined as biological responses that signal exposure to anthropogenic chemicals and
the adverse effects of these pollutants on health. Biomarkers encompass a huge variety of
molecular, cellular, physiological, and behavioral endpoints such as measuring the function
of subcellular organelles involved in the detoxification of contaminants, genetic damage,
induction of metabolic enzymes, immune function and disease resistance, endocrine dis-
ruption, locomotor behavior, as well as circulatory and respiratory physiology [9]. The
most important biochemical biomarkers include metallothioneins, stress proteins, glu-
tathione transferases, lipid peroxidation, haem, and porphyrins [17], while the physiologi-
cal biomarkers are heart rate, cardiac output, renal and hepatic blood flows, respiration
rate, organ sizes, basal metabolism, and rate of cell turnover [9]. Behavioral biomarkers
include movement, velocity, path changing, and space utilization. When affected, these
functions may alter the life span, feeding habits, and even phylogenetic positions of aquatic
organisms [9]. In most cases, biomarker analyses are less expensive and can be easier to
perform than traditional chemical analyses [18,19]. Furthermore, biomarker responses may
persist long after transient exposure to a pollutant that then degrades and is no longer
detectable [9].

Taking into account an increase in the global pollution load, there is a need for the
development of early warning systems [11,15,20,21]. The latter (also referred to as online
biomonitors, continuous biotests, or biotest automates) use the reactions of selected organ-
isms, especially physiological and behavioral reactions to physical or chemical stress as
a sensitive alarm system to detect exposure to contaminants within short exposure times
and provide information about possible permit violations and the need for secondary
treatment [9,11,20].

In recent decades, many attempts have been made to develop bioassay models that
will enable more or less continuous surveillance of water quality with respect to the possible
presence of contaminants [22–25]. Most of the model systems consist of flow-through tanks
in which aquatic organisms are exposed on a frequent or continuous basis to the water or
wastewater being tested [26–30]. A behavioral or physiological parameter of the organism is
monitored by a recording device with the capability of responding to abnormal conditions
indicated by the test organism [21,31].

Continuous biological monitoring systems for river and ocean monitoring have been
developed since the 1990s, including novel online sensors ranging from conventional sen-
sors to non-invasive sensor techniques using laser technology and optical sensors [32–34].
Russian specialists have also been involved in this process, and there has been significant
progress in this field in the past decades. The aim of our study was to provide an overview
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of Russian studies focused on the use of shellfish as biosensors in the real-time monitoring
of aquatic ecosystems. In this paper, the following topics were considered: (a) early warning
systems used for biomonitoring, (b) biological aspects of organisms used as biosensors,
and (c) important results obtained by Russian specialists.

2. Methods and Solutions
2.1. Valvometry

Gaping activity (opening and closing of the valves) in bivalve mollusks reflects their
biological processes and responses to environmental fluctuations [35]. The bivalve shell
defends mollusks against adverse conditions and natural predators [36–39], and therefore
its closure efficiently isolates bivalves from external threats or water contaminants [15].
The gaping activity of many species is closely related to physiological processes such as
breathing, nutrition, and waste elimination, which respond to environmental conditions fol-
lowing rhythmic cycles [40,41]. Bivalves are known to alter their normal gaping behavior in
response to the presence of stressors and fluctuations in environmental factors [15,32,42,43].
At rest, the valves are open, valve activity is low, and there are transient partial closures,
whereas stress conditions lead to detectable valve activity. This feature can be employed
for aquatic monitoring and assessments [15,44].

A system for continuous biomonitoring was developed by the Murmansk Marine
Biological Institute in the mid-1980s. The system, based on a classical actograph [45],
has evolved from a mechanical recorder to analogous and, finally, digital recording
complexes [46–51].

The latest version of this system includes measuring devices connected to a personal
computer (Figure 1).
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logical Institute [48]. 1—mussel, 2—platform, 3—flexible or rigid link, 4—thin flexible resilient plate,
5—tensoresistor, 6—horizontal base, 7—vertical rack, 8—protective case, 9—sensor, 10—amplifier,
11—analog-to-digital converter, 12—personal computer.

This complex has the following components: one or more sensors, an amplifier, an
analog-to-digital converter (ADC), and a computer [50]. Each sensor is a tensoresistor
attached to a horizontal base inside a protective enclosure and has the end of a flexible
elastic sensor plate protruding from the enclosure so that this plate can be connected to the
top valve of the tested mollusk. The output of each sensor is connected to the input of the
amplifier. The latter consists of a zero-balancing device, an analog signal amplifier, and
a signal shift device. Each sensor is connected to the bridge circuit of the zero-balancing
device. The output of the amplifier is connected to the input of the ADC, whose output
is connected to the input of an interfacing device. The latter transmits a digital signal to
the input of the computer; then, the signal is processed with special software. Closing
of the valves induces a signal that is transmitted through a flexible (or rigid) cable to
the sensor plate whose bending leads to changes in the electromagnetic current in the
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tensoresistor. The signal is then transmitted to the amplifier, where it is amplified, filtered,
and corrected. The signal is then quantized with a sampling frequency of 10 Hz and
digitized in the ADC. A USB interface is used to transmit the signal to the computer for
further data processing and visualization [50]. New sensors for this system are currently
being developed and tested. These are traditional or modified serial strain and vibration
sensors based on piezoelectric, ferro-electric ceramic, tensoresistive, and magnetoresistive
materials. It is assumed that piezoceramic sensors based on a lead zirconate–lead titanate
binary solid-solution might be a good alternative for traditional sensors [52,53].

Observations under laboratory conditions using this system detected the following
bivalve behavioral acts in marine mussels [46,54]: (a) phase of activity = wide-open valves
with rare closing; (b) resting phase = closed (usually not completely) valves with rare, short
openings, (c) valve closing = single valve opening/closing, each cycle lasts for 5–10 min,
(d) valve trembling = high-frequency and low-amplitude valve movements, (e) adduction
= frequent valve closing, 2 to 10 closures per hour, (f) fast rhythm = periodical adduction
against the background of the phase of activity or resting phase, (g) short rhythm = gradual
changes in the mean opening amplitude, periodic alteration in the activity and resting
phases, (h) open short rhythm = the predominance of the phase of activity with rare valve
closing or trembling, and (k) closed short rhythm = the predominance of the resting phase
with a decreased phase of activity (Figure 2a–k).
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Figure 2. Actograms showing typical behavioral patterns in blue mussels Mytilus edulis from the
Barents Sea: (a) phase of activity, (b) resting phase, (c) valve closing, (d) valve trembling, (e) adduction,
(f) fast rhythm, (g) short rhythm, (h) open short rhythm, (k) closed short rhythm, and (l) typical
records of valve activity under normal (green) and stress conditions (violet). Modified from [54,55].
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This method results in actograms (graphs representing measured parameters as func-
tions of time; Figure 2l) and three parameters to be used for monitoring the mollusk
behavior [46]: (a) valve-opening level (VOL, %), (b) valve closing frequency (VCF, closures
per day), and (c) valve opening amplitude (VOA, %).

The most informative characteristic is the VOL, which is expressed in percent from the
maximum according to the following formula [46]:

VOL =
maxVOA−VCL

maxVOA
· 100% (1)

where VCL is the valve-closure level detected directly from actograms and max VOA is the
maximum VOA registered during the study period.

In 2003, a submersible complex for continuous biomonitoring based on the behavior
of the Black Sea mussel Mytilus galloprovincialis was developed by scientists from T.I.
Vyazemsky Karadag Scientific Station, Feodosia. It was an analog of Musselmonitor [31,56].
In the next four years, this complex was tested and calibrated to develop an early warning
system [57,58]. It was then slightly modified and improved in collaboration with specialists
from the Marine Hydrophysical Institute, Sevastopol [59–61]. This complex consists of a
cylindrically shaped water-tight casing that contains rechargeable batteries and electronic
components for the actual measurement and an external module for data communication
and data evaluation. A bipolar Hall sensor SS496A1 and a magnet are attached to the
valves of a mollusk to record the distance (range 1 to 12 mm, SE = 0.015 mm) between the
valves [58]. These reactions are automatically transferred to a receiving device and are
processed in specially designed software. The underwater complex is also equipped with a
temperature sensor, a hydrostatic pressure sensor, and a light sensor (Figure 3).
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Figure 3. Scheme of the gaping activity registration system developed in T.I. Vyazemsky Karadag Sci-
entific Station and Marine Hydrophysical Institute [58,60–62]. 1—frame substrate, 2—water-resistant
adhesive sealant, 3—mussel, 4—flexible plastic batten with neodymium magnet, 5—analogous Hall
sensor, 6—stainless fixture, 7—three-core cable for power and analog signal transmission, 8—polyamide
inserts, 9—light sensor, 10—hydrostatic pressure sensor, 11—temperature sensor, 12—32-channel
switch, 13—conversion and power circuit, 14—etalons, 15—4-channel switch, 16—conversion circuit,
17—microcontroller block, communication interface, and 36-channel analog-to-digital converter,
18—power circuit, and 19—personal computer.

A block of measurement channels includes precision amplifiers, voltage regulators,
and a 24-bit ADC. This block is switched to all sensors and in-circuit etalons. The external
module of the system consists of two similar electronic boards with a real-time clock,
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non-volatile flash memory, and a digital temperature sensor controlled by a microcontroller.
Power for the electronic boards is provided by a rechargeable battery pack or by a 12 V
external power source. The electronic components of the underwater module are powered
by 12 V/0.5 A via a link cable from the power supply or external batteries. The latter are
charged using a 12 V charger from a normal network of 220 V. The maximum depth for this
complex is 20 m, measuring frequency is 1 s−1, power consumption is 3 Watts for both the
external and underwater modules, height of the underwater module is 90 cm, maximum
diameter is 31 cm, and weight is 30 kg [59].

A total of 16 mollusks can be monitored for their behavior, and a synchronous reaction
of at least 70% of animals indicates an alarm signal. Valve gaping and movements are
registered in real time and displayed as graphs showing changes in the valve-opening
level (VOL) expressed in mm or %. VOL is 0% for fully closed and 100% for fully opened
mollusks. A latent period for this method is as low as a few seconds or a few minutes
after the detection of abnormal conditions. The time of autonomous operation is 23 d. This
system can be operated on a 24/7 basis for a few years [59].

2.2. Photoplethysmography

Photoplethysmography is an inexpensive and simple way of recording cardiac and
ventilatory activity in shellfish organisms. The procedure involves the use of photosensitive
detectors attached to the hard shell of an experimental animal. Low-intensity light from
light sources passes through the dorsal part of the shell into the pericardium. During the
heart’s cycle of action, varying amounts of light are reflected by the ventricle. Some of this
light falls on the photosensor, which converts the energy into a proportional voltage change
to operate an oscillograph [63]. This approach is widely used to monitor the physiological
responses of aquatic animals to various stimuli [64–72].

In 1999, an original fiber-optical method for recording the cardiac activity of shellfish
was developed in the Laboratory of Experimental Ecology of Aquatic Systems of the St. Pe-
tersburg Research Center for Ecological Safety of the Russian Academy of Sciences [73–76].
This system includes a laser fiber-optical photoplethysmograph (LFOP), an optical cable, a
sensor, an analog-to-digital converter (ADC), and a personal computer (Figure 4).
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Figure 4. Scheme of the cardiac activity registration system developed in Saint-Petersburg Scientific
Research Center for Ecological Safety [74–76]. 1—animal, 2—sensor, 3—heart (diastole), 4—heart (systole),
5—shell, 6—output end, 7—input end, 8—petal of the attached element, 9—screw, 10—cylinder of the
attached element, 11—fixation element for fibers, 12—case, 13—transmitting optical fiber, 14—receiving
optical fiber, 15—laser optical fiber photoplethysmograph, 16—analog-to-digital converter, 17—personal
computer, 18—digital filter, and 19—distribution analysis. I—optic signal, II—analog signal, and
III—digital signal. Data processing of cardiac intervals (CI) results in graphs, mean heart rate (HR),
standard deviation of HR (SD), and stress index (SI).



Fishes 2023, 8, 102 7 of 34

In 2003–2004, specialized software was designed to provide real-time estimations of
the physiological stress level in benthic invertebrates in the presence of pollutants [77]. In
this system, only animals with hard exoskeletons (shells in the case of mollusks or carapaces
in the case of crustaceans), to which a small sensor (of weight < 2 g) is attached via non-toxic
water-resistant glue, can be used as biomonitors [73]. The infra-red light beam initially
created in LFOP is transmitted to an animal by a thin optical cable through a small sensor
attached to the shell, thus illuminating the heart area with scattered light. The sensor of
physiological activity consists of a case with an element serving to attach to the body of the
experimental organism, a source of optical radiation, and a receiver of optical radiation [74].
The optical signal modulated by the heart of the tested animal containing information about
its cardiac activity is transmitted back to LFOP. After amplification and filtering procedures
in this device, the analog signal is then transmitted to a digital storing oscilloscope, where it
is converted to digital form by a 14-bit 16-channel ADC and then sent to a personal computer
via a USB port for further processing. A resulting photoplethysmogram is then analyzed
by mathematical and statistical methods in an original software program, VarPulse, which
automatically reads data from the ADC, determines the duration of each cardiac interval
in real time, and then calculates a set of heart rhythm variability characteristics such as
mean cardiac interval (M, s), mean heart rate (HR, beats min−1), change in mean HR (dHR,
%), standard deviation (SD) of cardiac intervals, and stress index (SI), according to the
following formulas [77]:

M =
1
N

N

∑
i=1

Mi (2)

HR =
60
M

(3)

dHR =
HRt2 − HRt1

HRt1
· 100% (4)

SD =

√√√√ 1
N

N

∑
i=1

(Mi −M)2 (5)

SI =
1

2M · SD2 (6)

where Mi is the duration of the ith cardiac interval, N is the sample size, HRt1 is the heart
rate at time t1, and HRt2 is the heart rate at time t2.

Another important index is the recovery time of HR (Trec), i.e., the period between the
end of exposure and the moment when HR reaches the normal values registered before the
exposure [78,79]. It is judged that a good health status of an animal takes place when Trec
is lower than 50–60 min [80].

The obtained data can also be archived. The software allows for the simultaneous
registering and analysis of 7–8 individuals. This method is considered non-invasive because
the attached sensor does not affect the normal activity and physiology of the tested animals,
including both mollusks and crustaceans. In 2005, a system for industrial biological water
quality monitoring based on this method was created for real-time monitoring of toxicity
level changes at the Neva River water intakes of St. Petersburg drinking Water Supply
Stations using crayfish as biosensors [75,81].

The same approach has been developed and used by specialists from the Karelian
Research Centre, Russian Academy of Sciences, Petrozavodsk, where remote monitor-
ing of the cardiac muscle volume (plethysmogram) is based on infrared radiation of the
heart region and reflected light recording [82,83]. Karelian scientists used a specially de-
veloped amplifier with a system of filters and a portable digital oscillograph (Fluke 125)
that transmitted a signal to a personal computer. This signal is recorded as consecutive
heart contraction waves and processed in FlukeView 3.0 software (Fluke Corporation,
Washington, DC, USA).
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3. Biological Aspects of Test Organisms

Various organisms have been tested as bioindicators; among these, fish and benthic
invertebrates are the most common [84]. Potential bioindicators should meet the following
requirements [85]: (a) high ecological relevance, (b) susceptibility to stressors in the wild
and under laboratory conditions, (c) wide geographic distribution, (d) easy to culture and
maintain in the laboratory, (e) high reproductive rate, and (f) ability to yield reproducible
data under controlled laboratory conditions.

Russian scientists use the following organisms in physiological studies and real-time
biomonitoring of both marine and fresh waters: blue mussels (Mytilus edulis) [46,86–90],
Black sea mussels (Mytilus galloprovincialis) [62,78,91–93], Iceland scallops (Chlamys is-
landica) [94], freshwater mussels (Anodonta anatina and Anodonta cygnea) [95–97], painter’s
mussels (Unio pictorum) [98–100], narrow-clawed crayfish (Pontastacus leptodactylus) [76],
and red king crabs (Paralithodes camtschaticus) [101,102].

3.1. Blue Mussels

Mytilus edulis is a bivalve mollusk with a smooth inequilateral shell, which features
concentric growth lines emanating from the hinge. Fibrous brown byssal threads extend
from the closed shell and are used for attachment to substrates [103]. Shell length varies
from 2 to 20 cm and total weight from 1.4 to 6.5 g [104]. Mytilus edulis is found at coastal
sites of the northern Atlantic Ocean, including North America, Europe, and the northern
Palearctic. This species is found from the White and Barents Seas in Russia to southern
France, throughout the British Isles, with abundant populations in Wash, Morecambe Bay,
Conway Bay, and southwest England, north Wales, and west Scotland. In the western
Atlantic, Mytilus edulis is distributed from the southern Canadian Maritime provinces to
North Carolina [105].

Mytilus edulis is a eurythermal species that tolerates freezing conditions for several
months. It is well acclimated to a temperature range of 5–20 ◦C, with an upper sustained
thermal tolerance limit of about 29 ◦C for adult individuals [105]. Blue mussels do not thrive
in waters with salinities of less than 15 psu, but can withstand substantial environmental
fluctuations [106]. The species occurs predominantly at 5–50 m depth [107]. Usually,
Mytilus edulis occupies subtidal and intertidal beds on rocky shores.

Spawning in Mytilus edulis occurs from April to September, depending on water
temperature, currents, and other environmental factors [108]. In most populations, rest-
ing gonads begin to develop from October to November, with gametogenesis occurring
throughout winter so that gonads mature in early spring [109]. Partial spawning in spring
is followed by rapid gametogenesis, with gonads maturing by early summer, resulting in a
less intensive secondary spawning in late August or September. An individual female can
produce from 5 to 8 million eggs [108]. Mature males and females (age 1–2 y) release the
gametes into seawater for egg fertilization [103]. After the egg is fertilized, it turns into a
ciliated trochophore larva. The trochophore larva then becomes a veliger, which persists for
1–1.5 months. Larval development may last 20 days under optimal conditions, but larval
growth and metamorphosis between spring and early summer at 10 ◦C usually require 1
month [105,110]. A juvenile mollusk finds a primary settlement location on openings in the
substrata, or amongst bryozoans or other filamentous structures away from mature mus-
sels to decrease competition [105]. After 2–3 weeks there, the juvenile doubles in size and
detaches to drift again and find a permanent substrate for attachment. Young specimens
attach to the sea floor with a byssus thread or, if such an open substrate is unstable, may
attach to another mussel, thus creating a mussel bed [106]. In the Barents Sea, the lifespan
ranges from 12 to 14 years [107,111]. Mytilus edulis is a sessile species with a diet consisting
of microalgae (dinoflagellates, small diatoms, and flagellates), zoospores, protozoans, and
detritus filtered from the surrounding water [106,109]. The main predators of Mytilus edulis
are sea urchins, starfish, gastropods, benthivorous fish, and birds [105].
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3.2. Black Sea Mussels

Mytilus galloprovincialis occurs in the Mediterranean and Black Seas, in Portugal, north
to France, the British Isles, and Norway. Recently, this species has also been found in
northern Norway and Svalbard [112]. Mytilus galloprovincialis was introduced into the
northern Pacific from Europe by human activity in the early 20th century [113]. Invasive
populations are also present in Japan, North Korea, Russian Far East, southern Africa, New
Zealand, Australia, and South America [114,115]. The shell of Mytilus galloprovincialis tends
to be higher and flatter than in Mytilus edulis. In Black Sea mussels, the anterior end of the
shell is distinctly beaked or incurved, whereas that of blue mussels has a more snub-nosed
appearance. The anterior edge of the shell of Mytilus galloprovincialis merges smoothly
into the dorsal edge, giving rise to a rounded convex profile, while that of Mytilus edulis is
angular [116].

The optimal temperature range for Black Sea mussels is 14–20 ◦C, while the optimal
salinity range is 12–25 psu [117–119].

An individual female can produce 2–6 million eggs [117]. In the Black Sea, spawning
of Mytilus galloprovincialis is biannual and depends on water temperature and the structure
of phytoplankton communities. In mussels living at coastal sites on hard bottoms, the
first spawning event is registered in spring at 8.5 ◦C, with a peak in March, and lasts
for 1.5–3 months [120]. The second mass spawning occurs in autumn, with a peak in
September at 15.5–18 ◦C, and lasts for 1.5 months [117,121]. Mussels living in mud habitats
at 45–50 depth spawn in May–June and October–November at 7–8 ◦C [117]. Spawning
is extended in time, and mussel larvae occur in the plankton all year round [120,122].
Mussels became mature at a shell size of 20 mm. Juveniles settled in spring become mature
in autumn of the same year, while mussels from the autumn generation become mature
in the spring of the next year [118]. The maximum growth rate (0.33–0.48 mm d−1) is
registered in summer under favorable food conditions, while the minimum growth rate
(0.10–0.23 mm d−1) is found in winter and spring [117]. Mytilus galloprovincialis can reach
a shell size of 120 mm [123]. The maximum age is 26 years for deep-water mussels and
13 years for shallow-water ones [118]. Size at ages 0.5, 1, 1.5, 2, 2.5, 3, and 3.5 years is 24.4,
35.8, 51.1, 61.5, 66.7, 71.7, and 75.6 mm, respectively [121,123].

Large specimens can ingest particles of up to 0.6 × 2.7 µm, with an ingestion rate of
40–70 mg d−1 [117]. The diet of Black Sea mussels comprises 62 species of microalgae, of
which 35 are diatoms and 23 are dinoflagellates (size 15–92 µm). The most common species
are: Prorocentrum micans, P. compressum, P. balticum, Licmophora ehrenbergii, L. flabellate, and
Scrippsiella acuminate [124,125]. Other less important food items are infusorians, planarians,
nematodes, chaetognaths, and larvae of copepods and cladocerans. Detritus is the main
food source in winter, while phytoplankton is the main source in spring and summer [117].

3.3. Iceland Scallops

The Iceland scallop Chlamys islandica (Müller, 1776) is a sub-arctic species distributed
from the Arctic seas to southern Massachusetts, USA. It occurs in Greenland, all around
Iceland except the south coast, in Norwegian waters at coastal sites and fjords, and in the
deeper waters of Bear Island, Spitsbergen, and Jan Mayen. The eastern distribution extends
to the Barents, White, and Kara Seas [126,127].

In the Barents Sea, this species is widely distributed on hard coarse sediments consist-
ing of sand, gravel, shells, and occasionally clay and fine sand at depths up to 500 m [128].
It is well acclimated to a temperature range of 0–7.2 ◦C and prefers a salinity range of
33.2–34.8 psu [129].

Iceland scallop is a dioecious species with pinkish hue gonads in adult females and
white gonads in adult males. In the Barents Sea, scallops become sexually mature at
3–6 years of age [128]. Scallop spawning occurs from March/April to June/July. The main
driving factors of spawning are phytoplankton concentrations and local oceanography.
The mean fecundity is 5.2 million eggs [130]. Scallop larvae occur in the plankton for
about 2 months before settlement, during which time they are passive drifters. The most
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preferable substrate for larval settlement is dead hydroid perisarc of Tubularia, although
larvae also settle on live hydrozoans, red algae, and artificial substrates. Iceland scallop is
capable of limited swimming [131,132].

In the Barents Sea, Chlamys islandica demonstrates its greatest growth efficiency dur-
ing the first 5 years of life. Usually, the lifespan of Chlamys islandica does not exceed
20–23 years [128]. In the Barents Sea, Iceland scallops can reach 151 mm in shell height and
500 g in weight [130].

Chlamys islandica is a suspension feeder. Its main food items at shallow-water sites
are various microalgae species, while in deep waters the scallops generally feed on
detritus [130]. The natural predators of Chlamys islandica include starfish, cod, and red king
crab [130].

3.4. Freshwater Mussels Anodonta

Like marine mussels, freshwater mussels are mollusks that produce a bivalved shell
with two valves by an elastic-like ligament along the dorsal hinge. The life cycle of
freshwater mussels is different from that of marine mussels. During breeding, males release
sperm into the water, and females must inhale it for fertilization to occur. Embryos develop
into larvae called glochidia, which are released by the female. For further development,
glochidia must encounter and attach to a host fish [36]. In Russia, host fishes are stickleback
(Gasterosteus aculeatus), perch (Perca fluviatilis), pike (Esox lucius), tench (Tinca tinca), eel
(Anguilla anguilla), and brown trout (Salmo trutta) [133]. Glochidia form cysts around
themselves and remain on the host for several weeks. The primary selective advantage
of such a strategy is that the glochidia are dispersed through the system, which may be
particularly advantageous for upstream dispersal and in lentic systems where passive
dispersal is poor because of limited water currents [134]. When ready, the juvenile mussels
will release from the fish, fall to the bottom, burrow into the sediment, and begin their
free-living existence [36]. During this time, they grow fast to protect against predators
and the crushing and erosive force of rocks and water. Once mature, they spend most
of their lives partially buried, with their posterior end sticking above the surface of the
sediment. Freshwater mussels are confined to permanent water bodies, including creeks,
rivers, ponds, and lakes [135]. The most preferable depth is 0.5–2 m [133].

Anodonta spp. occur in Europe and Asia below 65◦ N latitude down to Portugal, Sicily,
and Turkey and extending as far east as Siberia (Lake Baikal) [136].

There are two species of the genus Anodonta in Russia: the duck mussel Anodonta
anatina and the swan mussel Anodonta cygnea [137]. These species have no pseudocardinal
and lateral teeth. The shell is thin, light, and fragile. In Anodonta anatina, the shell is
very variable, usually greenish yellow, brown, or black, very solid, and often twice as
heavy as in Anodonta cygnea [138]. Young animals are usually lighter and shinier than
adults, the frontal part of the inside lower margin is thickened, the ligament is shorter
and broader than in Anodonta cygnea, dorsal and ventral, the margins are less parallel, the
ventral margin is often curved, and the dorsal margin can be straighter. Size varies from
80 × 50 × 25 mm to 150 × 60 × 35 mm (length × height × bulge) in Anodonta anatina and
from 80 × 42 × 26 mm to 150 × 63 × 46 mm in Anodonta cygnea [133,138].

Anodonta are more tolerant to low oxygen content than most species and can thrive
in small nutrient-rich water bodies. Anodonta are particularly vulnerable to water-level
fluctuations. Dry periods usually expose animals, and predators (birds and mammals)
can eat the mussels that remain exposed [36]. Anadonta anatina occurs on muddy or sandy
substrates and tolerates slightly faster water currents than Anodonta cygnea [139]. Glochidia
(0.35× 0.35 mm) become mature in autumn and are released in spring [36]. The size and age
of maturity depend on water temperatures: animals from warmer waters reach maturity
after 2 years; in cold waters they need up to 5 years, and their shells remain smaller. In
warm and eutrophic waters, Anodonta live only up to 5 years, but in cool and oligotrophic
smaller running waters, they live up to 20 years [36,133]. These species are filter-feeders
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and can filter 15–45 L d−1 [140]. The main food items are phyto- and zooplankton and
detritus [135,141].

3.5. Painter’s Mussels

The painter’s mussel Unio pictorum is a firewater mollusk belonging to the family
Unionidae. It is distributed in Northern and North-Western Europe. In Scandinavia, this
species is found up to 60◦ N. It occurs in the UK, excluding Ireland, and in central Europe
and Russia, including far-eastern water bodies [138]. This species lives in rivers and old
river arms and sometimes in lakes, reservoirs, and canals, mainly in lowlands inside the
sandy or silty substrates, usually in deeper zones, up to 6 m deep. Painter’s mussels are
capable of moving with as low a speed as 1–1.5 m h−1 [133].

The shell of Unio pictorum is variable in color and shape, often greenish yellow or
brownish without radial streaks [138]. In contrast to Anodonta, Unio pictorum has a more
elongated and thick shell and possesses teeth on the hinge. In adults, shell length varies
from 60 to 80 mm, with a height up to 100 mm and bulge up to 28 mm [133].

This species attains a growth rate of 20 mm within the first year, after which annual
growth increments fall considerably. In general, the shell grows at least 5 mm per year
during the first 10 years of life [142]. In Russia, the maximum lifespan of Unio pictorum is
16 years [143]. Sexual maturity is reached after 2–4 years of growth [133]. Spawning occurs
from April to June. Embryo development lasts for 20–40 d, and glochidia are released
from May to August. The glochidia parasitize on perch, stickleback, ruffe (Gymnocephalus
cernuus), white bream (Blicca bjoerkna), and roach (Rutilus rutilus) [133].

Unio pictorum ingests particles of detritus or planktonic animals and microalgae, with
a filtration rate of 3.2–4.6 L h−1 [144].

3.6. Crayfish

The narrow-clawed crayfish Pontastacus leptodactylus is a widely distributed, com-
mercially important species, with its native range in the Pontocaspian river basins. Its
most abundant populations occur in Eastern Europe and the Middle East. Due to human-
mediated translocation, it has spread to numerous European countries. Currently, this
species is present across much of the continent, except for the Southwestern Balkans,
Iberian Peninsula, Ireland, Scandinavia, and Estonia [145]. In Russian waters, Pontastacus
leptodactylus is expanding its range to northwestern regions [146].

Narrow-clawed crayfish have a wide habitat preference and are found in shallow and
deep lakes, rivers, and streams, and on a wide range of bottom substrates, except those
that are heavily silted [147]. This species can tolerate a wide range of temperature (4–32 ◦C)
and salinity (4–14 psu) fluctuations, as well as temporary declines in oxygen concentration
(down to 2 mg L−1) [148].

Narrow-clawed crayfish can grow up to 30 cm in length [138] and 500 g in wet weight,
but usually, their body length is 10–17 mm and weight is 200–300 g, with females being
smaller than males [133,149].

The age at maturity of Pontastacus leptodactylus is 3 years for males and 4 years for
females. Pontastacus leptodactylus is a highly fecund species, with the number of eggs
ranging from 75 to 325 [150] and up to 800 in old females [133]. Mating occurs in autumn,
when water temperature is about 5 ◦C. At mating, the male deposits the spermatophores
on the ventral side of the female. Egg hatching occurs in December or January, when the
released eggs are attached to the hairy pleopods under the tail. The incubation period lasts
for 6 months until the following May or June. After hatching, the larvae cling together
under the female for 10–12 d. Once they have first molted, the larvae start to disperse away
from the female, seeking shelter in the immediate environment. Crayfish molt eight and
five times in the 1st and 2nd years of life, respectively. In subsequent years, crayfish molt
two times per year, while females molt one time per year after their fourth year [133]. Shell
hardening after molting requires 8–10 d.
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This species exhibits nocturnal foraging activity and has a diverse diet. The most
important food items (90%) are macroalgae and aquatic plants. Animal food includes
oligochaetes, mollusks, amphipods, insect larvae, tadpoles, frogs, and fish. Frog and fish
carrion are also consumed by Pontastacus leptodactylus [133].

3.7. Red King Crabs

The red king crab Paralithodes camtschaticus is a large commercially important crus-
tacean belonging to the family Lithodidae [151–153]. Its native distribution area is the
North Pacific, including the Primorye, Ayan-Shantar region, South and North Kuril Islands,
and West Kamchatka in Russia, and Norton Sound, Bristol Bay, the Aleutian Islands, the
western Gulf of Alaska, and Southeast Alaska in the USA [154,155]. A new population also
exists in the Barents Sea (Russian and Norwegian waters), after the successful introduction
conducted by Russian scientists in the 1960s [156–160].

In Russian waters, red king crabs occupy both shallow waters (juvenile crabs) and deeper
waters (up to 335 m depth) (large males), at a temperature range from−0.8 to +8.5 ◦C [161–163].
In April/May, they form mating aggregations. During August–September, red king crabs
segregate by sex, with males and females forming aggregations at temperatures of 4–65 ◦C
and 5–75 ◦C, respectively [164]. Females mature at carapace widths (CW) of 90–140 mm,
and most mature at 110–130 mm CW [165–167]. Males mature at 65–80 mm CW; however,
they successfully couple only at 140–150 mm CW. Males and females couple in spring, with
a peak in April, and eggs are fertilized externally [168]. Most females in Russian waters
extrude the eggs at sites less than 90 m deep [151]. Reproductive events are initiated by
adult males moving to shallow areas in December, followed by females in March/April.
Shortly after their arrival on the spawning grounds, the females hatch their old eggs and
start the process of molting and spawning new eggs. Absolute individual fecundity varies
from 70,000 to 700,000 eggs [169].

Mass hatching of larvae occurs in March/April at depths of 50–240 m and bottom
temperatures of 0.5–1.95 ◦C [170]. As larvae develop, they feed on zooplankton in the
pelagic layer for two months. During this period they molt four times. From the middle to
the end of June, larvae settle at the bottom in the coastal areas [171]. Once settled on the
substrate, the larvae turn into juvenile crabs with a CW of 2 mm [151].

Starting from the age of 4, all juveniles molt once or twice a year. Adult females molt
annually before mating [172]. Males with a CW less than 100 mm molt at least annually,
and those larger than 110 mm CW molt less often [164,173]. Males larger than 150 and
190 mm CW molt once every three and four years, respectively [174]. The size of juvenile
crabs at age 0–5 y has been estimated to be 1.2, 9.9, 30.0, 53.3, 71.8, and 83.8 mm carapace
length per year, respectively [175]. The maximum reported size for the Barents Sea red king
crab is 270 mm CW [154].

The main food items of the Barents Sea red king crabs are bivalve mollusks Astarte
sp., gastropods Naticidae g. spp., polychaetes Spiochaetopterus tipicus, and echinoderms
Ophiura and Strongylocentrotus [176,177]. In areas with intensive multispecies fishing, they
predominantly feed on fish offal. The main predators of red king crabs are cod, wolffish,
and skates [151].

4. Mollusks as Biomonitors
4.1. Blue Mussels

The first observations of valve movement activity were conducted in 1986 and 1987 in
Dalnezelenetskaya Bay and Yarnyshnaya Bay, i.e., in typical coastal areas of the Barents
Sea with no pollution [162,178]. Blue mussels (size 40–50 mm) were collected by hand in
the upper and lower littoral and were placed into 4–5 L containers supplied with running
seawater (rate 700–1200 mL min−1). These conditions were very close to those in the
field [46,179]. Valve opening levels (VOLs) of the blue mussels tested demonstrated high
sensitivity to environmental factors; significant effects were detected for the following
changes: 0.1–0.05 ◦C for water temperature, 0.2 psu for salinity, 0.1 mg L−1 for suspended
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matter, and 300 cells L−1 for phytoplankton. There was a seasonal pattern in the mussel
behavior: in spring and summer, an increase in temperature led to a smooth but expressed
decrease in VOL. This result was associated with decreased salinity, which was the main
limiting factor for blue mussels. In autumn, the seston concentration was found to be the
driving factor of VOL. The detection limit for suspended matter, i.e., the lowest concentra-
tion causing changes in VOL, was 0.5–0.6 mg L−1. In winter, there was a direct positive
relationship between water temperature and VOL [46,179].

Another seasonal study was undertaken in Kola Bay from November 2004 to December
2005. There was a clear trend towards higher levels in all parameters studied during the
spring–summer season when compared to the autumn–winter season (Figure 5).
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This pattern was associated with a decrease in concentrations of phytoplankton and
organic matter, i.e., less favorable conditions for blue mussels. Resting periods in this
species followed vertical gradients in the concentrations of biogenic matter appearing first
at 1.5 m depth in August and then registering in the surface layer in September [180].

Recordings of gaping and cardiac activity were made simultaneously over a 10 d pe-
riod from December 2006 to January 2007 under laboratory conditions to reveal possible re-
lationships between VOL and HR using both valvometry and photoplethysmography. Daily
HR varied from 0 to 20 beats min−1, averaging 12.6 beats min−1 at 10 ◦C [94]. This level
was higher than that of blue mussels from the White Sea at −0.1 ◦C (5.3 beats min−1) [181].
Correlations between VOL and HR were unstable, changing from 0.7 to −0.5 [94]. In the
first days, when the mussels were not acclimated to rearing conditions, this correlation
was positive, while after acclimation, when the duration of resting phases increased, this
correlation became negative. The most expressed correlation was found between VOL and
variability in HR in the periods when VOL demonstrated substantial fluctuations [182].
The author concluded that the feeding conditions were the most important factors driving
the cardiac activity in blue mussels under natural conditions. The same conclusion was
made for the White Sea blue mussels monitored for their cardiac activity with a photo-
plethysmograph [183,184].

Under a Joint project of Murmansk Marine Biological Institute, French Nationals Cen-
ter of Marine Research, and TOTAL Exploration and Production, a long-term monitoring
study based on high-frequency non-invasive (HFNI) valvometery was undertaken for 1
year in Dalnezelenetskaya Bay [55]. The HFNI valvometer is a high frequency (10 Hertz),
non-invasive biosensor employed to monitor the gaping behavior of bivalves. This device
is equipped with a pair of electrodes with 1–1.5 m flexible cables glued onto each half
of the mussel shell. The electrodes, designed to minimize disturbance to the bivalve’s
behavior, are made up of two resin-coated electromagnets (56 mg each) [185]. The use
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of this technique provided new insights into the biological rhythms and shell opening
status of the Barents Sea blue mussels. The authors reported that valve-closing activity
was dependent on the tide and light regimes, with largely open valves and few valve
movements during high tides and more frequent crossing during daytime [55].

Cardiac activity in blue mussels from the White Sea was first studied by Bahmet et al. [186].
The authors reported that in sub-littoral individuals, HR was higher than in littoral ones
(range 0–0.32 Hz, mean 0.239 ± 0.026 Hz vs. 0–0.25 Hz, and 0.179 ± 0.029 Hz). A decrease
in salinity from 25 to 15 psu and an increase from 25 to 35 psu caused a decrease in HR
by 80% [186,187]. Later studies confirmed these findings: HR levels in sub-littoral and
littoral mussels were 18.6 ± 1.1 and 13.1 ± 0.5 beats min−1, respectively [188]. In contrast,
recovery times (Trec) after salinity stress were 31 ± 2 and 38 ± 1.3 min, respectively [188].
However, in some individuals, this parameter reached 2 h [189]

Biotesting experiments performed to reveal the effects of 0.001% drilling fluid (0.01 g L−1)
on VOL of blue mussels indicated that the duration of the resting phase demonstrated a
400% increase (from 2 to 8 h per day) when the mollusks were exposed to these pollutants
for 14 days [46,87]. An extract of drilling mud at a 10% concentration caused a higher VOL
(99%) and higher VOA [86]. These results were the first to demonstrate that the Barents Sea
blue mussels have promising potential as biosensors to pollutants [46]. Similar findings
were reported by Hamilton et al. [190], who studied the effects of whole drilling mud
(concentrations 50–600 mg L−1) on the shell movements of the bay scallop, Argopecten
irradians, and found more intensive gaping activity after the exposure.

According to analyses of plethysmograms, Bakhmet et al. [88,191] reported that ex-
posure to diesel fuel at concentrations of 8.0 and 38.0 mg L−1 caused a 30% increase in
HR of blue mussels from Chupa Bay, Gulf of Kandalaksha, White Sea. On the second day,
HR decreased, but rose over the control values again on the fourth day. After that, the
cardiac activity remained higher than that in the control until the end of the experiment on
the sixth day. A decreasing pattern in HR under the effect of lower concentrations of this
pollutant (0.4 and 1.9 mg L−1) was observed on the fourth day (Figure 6a).
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Similar results were found for the effects of crude oil on the cardiac acridity of blue
mussels at different salinity levels [90]. Further studies tested the effects of heavy metals
on the cardiac activity of blue mussels [89,187,192]. Exposure to Cu led to an increase in
HR by 65, 23, and 46% at 5, 50, and 250 µg L−1, respectively (Figure 6b). In the case of
Cd, HR increased by 11, 17, and 31% at 10, 100, and 500 µg L−1, respectively. Trec was
16 h for both metals, with some post-stress effects for 3 d after the end of the experiments
(Figure 6c). Contrasting results were found by Curtis et al. [193], who registered copper-
induced bradycardia in blue mussels after 2 d of exposure to 12.5 µM of CuCl2. When
exposed to Ni at a concentration of 500 µg L−1, the White Sea blue mussels decreased their
HR by 32%, from 22.2 to 15 beats min−1 over 20 min. Individual variability in HR showed
a 3–10-fold increase, indicating expressed stress reactions [194].

In terms of early warning detection of pollutants, behavior is a more relevant tool
for bioindication, because shifts in VOL and VLC are registered earlier (immediately
after exposure) than significant changes in HR (30–60 min after exposure) [195,196]. For
example, under laboratory conditions, the first significant changes in VOL were registered
when concentrations of Cu and Cd were 5–10 times higher than their maximum allowable
concentrations (MAC, Cu = 1 mg L−1, Cd = 0.001 mg L−1), whereas HR demonstrated
significant changes when the MACs were oversubscribed by more than 50–100 times [196].

4.2. Black Sea Mussels

A submersible complex on the basis of Hall sensors was used to study typical behavior
patterns in Mytilus galloprovicialis. Valve gaping activity was registered in a group of 16 mollusks
in an aquatic area of Kazachia Bay, Black Sea, under laboratory conditions [91,197,198].
The authors found a clear 24 h rhythm in valve activity, with the maximal valve opening
(6–8 mm, 6.38 ± 0.61 mm or 90–100%) at nighttime and minimal (4–6 mm, 4.67 ± 0.64 mm,
60–70%) during daytime [197–200]. The highest VOL was 10–12 mm. This feature seems
to be species-specific because the same rhythm was noted for Mytilus galloprovicialis from
other geographical locations as well [201]. Trusevich et al. [197] detected two movement
patterns in the daily rhythm of Mytilus galloprovicialis: (a) short rapid valve closures
(amplitude 4–8 mm or 1–2 mm) maintaining excretion and metabolism and (b) slow, very
short valve movements maintaining filtration and respiration. Ultradian rhythms in cardiac
activity of Mytilus galloprovicialis lasted for 10–30 min were registered using analysis of
their plethysmograms [202].

Usually, VFL of Black Sea mussels fluctuate from 4–5 to 10 and more closures per
min. The mollusks demonstrate immediate valve closure (2–3 s) as a typical response to
various stimuli, including tapping the surface of the lab aquarium, sharp sounds, vibration,
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turning off lights, touching the shell, and changes in water current. The valves remain
closed for a few seconds or a few minutes. Frequent repetition of these stimuli leads to less
expressed reactions [91,197,198]. Long-term observations detected no seasonal changes in
the valve activity despite a smooth drop in water temperature from 22–23 ◦C in summer to
7–9 ◦C in winter, suggesting the appearance of feeding activity in this species during the
colder season. Furthermore, rapid summer increases in water temperature to 26–28 ◦C or
decreases to 9–17 ◦C (due to upwelling) led to stress reactions (a decrease in VOA) [197].
Trec, however, was as short as 3–5 h [200]. Feeding conditions can also affect the gaping
activity. Observations indicated that the period of full valve closure in mussels reared in
aerated seawater over a 13 d period increased from 13 to 32% [203] and coupled with peaks
in gaping activity when the water was renewed and food availability was improved [204].

In 2007, cardiac activity of the Black Sea mussels was studied using the photoplethys-
mography method [205]. Daily HR varied from 0 to 20, averaging 15.6 beats min−1. This
parameter varied from 8–18 (mean 14.8) beats min−1 at night to 6–19 (mean 13.7) beats min−1

in the morning hours, and to 9–20 (mean 16.2) beats min−1 in the afternoon hours. There
were fluctuations in correlations between VOL and HR from 0.5 to −0.7. Slow heartbeat
events (3 beats min−1) coincided with the minimum VOL [205]. Further studies revealed that
mussels exposed to seawater with lower salinity (a decrease from 18 to 12 psu for 20 min)
showed increased gaping activity 3 h after the exposure and were completely closed 15 after
the exposure. This process was accompanied by an increase in HR from 20 to 28 beats min−1.
The initial tachycardia occurred for 30 min after the end of this experiment [202].

Reactions of 16 tested mussels to ammonia NH4OH at a concentration of 10 mg L−1

(=10 MAC) and hydroquinone at a concentration of 1 g L−1 were tested under laboratory
conditions by valvometry. Acute stress led to a substantial drop in their valve activity, with
a recovery period from a few minutes to a few days (Figure 7).
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Chronic stress caused rapid degradation of normal daily rhythm and an increase in
the period when the mollusks were fully closed, from 4–6 h per day to 12–18 per day [91].
Hydroquinone was found to cause an increase in HR from 16.5 to 21 beats min−1 for
20 min followed by a sharp drop to 4.8–6 beats min−1. Trec for the cardiac activity and
valve-opening activity in this experiment were 3 h 15 min and 12 h, respectively [202].

According to valve movement responses, Trusevich et al. [62] established that Black
Sea mussels are sensitive to the following concentrations of ammonia NH4OH, copper
CuSO4 * 5H2O, and sodium lauryl sulfate: 5, 0.1, and 3 mg L−1, respectively. For the latter
detergent, this level was corrected to 1.7 mg L−1 thanks to research on cardiac activity [62].
Cooper ions were found to decrease HR by 50% in the mussels with Trec = 3 h [78]. Accord-
ing to Ait Fdil et al. [206], a 1 h exposure of Mytilus galloprovincialis sampled on the Atlantic
coast of Morocco to heavy metals induced a decrease in the time of normal opening and
the appearance of sequences of stress behavior, including enhanced valve adductions and
complete closure at high concentrations. They concluded that Hg was the most toxic to
the valve activity, with a threshold effective concentration of 10 µg L−1, followed by Cu
(20 µg L−1), Zn (100 µg L−1), and Cd (2000 µg L−1).

Using valvometry, Russian scientists studied how the Black Sea mussels respond
to diesel oil. The mollusks with 55–65 mm shell lengths were reared in aquariums with
running seawater [92,207]. The mussels were exposed for 2 h to a water emulsion of diesel
oil at different concentrations. After 2–3 min, there were synchronous 30, 40, and 50%
decreases in VOF at diesel oil concentrations of 25, 50, and 500 mg L−1, respectively. At the
end of the experiment, VOL decreased to 20–25% at 25 mg L−1 and to 10% at 50 mg L−1,
whereas VOL immediately decreased to 10% at 500 mg L−1. After a rapid decrease in
VOA, lasting for a few minutes, this parameter was unstable, with periodical valve closures
to 2–3% for 3–5 min. Mussels showed rapid recovery in VOA when the exposure was
completed, and full recovery to normal rhythm was observed 2–4 h after the end of the
experiment [92,207]. For comparison, the influence of 10 µL L−1 of diesel oil dispersed by
the same concentration of the oil slick dispersant SD-25 caused a 50% decrease in HR of
Mytilus galloprovicialis from the Adriatic Sea (from 18.7 to 9.1 beats min−1), with a Trec of
3 h 12 min [208]. Similar responses (decreased VCF and VOA) were reported for the brown
mussel Perna perna exposed to 5 and 20% diesel water-accommodated fractions [209,210],
and for the Asiatic clam Corbicula fluminea exposed to 28.2% crude oil from the North
Sea [211]. In contrast, the clam Venus verrucosa collected on the north-eastern coast of Malta
demonstrated a higher degree of valve activity after exposure to water-accommodated
fractions of crude oil at a concentration of 610 µL L−1 [212]. Impaired valve activity in
Mytilus galloprovicialis can be induced by other toxicants. For example, Cypermethrin, a
widely used pyrethroid pesticide, caused a reduction in the time of normal valve opening in
a concentration-dependent manner, with the lowest effect concentration at 100 µL L−1 [213].

Analysis of cardiac activity and responses of Black Sea mussels to a drop in salinity
from 18 to 9 psu was conducted for individuals collected at coastal sites with different
levels of pollution using the photoplethysmographic technique. HR and Trec varied from
24.4 ± 12.3 to 33.3 ± 7.5 beats min−1 and from 31.7 ± 4.2 to 76.8 ± 9.1 min, respectively,
being significantly higher at the site where higher levels of Cu and Pb were registered in the
hepatopancreas and gills of the mussels tested [93]. At sites with higher levels of nitrates,
nitrites, and silicates, Trec in Mytilus galloprovicialis after a salinity test was significantly
higher than that at reference sites [214]. Similar results were found for the same species
from Boka Kotorska Bay (South Adriatic Sea) [215].

4.3. Iceland Scallops

Recording of gaping activity in Iceland scallops was first conducted during June–August
1987. Scallops were collected on Goose Bank at 70–80 m depth and then transferred to the
laboratory in Dalnezelenetskaya Bay, where their behavior patterns were registered using
valvometry. There were stable fluctuations in VOL (range 50–80%, mean 65%) with period-
ical attenuation of short rhythms. VCL varied from 18 to 26 closures per day, averaging
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23 closures per day [216]. During a coastal MMBI expedition in June 2011 in Grøn-fjord
(a glacier fjord of West Svalbard [217]), Iceland scallops were collected by divers and then
placed in aquariums with aerated seawater (temperature 2 ◦C, salinity 34 psu) [218,219].
Under constant conditions and without feeding, the scallops demonstrated stable VOL
(60 ± 23%) and VCF (12 ± 3 closures per day). The former parameter was close to that of
Tridonta borealis (62 ± 10%) but lower than in Mya truncata (75 ± 18%), while there were
zero VCL in Tridonta borealis and Mya truncata. The latter two species were concluded to be
inappropriate biosensors due to their less expressed reactions to stimuli [218]. The same
conclusion was made for the horse mussel Modiolus modiolus, which demonstrated a low-
level VOA and less expressed fluctuations in VOL (10–40%, mean 25%) [216]. The lower
VOL and VCF in Iceland scallops from Svalbard waters in comparison to their conspecifics
reared in the coastal zone of the Barents Sea are associated with more favorable and less
stable conditions in terms of higher food availability and water temperature [217,218].

Using the HFNI method described above, the joint Russian–French team studied
growth patterns in Iceland scallops reared in a monitoring system installed at 16 m depth in
Dalnezelenetskaya Bay. As the HFNI valvometry requires gluing of electrodes to each valve
and measures the distance between the valves, this technique allows measuring growth
increments in mollusks over time. The authors found a continuous growth from March to
September, with a 0.4–0.5 µm daily increase in the valve distance. A dramatic decrease was
found after the third week of May, indicating a shift in the physiological status of scallops
associated with spawning events or changes in water quality [55].

An experimental study was conducted by MMBI scientists to reveal the effects of
diesel oil on Iceland scallops collected in Dalnezelenetskaya Bay and then reared in small
aquariums with running seawater under conditions close to natural at 3–4 ◦C. The lower
valve was glued to the substrate, while the upper valve was connected to a tenso-sensor
of a valvometer [94]. After a 3 d acclimation period, the mollusks were exposed to diesel
oil at concentrations of 1, 5, 10, and 15 mg L−1 for 1–3 h. The lowest concentration had no
significant effects on the behavior patterns, while an increase in diesel oil concentrations
from 1 to 5 mg L−1 and from 10 to 15 mg L−1 led to a 3- to 6-fold increase in VCF and a 3-
to 10-fold decrease in VOL during the first 20–30 min (Figure 8).
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frequency after the exposure to diesel oil (15 mg L−1).

There was a complete recovery in respiratory and gaping activity 6 h after the treat-
ment. The study demonstrated that concentrations of diesel oil higher than 5 mg L−1 are
detectable by this method [94].

4.4. Freshwater Mussels Anodonta

Laboratory research conducted by Sharov and Kholodkevich [220] showed that HR
in Anodonta anatina from the coastal zone of the Gulf of Finland at rest fluctuated from
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8 ± 2 beats min−1 at 16 ◦C to 22 ± 5 beats min−1 at 26 ◦C. Ultradian and circadian rhythms
were not expressed in this species. After a 24 d rearing period in aquariums, the freshwater
mussels demonstrated a decrease in HR by 24%, reflecting adaptation to artificial conditions.
Air exposure for 1 h caused a decrease in HR, but Trec was as low as 1–5 min. Interestingly,
the mollusks did not completely close their valves during this test. There was a decrease
in HR when the shell length (SL) increased (HR = −0.23SL + 39, R2 = 0.84 at 23 ◦C), and
in large individuals (SL > 10 cm) at rest, bradycardia was registered for a few minutes in
contrast to smaller mollusks [220]. A rapid (during 1–2 min) salinity increase (from 0 to
3 psu) led to increased HR, whereas a decrease in HR was always registered at salinity
of 5–8 psu. Lower water temperatures (<7◦) compensated for physiological reactions to
salt stress, and HR was stable at 0 and 3–8 psu [220]. Mollusks at ages 3–6 had the same
adaptive potential to unfavorable salinity conditions [221]. According to salinity test results
(exposure to 6 mg L−1 NaCl for 1 h), Trec for Anodonta anatina collected at different sites
varied from 35 ± 11 to 357 ± 33 following the level of pollution [222–224].

The physiological status of Anodonta cygnea from locations with different pollution
loads (Rybinsk Reservoir, Borok and the Yagorba River, Cherepovets, Russia) was studied
by Kholodkevich et al. [95,96] using photoplethysmography. After a short-term salinity
increase from 0 to 6 psu, HR increased from 12 to 14–16 beats min−1, and Trec for the
specimens from a polluted location (320± 17 min) was significantly higher than that for the
mollusks from a site with good ecological health (38 ± 6 min). A 1 h exposure of Anodonta
cygnea to salinity of 3 psu caused an increase in HR from 12.3 to 18.2 beats min−1. Trec was
90 ± 18 min [97].

4.5. Painter’s Mussels

According to laboratory observations, HR in Unio pictorum at rest varied from
12 ± 3 beats min−1 at 16 ◦C to 31 ± 7 beats min−1 at 26 ◦C. There was a positive rela-
tionship between log-transformed water temperature and HR [96]. For comparison, in the
zebra mussel Dreissena polymorpha, HR without stress factors was 15 ± 1 beats min−1 at
20 ◦C. Like other freshwater mussels, Unio pictorum demonstrated no circadian or ultradian
rhythms in cardiac activity [188]. Air exposure for 1 h led to a drop in HR and to closure of
the valves, but this stress was not critical, and Trec was 1–5 min. Further laboratory research
indicated that, according to HR responses, the critical thermal maximum for Unio pictorum
is 35 ◦C [225]. Kuznetsova et al. [226,227] studied cardiac activity in Unio pictorum and
found that mean HR was 18.6 ± 2.8 beats min−1 and variability in the cardiac rhythm was
as low as 10%. Trec after salinity stress (exposure to 6–8 mg L−1 NaCl) was 45 ± 15 min.

A study focused on the testing threat-level concentrations of chemicals, including
ammonia, copper CuSO4 * 5H2O, lead Pb(CH3COO)2, cadmium 3CdSO4 * 8H2O, and
sodium lauryl sulfate, on the valve activity of Unio pictorum from the Chernaya River,
Sevastopol, was conducted using the submersible complex developed by the Marine
Hydrophysical Institute [98]. The authors observed an increase in VOL and a decrease in
VOA down to full valve closure. Post-stress reactions were found to occur for a long time,
depending on the pollutant type (Table 1).

The most expressed changes in the gaping behavior of mussels were found for Cu.
The negative effects of pollutants intensified substantially in non-flowing water [98] but
decreased in polluted natural freshwater rich in humic acids [228]. For example, toxic
effects for Painter’s mussels exposed for 2 h to Pb, Ni, Cd, and Cr were registered at
concentrations of 0.6, 2, 0.02, and 1 mg L−1, respectively [228], thus indicating that the pres-
ence of humic acids in water should be considered when calculating the sensitivity of this
biomonitoring system. A decrease in valve gaping activity was reported by Jou et al. [229]
for the freshwater clam Corbicula fluminea exposed to 19.5 µg L−1 Cu based on a response
time of 30 min. Further laboratory studies established that Unio pictorum demonstrates
high sensitivity to seawater, acetic acid, and liquid washing powders [230].
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Table 1. Responses of Painter’s mussels Unio pictorum to different toxicants (adopted from [98]).

Toxicant Concentration, mg L−1 Flowing Water Non-Flowing Water

NH4OH

0.1 No Slight ↑ in valve closing frequency in
single mollusks.

1 Practically no Slight ↑ in valve closing frequency in
all mollusks.

10 ↑ in VCF to 15–20 cph, 2–fold ↓ in
valve opening amplitude.

↑ in VCF to 15–20 cph, 2–fold ↓ in
valve opening amplitude.

CuSO4 * 5H2O

0.002 Practically no
Synchronous fast (5–8 min) valve
closure. Trec = 2–3 h. Post–stress

reactions for 3–4 h.

0.0625 Synchronous ↑ in VCF to 1–2 cpm,
VOA remains unaffected. Trec = 0 min.

Synchronous ↑ in VCF, slow ↓ in
VOA. Valves are closed in all

mollusks. Trec = 1.5–2 h.

0.125 Synchronous ↑ in VCF for 30 min ↓
in VOA for 3–40 min.

Synchronous slow ↓ in VOA. Valves
are closed in all mollusks after 1 h.

0.25
Synchronous ↓ in VOA and ↑ in VCF

during 30 min. Further ↓ in VCF.
Trec = 1.5–2 h.

Synchronous ↓ in VOA during
30 min. Valves are closed in most
mollusks. Trec = 2–3 h. Post–stress

reactions for 4–5 h

0.5 Synchronous ↓ in VOA and ↑ in VCF
during 30 min. Trec = 2.5–3 h.

Synchronous ↓ in VOA during
20 min. Valves are closed for the

whole exposure period. Trec = 4–5 h.

1
Synchronous closure of shell valves
during 5–7 min, increased gaping

activity for 1 h. Trec = 2 h.

Synchronous closure of shell valves
during 5 min. Valves are closed for

the whole exposure period. Trec = 4 h.

2

Synchronous closure of shell valves
during 5–7 min, asynchronous

gaping activity for 2–3 min. Trec = 3 h.
Post–stress reactions for 5–7 h.

Synchronous closure of shell valves
during 3–4 min, asynchronous gaping

activity for 2–3 min. Trec = 4–5 h.
Post–stress reactions for 7–9 h

Pb(CH3COO)2 0.005 No No

0.01 No Practically no

0.025 No Slight ↑ in VCF in 30% of mollusks.

0.5 Slight ↑ in VCF in 3–4 mollusks. Slight ↑ in VCF in 50% of mollusks.

3CdSO4 * 8H2O 0.025 No Slight ↑ in VCF.

0.5 Synchronous ↑ in VCF with fast ↓ in
VOA. Immediate recovery.

Synchronous ↑ in VCF with fast ↓ in
VOA. After 30 min, 75% of mollusks
are closed and remained closed for

3–5 h.

1 Synchronous ↑ VCF with fast ↓ in
VOA. Fast recovery.

Synchronous ↑ in VCF with fast ↓ in
VOA in all mollusks. Trec = 2 h.

Sodium lauryl sulfate 0.5 No Practically no

5

Expressed synchronous ↑ in VCF
with 50% ↓ VOA. 50% of mollusks

remained closed after exposure.
Trec = 2–3 h.

Expressed synchronous ↑ in VCF
with 100% ↓ in VOA after 25–35 min.

Trec = 3–3.5 h.

Note: ↑—increase, ↓—decrease, VCF—valve closing frequency (closures per h—cph or closures per min - cpm),
VOA—valve opening amplitude, Trec—recovery time.

Another study examined the effects of diesel oil on the behavior of Painter’s mussels
reared in 120 L aquariums supplied with running fresh water from the Black River, Sev-
astopol, at a flow rate of 4 L min−1 [99]. The bivalves demonstrated high sensitivity to this
pollutant, and detectable reactions occurred at 0.005 mL L−1. The most expressed responses
were found for the highest tested level (0.5 mL L−1): the mollusks rapidly increased VOF
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to 10–20 closures per h and decreased VOA by 40%. Some specimens remained completely
closed for the whole exposure period and 8−10 h after the pollutant removal [99].

Diclofenac at a concentration of 0.1 µg L−1 caused an increase in HR of Unio pictorum
from 17.9 to 20.1 beats min−1 at 25 ◦C and from 24.9 to 29.5 beats min−1 at 30 ◦C. This
toxicant, at a concentration of 1 µg L−1, increased HR to 19.15 and 27.6 beats min−1,
respectively. For the lower concentration, Trec was 39.5 and 119 min at 25 ◦C and 30 ◦C,
respectively, while the higher dose resulted in Trec of 207.8 and 95 min, respectively [100].
HR in Unio pictorum was also found to be affected by cyanobacteria: a decrease from
14.3 to 12.9 beats min−1 was registered as a response to exposure to 3.5 ± 0.5 mL L−1.
Correspondingly, Trec increased from 82 to 193 min [231]. The effects of toxic microalgae
at a concentration of 3500 cells mL−1 were also evident for the oyster Crassostrea gigas.
This mollusk demonstrated an increased daily valve-opening duration and micro-closure
activity but decreased VOA [232].

According to long-term observations, the following criteria were developed to assess
the quality status of an ecosystem based on Trec of Unio pictorum (northern populations)
after a salinity test: (a) high (Trec < 50 min), (b) good (Trec = 50–70 min), (c) satisfactory
(Trec = 70–100 min), (d) bad (Trec = 100–200 min), and (e) very bad (Trec > 200 min) [233,234].

5. Crustaceans as Biomonitors
5.1. Crayfish

Narrow-clawed crayfish were used as biosensor organisms in the early warning
system at St. Petersburg drinking Water Supply Stations based on the photoplethysmograhy
method [76]. The circadian rhythms of this species represent periodic alterations in HR, with
an increase from 35–38 beats min−1 at daytime to 85–87 bats min−1 at nighttime, reflecting
the life-history traits of this species associated with nocturnal feeding activity [235]. A
similar trend in cardiac activity was found for the red claw crayfish Cherax quadricarinatus:
during daytime, its HR varied from 50 to 56 beats min−1, while at nighttime, it varied
from 121 to 127 beats min−1. The light switch caused an increase in HR of Pontastacus
leptodactylus to 126–148 beats min−1 [236,237].

Pontastacus leptodactylus demonstrated a rapid (1–2 min) two-fold increase in HR from
55 to 120 beats min−1 for 4–5 min as a response to handling. A 2 h air exposure caused an
increase in the duration of heart rhythm from 0.80 to 0.99 s and an increase in the mean
amplitude from 14.4 to 15.0% [73]. Salt stress reactions in narrow-clawed crayfish were
studied by Kozák et al. [238]. They found that at 100, 400, 800, and 1600 mg L−1 NaCl, only
a few specimens demonstrated changes in HR. More expressed responses (an increase in
HR from 42–75 to 54–94 beats min−1 and an increase in stress index, SI, from 21–297 to
92–2257 units) were registered for 3200, 6400, 12,800, and 25,600 mg L−1 NaCl. Both HR and
SI returned to normal parameters within a few minutes or hours after NaCl addition [238].
Although an increase in SI after the salt exposure occurred somewhat later (after 2–4 min)
than the immediate increase in HR, SI was concluded to be a more appropriate indicator of
the physiological status, due to its much higher variation [239].

Kozák et al. [240] studied the effects of nitrites on the cardiac activity of narrow-clawed
crayfish and found that significant changes in SI and HR occurred at concentrations of
7.5 and 30 mg L−1, respectively. Fluctuations in pH significantly affected HR in narrow-clawed
crayfish. Exposure to a low pH (3.4) resulted in an increased HR (115.7 ± 43.8 beats min−1) in
comparison to conditions at a normal pH of 6.8 (39.1 ± 3.2 beats min−1) [241].

In an early warning system, a rapid salinity increase from 0 to 6.5 psu led to a 30%
decrease in HR, and such a response is considered an “alarm” signal [242]. In the case of
low toxicant concentrations, when a short-term (1–5 min) “sensory response” occurs, the
alarm signal is detected if the difference between actual HR and HR at rest exceeds three
standard deviations at rest [243].

In another experiment, the authors added ammonium (450 mg L−1 NO3
−) and ammo-

nium phosphate (35 mg L−1 PO4
−) in the water and observed a dramatic increase in SI to

7000 units 2–3 min after the exposure. The stress period was 5–7 min. A two-fold increase
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in HR and an increase in SI from 0 to 10,000 units were registered as typical reactions of
the crayfish to hydroquinone at a concentration of 1 g L−1 [76,235]. Crayfish demonstrated
first reactions 3–4 min after the exposure (Figure 9).
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Figure 9. Heart rate (a) and stress index (b) in narrow-clawed crayfish Pontastacus leptodactylus
exposed to hydroquinone (1 g L−1) (adopted from [76]).

In general, at rest, HR of Pontastacus leptodactylus is about 20–40 beats min−1, while
under stress conditions, it increases to 100–120 beats min−1 [244].

5.2. Red King Crabs

Photoplethysmography was used to study the physiological responses of commercial
male red king crabs (carapace width > 150 mm) captured in their non-native area, the
Barents Sea. The crabs were transferred to the laboratory of the Russian Federal Research
Institute of Fisheries and Oceanography, Moscow, and reared in individual 200 L aquariums
supplied with artificial seawater at a salinity of 32 psu and temperature of 5 ◦C [101,102].
After an acclimation period that lasted for 10–14 d, the crabs were tested for stress reactions.
Food consumption, handling, temperature fluctuations, and air exposure had a significant
impact on cardiac activity (Table 2).

Table 2. Cardiac activity of red king crabs Paralithodes camtschaticus under different conditions
(adopted from [102]).

Conditions Heart Rate, Beats min−1 Stress Index, Units

At rest, 5 ◦C 18–25 1–50
↑ in temperature to 8 ◦C 25–35 50–220
↑ in temperature to 12 ◦C 35–45 150–600

1st week after 12 h transportation 45–60 –
2nd week after 12 h transportation 30–45 –
3rd week after 12 h transportation 25–45 –
4th week after 12 h transportation 18–25 –
Cleaning of the rearing aquarium 40 Up to 1200

Feeding 40 650
Before 24 h air exposure 27–30 10–500

Immediately after 24 h air exposure 17 1
30 min after 24 h air exposure 40 Up to 3500

Note: ↑—increase, ↓—decrease.



Fishes 2023, 8, 102 23 of 34

HR of red king crabs at rest (18–25 bets min−1 at 5 ◦C) was lower than those in the green
crab Carcinus maenas (30–90 beats min−1 at 16 ◦C) [64] and in the pebble crab Gaetice depres-
sus (75–189 beats min−1 at 27 ◦C) [65], probably due to species-specific adaptations [102].

There was an increase both in HR by 10 beats min−1 and in SI by 500 units dur-
ing feeding, and the increased levels occurred more than 1 h after the feeding finished
(Figure 10a).

Fishes 2023, 8, x FOR PEER REVIEW  25  of  36 
 

 

HR of red king crabs at rest (18–25 bets min−1 at 5 °C) was lower than those in the 

green crab Carcinus maenas (30–90 beats min−1 at 16 °C) [64] and in the pebble crab Gaetice 

depressus (75–189 beats min−1 at 27 °C) [65], probably due to species‐specific adaptations 

[102]. 

There was an  increase both  in HR by 10 beats min−1 and in SI by 500 units during 

feeding,  and  the  increased  levels  occurred more  than  1  h  after  the  feeding  finished 

(Figure 10a). 

A similar result was found for the Dungeness crab Cancer magister, which showed a 

higher HR when feeding (84 vs. 74 beats min−1) [245]. Mechanical stimuli associated with 

cleaning  procedures  in  the  rearing  aquariums  caused  increases  in  HR  and  SI  of 

Paralithodes camtschaticus (Figure 10b) and prolonged stress reactions for a few hours. HR 

in  red king crabs  followed changes  in  temperature, demonstrating higher  levels when 

the water  temperature  increased. Stress  reactions  to  increased  temperatures, however, 

were not expressed because SI remained relatively stable (Figure 10c). Similar responses 

were  detected  in  the  lobster Homarus  americanus, whose HR  increased  from  20  beats 

min−1 at 2 °C  to 40–45 beats min−1 at 10 °C and  to 50 beats min−1 at 12 °C  [246], and  in 

Carcinus maenas, whose HR increased from 62 to 100 beats min−1 between 10.2 and 25 °C 

[247]. 

 

Figure 10. Heart rate (HR) and stress index (SI) of red king crab Paralithodes camtschaticus from the 

Barents  Sea  (modified  from  [102]:  (a)  during  food  consumption  (FD—food  added),  (b)  during 

mechanical stress (AC—aquarium cleaning), and (c,d) during temperature fluctuations. 

Air exposure  led to an  increase  in HR of red king crabs from 30 to 40 beats min−1. 

Three hours  later, HR decreased  to  20–25 beats min−1. During  the  following  20 h, HR 

smoothly decreased to 15 beats min−1. When the crab was placed into seawater after the 

end of  this 24 h experiment,  its HR  remained  low  for 30 min but  then  increased  to 40 

beats min−1. SI was 3500 units. During the next day, these parameters varied from 42 to 

47  beats min−1  and  from  200  to  2000  units,  respectively  [102].  A  longer  experiment 

indicated  that  some  red king crabs can endure a 47 h aerial exposure period, but  this 

period was fatal for other crabs [102]. 

Figure 10. Heart rate (HR) and stress index (SI) of red king crab Paralithodes camtschaticus from
the Barents Sea (modified from [102]: (a) during food consumption (FD—food added), (b) during
mechanical stress (AC—aquarium cleaning), and (c,d) during temperature fluctuations.

A similar result was found for the Dungeness crab Cancer magister, which showed
a higher HR when feeding (84 vs. 74 beats min−1) [245]. Mechanical stimuli associated
with cleaning procedures in the rearing aquariums caused increases in HR and SI of
Paralithodes camtschaticus (Figure 10b) and prolonged stress reactions for a few hours. HR
in red king crabs followed changes in temperature, demonstrating higher levels when the
water temperature increased. Stress reactions to increased temperatures, however, were
not expressed because SI remained relatively stable (Figure 10c). Similar responses were
detected in the lobster Homarus americanus, whose HR increased from 20 beats min−1 at
2 ◦C to 40–45 beats min−1 at 10 ◦C and to 50 beats min−1 at 12 ◦C [246], and in Carcinus
maenas, whose HR increased from 62 to 100 beats min−1 between 10.2 and 25 ◦C [247].

Air exposure led to an increase in HR of red king crabs from 30 to 40 beats min−1.
Three hours later, HR decreased to 20–25 beats min−1. During the following 20 h, HR
smoothly decreased to 15 beats min−1. When the crab was placed into seawater after
the end of this 24 h experiment, its HR remained low for 30 min but then increased to
40 beats min−1. SI was 3500 units. During the next day, these parameters varied from
42 to 47 beats min−1 and from 200 to 2000 units, respectively [102]. A longer experiment
indicated that some red king crabs can endure a 47 h aerial exposure period, but this period
was fatal for other crabs [102].

As the red king crab is a cold-water species, its cardiac activity can be used as an
indicator of stress conditions at high latitudes.

6. Conclusions

More than three decades of Russian research has focused on the development of
biomonitoring techniques and searching for reliable shellfish biosensor species, in accor-
dance with world trends, resulting in two relatively simple and low-cost approaches:
valvometry (i.e., monitoring of valve movement activity of bivalve mollusks using ac-
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tographs and specialized sensors) and photoplethysmography (i.e., registration of cardiac
activity using photosensors). Physiological assessment of gaping activity in bivalve mol-
lusks and cardiac activity in mollusks and crustaceans is non-invasive and provides a
complete understanding of environmental impacts on the organisms serving as water qual-
ity monitors in both freshwater and marine environments. In Russia, the most appropriate
bioindicators in terms of their ecological relevance, availability, susceptibility to stressors,
ease of maintenance, and ability to provide reproducible results are blue mussels, Black
sea mussels, Iceland scallops, freshwater mussels, crayfish, and red king crabs. Although
in the fluctuating environmental conditions that occur in nature, it is difficult to attribute
cause and effect; it is even less certain how exposure–response relationships that have been
demonstrated in the laboratory are modified under natural conditions. Long-term biotest-
ing studies have shown that stress factors such as salinity and temperature fluctuations,
handling, changes in light regimes, and pollutants including ammonia, detergents, heavy
metals, and oil products lead to significant changes in the gaping and cardiac activity of
biosensor organisms, indicating that their responses may be used as alarm signals. Early
warning systems based on technological solutions of Russian scientists are currently being
used in practice at the Neva River water intakes of St. Petersburg drinking Water Supply
Stations and in research laboratories.
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