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Annotation

Crayfish provide a model which is simple, has an easily-accessible
cardiovascular system and can be maintained in the laboratory conditions; the
model has good utility for water quality assessment and ethophysiological
studies. A noninvasive crayfish cardiac and behavioral activities monitoring
(NICCBAM) system is discussed in the thesis. The system is inexpensive, has
relatively few components and permits long-term continuous simultaneous
monitoring of cardiac and behavioral activities of several crayfish. Moreover,
compared to other available systems, it provides a novel approach of cardiac
activity shape analysis which allows improving monitoring accuracy as well as
obtaining additional information on crayfish functional state.

The NICCBAM system was evaluated by comparing with the well-
known electrocardiography system which demonstrated that cardiac
contractions with both approaches were synchronous and that both signal
shapes were similar. Experiments on crayfish cardiac activity relative to
selected odors and chemicals demonstrated the promising potential of cardiac
signal shape analysis, not only for detecting changes in the aquatic

environment, but also for their classification.
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1. Introduction






1.1. Biomonitoring of water quality

Biological monitoring (biomonitoring) implies monitoring of some
physiological and/or behavioral functions in a test organism which respond
when exposed to sufficient concentration of toxic substances or atypical
physical conditions (Gunatilaka and Diehl 2001). It provides the integrated
response to the combination of physical/chemical environmental stress factors
and indicates the overall effect in the water body (Chapman and Jackson 1996).
In comparison to physico-chemical monitoring, that provide a result valid only
for moment in time when the sample was collected, biological methods reflect
the consequences of physical and chemical conditions to which the organisms
were exposed relative to a time period. Examples of biomonitoring methods are
monitoring of community structure and presence/absence of species,
community metabolism (e.g. oxygen production/consumption), biochemical
effects (e.g. enzyme inhibition) in communities/individuals, measuring the
effects of specific environment conditions on organism’s growth rate, death,
reproduction capacity, physiological functions, behavior, bioaccumulation of
specific contaminants in tissues, and cellular and morphological (e.g. gill
damage and fish skin lesions) changes (Chapman and Jackson 1996).

The advantage of some biomonitoring methods is the capacity to rapidly
detect acutely harmful conditions in water, whereas laboratory chemical
screening of a large number of parameters including organic micropollutants
(e.g. halogenated hydrocarbons, herbicides and pesticides, nitro aromatics and
phosphoric esters) requires several hours, and still cannot detect all of them
(Gunatilaka and Diehl 2001). Rapid water quality assessment can be especially
critical in case of short and sudden water contamination, e.g. accidental waste
water treatment plant malfunction.

Despite all the advantages of biomonitoring, it should not be considered
as a replacement for physico-chemical monitoring, but rather as a useful
complementary approach. Usually, biological methods cannot precisely identify
the contaminant unless additional information from chemical analysis is
available. Moreover, without some basic physico-chemical measurements, they
can fail to relate the observed effects to a specific environment disturbance,
such as contamination, natural changes in the environment or natural organism
cycles (Chapman and Jackson 1996). Therefore, relatively inexpensive and



rapid biomonitoring methods should be used to determine the presence and
severity of an environmental effect and to trigger the need for more advanced
methods.

Applications of automated, continuous biomonitoring methods are
usually called biological early warning system (BEWS). The biological
organism or material in them is employed as a primary sensing element. The
operating principle of BEWS is usually based on continuous diversion of water
from the water body of interest through special tanks which contain the test
organism (Chapman and Jackson 1996). The response of the organism is
continuously measured by an appropriate sensing device and recorded by, e.g.
personal computer (PC) or pen recorder, for further automatic and/or manual
analysis. If BEWS is used close to important drinking water intakes, the
biological response can trigger a temporary intake shutdown until further
advanced analyses are done. When used close to effluent discharges, the
response can signal a sudden change in discharge nature, e.g. caused by
treatment plant malfunction, and rapid response actions can be taken,
thereby reducing harmful environmental effects without waiting for the

chemical analysis results (Chapman and Jackson 1996).

1.2. Crayfish as a promising model for biomonitoring

Efficient environment biomonitoring requires selecting an organism
which is sensitive enough to detect and signal harmful conditions, yet being
able to tolerate and survive them. Also, the ecase of maintenance and
experimentation in the labs, early maturation, high reproduction rate and long
life-span are important requisites for the test animal. Crayfish are considered to
be pivotal organisms in the freshwater ecosystems and have promise for
biomonitoring of water quality; they are highly sensitive to changes in the
aquatic environment and they are adaptable for experimentation (Kholodkevich
et al. 2008; Kuklina et al. 2013; Kuklina 2014). Further, their nervous system is
relatively simple compared with vertebrates, thus a crayfish model is useful for
studying the mechanisms underlying behavior (Li et al. 2000).

Assessing the state of the organism can be done by evaluation of its
internal functions. Crayfish cardiac and respiratory activities can be relatively
easy and rapid to evaluate (Villarreal 1990; Bini and Chelazzi 2006; Bierbower
and Cooper 2009). Cardiac activity provides a general indication of crayfish
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metabolic status (Depledge and Galloway 2005). It can signal the integrated
impact of natural and anthropogenic stressors and may reflect the availability of
energy that is required for crayfish normal life, growth, and reproduction. Heart
rate (HR) and ventilatory rate (VR) being within the normal ranges indicate the
undisturbed state or base level of the organism (Depledge and Galloway 2005).
Despite the relatively simple organization of the crayfish cardiovascular system,
it is capable of reflecting the environmental effects via cardiac activity
alterations (Reiber and McMahon 1998; Bierbower and Cooper 2010).

Introducing a stress stimulus can result in a chain of organism reactions,
starting with the reception of the external impact, then an increase of cardiac
and ventilatory rates and oxygen consumption and finally a change in
locomotor activity. Many studies have been devoted to ethophysiological
aspects of a crayfish model; e.g. it has been shown that cardiac and locomotor
activities in crayfish are circadian with a significant increase at night time
(Styrishave et al. 2007), that they are closely related to each other, as well as to
ambient temperature and light intensity (Bojsen et al. 1998), and hypoxic
conditions (Bierbower and Cooper 2010). Therefore, combined monitoring of
crayfish physiological parameters and behavioral activity (BA) presents a more
accurate and detailed assessment of crayfish functional state.

1.3. Crayfish HR and BA monitoring: state of the art

The methods and systems described below allow HR and BA
monitoring of crayfish as well as other crustaceans (shrimps, lobsters, crabs or
amphipods) and mollusks (bivalves or gastropods). Despite the fact that some
of the approaches were originally developed for other species, they have been
successfully tested with crayfish or can be potentially applied to crayfish
studies. The existing methods/systems described below are arranged in
chronological order as they have appeared in the literature.

It also should be noted that the invasive and noninvasive HR monitoring
methods described below can be applied to VR monitoring in crayfish
(Schapker et al. 2002; Shuranova and Burmistrov 2002; Shuranova et al. 2003;
Bini and Chelazzi 2006; Bierbower and Cooper 2010; Shuranova and
Burmistrov 2010). The modification is in the sensor placement: the sensor
electrodes should be inserted under the cuticle in the rostral area of the gill



chamber, or it should be placed latero-ventrally on the gill chamber for invasive

and noninvasive VR measurements, respectively.

1.3.1. Invasive measuring of HR

Invasive HR measurements imply direct insertion or implantation of two
electrodes into the animal. Because of the stress invoked by handling and
surgery the animal should be left undisturbed for a period of several hours or
even days before the start of the experiment. During measurements instantly
emerged voltage or changes in impedance between the electrodes caused by

cardiac activity is processed and recorded.
Impedance pneumography (IPG)

An IPG method is used for detection of pulsatile changes in heart
volume (Helm and Trueman 1967; Hoggarth and Trueman 1967). Before
starting the measurements, two fine wire electrodes are inserted into the
pericardial cavity of the animal through small holes drilled through the carapace
and then sealed with wax. During the function a small oscillatory current passes
between the electrodes and the volume change caused by heartbeat affects the
impedance between them. The output voltage signal proportional to changes of
the impedance is then fed to a recorder by A.C. coupling. The IPG method was
successfully applied to HR recording of the blue mussel (Mytilus edulis) during
its exposure to the air (Helm and Trueman 1967) and at different temperature
and salinity conditions (Braby and Somero 2006). Also it was applied to HR
recording of three species of portunid crabs concomitant with oxygen level
changes (Uglow 1973) and brown crab (Cancer Pagurus) during starvation
(Ansell 1973).

This method was later modified for HR measurements in small 0.3 — 0.4
g crustaceans (Dyer and Uglow 1977). A modification from the original IPG is
the use of two unequally-sized electrodes: the smaller one is implanted to the
animal while the larger one is sited in the water of the aquarium. The modified
IPG was successfully applied to the HR recording of brown shrimp (Crangon
crangon) during a variety of its normal activities (Dyer and Uglow 1977), shore
crab (Carcinus maenas) during handling, tactile and optical stimulation
(Cumberlidge and Uglow 1977) and intertidal prawn (Morris and Taylor 1985)
under hypoxic and hyperoxic conditions.



The IPG has not been tested with crayfish, but because of its simplicity
and confirmed compatibility with many crustacean species, I believe it can be

used for HR measurements in crayfish.
Electrocardiography (ECG)

ECG records the electrical activity of the heart. To obtain ECG
recordings from crayfish, 1-3 days prior to experimentation, two fine stainless
steel fine wires are placed under the dorsal carapace over the heart (Florey and
Kriebel 1974; Listerman et al. 2000). The wires are inserted through holes
drilled in the carapace, then cemented in place with instant adhesive. During
recording, the instantaneous small amplitude voltage emerged between
electrodes is either directly amplified with high gain AC amplifier (Florey and
Kriebel 1974; Pollard and Larimer 1977; Goudkamp et al. 2004) or the
correlated impedance changes are estimated and converted to voltage using an
impedance detector (Listerman et al. 2000; Chabot and Webb 2008; Bierbower
et al. 2013) prior to being fed to a recorder. The ECG method was successfully
applied to HR recording in red swamp crayfish (Procambarus clarkia) during
social interactions (Listerman et al. 2000), copulation (Cooper et al. 2011) and
under acute and chronic cold exposure (Chung et al. 2012), blind cave crayfish
(Orconectes australis packardi) during environmental disturbances and social
interactions (Li et al. 2000) and freshwater crayfish (Cherax destructor) during
heating and cooling (Goudkamp et al. 2004).

1.3.2. Noninvasive measuring of HR

Noninvasive monitoring methods theoretically allow measuring the
most relevant physiological data, while minimizing manipulation time and
disturbance to the animals.

The noninvasive HR measuring systems discussed in the literature are
all based on estimating the amount of scattered near infrared (NIR) light from
the animal’s heart modulated by changes of the beating heart volume. They
consist of a reflective optocoupler in a small package having at least one light
emitter and one photoreceiver and a signal conditioning/processing module.
The scattered light from the optocoupler’s source illuminates the animal’s heart
through the carapace and partially reflects to a photoreceiver. Changes in shape

and/or volume of the heart during contractions cause changes in the amount of



reflected light. The varying incident light at the photoreceiver is converted into
an electrical signal which is then amplified, filtered and digitized in the
conditioning/processing module.

The majority of the systems discussed below were initially tested on the
crab model, but later studies showed that they could be successfully used with
selected crayfish, as well as with prawns, shrimps, lobsters, thin-shelled

bivalves, polychaete worms, mussels and terrestrial snails.
Photoplethysmograph (PPG)

The first noninvasive HR measurement system for decapod crustaceans
described in literature was called PPG (Depledge 1984). It consisted of two
small low intensity light bulbs and a photosensor embedded in transparent resin
(see Fig. 1.1). During operation, the light from the bulbs passed through the
dorsal carapace into the pericardium and part of the light was reflected back to
the photosensor being modulated by the ventricle contractions. The incident on
the photosensor light was then converted to an electrical signal and transmitted
via the wires to an oscillograph for visualization of cardiac activity. The
dimensions of the bulbs/photosensor package were relatively small and could
be attached to animal’s carapace with minimum width of 2 cm using water-
resistant, instant adhesive. The combined experiment with the IPG method
showed no significant changes in the crab’s (Carcinus maenas) heart and
ventilatory (scaphognathite) rates in accordance with the switched on/off state
of the PPG. The recordings using the PPG were successfully obtained from
crabs (Carcinus, Macropipus, Sesarma, Uca, Ocypode), from large prawns and
shrimps and from the Norwegian lobster (Nephthrops norvegicus).

Computer-aided physiological monitoring (CAPMON) system

The CAPMON system for continuous, long-term recording of cardiac
activity in selected invertebrates (Depledge and Andersen 1990) represents a
modification of the PPG system for monitoring of up to eight animals
simultaneously. The light bulbs and special photosensor used in the old system
were replaced in the new design by NIR light-emitting diode (LED) and
phototransistor mounted parallel to each other and facing in the same direction.
The new components allowed the transducer to be smaller and lighter.
Additionally, the special electronic circuit was developed for processing the



electric signal from the phototransistor, so as to count the cardiac activity peaks
and transfer the data in a digital form to the PC for visualization and storing
(see Fig. 1.2). The software (SW) of the CAPMON system allows displaying
the HR of up to eight animals simultaneously and, optionally, visualizing the
raw cardiac activity signal for performing the hardware (HW) calibration. The
evaluation of the system realized by direct observation of the heart contractions
via a small hole drilled in the carapace and the peaks displayed by the SW
showed their agreement. The CAPMON system was originally developed for
reptant decapods but was also successfully used with thin-shelled bivalves and
polychaete worms. The system was applied to study the circadian rhythm of HR
in noble crayfish (4stacus astacus) under influence of selected bulk and trace
metal (Styrishave et al. 1995) and HR response in signal crayfish (Pacifastacus
leniusculus) to fluctuations of ammonia concentration (Bloxham et al. 1999).
Combined physiological and BA study (Aagaard et al. 1991) using CAPMON
system was performed for the shore crab (Carcinus maenas).

Power cable andg cable
from photosensor

Photosensor

Low intensity Light bulbs

Plastic casing

Fig. 1.1. The PPG (Depledge 1984).
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Fig. 1.2. Overview of the CAPMON system (Depledge and Andersen 1990).

The original data processing algorithms of the CAPMON system were
later improved to allow distinguishing between different HR patterns (Depledge
et al. 1996). The technique got the name Automated Interpulse Duration
Assessment (AIDA) and was capable of detecting HR irregularities which were
not evident when measuring the mean HR alone. It allowed successful detection
of the handling stress in mussels (Mutilus Edulis) and changes of the frequency
distribution of interpulse duration in crabs (Carcinus maenas) according to the

nutritional states.
System for Industrial Biological Water Quality Monitoring (SIBWQOM)

The SIBWQM system (Kholodkevich et al. 2008) and its earlier
prototype (Fedotov et al. 2000) are based on the same cardiac monitoring
approach as the PPG and CAPMON systems but have considerably different
HW. The laser NIR light source and photoreceiver forming the laser fiber-optic
photoplethysmograph’s (LFOP) are placed separately from the animal and
connected to its carapace via two thin optical fibers. One optical fiber line is
used for transmitting light from a laser to the animal’s cardiac sac, while the
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second one is used for receiving the reflected part of the light modulated by the
heart contractions. The system prototype (Fedotov et al. 2000) had only one
LFOP (channel) that was connected to the oscillograph and low-inertia recorder
for cardiac signal visualization and storing. The final version of the system
(Kholodkevich et al. 2008) was multichannel, contained an analog-to-digital
converter (ADC) and had an interface to the PC (see Fig. 1.3). The specially
developed SW running on the PC analyzed the cardiac activity signal,
determined the duration of cardiac intervals and calculated a set of HR
statistical characteristics. The SIBWQM system was successfully tested with
four species of freshwater crayfish, including noble crayfish (4stacus astacus)
and narrow-clawed crayfish (Pontastacus leptodactylus), one species of crabs,
four species of freshwater bivalves, two species of gastropods, three species of

marine bivalves and two species of terrestrial snails.
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Fig. 1.3. SIBWQM system: signal processing stages (Kholodkevich et al.
2008).

It should be also noted that the discussed system is mainly focused on
the astacological research and was used in many cardiac activity studies in
crayfish, e.g. in different functional states (Fedotov et al. 2002; Fedotov et al.
2006), in varying natural conditions (Sladkova et al. 2006; Udalova et al. 2009;
Udalova et al. 2012) and under the selected chemical impacts (Kozédk et al.
2009; Kuznetsova et al. 2010; Kozak et al. 2011).
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Improved CAPMON

The ideas behind the development of the improved CAPMON system
(Burnett et al. 2013) were modifications of the original HW design using the
electronic parts currently available from distributors and its dissemination
together with the uniform method of data collection among a wide range of
scientists. In contrast to the original CAPMON, the improved system’s
conditioning circuit only amplifies and filters the signal but doesn’t transform
the analog signal into square waves for automatic HR calculation (see Fig. 1.4).
Because each animal can exhibit a unique cardiac activity pattern, processing
the raw, non-square signal allows for more flexible tuning of SW data
processing algorithms and thus reducing the number of data misinterpretation
errors in comparison to automatic HW counting circuit.

IR sensor
glued to the shell

Signal Analog-to-digital
conditioning converter Personal

circuit (e.g. Picoscope computer
(here described) 2200)

Analysed animal

Fig. 1.4. Improved CAPMON system: cardiac activity signal flowchart (Burnett
etal. 2013).

The system was evaluated by comparing the cardiac activity patterns in
the Atlantic blue crab (Callinectes sapidus) simultaneously recorded using the
discussed method and the invasive impedance method. Both methods showed
the same heartbeat patterns and frequency. Like the original CAPMON the
system can be used with many intertidal and marine invertebrates.

1.3.3. Camera-based BA monitoring

Systems based on video signal analysis, in contrast to earlier used
methods, e.g. based on LED/photodetector pairs (Bolt and Naylor 1985;
Aagaard et al. 1991), are currently the most versatile systems for automated
analysis of behavior (Kruk 1997). The recent advances in computer engineering
and machine vision technology allows performing the BA recording and
analysis fully automated (Celi et al. 2013). Also it allows overcoming the
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inherent fundamental limitations of the direct behavioral observation: efficient
estimation of only qualitative properties of behavior, while the quantitative
features, such as intensity, acceleration or trajectories cannot be easily
measured (Kruk 1997).

Behavior of two crayfish species (Orconectes rusticus and Orconectes
virilis) in two lakes was recorded using the system containing the charge-
coupled device (CCD) camera in the underwater housing and white light
(Bergman and Moore 2003). The recorded videos were later manually analyzed
to draw the crayfish ethograms and estimate the effects of extrinsic and intrinsic
factors on the crayfish intraspecific agonistic behavior. Similar approaches
based on manual processing of the recorded video data were used during the
crayfish (4stacus astacus) behavior studies on the formation and maintenance
of hierarchies (Goessmann et al. 2000) and on the effect of serotonin on
agonistic interactions (Huber et al. 1997; Huber and Delago 1998).

The BA monitoring system used for studying the effects of
psychostimulants on rusty crayfish (Orconectes rusticus) contained a video
camera connected to a PC and a fluorescent diffused lighting module placed
below the aquarium in order to enhance the resolution of video tracking
(Panksepp and Huber 2004). The system’s SW based on freeware JavaGrinders
library was capable of automatically obtaining the crayfish spatial coordinates
at a temporal resolution 1/3 Hz.

The system for tracking of two dimensional position and orientation of
the Caribbean spiny lobster (Panulirus argus), except for the video camera, also
contained a backpack with two red LEDs glued to the animal’s carapace to
facilitate tracking (Horner et al. 2004). The experiments were conducted during
the day under low ambient illumination. The presence of the backpack had no
apparent effect on the behavior of the animal.

Many crayfish species are nocturnal animals (Patullo et al. 2007). To
solve the problem of reduced resolution and clarity of the images obtained
during night time recording the tracking system with NIR LED illumination and
NIR sensitive CCD camera was proposed (Patullo et al. 2007). The NIR lamps
in the setup were fixed above the monitored tank so as not to point directly
perpendicular to the tank bottom to minimize reflection. The system was
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successfully tested with freshwater crayfish (Cherax destructor). The SW- and
observer-acquired behaviour data were not significantly different.

1.3.4. Combined HR and BA monitoring

The first systems for combined HR and behaviour monitoring were
based on the sensors from the CAPMON system for HR recording and the same
or similar NIR optocoupler based sensors for locomotor activity recording
(Aagaard et al. 1991; Bojsen et al. 1998; Styrishave et al. 2007). One or two
activity sensors were fixed under the transparent floor of each of the
experimental chambers. Movements were detected when the NIR light was
reflected back from the animal. The sensor was positioned so that even a few
centimeter movement of the animal was detected. The HR and locomotor
activity data from both types of the sensors were continuously recorded and
stored on the PC. The above described monitoring approach was successfully
applied to combined HR and locomotor activity monitoring in shore crab
(Carcinus maenas), noble crayfish (Astacus astacus) and signal crayfish
(Pacifastacus leniusculus).

In later combined studies, the BAs were monitored using video cameras.
However, the records were analyzed manually, e.g. the activity of red swamp
crayfish (Procambarus clarkia) during copulation (Cooper et al. 2011) and
blind cave crayfish (Orconectes australis packardi) during social interactions
(Bierbower et al. 2013).

1.4. Crayfish model based studies

The key published studies based on crayfish model for estimating the
effects of different physical and chemical stimuli are summarized in Table 1.1.
It contains the information on the types of stimuli, crayfish species, measured
ethophysiological parameters (HR, VR and BA), the name of the
methods/systems used during the research as well as main outcomes. If
biochemical analyses (BCA) were used in combination with HR, VR or BA
monitoring, the methods and the main outcomes are also briefly described in
the Table 1.1.
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1.5. Motivation

As was shown above, crayfish are keystone species in freshwater
ecosystems and are promising organisms for biomonitoring. Due to relative
simplicity of the cardiovascular system measurements in comparison to
vertebrates, experimentally accessible and sensitive nervous system,
straightforward growing, reproduction and maintenance under the laboratory
conditions, the crayfish model has a powerful potential for water quality
assessment applications, e.g. as a basis of BEWS. Moreover, the model can be
used in a variety of ethophysiological studies, e.g. being sensitive to human
drugs of abuse it can offer a comparative and complementary approach in
studying basic biological mechanisms of drug addiction (Huber 2005; Huber et
al. 2011) and having a highly structured and easily evoked behavioral system, it
can be used to quantitatively study formation and maintenance of dominance
relations and aggression (Kravitz and Huber 2003).

Currently available invasive HR measurement methods based on IPG or
ECG recording require drilling through the crayfish dorsal carapace directly
over the heart and implanting two metal electrodes (see Section 1.3.1).
However, implanting electrodes can result in injuring the crayfish and alter its
behavior, and connecting the sensory device to crayfish requires complex and
precise surgery.

One disadvantage of the noninvasive systems described in Section 1.3.2
is the complexity of HW: both the original (Depledge and Andersen 1990) and
the improved CAPMON (Burnett et al. 2013) systems require a conditioning
circuit for filtering and amplification of the signal, whereas a SIBWQM
(Fedotov et al. 2000; Kholodkevich et al. 2008) additionally requires precise
optic components. Recent advances in electronics and optoelectronics eliminate
the need for a HW amplification circuit, whereas the increased computational
power of modern PCs allows real-time digital filtering of the signal in SW.
Processing the signal in SW permits easier and more flexible control over the
data processing parameters and allows excluding HW signal conditioning
circuit, thus making the whole system cheaper and easier to manufacture.

Another drawback of the noninvasive systems is that they are focused
on measuring and analyzing HR, whereas other chronotropic and inotropic
parameters describing the shape of the cardiac signal are not considered.
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Previous studies (Depledge and Andersen 1990; Fedotov et al. 2000; Burnett et
al. 2013) describe that crayfish cardiac activity generally has a double peak
shape: the primary peak that defines the HR and a periodic smaller secondary
peak that is seen (more often at low HR) in the diastolic phase between primary
peaks. Occasionally, the amplitude of the secondary peak can increase
considerably and become comparable with the amplitude of the primary peak.
Previous experimental results showed that it can reach 54.5% and 68.7% of
primary peak amplitude in water and in air, respectively (Fedotov et al. 2000).

The origin of the secondary peaks can be related to the nonsynchronous
work of two pacemaker groups of cardioneurons at crayfish cardiac ganglion
that provide functioning of the crayfish heart (Fedotov et al. 2009). Particularly,
when activity of small neurons (intrinsic cardiac pacemakers) dominates over
the work rhythm of large cells (anterior group connected with cardiac muscle).

An individual crayfish can have a unique heartbeat pattern (Burnett et
al. 2013) depending on its size, age, physiology, and species, as well as
modifications that can be influenced by different stimuli. Therefore, analysis of
the shape of the cardiac signal can provide additional information on the
crayfish functional state that is not included in HR.

Monitoring of a combination of cardiac and behavioral activities can
provide more accurate and detailed information on the functional state of
crayfish. Several approaches for combined monitoring of HR and BA were
earlier reported in the literature. The BA monitoring approaches based on
optocouplers and CAPMON system (Aagaard et al. 1991; Bojsen et al. 1998;
Styrishave et al. 2007) require at least one sensor per individual crayfish.
Another drawback is that the aquarium need to be relatively small and should
not contain obstacles (e.g. crayfish shelters) in order to guarantee accurate
monitoring without optical dead zones. The later reported video camera based
approaches (Cooper et al. 2011; Bierbower et al. 2013) used manual data
processing methods which are time consuming and limited in providing
quantitative BA parameters (trajectories, velocities, accelerations, etc.). Recent
advances in computer engineering and image processing algorithms (e.g.
OpenCV SW library) allow development of camera-based systems for real-time
automatic extraction of BA parameters from the video footage. Moreover, one

single system can be used for simultaneous BA monitor of several crayfish.
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Some of the previously developed biomonitoring systems were designed
to be multichannel, e.g. CAPMON (Depledge and Andersen 1990) and
SIBWQM (Kholodkevich et al. 2008). Simultaneous monitoring of several
crayfish during one experiment increase the reliability of data by reducing the
effects of natural peculiarities among individual crayfish, their instantaneous
health status, functional state, etc.

Therefore, there is a need for a system which is inexpensive,
straightforward, and has effective HW and SW tools so as to simultaneously
record and analyze ethophysiological parameters in multiple crayfish. The tools
should be capable of analyzing the complex shape of the crayfish cardiac
activity signal, automated real-time monitoring of BA and provide additional
(compared to alone HR measurements) information about the crayfish

functional state.

1.6. Aims of the thesis
The aims of the thesis were to:

e study various methods and systems described in the literature for
monitoring crayfish cardiac and behavioral activities.

e develop an inexpensive and easy-to-use noninvasive biomonitoring
system for simultaneous recording of ethophysiological parameters in
several crayfish,

e develop a cardiac activity data processing method based on signal shape
analysis,

e assess the biomonitoring system and data processing methods in the
experiments with selected natural odors and harmful chemical agents
that can be found in aquatic environment,

e cstablish a foundation for possible future applications of the system as a
basis of BEWSs and in crayfish model ethophysiological studies.
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2. Noninvasive
crayfish cardiac
and behavioral
activities
monitoring
(NICCBAM) system
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2.1. Overview
The NICCBAM system is comprised of a set of 16 NIR optical sensors
for crayfish, a multichannel 14 bit ADC with USB interface, crayfish motion
detection module and a PC with SW for data processing. It allows:
e obtaining raw cardiac activity data of up to 16 crayfish
simultaneously with a sampling rate of up to 500 samples/second,
e processing the data to obtain HR and other 15 cardiac signal
inotropic/chronotropic parameters,
e detecting the movement of each monitored crayfish with a sampling
rate of 1 sample/s,

e storing the calculated cardiac parameters and motion data to local
hard drive.

A schematic representation of the system is shown in Fig. 2.1.

Power 2m length thin flexible isolated wires Motion
supply detection
channel 1 module
1 033 uF
O |+
Q ] IR optical sensor
] === -_—
I b !
< TH Q).
channel 16 L L

500 Samples/s

14 bit crayfish
dorsal

carapace

=

diastole period

U 1 Sample/s

Fig. 2.1. Overview of the NICCBAM system.

The SW’s graphical user interface is capable of displaying raw cardiac
activity signals of all monitored crayfish and their main parameters in real-time.
Additionally, motion detection module allows visualizing the aquaria and
indicating to the operator which crayfish are moving. The user interface allows
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choosing which cardiac activity parameters from the set will be calculated and
recorded. Optionally, raw cardiac activity can be recorded for further manual

or semiautomatic analysis.

2.2. NIR optical sensors
The NIR optical sensor is comprised of an NIR LED axially coupled
with a phototransistor (Fig. 2.2). It is placed in the water-proof package and can
be fixed for several weeks on the dorsal side of crayfish carapace above the
heart with non-toxic epoxy glue. The connection of sensors to the ADC is done
with thin flexible wires of 2 m length.

+5V
R1 R2
2k2 200
OUT
<l—¢ DI
KP-3216F3C

20 o SaY
/I ELPT15-21C

‘ GND

Fig. 2.2. Circuit diagram of NIR optical sensor.
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The operation of the sensor is based on the photoplethysmography
principle and the sensor is a reflective optocoupler. The electrical signal on the
phototransistor output depends on the ambient illumination level and the
amount of light emitted by the LED and then reflected by the objects in the
phototransistor’s field of view. When the sensor is placed on the crayfish
carapace, the output signal is modulated by the amount of hemolymph filling
the heart that effectively scatters the incident light from the LED. The described
approach allows noninvasive monitoring of cardiac activity as a function of size
and shape of the crayfish heart.

Except for a capacitor which suppresses high frequency noise (cutoff
frequency is ~200 Hz) at the ADC’s input, the sensor’s output signal does not
require any specific amplification and/or filtering circuits, unlike the CAPMON
system (Depledge and Andersen 1990) or the improved CAPMON system
(Burnett et al. 2013). The increased efficiency of LEDs that have been
developed in the last decade, provides considerably more optical power from a
single device at the same electrical power consumption. Currently, a typical
commercially available NIR LED has a total optical output power of ~15 mW,
assuming a driving current of 20 mA and an efficiency of 60%. The increase in
optical output power leads to an increase of the optical power that is reflected
towards the phototransistor, thus, amplifying its electrical output signal and
eliminating the need for an external amplification circuit. Installing several
small size surface mounted LEDs (e.g. in 0402 packages) in one sensor can
amplify the electrical output signal even more without too much increase in
overall sensor size.

It should be noted that only a small part of the total unfocused optical
irradiation that is emitted by the LED reaches the crayfish heart, and it neither
harms the animal nor affects its behavior. Most of the light is radiated
elsewhere because of the wide 120° viewing angle of the LED, and is scattered
on boundaries among several optically different layers, e.g. the water-proof
sensor’s covering, the thin water layer between crayfish and sensor, and the
crayfish carapace.

The benefits of not using external HW amplification and filtering
circuits include the preservation of the original signal shape for further SW
processing, minimizing signal distortion caused by improper HW adjustments,
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eliminating of clipping problems (Burnett et al. 2013), and the greater
simplicity and lower cost of HW.

With the current version of the sensor HW, typical heartbeat and noise
amplitudes are approximately 50 mV and 2 mV, respectively. The noise level
can be reduced later in SW. The signal’s fluctuations caused by changes in
ambient illumination fall in the range from 2 to 3 V.

2.3. Motion detection module

Crayfish motion detection module is comprised of two wide field of
view NIR cameras with ethernet interfaces and two external NIR illuminators.
One camera together with one illuminator can be used for BA monitoring of up
to eight crayfish simultaneously. Monitoring of more than eight crayfish by a
single camera is also possible but it can be technically complicated to arrange
and install all the aquaria so that they all appear in the camera’s field of view.
Also the motion detection accuracy can decrease as the result of lower
resolution obtained for each individual aquarium on the image.

Each illuminator has a peak wavelength of 850 nm and contains an
internal photo sensor for switching ON and smoothly increasing the light output
in the case of low ambient illumination level. The use of the external
illuminator together with a camera allows monitoring of the crayfish motion
during night time. Because the visual pigments of crustaceans are not sensitive
to the wavelengths longer than 650 — 700 nm (Goldsmith 1972; Tsuchida et al.
2004), the selected NIR wavelength will not affect their circadian rhythm.

The cameras and the illuminators are placed under the aquaria at a
distance which allows capturing all of them in the camera’s field of view.
Monitoring of the aquaria from the bottom side eliminates the effects of image
distortion caused by water surface ripples and thus, allows obtaining better
quality images for later processing.

2.4. Data processing

2.4.1. Cardiac activity

Examples of typical crayfish cardiac activity are shown in Fig. 2.3. The
amplitude and the shape of heartbeat pattern slightly changes over time. The
unique heartbeat pattern of individual crayfish varies with size, age, physiology
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and species (Burnett et al. 2013). Our observations show that in general, cardiac
activity can be considered as having two peaks: a primary peak that defines the
HR and a secondary peak that sometimes (more often at low HR) appears in the
diastolic phase between primary peaks.

—cardiac activity signal
systole phase diastole phase o primary peaks
¢ secondary peaks
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Fig. 2.3. Examples of cardiac activity signal recorded from one crayfish during
70 s interval. (A) Appearance of secondary peak. (B) Large amplitude
secondary peak. (C) Disappearance of secondary peak.

The appearance of primary and secondary peaks in the cardiac signal
provides the basis of the data processing sequence implemented in the
NICCBAM system SW. Generally, it can be divided into three steps:
preprocessing, detection of signal local extrema and classification of primary
and secondary peaks (Fig. 2.4), and calculating chronotropic and inotropic
parameters of cardiac signal.

At the preprocessing step, the high frequency noise of the signal is
reduced by applying SW implementation of a RC low-pass filter. The filter
parameters can be adjusted manually to keep the noise level visually lower than
the peak detection threshold, without excessive distortion to signal shape.
Typically used parameters result in the filter cutoff frequency of ~2.65 Hz. SW
implementation of an RC filter generally allows tuning the filter parameters
more easily and in a wider range in comparison to typical HW implementations

that are usually designed without any tuning, largely to lower the cost.
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Fig. 2.4. Local extrema points of the crayfish cardiac activity signal used in data

processing sequence.

Detection of signal local extrema at the second data processing step is
done using the algorithm similar to the one implemented in function
“findpeaks” in Mathworks Matlab. Briefly, the algorithm calculates the voltage
differences between the tested data point and its neighbor points. The point is
marked as extremum in case the absolute difference exceeds the specified
voltage threshold. Typically used threshold value is 2 mV.

Classification of primary and secondary peaks is done by analyzing the
shape of the peaks. Visual analysis of raw crayfish cardiac data shows that the
shape of the secondary peaks generally differs from the shape of the primary
peaks (Fig. 2.3). The rising slope of the secondary peak is gentler and the height
is lower. These peculiar features of secondary peaks allow distinguishing them
in SW by first calculating two-peak shape parameters: normalized peak height
(PHN) and normalized peak rising slope (PRSN) using formulae in Table 2.1,

and then assessing empirically obtained classification criterion K:
1

1.146 (PHN + 0.244)
If the value of criterion K is positive, the peak is classified as secondary;

—PRSN—0.085 =K (2.1)

otherwise it is classified as a primary peak. Obtaining of the classification
criterion K is described in details in Section 3.3.
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Table 2.1. Calculation of chronotropic and inotropic parameters of crayfish
cardiac activity. le , Pyl , sz , Py2 , Px3, Py3 , Vyj , sz , Vyz , Vx3 , Vy3 — coordinates of

the local extrema on the crayfish cardiac activity curve.

Parameter Description Formula
HR heart rate 60/ (Px3 — le )
AMP signal amplitude PyI — min{ Vy], Vyz}
normalized previous P i 5 J
PPSN | ok stope — ((5?—p/)ramP) / (V7 —P))
NPSN normalized next peak
slope ((P7—v)/amP) / (P} — V7))
normalized peak 5 (2 3
PHN || ioht (P; —min{V;,V,’}) / AMP
PW peak width vi—v?
normalized peak 3 5 3 I
PWN | (i —=v2)/(P;—P))
normalized peak’s 2 3 5 5
PRSN rising slope ((Py =) /AMP) /(PE=TE)
normalized peak’s 3 5 3 P
PESN falling slope N ((Vy —b ) /AMP) / (Vx P )
PSR peak slopes ratio PRSN / PFSN
PS peak start sz — le
PO peak offset p?—p/!
PE peak end vi—p!
PSN normalized peak start PS/ (P)f —pP/ )
normalized peak 3 ;
PON | ‘o ro/(P;—P})
PEN normalized peak end PE/ (Px3 - le)




At the final step, chronotropic and inotropic parameters of the cardiac
activity are calculated separately for the primary and secondary peaks. The set
of parameters is presented in Table 2.1.

Because of the need for combined analysis of the data from different
crayfish which have generally different amplitudes of cardiac signal
oscillations, normalization was introduced for the parameters PPSN, NPSN,
PHN, PRSN, PFSN characterizing height and slopes of the peaks.

If the secondary peak was not present between subsequent primary
peaks, only the HR and AMP parameters were calculated, parameters PHN, PW,

PWN were set to zero and calculation of the rest of the parameters was skipped.

2.4.2. Motion detection

The NICCBAM system’s motion detection module is primarily used for
monitoring of crayfish BA. It can provide additional information on the
functional state of crayfish independent of cardiac activity. Also the data from
the module are used to facilitate cardiac activity data processing by excluding
from consideration the periods of high crayfish locomotive activity. Rapid
crayfish movements can result in varying of the signal offset or even short-time
spikes in the signal that in turn can reduce the accuracy of cardiac activity
parameter calculation.

The crayfish motion detection is based on the algorithms from OpenCV
SW library. Briefly, the pixels belonging to moving object are detected based
on the per pixel threshold values which are defined by the continuously updated
statistical model of the background. The model is comprised of average and
standard deviation (SD) values for each image pixel obtained using the standard
running average and running variance methods (Piccardi 2004), respectively.
Continuous updating of the background model improves the motion detection
accuracy in case of varying ambient day-time illumination. Moreover, the
algorithm eliminates the need in buffering of previous data (camera images):
the model is updated based on the current image only.

The crayfish is considered to be moving if the number of moving-object
pixels detected on the current image by the algorithm is higher than predefined
threshold value. The threshold value depends on the size of the crayfish on the
image and camera resolution. It can be interactively adjusted to improve the
detection accuracy for the current system setup and size of the animal by
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comparing the manual analyzing of the video stream by operator and the results
obtained using the automatic algorithm. The default threshold value of 100
pixels used by NICCBAM system was determined experimentally as a rounded
average number of crayfish pixels manually estimated from 10 images with
different moving individuals of commonly used size.

The algorithm is capable of detecting the motion of up to 16 crayfish
simultaneously in real-time, with a frame rate of 1 frame per second (FPS) on
the middle range PC without using the graphical card computing capabilities.

The example of moving crayfish detected by the SW algorithm is shown in Fig.
2.5.

Fig. 2.5. Example of moving crayfish detected on the camera image. The image
pixels classified by the motion detection algorithm as belonging to moving
object are marked with white color.

37



2.5. Current system setup

The NICCBAM system shown in Fig. 2.6 is currently installed in South
Bohemian Research Center of Aquaculture and Biodiversity of Hydrocenoses,
Zatisi 728/11, Vodnany, Czech Republic. It started operating from the beginning
of 2014. Intellectual property rights on the system and on the cardiac sensor are
protected by the registered national Czech Republic patent #305212 entitled
“Method of behavioral monitoring of crawfishes and/or mollusks and
behavioral system for monitoring behavior of crawfishes and/or mollusks™ (see
Appendix C) and utility model #27114 entitled “Non-invasive sensing element”

(see Appendix D).

Fig. 2.6. Photo of the NICCBAM system current setup. (1) 12 crayfish aquaria.
(2) Water reservoirs of the recirculation units. (3) TEDIA UDAQ-1416CA
ADC. (4) PC with running SW. (5) Watson-Marlow peristaltic pump.

Current system setup is capable of monitoring up to 12 crayfish
simultaneously in real-time 24 h a day. Each of the 12 aquaria (Fig. 2.6)
contains one crayfish with attached NIR optical sensor (Fig. 2.7) and the
crayfish security shelter (Fig. 2.8).

38



Fig. 2.7. Photo of the crayfish with attached NIR optical sensor.

The analog signals from the NIR optical sensors are digitized by
UDAQ-1416CA ADC from TEDIA Company and transferred to the PC for
processing over the USB interface. The example of crayfish cardiac activity
information displayed by the SW to the PC’s operator is shown in Fig. 2.9A.

The walls of the aquaria are covered with non-transparent tape to
prevent visual interaction among the neighbor crayfish and between crayfish
and working operator. The bottom sides of the aquaria are transparent allowing
crayfish motion detection (Fig. 2.9B) via the two installed [P8161 cameras and
two TV6700 external illuminators from Vivotek and ABUS companies,
respectively. In operating mode the cameras output video streams are set to
grayscale mode and configured to a resolution of 1600 x 1200 pixels with 8 bits
per pixel brightness range.

Each three consecutive aquaria are combined into a separate
recirculation unit. Alternatively, each separate unit can be switched to the flow-
through water circulation mode.
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Fig. 2.8. Photo of the crayfish in the security shelter installed in the aquarium.

The system is also equipped with peristaltic pump from Watson-Marlow
for transferring the water with the dissolved treatment into the aquaria during
the experiments. The use of a peristaltic pump allows dosing out the treatment
at a very low rate to avoid crayfish disturbance.

The operating principle of the system allows ethophysiological
monitoring of crustaceans and molluscs. Up to now the system was successfully
tested with Pacifastacus leniusculus, Procambarus clarkia and Astacus
leptodactylus crayfish species.

40



35 Mean: 2.500 Min: 2.423 Max: 2.603

>_
]
o 20
m
=
S
12
o A \
! LIS e N, SN T e LS ) S LY
14
1.1
08
05
& 00 05 10 14 19 24 29 33 38 43 48 52 57 62 67 71 76 81 86 90 95 100
] Time,s

Fig. 2.9. Examples of the information displayed to the operator by the

NICCBAM system SW. (A) Crayfish cardiac activities. (B) Crayfish motion
detection.
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3. Assessment
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This chapter presents the results of the NICCBAM system evaluation
experiments. The first experimental dataset described and analyzed in Section
3.1 was used to demonstrate the proper system operation, i.e. the system
capabilities of recording crayfish cardiac activity in general. The second
experimental dataset described in Section 3.2 and analyzed in the subsequent
sections was used to show and prove the benefits of the novel cardiac signal
shape analysis method over the other state of the art methods.

3.1. Combined recording of cardiac activity with NICCBAM
and ECG systems

For the assessment of the NICCBAM system, an experiment on
simultaneous recording of crayfish cardiac activity with both NICCBAM and
well-known ECG systems was conducted. The ECG system used in the
experiment consisted of two fine insulated wires connected to P5 Series AC
preamplifier from Grass Technologies Company. The output of the preamplifier
was connected directly to the input of the NICCBAM system’s ADC to allow
synchronous recording of the signals from both systems.

The male signal crayfish Pacifastacus leniusculus (Dana, 1852) used in
the combined recording experiment (male; total length, 112 mm; carapace
length, 56 mm; weight, 58 g) was caught in a baited trap in April 2015 in
Vysocina Region, Czech Republic. The experiment was conducted in August
2015. The crayfish was kept in an outside pond under near-natural conditions
prior to the experiment, then one day prior to beginning it was moved to a 10 L
(water volume 7 L) glass aquarium for acclimatization. Two hours prior to
recording, the NICCBAM optical sensor was attached using two-component,
rapid epoxy adhesive to the dorsal area of the carapace over the heart. Then the
two wires for ECG recording were inserted through the holes drilled in the
carapace and cemented in place with instant adhesive. The photo of the crayfish
with connected sensor and wires is shown in Fig. 3.1.

The recording of signals from both systems lasted 16 min. The data
were processed to reduce the noise level: signal filtering was done with a zero-
phase algorithm and the 8th order Butterworth low-pass filter with 10 Hz cutoff
frequency implemented in Matlab functions “filtfilt” and “butter”, respectively.
Additionally, the signals were offset by subtracting the mean values, and the
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signal from the NICCBAM system was inverted for better visualization. A
portion of the cardiac activity record is shown in Fig. 3.2.
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Fig. 3.1. Photo of the signal crayfish with connected NIR optical sensor and
two wires for combined recording of cardiac activity with NICCBAM and ECG
systems.
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Fig. 3.2. Example of the signal crayfish cardiac activity synchronously recorded
with NICCBAM and ECG systems.
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Analyzing the data manually showed that both signals oscillated with
approximately the same main frequencies, i.e. the HRs measured by both
systems matched. Approximately constant time shift observed between the two
signals can be explained by a delayed mechanical response (contraction) of the
heart muscle to electrical stimulation. The ECG signal had smaller peaks
between the main higher amplitude oscillations (Fig. 3.2). These peaks can be
the cause of the secondary peaks observed in the signal from the NICCBAM
system.

3.2. Experimental dataset

The experimental data for the assessment of the system and SW
algorithms were obtained from signal crayfish Pacifastacus leniusculus (Dana,
1852), that were caught in baited traps in April 2014 in Vysocina Region,
Czech Republic. The experimental group consisted of 12 adult individuals (half
males, half females; mean total length, 109 + 2 mm; mean carapace length, 55 +
1 mm; mean weight, 57 £ 5.4 g).

The experiments were conducted at the end of March 2015. For
acclimatization, crayfish were maintained for one week in individual 10 L
(water volume 7 L) glass non-transparent aquaria, each equipped with a shelter.
Prior to manipulations, selected crayfish were marked with individual numbers
by permanent water-resistant marker. A week prior to beginning, sensors were
attached to the dorsal side of the crayfish carapace directly over the heart using
two-component, rapid epoxy adhesive. Throughout the experimental period,
water temperature was 19.3-19.5 °C, pH was 7.5-7.8, dissolved oxygen level
was 9.0-9.5 mg/L, and the illumination regime was set and automatically
maintained at 12 h of light and 12 h of dark. Crayfish were fed twice a week on
Chironomidae larvae; food residue and excretory wastes were removed during
the water exchange. No mortality occurred during the experimental period and
the following two weeks.

The dataset contained 209 h of raw cardiac activity from 12 crayfish
during seven experiments with the following treatments:

1. control,

2. food odor,

3. injured crayfish odor,

4. opposite sex crayfish odor,
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5. predator odor,

6. chloramine-T,

7. ammonia (NH; + NH,").

At each experiment except for the control, 50 ml of tap water with
dissolved odor/chemical was pumped simultaneously into each aquaria using
Watson-Marlow peristaltic pump at a flow rate of 25 ml/min. In case of the
control experiment, 50 ml of pure tap water was pumped into each aquaria.

Treatments with numbers from 2 to 5 tested natural stimuli that can
appear in water, while treatments with numbers 6 and 7 were artificial water
contaminants; chloramine-T is a commonly used aquatic biocide and ammonia
is one of the most important contaminants due to its toxic nature and ubiquity in
surface water systems (Bloxham et al. 1999).

The water solution for the “food odor” experiment was prepared by
mashing 1 g of Chironomidae in 1 L of tap water and then filtering out big food
particles. For the “injured crayfish odor” experiment the treatment was obtained
by keeping the crayfish together with its ablated thoracic leg in 1.8 L of tap
water for 24 h. The treatment for the “opposite sex crayfish odor” experiment
was obtained by keeping male and female crayfish in separate vessels
containing 2 L of tap water for 24 h. The water from the male crayfish was
during the experiment added to the aquaria with female crayfish and vice versa.
The treatment for the “predator odor” experiment was obtained by keeping two
pikeperch in 250 L of water for 48h. The final concentrations of chemicals in
the aquarium water during the “chloramine-T” and “ammonia” experiments
were 10 mg/L and 1 mg/L, respectively.

The specific concentration of chloramine used in the experiment is 2.5
times higher than the maximum concentration allowed by USA National
Primary Drinking Water Regulations (www.epa.gov/safewater) and is
commonly used in industry and aquaculture for water disinfection. The
concentration of total ammonia nitrogen (NH; + NHy") used in the experiment
is twice higher than the drinking water concentration recommended by National
Academy of Science (USA) and adopted by many European countries
(http://public.health.oregon.gov).

One hour before each experiment the water flow through the aquaria
was stopped. The recording of raw cardiac activity of each crayfish started 30
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minutes before the treatment and stopped 30 minutes after treatment. After
recording was finished, the water in aquaria was changed.

Each of the experiments (except for the control) was repeated three
times during one day with ~ 3 h intervals between repetitions. The control
experiment was also repeated three times but the repetitions were conducted on
different days and at different time during the day. Before the “food odor”
experiment the crayfish were not fed for 48 h.

First five experiments were held using all 12 experimental crayfish. The
last two “chloramine-T” and “ammonia” experiments were held simultaneously
on the last day of the experimentation period: six crayfish (three male and three
female) received the chloramine-T treatment and six crayfish (three male, three
female) received ammonia treatment. The above experimental procedure was
chosen to exclude the possible long-term influence effects of potentially
harmful chloramine-T and ammonia chemicals on crayfish physiological state
in the rest of the experiments. The reduced number of crayfish used during the
last two experiments was a result of the limited number of animals available at
the time of the experiments.

On seven occasions, several hours before the start of an experiment, the
sensor was accidentally detached from the crayfish as the result of its
movement. After the sensor was reattached, the next 3 h of the crayfish data
was considered unreliable and it was discarded from the final dataset (see
Appendix A).

The dataset described above was processed by specially developed SW
to find local extrema of the cardiac signal and roughly classify between primary
and secondary peaks. The resulting ~ 980 000 of classified peaks were
manually checked and found peak classification errors were corrected.

3.3. Classification of primary and secondary peaks

Large amplitude secondary peaks of the crayfish cardiac signal can be
mistakenly considered as primary peaks; this would result in errors during HR
calculation (Depledge and Andersen 1990; Burnett et al. 2013). In previous
studies, the error rate was minimized by carefully adjusting the HW peak
counting threshold according to particular cardiac signal shape/amplitude
parameters and/or inverting the cardiac sensor output signal (Depledge and
Andersen 1990). Unfortunately, no quantitative information on the accuracy of

49



peak counting and classification algorithms was presented in the previous
studies (Depledge and Andersen 1990; Fedotov et al. 2000; Burnett et al. 2013).
In the current study, a classification algorithm based on analysis of the peak’s
shape was proposed, and its accuracy was addressed.

The manually chosen parameters PHN and PRSN were calculated using
formulae in Table 2.1 for the complete dataset described above. The parameter
data and manually verified classification data were used to optimize
classification criteria, and for the assessment of peak classification accuracy.

The scatter plot of PHN and PRSN parameters calculated from the
dataset is presented in Fig. 3.3. Note that the primary and secondary peaks are
relatively well separated into two clusters in the plot. The chosen analytical
criterion for classification of primary and secondary peaks was in the form of
the following parametric equation:

PED) + PRSN + ¢=0 (3.1
in which PHN and PRSN are the classified peak’s parameters as defined in
Table 2.1; a, b and ¢ — optimization parameters.

The values of optimization parameters were determined using a Nelder-
Mead simplex algorithm implemented in Matlab function “fminsearch” to
minimize the number of classification errors in the dataset. The resulting values
of 1.146, 0.244 and -0.085 for optimization parameters a, b and c, respectively,
gave a classification error of less than 0.2% on the complete dataset (see Eq.
2.1).

A single peak classification error (assuming neighbor peaks are
classified correctly) can result in approximately doubled or halved HR at a
given point in time. This in turn can considerably affect the mean and variance

of HR, especially if the period of time used for calculation of statistics is short.

3.4. Correlation between pairs of cardiac activity parameters

A secondary peak often appears in the crayfish cardiac activity signal at

periods of low HR, while it disappears at high HR. To examine the relationship

between HR and amplitude of the secondary peak, as well as the relationship

between other pairs of cardiac activity parameters, a set of inotropic and

chronotropic parameters was calculated from the complete dataset described
above using formulae in Table 2.1.

50



primary peaks
secondary peaks
—classification criterion

2.
S 4.
I ’
co“\
£ 2
72 =
.;:!3,
‘;\d——l
3 %
A~
Z A
BG2
=g
g?:.,
= 1
=

0 0.2 04 0.6 0.8 1 1.2
normalized peak height (PHN), rel.units

Fig. 3.3. Classification of primary and secondary peaks of the crayfish cardiac
activity data based on peak’s shape parameters: normalized peak height (PHN)
and normalized peak rising slope (PRSN). Calculation of PHN and PRSN was
done using formulae in Table 2.1.

The resulting Pearson product-moment and Spearman's rank correlation
coefficients between all possible pairs from the whole set of chronotropic and
inotropic parameters of cardiac activity are shown in Fig. 3.4. Calculation of the
high number of correlations can be influenced by the Type I error. Therefore,
the correlation significance test was performed. A p-value threshold
maintaining 95% confidence in the total set of 120 correlation tests was set to
0.00042 after applying Bonferroni correction. Testing the hypotheses of no
correlations, showed correlation significantly different from zero for all the
parameter pairs except for {AMP : PE} pair for Pearson correlation and {PEN :
PPSN} pair for Spearman correlation. Scatter plots of HR versus other
parameters of cardiac activity for the complete dataset (see Section 3.2) and for
30 min record are shown in Fig. 3.5 and Fig. 3.6, respectively.
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parameters of crayfish cardiac activity defined in Table 2.1 that can carry
additional information on crayfish state other than what is provided by HR data.
The plots contain all the data from the dataset described in Section 3.2.
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Fig. 3.6. Correlation between HR and other inotropic and chronotropic
parameters of crayfish cardiac activity defined in Table 2.1 that can carry
additional information on crayfish state other than what is provided by HR data.
The plots contain the data from 12 crayfish simultaneously recorded during 30
min. Different colors were used to mark the data from each individual crayfish.
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The HR was highly correlated with PW, PO, PE parameters (Fig. 3.4 -
Fig. 3.6). Both Pearson product-moment and Spearman's rank correlation
coefficients measuring linear correlation and monotonic relation between pairs
of variables, respectively, gave absolute values greater than 0.80. Both Pearson
and Spearman pairwise correlation coefficients between PW, PO, PE
parameters were even higher, giving values greater than 0.92. Normalized
chronotropic parameters PWN, PON, PEN were also highly correlated with HR
and among each other.

Parameters describing the slopes of primary and secondary peaks
(PPSN, NPSN, PRSN, PFSN, PSR), height (PHN) and starting time (PS, PSN)
of secondary peaks and signal amplitude (4MP) were less correlated with HR
and among themselves. Particularly, AMP parameter showed the lowest

correlation to HR and overal correlation to all other parameters.

3.5. Effect of selected odors and chemicals on crayfish
cardiac activity parameters

It was shown above that inotropic and chronotropic parameters of
crayfish cardiac activity changed over time. However, it is an open question
whether these parameters carry additional information on crayfish functional
state independent of HR, or if they change randomly. It is also an open question
as to whether monitoring of these parameters can be used for assessment of
water quality. These questions were answered by analyzing the results of seven
experiments described in Section 3.2.

Each crayfish cardiac activity recording was partitioned into two 12 min
parts: the first part started 12 min before and the second started 3 min after the
beginning of the experimental treatment. The initial 3 min of recorded data
were considered unreliable because of the possible acoustic (turning on the
pump) and/or visual disturbance caused by manipulations with the experimental
equipment, and were excluded from the analysis. Manual analysis of the
experimental data showed that typical crayfish response appeared within
maximum 15 min after the start of the treatment, while later it exponentially

decreased.
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3.5.1. Analysis by statistical tests

It can be noticed in Fig. 3.6 that some of the cardiac activity parameters
are not normally distributed. To check, a total of 6604 Kolmogorov-Smirnov
tests were performed for each of the parameters in each of the 12 min parts of
the data, except that for 84 cases where specific parameter values were not
calculated because of the absence of secondary peaks in the original cardiac
signal. The calculation was done using “kstest” function from Mathworks
Matlab.

Performing multiple hypotheses tests can result in appearance of Type I
errors (“false positives”) so the significance level during the tests should be
adjusted to control the familywise error rate. In the current set of tests, the used
p-value threshold maintaining 95% confidence was set to 7.57-10° after
applying Bonferroni correction.

The results of the tests showed that the parameters differed significantly
from normal distributions in 6403 (~ 97%) cases. It means that in general,
cardiac activity parameters are distributed non-normally and that subsequent
statistical analyses should not assume distributions normality.

For testing of statistical differences in crayfish cardiac activity during
the experiments, a set of Mann-Whitney U (Wilcoxon rank-sum) tests was
performed for pairs of cardiac activity parameter data vectors: before vs. during
the treatments. The calculation was done using “ranksum” function from
Mathworks Matlab. In the current set of 112 tests, the p-value threshold,
maintaining 95% confidence was set to 4.46:10™ after applying Bonferroni
correction. The results of the tests are summarized in Table 3.1.

The least expressed changes of cardiac activity parameters were
observed during the “control” and “opposite sex crayfish odor” experiments.
Statistically significant differences during the ‘“control” experiment were
revealed only in HR, PS and AMP cardiac activity parameters, while for the
“opposite sex crayfish odor” experiment the null hypothesis could not be
rejected for all of the parameters.

The results of the tests for the “food odor” experiment revealed that all
of the cardiac activity parameters changed significantly. During other four
experiments, only a few parameters showed no significant changes: PW, PSR,
PSN and PON for “injured crayfish odor”, NPSN and AMP for “predator odor”,
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NPSN and AMP for “chloramine-T” and HR and PS for ‘“ammonia”
experiments.

Table 3.1. Statistically significant difference revealed in pairs of cardiac activity
parameter data vectors (before vs. during the treatment) at each of the
experiments (Mann-Whitney, p < 4.46 - 10™%).
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HR yes yes yes no yes yes no
PPSN no yes yes no yes yes yes
NPSN no yes yes no no no yes
PHN no yes yes no yes yes yes
Pw no yes no no yes yes yes
PWN no yes yes no yes yes yes
PRSN no yes yes no yes yes yes
PFSN no yes yes no yes yes yes
PSR no yes no no yes yes yes
PS yes yes yes no yes yes no
PO no yes yes no yes yes yes
PE no yes yes no yes yes yes
PSN no yes no no yes yes yes
PON no yes no no yes yes yes
PEN no yes yes no yes yes yes
AMP yes yes yes no no no yes
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3.5.1. Descriptive statistical analysis

Manual analysis of distributions of cardiac activity parameters showed
that they were generally unimodal (see Fig. 3.6). In relatively rare cases the
distributions were found to be bimodal that can be explained by natural
transitions between functional states during the sampling period.

In the current study, mean and SD measures were chosen for
characterization of the distributions. They were calculated for each of the 16
cardiac activity parameters (see Table 2.1) from each part of the data (see
Appendix A). The mean and SD of parameters for each individual crayfish
were then normalized by the mean value of the corresponding parameters
before the treatment and averaged over the group of crayfish using the

following equations:

YN MM
MJ:LZI (3.2)
N
Mj:Zﬁ1Mij/Mij (3.3)
N
N o pg
opi— 2i=1SDI/M; (3.4)
N
NN oI
SDJ:2i=1 SD; /M; (3.5)
N

in which M7, SD’, Ir’, SO’ — normalized mean and SD values of Jj-th
parameter over the group of crayfish before and during treatment, respectively;

N — number of crayfish used in the experiment; Ml-j , SDij , Mij, SDij -
normalized mean and SD values of j-th parameter for i-th crayfish before and
during treatment, respectively. The normalization of the parameter’s mean and
SD values was done to allow proper averaging of the data originating from
different crayfish generally having different distribution means (see Fig. 3.6).
Also it improves the visualization of all the parameters having different scales
on a single graph. The relative changes in mean and SD of crayfish cardiac
activity parameters (see Table 2.1) in response to selected odors and chemicals
are shown in Fig. 3.7 - Fig. 3.13 and are summarized in Table 3.2 and Table
3.3.
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Fig. 3.7. Relative changes in mean and SD of crayfish cardiac activity
parameters in response to adding of pure tap water during the control
experiment averaged over 12 crayfish.
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Fig. 3.8. Relative changes in mean and SD of crayfish cardiac activity
parameters in response to food odor averaged over 12 crayfish.
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Fig. 3.9. Relative changes in mean and SD of crayfish cardiac activity
parameters in response to injured crayfish odor averaged over 12 crayfish.
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Fig. 3.10. Relative changes in mean and SD of crayfish cardiac activity
parameters in response to opposite sex crayfish odor averaged over 12 crayfish.
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Fig. 3.11. Relative changes in mean and SD of crayfish cardiac activity
parameters in response to predator odor averaged over 12 crayfish.
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Fig. 3.12. Relative changes in mean and SD of crayfish cardiac activity

parameters in response to chloramine-T in concentration 10 mg/L averaged
over six crayfish.
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3.13. Relative changes in mean and SD of crayfish cardiac activity

parameters in response to ammonia in concentration 1 mg/L averaged over six

crayfish.

65



Table 3.2. Relative changes in mean of crayfish cardiac activity parameters in

response to selected odors and chemicals expressed in percents.

. 5155 | § T -

E | 2 |Es 25| = | E | OB
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HR -0.6 54.1 7.8 14 3.7 24.1 -1.6

PPSN 1.6 10.1 -0.7 4.7 6.1 104 1.3
NPSN -1.6 3.3 0.1 0.6 -04 1.7 1.7
PHN 9.2 -26 -0.8 1.5 04 -4.7 8.7
PW 4.2 -26.2 -0.9 -0.9 2.5 -8.7 5.7
PWN 1.4 -14.4 2.7 -0.3 -04 -5.9 2.7
PRSN -1.9 23.8 54 0.7 7.5 18.3 3.7
PFSN 0.8 -11.4 -0.1 -14 4.3 -6.4 2.2
PSR -1.2 72.1 9.1 4.5 294 57.8 3
PS 1.7 -14 0.4 -0.1 -0.8 -1.5 -0.9

PO 3.2 -22.5 0.6 -0.7 -04 -6.9 4.2

PE 2.9 -21.2 -0.6 -0.9 0.2 -7 3.6

PSN -0.1 28.2 3.7 1.1 1.9 8.1 -2
PON 0.7 -8.1 -0.2 -0.1 -1 2.8 1.3
PEN 0.5 -6 -0.8 -0.2 -0.8 2.5 1.1
AMP -0.3 9 9 -1.3 1.2 -0.2 -0.7
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Table 3.3. Relative changes in SD of crayfish cardiac activity parameters in

response to selected odors and chemicals expressed in percents.

- s . f 2 % < =
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HR 1.5 105 16.9 2.2 10.5 99.8 4.8
PPSN -0.8 39.8 26.9 2.5 9.8 72.8 19.9
NPSN -7.6 12.8 25.1 -17.7 10.2 22 6.2
PHN 13.9 2.7 21.4 -6.1 13.3 10.6 6.6
PW -8.4 4.1 36.7 -8.1 40.7 11.9 -8.3
PWN -0.2 32.6 11.5 -6.1 23 27.7 -8.6
PRSN -0.8 108.2 42.2 -6.9 36.8 133.6 5.6
PFSN -8.7 34.8 25.6 -15.6 10.3 41.4 -1
PSR -5.8 269.9 39 -5 953 379.5 54
PS -1.4 21.9 7.6 -1.2 1.2 19.6 9.9
PO -1.2 -8.8 34.8 -6.4 17.9 14.5 -5.7
PE -4.7 4.2 35.7 -7.6 33.6 16.2 53
PSN 1.9 42 13.3 2.8 11.9 32.2 29
PON 3.3 15.2 12.8 -2.9 10.6 293 4.5
PEN -0.8 50.2 16 53 22.8 443 99
AMP -6.1 68.2 65.8 94.2 5.6 49 -9.7
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The results of the “control” experiment represent the reference level of
the changes in cardiac parameters during the treatment for other six
experiments. Comparing the result of other experiments to the “control” one
can allow revealing the changes in the cardiac parameters caused by
experimental treatment only and excluding the effects caused by manipulations
with the equipment during the experiment.

It can be seen in Fig. 3.7 and in Table 3.2 and Table 3.3 that the mean
and SD values of cardiac parameters at the “control” experiment changed only
slightly during the treatment. The biggest changes were observed for mean and
SD of PHN parameter during the 1st trial while during the 2nd and the 3rd trials
the effect was much less evident. The average mean and SD values of the PHN
parameter over the three experimental trials were 9.2% and 13.9%, respectively.

In general, the results of the “food odor” experiment (see Fig. 3.8)
showed the biggest changes in cardiac parameters during the treatment in
comparison to the other six experiments. The only parameter that showed
relatively small mean value change in all of the trials was PS. However, its
average SD value over all trials showed an increase by 21.9%. The PSR
parameter changed the most in all the three trials and its average mean and SD
values increased by 72.1% and 269.9%, respectively.

In the “injured crayfish odor” experiment (see Fig. 3.9), mean values of
the HR, PWN, PSR, PSN and AMP parameters changed in all the three
experimental trials. The average results over the three trials showed the biggest
changes by approximately 9% in the mean values of PSR and AMP parameters.
The largest SD increase was by 65.8%, observed for the AMP parameter.

The treatment effect during the “opposite sex crayfish odor” experiment
(see Fig. 3.10) on the mean values of cardiac parameters was relatively small.
The biggest averaged over three trials increase by 4.7% and 4.5% in the mean
values were obtained for the PPSN and PSR parameters, respectively. However,
the mean value of the PSR parameter increased only during the 2nd and 3rd
experimental trials. The biggest averaged increase in SD by 94.2% was
observed for the AMP parameter.

The results of the “predator odor” experiment (see Fig. 3.11) showed the
noticeable changes in mean values of the HR, PPSN, PRSN and PSR parameters
in all the three experimental trials. The biggest averaged over the three trials
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increase by 29.4% and 95.3% for mean and SD values, respectively, was
obtained for the PSR parameter.

The results of the “chloramine-T” experiment (see Fig. 3.12) showed
noticeable changes in mean and SD values of all the parameters except for
NPSN, PHN, PS and AMP in all the three experimental trials. The biggest
averaged increase by 57.8% and 379.5% for mean and SD values, respectively,
was obtained for the PSR parameter.

The results of the “ammonia” experiment (see Fig. 3.13) showed no
noticeable changes in the mean values of cardiac parameters during the
treatment in comparison to the “control” experiment. However, the averaged
changes in the SD values of HR, PPSN, PWN, PRSN, PS, PO, PEN and AMP
parameters were noticeably bigger than for the “control” experiment, but the

same changes were not observed in each of the experimental trials separately.

Effect of repetitive treatment with chloramine-T in concentration 10

mg/L on the selected parameters of crayfish cardiac activity

Application of NICCBAM system as a basis BEWS requires
demonstrating its sensitivity to repetitive appearance of chemicals in water. The
less expressed effect of a subsequent impact of a chemical on a crayfish cardiac
activity resulting in the decrease of system’s sensitivity can be caused by
adaption of crayfish to the chemical and/or damaging of the crayfish’s
chemoreceptors by the chemical.

The effect of the repetitive treatment with chloramine-T on crayfish
cardiac activity parameters is shown in Fig. 3.14. The data for the graph was
obtained during the “chloramine-T” experiment described above (see Section
3.2).

It can be seen in Fig. 3.14 that the effect of chloramine-T on the mean
values of cardiac activity parameters like PPSN, PW, PWN, PRSN, PSR, PO,
PE and PSN noticeably decreased from trial #1 to trial #3. During the last trial
#3 the mean values of all the parameters except for HR and PSR did not change
noticeably and were almost the same as before the treatment. However, the
same effect was not observed for the SD values of the parameters.
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Fig. 3.14. Normalized mean and SD of crayfish cardiac activity parameters after
repetitive treatment with chloramine-T in concentration 10 mg/L averaged over
six crayfish.
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4. General discussion
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The NICCBAM system described here is relatively inexpensive and
easily to manufactured in comparison to similar systems, e.g. CAPMON
(Depledge and Andersen 1990), SIBWQM (Kholodkevich et al. 2008) and
improved CAPMON (Burnett et al. 2013). The approximate price of the
system’s HW without PC but including the motion detection module containing
two NIR cameras and two NIR illuminators is 950 EUR. The total price of the
components and materials required for manufacturing of one sensor is 1-2 EUR
depends on the ordering quantity. The NIR optical sensors that can be
connected to the crayfish within a few minutes do not affect the crayfish
behavior and do not restrict its movements. Cardiac and behavioral activities of
up to 16 crayfish can be monitored simultaneously 24 hour/day. Also, the
system allows recording and storing raw cardiac activity data for further manual
or semiautomatic analysis.

Implementing most of the signal preprocessing and filtering in SW not
only simplifies the HW design but also minimizes the signal distortion that can
be caused by improperly adjusted HW parameters. Also, it grants the operator
more flexibility and easier control over the data processing sequence.

The NICCBAM system cardiac activity monitoring method based on
NIR optical sensor was evaluated using the well-known ECG method. The
evaluation showed that HRs measured by both methods matched, i.e. it can be
concluded that the NICCBAM system was actually registering the cardiac
activity. Also the manual analysis of the ECG signal showed that it has a
complex multiple peaks shape that can be the cause of the observed secondary
peaks in the signal from the NICCBAM system.

The complexity of the crayfish cardiac activity signal results in errors in
calculating HR and other cardiac activity parameters. The algorithm proposed
here, based on analysis of peak shape, simplifies the classification of peaks and
improves the accuracy of data processing. It also can be implemented as a
modification to the previously developed systems (Depledge and Andersen
1990; Kholodkevich et al. 2008; Burnett et al. 2013) for improving accuracy.

One of the benefits of the proposed system is the capability to analyze
the shape of the cardiac activity signal. Previously developed systems were
focused on calculating the HR from the cardiac activity, while shape analysis of

the signal can provide additional useful information on crayfish functional state.
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This information can be used in various crayfish model based studies, e.g. on
the effect of drugs on crayfish cardiac activity (Panksepp and Huber 2004), as
well as in studies using aquatic organisms for biomonitoring of water quality
(Depledge and Galloway 2005).

One of the intrinsic drawbacks of the optocoupler-based cardiac activity
monitoring approach is the appearance of brief spikes in the signal which are
caused by rapid crayfish movements and that affect the accuracy of cardiac data
processing. The NICCBAM system addresses this problem by utilizing the data
from the motion detection module. The implemented data processing algorithm
provides an option to exclude the periods of high crayfish locomotive activity
from consideration during cardiac activity data processing.

The analysis of correlation between HR and other chronotropic and
inotropic parameters of crayfish cardiac activity (Fig. 3.4 and Fig. 3.5) showed
that the slopes of the peaks, the normalized amplitude and starting time of the
secondary peak and absolute amplitude of the signal can potentially carry
additional information beyond that provided by HR. Whether these parameters
describe some internal variables of the crayfish cardiac system or they change
randomly will be the focus of future studies.

The statistical analysis of the data from the experiments on the effect of
selected odors and chemicals on cardiac activity showed that this method can
has promise for detecting water quality changes and can be applied in BEWS.
No significant changes in the parameters revealed during the “opposite sex
crayfish odor” experiment can be explained by the fact that the experiment was
conducted outside of the reproduction period for the signal crayfish; therefore
the odor was not so intensive and attractive for the tested crayfish.

The descriptive analysis of experimental data (Fig. 3.7 - Fig. 3.13)
showed that most changes in parameters were observed for the food odor and
chloramine-T treatments, while the changes caused by opposite sex crayfish
odor and ammonia treatments were almost negligible. One of the possible
reasons for the small effect of the ammonia on the crayfish cardiac activity is
that 1 mg/L concentration of the chemical is near or below the crayfish
sensitivity threshold. The relatively small effect of opposite sex crayfish odor
can be explained by the date of the experiment that was out of the signal
crayfish reproduction period.
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Repetitive treatment of crayfish with the same chemical/odor can result
in a reduced response in the cardiac activity as it was shown in Fig. 3.14 for the
case of chloramine-T. This should be taken into account for application of the
NICCBAM system as a basis BEWS. E.g., after crayfish were exposed to
chemical they should be replaced with new ones (not impacted by the chemical)
for further system operation. However, additional experiments should be held to
study the crayfish sensitivity decrease after repetitive treatments as well as the
sensitivity recovery period.

The general analysis of the NICCBAM system data processing method
evaluation results showed that some of the cardiac activity shape parameters
can be particularly promising for crayfish model based studies:

e PSR (mean and SD) and PRSN (SD) parameters showed more
considerable relative changes than HR during the experiments with
selected odors and chemicals treatments (see Table 3.2 and Table
3.3). Their monitoring can be potentially used for detection of water
quality changes, e.g. in BEWS application.

e AMP (mean and SD) parameter showed more considerable relative
change than other parameters during the experiment with injured
crayfish odor treatment. Therefore, it can be potentially used for
detection of this particular odor in water.

e PPSN, PHN and PFSN parameters were among the group that
showed the most accurate results in the analysis by statistical tests
(see Table 3.1). These parameters can be potentially used for
detection of water quality changes by statistical tests method, e.g. in
BEWS application. Moreover, being weakly correlated with HR (see
Fig. 3.4) they can potentially carry additional information on crayfish
functional state. However, this should be studied additionally.

NPSN, PHN, PS and PSN parameters didn’t show promising results in
the experiments but being weakly correlated with HR (see Fig. 3.4) they still
can be potentially useful for characterization of crayfish functional state.
However, additional experiments are needed to prove that.

PW, PWN, PO, PE, PON and PEN parameters were highly correlated
with HR (see Fig. 3.4) and were changing similarly during the treatments
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experiments. Therefore, these parameters can be considered redundant and can

be excluded from later analyses.
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5. Conclusions
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The NICCBAM system is an inexpensive tool allowing simultaneous
monitoring of cardiac and behavioral activities (motion detection) of multiple
crayfish. It can be used as BEWS and/or in stand-alone crayfish model based
ethophysiological studies. In comparison to similar state of the art systems like
CAPMON (Depledge and Andersen 1990), SIBWQM (Kholodkevich et al.
2008) and improved CAPMON (Burnett et al. 2013) it is based on the novel
cardiac activity shape analysis method providing additional information on
crayfish functional state, is less complicated in manufacturing, requires less
HW parts and is equipped with crayfish motion detection module. Moreover,
most of the system’s data processing is implemented in SW, allowing the user
to tune it for particular crayfish species and experimental conditions to obtain
better quality signal, thus improving the data processing accuracy and making
the system more versatile than competitor ones.

The results of the odors/chemicals treatment experiments showed that
monitoring of some of the crayfish cardiac activity parameters can be promising
for analysis of crayfish state during physiological studies:

e parameters that change more extensively than HR can allow easier

detection of changes in crayfish functional state;

e specific patterns of relative changes in the groups of selected

parameters during different types of treatments can potentially allow
qualitatively distinguishing among the treatments and/or crayfish

functional states.

5.1. Limits of the approach

The currently used relatively rigid plastically insulated wires that
connect the crayfish sensor with the system can sometimes twist affecting
movement or even limiting the area that crayfish can reach in the aquarium. The
problem can be partially resolved by using wires with varnish insulation. Such
wires are typical less rigid than the plastic coated ones but caution should be
taken to select wire with sufficient thickness; wires that are too thin can be
easily cut by crayfish claws.

The process of attaching (gluing) the sensor to the crayfish carapace
takes only a few minutes but still causes considerable stress to the animal,

mainly because the crayfish is exposed to the air and its movement is restricted.
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It can take several hours for crayfish to recover after manipulation. To reduce
the stress, a special socket for the sensor can be developed to simplify its
attachment. It could be glued to the crayfish after molting and allow easy
mechanical insertion and withdrawal of the sensor in water. This sensor/socket
design can considerably reduce the time needed for the experimental
preparation. Moreover, a stronger adhesive can be used to permanently fix the
socket on the crayfish and decrease the chances of sensor/socket detachment

during operation.

5.2. Future work

The NICCBAM system was initially developed for cardiac activity
monitoring, but having the same operating principle as other similar systems,
e.g. CAPMON, after minor modifications it can be applied for crayfish
ventilatory activity monitoring as well. Moreover, up to now, it has been
successfully tested only with the selected crayfish species, but probably it also
can be applied for ethophysiological monitoring in other crustaceans and
mollusks.

Until now, the combined cardiac and behavioral activities information
recording was done only during the system testing. The simultaneous data
recording from both cardiac and motion detection modules during the
ethophysiological experiments with multiple crayfish are planned.

One of the promising approaches for studying of crayfish cardiac
activity is the analysis of the signal frequency spectrum obtained by applying
Fourier transform to the raw cardiac data. Magnitude and/or phase spectra
corresponding to different shapes of cardiac activity signal can be compared to
find typical spectrum patterns characterizing different crayfish functional states.
These typical spectra can be later used for classification of the cardiac activity
effects caused by different external stimuli.

The NICCBAM system can be extended with ECG recording module.
Combined recording of cardiac pacemaker electrical activity and corresponding
cardiac muscle response by ECG and PPG methods, respectively, allow
obtaining extended information on functioning of crayfish cardiac system. It
can be particularly useful in studies using crayfish model for drug testing.
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5.2.1. Camera-based cardiac and behavioral activities monitoring in

crayfish

Our recent experiments on recording of freely moving crayfish in water
with NIR camera showed the possibility of obtaining its cardiac activity by
analysis of the recorded image sequence only. During the experiments we used
MTOMO001 monochrome complementary metal-oxide-semiconductor camera
sensor and the lamp with 850 nm peak wavelength and 2.4 W of radiant power
placed above the aquarium containing one Pacifastacus leniusculus crayfish.
The total length of the crayfish and the water layer depth in the aquarium were
110 mm and 8 cm, respectively.

The special data acquisition and semiautomatic image processing
algorithms developed in Matlab were capable of obtaining 10 bit uncompressed
images with resolution 640x480 and 30 FPS frame rate from the camera and
extracting the cardiac activity data. The cardiac activity was obtained by
averaging the pixel intensity values over the user specified area on the crayfish
carapace above the heart. The example of cardiac activity signal is shown in
Fig. 5.1. The recording was done when the crayfish was stationary.

This truly noninvasive approach allows obtaining the cardiac activity in
one or several crayfish simultaneously and without causing any disturbance or
stress to them. Before practical application, the crayfish tracking algorithm to
allow adjustment of the position of the monitored area on the image according
to crayfish movements should developed. The crayfish tracking data obtained
from the algorithm also can be used separately for crayfish BA monitoring. The
disadvantages of the approach in comparison to NICCBAM system are low
cardiac activity sampling rate which is equal to camera frame rate and higher
noise level. The sampling rate can be increased by using higher frame rate
capable cameras (e.g. 60 FPS) while the noise level can be reduced by using
better quality and/or higher bit per pixel resolution image sensors.
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Fig. 5.1. Camera-based cardiac activity monitoring in crayfish. The black circle
on the top image defines the area over which the pixel intensitities are averaged
to obtain the cardiac activity curve shown at the graph below.
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Appendix A:
Experimental data
used in descriptive
statistical analysis

A-1






Table A.1. Mean and SD values of crayfish cardiac activity parameters before
(1st row) and during (2nd row) the treatment with pure tap water (“control”

experiment)
Cra;{#ﬁSh 1 2 3 4 | s 6 7 8 9 |10 | 11 | 12
Trial #1

72.6+7.42 [ 31.5+7.71 [ 36.5+7.26 | 55.9+6.32 [ 31.8+5.34 [ 34.3+6.92 | 51.2+6.44 | 49.3+3.30 | 103+10.8 n/a 37.243.94 | 44.8+12.6

HR 68.3+7.27 | 32.5+7.94 [ 36.6+6.19 | 58.6+7.06 | 30.1+4.05 [ 33.6+6.80 | 52.0+5.73 | 49.3+2.74 | 65.7+11.0 n/a 60.6+19.3 | 38.6+5.99
PPSN* 176+26.6 | 210+£17.6 | 311+36.9 | 340+£26.8 | 165+£19.8 | 146+16.1 | 279+24.2 | 190+18.8 | 582+86.3 n/a 312+35.7 [ 207£12.2
178+19.3 | 220+17.8 | 337+24.7 | 333+£30.3 | 164+15.5 | 160+£21.2 | 255+23.5 | 195+18.3 | 459+31.3 n/a 313+49.7 | 214+12.4

NPSN* 261£21.1 | 165+16.8 | 189+£19.4 | 277+25.9 | 208+13.0 | 266+29.9 | 226+16.0 | 225+17.6 | 358+45.5 n/a 179+24.2 | 171+14.3
234428.5 | 160+13.7 | 183+15.3 | 271428.1 | 206+9.73 | 249+29.7 | 240+17.5 | 224+15.9 | 324+39.5 n/a 162+31.4 | 175+13.9

PHN* 4.90+3.87 | 13.146.34 [ 20.1+7.32 | 15.8+5.33 | 12.7+3.84 | 15.8+6.94 | 14.8+7.41 | 5.03+1.56 | 4.25+3.68 n/a 18.6+5.85 [ 1.79+0.83
5.14+5.58 [ 12.7+5.79 | 19.546.55 | 12.9+4.93 [ 13.3+3.21 | 15.0+6.55 | 13.4+7.42 [ 5.99+1.71 | 13.8+7.09 n/a 13.6+7.48 [ 4.02+1.55

PW* 46.3+£21.6 | 107+44.5 | 93.4+£29.3 | 46.1£14.8 | 111+£27.9 | 113+40.1 | 51.5+13.0 | 32.5+7.06 | 18.4+10.9 n/a 86.1+17.0 | 57.3=17.1
47.4+37.2 | 100£38.9 |90.4+26.4 | 40.1£14.7 | 119+£23.9 | 112+38.3 | 51.1£11.3 | 31.2+6.04 | 44.5+14.9 n/a 75.1£20.9 | 59.5+17.1

PWN* 38.5+7.91[49.849.12 [ 53.5+7.62 | 41.5+6.33 | 56.4+6.24 [ 60.0+6.35 | 41.9+6.19 | 26.1+4.21 | 27.6£10.9 n/a 52.245.63 | 34.8+6.95
35.849.01 | 47.9+8.64 | 52.546.94 | 37.3+7.80 | 58.2+5.18 | 58.4+6.60 [ 42.9+5.05 | 25.4+3.92 | 45.2+9.89 n/a 47.8+8.52 | 36.1+6.63

PRSN* 17.845.03 [ 16.9+5.06 | 33.1+£6.21 | 54.0+8.97 | 14.8+2.81 | 18.2+2.04 | 52.2+8.62 | 44.1+18.0 | 77.7+20.1 n/a 62.4+10.4 | 14.1+2.88
18.8+7.15| 17.243.23 | 31.945.61 | 54.3+11.6 | 14.2+1.75| 17.142.15 [ 51.7+9.67 | 53.9+18.3 | 65.7+14.7 n/a 66.5£11.7| 15.1+2.41

PFSN* 229+14.2 | 123+£14.7 | 161£19.2 | 159428.1 | 2324+24.7 | 275+13.8 | 182+18.9 | 89.7+12.5 | 53.5£25.4 n/a 75.5+19.0 [ 27.0+11.4
216£33.0 [ 116£12.0 | 153+£19.4 | 147+29.8 | 232+16.9 | 262+21.4 | 188+16.0 | 89.3+11.6 | 93.1+£28.4 n/a 61.3+24.4(37.2+10.2

PSR* 7.82+2.39 | 14.8+13.0 [ 20.8+4.66 | 35.2+9.33 [ 6.53+2.22 | 6.66+0.83 | 28.9+5.20 | 52.2+34.2 | 181+96.4 n/a 88.5+31.3 [ 57.4+18.2
9.30+5.88 | 15.6+13.9 | 21.4+7.20 | 38.9+13.6 | 6.17+0.94 | 6.60+1.16 | 27.7+5.77 | 61.7+24.1 | 85.9+61.9 n/a 133+75.6 | 43.7+14.9

PS* 31.3+2.80 | 39.8+2.66 | 23.742.45 [ 27.1+2.04 | 34.7+3.12 | 32.6+2.63 | 25.4+1.63 | 46.5+4.06 | 16.8+2.42 n/a 32.5+6.12 | 48.14£3.01
33.7+3.24 1 39.3+2.40 | 23.542.16 | 28.2+2.50 | 34.9+3.25 | 34.3+3.12 [ 24.9+1.55 | 46.3+4.00 | 20.7+1.42 n/a 32.2+4.60 | 46.7+2.96

PO* 59.0+21.2 | 122+45.7 | 88.4+28.7 [ 58.2+14.7 | 1224+27.5 | 120+41.3 | 52.8+11.6 | 60.1+£7.43 | 24.9+7.63 n/a 94.0+16.7 | 98.4x17.5
62.9+37.1 | 117+£39.9 [ 87.3+25.4 [ 54.9+£14.0 | 129+23.8 | 123+£39.3 |49.6+10.5 | 59.1+£6.28 | 45.7+12.1 n/a 86.2+18.0 [ 95.3=17.0

PE* 77.6+21.9 | 147+44.7 | 117+£29.4 | 73.3+£14.9 | 146+27.8 | 145+40.3 | 76.9+13.1 | 78.9+7.55 | 35.2+12.8 n/a 119+18.1 | 105+17.5
81.1436.9 | 140+38.8 | 114+26.1 | 68.2+14.5 | 154423.9 | 146+38.4 | 76.1+11.4 | 77.5+6.29 | 65.2+14.9 n/a 107+20.9 | 106+17.7

PSN* 27.844.64120.144.17 | 14.4+3.02 | 25.2+3.11 | 18.34+3.22 | 18.6+3.80 | 21.2+2.40 | 37.7+3.17 | 27.1+2.33 n/a 20.0+3.0130.243.61
28.6+5.05)20.344.12 | 14.3+2.83 | 27.3+£3.93 | 17.542.70 | 19.244.07 | 21.4+2.35 | 37.943.02 | 22.14+3.50 n/a 21.2+4.06 | 29.243.36

PON* 49.8+5.56 | 57.4+7.99 | 50.4+7.62 | 52.7+4.77 | 62.1£5.08 | 64.2+6.02 | 43.1+4.58 | 48.5+2.92 | 39.0+5.43 n/a 57.1+3.47 | 60.5+4.29
49.0+6.70 | 56.5+7.43 | 50.7+£6.25 | 51.7+5.08 | 63.4+4.32 | 64.5+5.81 [ 41.6+4.24 | 48.2+2.63 [ 47.0+£5.91 n/a 55.3+5.32 | 58.6+3.83

PEN* 66.3+3.79 | 69.8+5.23 [ 67.9+4.96 | 66.6+3.73 | 74.7+3.26 | 78.6+2.70 | 63.0+4.14 | 63.9+£2.26 | 54.6+£9.88 n/a 72.2+3.50 | 65.0+3.63
64.5+4.50 | 68.2+4.67 | 66.8+4.38 | 64.5+4.38 | 75.7+£2.79 | 77.6+2.76 | 64.2+3.08 | 63.3£1.99 | 67.3+£6.73 n/a 69.0+5.71 | 65.443.57

AMP* 9.57+0.75 | 12.3+0.95 | 7.6040.50 | 3.92+0.32 [ 9.36+0.57 | 11.6+0.49 | 8.81+0.61 | 6.69+0.42 | 12.5+1.72 n/a 4.47+0.50 | 18.1+1.30
9.15+0.64 | 12.3+£0.80 | 7.434£0.39 [ 4.16+0.41 [ 9.28+0.43 | 11.7+0.67 | 8.97+0.59 | 6.47+0.41 | 9.06+0.96 n/a 6.19+1.07 | 18.2+1.20

Trial #2

59.1+7.17 [ 44.0+7.88 [ 41.1+7.36 [ 43.2+7.02 [ 27.8+5.19 [ 37.4+6.12 | 41.1+7.92 | 49.7+5.75 | 37.9+6.71 | 64.4+8.74 | 34.3+5.25 | 43.7+7.01

HR 60.2+7.03 | 42.8+7.63 | 41.1+£7.28 | 42.8+6.20 | 28.1+4.95 | 38.7+6.00 | 43.349.19 | 52.3+7.89 | 38.3+6.32 | 61.246.80 | 33.6+3.87 | 42.0+6.69
PPSN* 160+18.0 | 205+15.9 | 183+32.5 | 349427.5 | 1254+19.7 | 175+16.2 | 259+24.2 | 225+14.8 | 446+32.2 | 217+21.3 | 3284+27.9 | 219+13.3
169+18.3 | 220+19.0 | 195+32.2 | 348+24.8 | 123421.3 | 176+19.5 | 283+26.0 | 232+17.5 | 449+32.8 | 231+22.0 | 329+28.2 | 215+12.4

NPSN* 275+20.0 [ 201£21.9 | 311£59.3 | 276427.2 | 289+28.0 | 254+17.7 | 266+27.6 | 239+11.0 | 403+47.4 | 369+38.3 | 208+36.4 | 209+11.8
271+18.7 | 203+28.1 | 300+55.5 | 276425.8 | 288426.1 | 256+18.5 | 2654+26.2 | 239+10.1 | 406+47.1 | 374+42.7 | 214+39.1 | 209+12.1

PHN* 4.69+2.04 | 6.08+4.60 | 16.5+6.95 | 26.9+5.83 | 17.4+4.99 | 13.6+4.40 | 28.0+13.0 | 7.5842.39 | 44.0+11.6 | 5.77+2.85 [ 31.3+8.11 | 8.51+4.60
4.44+1.65 | 6.364+4.46 | 17.2+7.30 | 27.8+5.45 | 16.7+4.88 | 13.6+4.59 | 28.0+13.8 | 7.8542.18 | 42.9+11.3 [ 7.18+3.50 | 32.1+5.15 | 9.19+4.82

PW* 45.149.87 | 64.8440.4 [ 92.9+25.2 | 79.7423.8 | 153+37.0 | 91.5+23.1 | 87.7+25.6 | 39.5+10.6 | 118+27.0 | 42.3+8.85 | 109+20.9 | 54.1+19.9
43.4+7.10| 64.44+38.2 [ 92.0+24.8 | 79.7+21.0 | 150+33.9 | 86.44+21.6 | 82.2+27.9 | 36.949.97 | 116+28.5 | 44.9+9.53 | 112+20.9 | 57.4+20.6

PWN* 39.544.61 | 40.6+8.64 | 60.7+4.73 | 54.7+6.73 | 67.9+5.55 | 54.6+5.46 | 56.6+6.34 | 31.4+5.83 | 71.8+£3.74 | 42.1+£5.05 | 60.3+5.14 | 36.2+8.58
38.6+4.02 | 40.4+8.65 | 60.1+4.76 | 54.8+6.00 | 67.3+5.37 [ 53.5+5.22 | 54.7+7.57 | 30.1+£5.75 | 71.2+4.29 | 44.0+5.23 | 61.244.14 | 37.4+8.53

PRSN* 18.1+3.38 [ 15.7+3.79 [ 26.9+3.09 | 47.7+7.62 | 13.8+1.25| 19.6+3.41 | 49.9+6.23 | 33.34+9.83 | 55.4+8.48 | 24.9+5.75 | 60.6+10.2 | 20.3+4.34
18.0+3.49 [ 15.8+4.50 [ 27.9+3.52 [ 47.5+6.45 | 13.6+1.52 [ 20.4+2.87 | 53.1+8.30 | 39.6£14.8 | 56.1£7.97 | 26.9+£5.25 | 57.7+8.86 | 20.34+4.12

PFSN* 266+20.5 | 122+17.1 | 234+23.3 | 215427.1 | 283+£19.2 | 2534+21.4 | 182+18.0 | 81.6+9.88 | 168+25.9 | 203+24.8 | 125+27.8 | 118+£10.4
257£19.3 | 105+£20.1 | 233+24.1 | 217427.6 | 281420.7 | 265+16.3 | 1794£19.9 | 78.8+10.3 | 167+23.0 | 210+21.0 | 128£19.9 | 128+11.4

PSR* 6.86+1.37 | 13.4+8.26 [ 11.742.45 [ 22.5+3.97 [ 4.88+0.50 | 7.92+3.07 | 27.7+4.28 | 41.4+15.2 | 33.5+6.03 | 12.4+2.99 | 51.4+17.8 | 17.3+4.11
7.05+1.48 [ 15.746.70 [ 12.142.12 [ 22.1+3.85 [ 4.87+0.76 | 7.75+1.26 | 30.1+5.83 | 50.4+16.9 | 34.1+£6.03 | 12.9+2.50 | 45.9+8.24 | 16.0+3.66
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PS* 31.9+2.66 | 37.0+£2.40 | 24.943.11 | 27.3+2.76 | 34.9+3.14 | 34.5+2.88 | 26.3+1.78 [ 42.8+2.84 | 20.1£1.62 | 30.142.97 | 30.7+2.63 | 42.7+2.84
32.0+3.00 | 37.8+2.78 | 24.842.66 | 27.4+1.98 | 35.2+4.20 | 33.8+2.21 [ 26.2+1.82 | 41.943.15 | 20.4+1.62 | 29.3+2.60 | 30.5+2.51 | 43.2+£2.73

PO* 57.8+10.3 | 78.3+41.5 | 87.0427.4 [ 91.5+24.2 | 1624+37.9 | 105+24.3 | 81.3+25.6 | 68.4+10.7 | 105+27.4 | 52.849.05 [ 114+19.4 | 84.3+£19.8
56.7+7.30 | 80.7+39.7 | 86.7426.3 [ 91.4+21.4 | 159434.6 | 99.8+23.0 | 78.2+27.4 | 65.3+£10.8 | 104+28.2 | 55.249.17 [ 117+20.7 | 87.8+20.5

PE* 77.0+£10.2 | 102+40.6 | 118+25.2 | 107424.0 | 188436.7 | 126+23.5 | 114+26.1 | 82.3+£10.5| 138+27.1 | 72.549.22 | 139420.7 | 96.9+£19.7
75.4+7.26 | 102+39.0 | 117+24.6 | 107+21.3 | 185433.7 | 120+22.4 | 108+28.6 | 78.8+£10.9 | 137+28.4 | 74.249.20 | 142+21.3 | 101+20.3

PSN* 28.3+2.91|25.544.32 [ 17.0+3.43 | 19.6+3.52 | 16.2+3.46 | 21.2+3.16 | 17.9+3.27 | 34.743.58 | 12.64+2.20 | 30.5+3.44 | 17.4+2.69 | 30.2+4.83
28.742.83125.944.35 [ 16.9+3.41 | 19.5+2.88 | 16.5+3.50 | 21.6+2.84 | 18.6+3.51 | 35.0+3.22 | 13.14+2.43 | 29.3+3.60 | 17.142.20 | 29.7+4.81

PON* 50.7+3.71 | 49.8+7.61 | 56.446.07 | 63.1+5.45 | 71.8+5.05 | 62.6+5.16 | 52.2+6.95 | 54.8+3.70 | 63.1£5.03 | 52.7+3.80 | 63.7+3.53 | 57.5+5.38
50.5+2.95(51.4+7.44 | 56.3£5.94 | 63.1+4.96 | 71.4+4.80 | 61.9+4.83 | 51.9+7.55 [ 53.8+4.11 | 63.4+5.19 | 54.443.61 | 64.1+3.61 | 58.4+5.34

PEN* 67.842.29 | 66.1+£4.67 | 77.742.21 | 74.3+3.62 | 84.0+2.21 | 75.8+2.64 | 74.5+3.30 | 66.14£2.65 | 84.4+1.99 | 72.6+2.28 | 77.8+2.83 | 66.4+3.98
67.3+£1.90 | 66.3+£4.66 | 77.142.26 | 74.3+3.42 | 83.8+2.09 | 75.1£2.62 | 73.3+4.34 | 65.243.10 | 84.3+£2.23 | 73.3+2.14 | 78.3+2.34 | 67.2+£3.93

AMP* 8.03+0.53 | 14.0+1.13 | 8.3540.70 | 4.25+0.32 [ 9.72+0.53 | 12.6+0.79 | 8.59+0.59 | 8.23+0.29 | 7.67+0.89 | 12.3+1.57 [ 4.48+0.55 | 13.1£1.25
8.12+0.56 | 14.1+1.04 | 8.27+0.77 | 4.26+0.31 [ 9.86+0.64 | 12.1+0.94 | 8.31+0.66 | 8.16+0.33 | 7.48+0.77 | 10.940.96 | 4.25+0.44 | 12.9+0.57

Trial #3

78.1+6.73 | 34.7+£6.09 n/a 42.2+8.84 [ 39.3+12.8 [ 40.9+4.46 | 47.0£6.72 | 77.2+6.34 | 46.2+5.87 | 90.1+£7.95 | 30.9+2.94 | 61.3+£8.80

HR 78.4+5.65 | 34.3£6.39 n/a 42.248.49 | 32.5+6.19 | 39.7+6.21 | 52.6+8.37 | 73.7+8.57 | 46.0+6.58 | 80.7+7.25 | 29.7+4.06 | 59.3+7.41
PPSN* 195+0.00 | 214+16.1 n/a 340+24.1 | 97.5424.9 | 133+15.4 | 194+44.3 | 204+23.6 | 344+23.7 | 386+64.2 | 3254+30.1 | 225+11.2
246+31.0 | 209+17.9 n/a 344423.3 [ 88.7+17.7 | 148+22.0 | 225+40.0 | 190+21.1 | 350+25.6 | 336+38.6 | 316423.8 | 224+11.6

NPSN* 236+0.00 | 179+15.3 n/a 216424.8 | 308+33.5 | 249+17.2 | 312+41.9 | 284+44.3 | 329+25.9 | 5574341 | 216422.2 | 205+16.5
240+21.0 | 183+17.6 n/a 222+25.8 | 318+30.5 | 258+35.4 | 316+38.0 | 274+33.2 | 320+£25.6 | 456+121 | 204+20.0 | 199+11.6

PHN* 8.32+0.00 | 8.87+3.87 n/a 14.0£3.56 | 10.8+6.05 | 10.5£3.28 [ 21.2+10.6 [ 9.26+2.55 [ 22.9+7.45 | 6.85+7.81 | 39.4+6.39 | 2.04+0.69
4.75+4.36 | 8.68+4.28 n/a 16.3£3.20 | 12.6+4.72 | 12.3£8.75 [ 18.9+11.4 [ 11.7+6.52 [ 22.0+7.82 | 4.67+2.53 | 35.3+8.16 | 1.79+0.37

pye |2e000]500:286] wa [787:310] 1124525 [ 76,2618 [ 7454165 [31.7:9.00] 7.6:15.1 [24.206.55] 1234178 [ 33 8473.6
32.8417.1|88.1435.6| n/a | 79.3+33.9| 120+37.3 | 84.8425.5 | 63.2+18.9 | 43.6+7.36 | 77.7+18.4 | 30.046.04 | 131+23.6 | 25.6+8.94

PWN* 35.0+0.00 | 45.3+£6.98 n/a 50.949.17 60.9+10.5 | 50.844.00 [ 56.5+5.07 | 33.6+4.38 | 58.4+4.44 | 34.7+6.28 | 62.5+3.95 | 21.9+8.77
30.5+8.26 | 46.5+£7.80 n/a 51.3+8.78 [ 66.2+5.76 | 53.2+4.89 | 52.4+6.31 | 38.7+3.05 | 57.6+5.29 | 37.8+4.98 | 63.0+5.32 | 21.0+£5.35

PRSN* 30.8+0.00 | 14.7+2.34 n/a 41.1+£7.28 [ 13.8+3.29 [ 20.4+3.26 | 52.6+10.6 | 97.7+58.0 | 46.4+5.83 | 64.2+44.2 | 53.5+8.48 | 16.3£3.53
23.3+4.75| 14.34£3.61 n/a 42.8+7.97 [ 13.0+1.84 [ 20.3+8.80 | 59.4+13.4 | 56.1+42.7 | 44.6+£6.33 | 35.4+16.7 | 47.8+6.42 | 16.7+3.44

prSN* 22000964130 wa [114:23.1 [277206 [ 2664218 [ 2124294 | 1512465 [ 150:18.9 [98.494.1] 1354195 [ 31.348.99
180+32.3 [ 101+16.8 n/a 128+22.9 | 270+16.5 | 262+38.1 | 205426.7 | 173+31.9 | 140+19.7 | 68.8+23.7 | 122+24.3 | 28.4+7.77

R |000[157516] wa 3772112500128 [7.70:1.57] 25225 84 [ 693437.6 [ 3144532 [ 8994387 [ 408178 [ 62.9:72.5
13.4+4.16 | 15.1£8.82 n/a 34.6+9.53 [ 4.84+0.74 [ 7.70+1.13 | 29.6+8.15 | 32.5+20.1 | 32.6+6.81 | 55.4+29.8 | 42.2+20.2 | 63.3£21.8

PS* 31.8+0.00 | 40.8+2.59 n/a 29.5+2.08 [ 30.5+3.94 [ 32.5+2.54 | 23.6+2.80 | 29.9+3.67 | 23.6+1.67 | 24.4+3.93 | 31.0+3.80 | 42.9+1.90
30.5+2.19 | 40.9+£3.17 n/a 29.2+2.00 [ 31.3+3.59 [ 32.9+2.87 | 23.3+2.28 | 33.0+6.07 | 24.0+£1.80 | 27.8+2.90 | 31.8+2.45 | 43.6+2.09

pox  |B8000[ 102041 wa Josss0s] 145533 [834125] 6274164 429410673 12153 [37.7:6.43 [ 1242168 [ 6752662
50.7416.4| 106+37.4 | n/a | 95.3+33.0 | 120438.5 | 93.3427.3 | 54.0417.6 | 57.9+12.6 | 74.3-18.4 | 42.3+5.74 | 133+22.0 | 61.149.12

PE* 71.4+0.00 | 1254+28.6 n/a 108+31.1 | 143+53.9 [ 109+11.9 |98.1+16.4 | 61.6+£12.1 | 101+15.2 | 48.6+7.23 | 154+17.8 | 76.7+73.7
63.3+16.6 | 129+36.4 n/a 108+33.9 | 160+37.1 | 118+26.6 | 86.5£19.3 | 76.6+11.8 | 102+18.7 [ 57.9+6.66 | 162+23.9 | 69.2+8.66

PSN* 28.1£0.00 | 23.143.64 n/a 20.6+4.22 [ 18.9+5.39 [ 22.0+2.51 | 18.4+3.22 | 32.4+2.30 | 18.2+2.51 | 35.3+£5.23 | 15.9+2.25 | 36.3+4.45
30.3+4.38 | 23.0+£3.84 n/a 20.4+4.13 [ 16.9+£3.70 [ 21.4+2.85 | 20.1+3.41 | 29.4+3.10 | 18.4+2.71 | 35.4+3.75 | 15.7+2.20 | 36.7+3.09

poN* 1 20000]559579] wa [6294632]617010.1]55.6:3.80[47.26561 [456:4.03 | 54.9:478 [ 54,324 69 [ 3.123.04] 51024 50
48.445.57 | 56.2+6.80 n/a 62.6+6.28 [ 65.9+6.00 | 58.7+4.88 | 44.6+5.94 | 51.1+£5.70 | 55.0+5.35 | 53.6+4.68 | 64.5+3.79 | 51.0+3.42

PEN* 63.2+0.00 | 68.5+3.58 n/a T71.5+£5.17 [ 79.8+5.44  72.8+2.05 | 74.9+2.48 | 66.0+2.77 | 76.6+£2.26 | 70.1+£3.74 | 78.5+2.26 | 58.2+4.57
60.8+4.17 | 69.4+4.33 n/a 71.7+4.86 | 83.1£2.29 | 74.6+2.42 | 72.5+3.59 | 68.0+£2.75 | 76.0+2.84 | 73.2+3.16 | 78.7+3.41 | 57.8+2.61

AMP* 10.3+0.66 | 14.2+0.93 n/a 4.52+0.38 | 10.2+0.90 | 10.5+0.55 | 7.67+0.66 | 3.22+0.13 | 8.2140.53 | 7.70+2.55 | 4.33+0.37 | 14.8+0.88
9.58+0.65 | 14.1£0.92 n/a 4.38+0.39 | 9.82+0.49 | 10.6+0.95 | 7.78+0.68 | 3.17+0.23 | 8.3340.55 | 8.90+1.49 | 4.50+0.34 | 15.0+0.80

*parameter values in the table are multiplied by 100
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Table A.2. Mean and SD values of crayfish cardiac activity parameters before
(1st row) and during (2nd row) the treatment with food odor

Craf“h 1 2 3 4 5 6 7 8 9 [ 10 | 11 | 12
Trial #1
50.548.32 | 34.749.54 | 23.2+5.67 | 42.4+7.41 | 25.3+4.66 | 38.5+8.57 | 39.8+5.82 | 56.7+5.03 | 31.9+£5.14 | 62.3+7.62 | 31.3+4.65 n/a
HR 73.8+13.2156.5+18.539.2+16.5 | 73.5+14.4 | 53.0+14.4 | 51.9+13.9193.7+13.4 | 57.6+£6.09 | 112+10.8 | 74.4+9.22 | 31.2+4.10 n/a
PPSN* 183+27.9 | 281+16.4 | 368+50.2 | 345+27.8 | 105+15.7 | 106+22.6 | 324+26.2 | 248+38.8 | 457+39.6 | 210+38.4 | 335+37.6 n/a
234+36.1 | 289+22.7 | 336+62.0 | 315+63.3 | 213+48.9 | 149+44.3 | 326+41.3 | 258+39.7 | 600+101 | 218+34.4 | 331+33.2 n/a
NPSN* 255432.3 | 192421.7 | 270+34.4 | 240+32.8 | 276+17.9 | 300+33.4 | 241420.2 | 230+16.5 | 414+45.2 | 432+105 | 196429.1 n/a
306+29.5 | 1914£25.7 | 220+49.8 | 314493.2 | 3194+29.1 | 298+28.9 | 307+40.4 | 233+16.7 | 360+41.1 | 471+83.8 | 187+23.3 n/a
PHN* 7.16+£3.34 1 10.7+45.22 |1 50.4+£11.9 19.9+4.93 | 22.2+5.98 | 12.6+4.84 |1 29.7+8.71 | 5.34+1.22 | 59.1£13.0 | 15.4+10.1 | 29.8+7.04 n/a
6.3742.93 | 5.60+3.99 [ 26.8+16.2 [ 11.6+7.40 [ 15.2+8.17 [ 9.41+4.81 | 11.5+8.57 | 7.19+1.73 | 4.16+3.43 | 5.26+3.44 | 26.7+7.36 n/a
PW* 57.8+17.0 | 104+50.7 | 213+54.5 [ 77.3+24.5 | 1784+42.4 | 102+36.1 | 84.9+20.7 | 25.4+5.31 | 148+26.7 | 51.7+11.8 | 123+22.8 n/a
41.9+12.1(70.3+46.7 | 127+74.0 | 34.6+£16.9 | 72.9+36.7 | 69.1+£30.7 | 37.9+15.1 | 25.646.72 | 17.149.04 | 38.6+7.64 | 124+22.7 n/a
PWN* 44.0+5.52[51.8+11.0 [ 77.2+5.08 [ 51.7+7.78 | 71.9+5.00 | 60.2+5.68 | 54.4+5.64 | 23.943.68 | 76.2+3.10 | 51.6+5.83 | 62.5+4.76 n/a
39.246.61 | 40.7+15.5| 59.2+16.1 | 35.749.86 | 51.9£11.2 | 49.7+£10.7 | 38.8+7.55 | 24.2+4.03 | 27.6+6.45 | 44.0+4.99 | 62.2+5.36 n/a
PRSN* 19.343.35| 17.0+£5.71 | 28.543.25 | 41.5+7.38 | 15.1£2.19 | 17.1£2.24 | 54.4+6.09 | 113+33.0 | 57.3+£7.92 | 54.3+20.8 | 49.1+6.68 n/a
25.8+4.82(21.2+7.80 | 40.5+21.8 | 75.6+40.5 | 32.3+10.9 | 22.0+6.20 | 62.8+18.5 | 131+35.7 | 85.8427.6 | 28.949.34 | 47.1+6.50 n/a
PFSN* 230+32.6 | 74.3+15.7 | 249+31.9 | 168+34.8 | 318+31.7 | 288422.2 | 146+18.9 | 43.6+11.2| 180+21.7 | 260+74.6 | 115+24.4 n/a
193449.7 | 49.8+15.6 | 168+66.7 | 170+65.8 | 251+66.7 | 285+35.0 | 146+39.8 | 55.7+11.8 | 58.7425.7 | 207+37.0 | 106+24.6 n/a
PSR % 8.5742.12 |1 24.3+18.5| 11.6+£2.27 | 25.8+6.95 | 4.81+0.89 | 5.97+0.93 | 37.8+6.92 | 273+98.0 | 32.1+£5.93 | 20.9+4.85 | 45.7+18.3 n/a
15.8411.7 | 48.3427.6 | 31.2427.0 | 52.8442.2 | 14.5+8.71 | 7.93+2.77 | 45.9£20.4 | 242+73.8 | 177104 | 14.2+4.62 | 48.9+21.5 n/a
PS* 31.843.06 | 34.242.41 [ 22.14£2.79 | 28.7+2.44 [ 30.6+3.56 | 30.8+2.90 | 27.9+2.11 | 40.7+5.17 | 21.0+1.84 | 24.2+4.58 | 30.2+4.51 n/a
30.742.52 | 34.54+3.57 [ 28.3+11.8 [ 27.8+6.24 | 28.6+3.54 [ 29.7+3.11 | 23.9+1.99 | 39.3+4.90 | 16.2+2.62 | 27.4+3.43 | 30.6+4.49 n/a
PO* 69.1£17.6 | 117+51.5 | 206+55.2 | 92.7424.6 | 180+42.3 | 1054+37.7 | 85.2+20.6 | 53.5+£8.05 | 132+27.3 | 51.2+£11.8 | 1284+22.8 n/a
55.9+11.0(92.9444.8 [ 136+68.0 [ 51.1+17.4 [ 80.8+34.0 [ 76.1+£29.4 | 42.1+12.6 | 51.8+9.22 | 23.5+8.55 | 44.9+8.02 | 129+20.7 n/a
PE* 89.7+17.6 | 138+50.9 | 235+54.5 | 106+24.6 | 209+42.1 | 133436.8 | 1134£21.2 | 66.1£8.11 | 169+26.7 | 75.9+11.9 | 154+23.3 n/a
72.6+11.9| 105+47.1 | 155+72.2 [ 62.4+18.2 | 102+36.5 [ 98.8+32.1 | 61.8+16.2 | 64.9+9.37 | 33.3+£10.8 | 65.9+£8.19 | 154+22.1 n/a
PSN* 25.0+£3.45(19.4+5.05 | 8.52+2.31 | 20.2+3.74 | 12.9+2.86 | 19.1£3.51 | 18.4+2.55 | 38.4+3.31 | 11.242.07 [ 24.5+4.75 | 15.6+2.48 n/a
29.7+3.94 | 24.3+7.06 | 16.4+8.24 | 30.5+6.36 | 23.0+6.17 | 23.5+4.97 | 26.0+3.84 | 37.6+3.10 | 27.342.26 | 31.54+3.70 | 15.7+2.92 n/a
PON* 52.844.48 [ 59.349.58 | 74.54+6.00 | 62.5+5.90 | 72.6+4.86 | 62.0+5.88 | 54.6+5.34 | 50.3+4.02 | 67.8+4.54 | 50.9+4.53 | 64.6+3.79 n/a
52.843.7357.249.48 [ 65.2+10.9 | 53.8+7.50 | 58.8+7.88 [ 55.6+8.04 | 44.0+4.74 | 49.2+4.27 | 38.6+5.05 | 51.2+3.85 | 65.1+3.44 n/a
PEN* 69.1£2.66 | 71.2+6.09 | 85.7+£2.95 | 71.9+4.38 | 84.8+2.35| 79.3+2.55|72.8+3.39 | 62.3+3.22 | 87.4+1.40 | 76.0+2.53 | 78.1+£3.02 n/a
68.943.24 | 65.0+8.68 | 75.6+£9.47 | 66.1+£5.98 | 74.9+5.43 | 73.2+6.21 | 64.9+4.28 | 61.9+3.41 | 54.9+6.19 | 75.5£2.71 | 77.8+3.10 n/a
AMP* 6.7320.71 | 11.8+1.02 | 2.94+0.22 | 4.21+0.42 | 5.99+0.21 | 13.7+0.63 | 7.90+0.52 | 5.11£0.22 | 6.55+0.56 | 6.43+1.63 | 3.01+0.35 n/a
7.2241.00 | 13.4+1.76 [ 3.03+0.64 | 5.80+1.58 [ 5.11+0.40 [ 12.6+1.25 | 8.97+1.33 | 4.89+0.34 | 10.6+£1.60 | 11.6+2.10 | 3.13+0.36 n/a
Trial #2
62.5+10.3 [ 32.744.30 | 35.5+9.32 [ 43.8+7.87 [ 25.0+5.18 [ 39.4+11.1 | 36.4+9.57 | 45.6+£7.35 | 34.4+5.41 | 60.8+8.02 | 29.94+4.35 | 38.7+6.58
HR 57.6+9.17 [ 57.1+16.0 [ 64.3+19.9 [ 59.5+15.8 [ 40.3+11.5 [ 37.4+7.96 | 44.1+11.9 | 48.7+7.77 | 91.0+23.4 | 63.6+9.65 | 74.0+24.6 | 71.1£19.7
PPSN* 214+26.5 | 202+13.8 | 149+50.2 | 3654+26.5 | 118+16.9 | 134+38.6 | 266+34.3 | 231+22.2 | 453+33.8 | 232+18.6 | 307+26.5 | 228+9.92
156+23.6 | 224+22.0 | 236+81.6 | 339+42.0 | 187+34.4 | 125+17.0 | 247+33.1 | 230424.0 | 521£76.6 | 225+20.1 | 3024+27.5 | 240+18.3
NPSN* 274+23.7 | 207+14.8 | 287+63.5 | 261+33.3 | 284427.6 | 2764+28.0 | 257+29.9 [ 206+13.0 | 363+52.2 | 350+31.6 | 208+20.3 | 186+43.2
261+25.3 | 2344321 | 257+49.3 | 281+50.3 | 283+22.3 | 297+33.3 | 264+29.7 | 214+15.2 | 357+62.8 | 358+33.0 | 1744+22.2 | 2114+24.6
PHN* 5.68+3.2110.6+3.80 [ 18.4+10.7 [ 24.0+5.17 [ 17.9+4.99 [ 13.5+6.67 | 38.5+17.4 | 8.54+1.97 | 42.0+7.68 | 6.21+2.99 | 30.7+4.33 | 5.46+1.57
5.2242.60 | 8.23+5.90 [ 13.4+7.96 | 16.3+8.32 [ 13.8+6.29 | 14.7+6.40 | 29.5+15.6 | 8.38+2.58 | 14.8+15.6 | 5.92+3.24 | 19.3+6.48 | 2.62+1.64
PW* 43.8+13.9| 100+33.7 | 118+44.6 | 77.9+28.9 | 179+42.3 1 99.1+40.1 | 112+39.9 [47.0+14.8 | 132+31.0 | 43.84+9.43 | 132+28.0 | 64.7+30.1
48.9+13.1|72.5447.5 [ 75.5+37.2 | 52.8+31.1 | 97.7+41.3 | 106+45.8 | 87.1+£31.5 | 41.1+13.9 [ 49.2+51.8 | 44.1+11.3 | 132+43.6 | 35.7+20.0
PWN* 38.446.02 | 52.3+5.47 [ 63.1+7.19 [ 53.4+7.72 | 71.2+5.50 [ 57.3+8.70 | 61.4+8.03 | 33.6+£7.24 | 72.7+3.66 | 41.8+5.10 | 63.5+4.85 | 38.6+9.73
40.5+5.78 1 45.1+10.0 | 50.8+10.2 | 43.2+12.1 | 56.4+10.7 | 60.4+5.88 | 56.0+8.88 | 31.0+7.05 | 42.0+18.9 [ 42.2+5.84 | 61.3+11.1 | 27.149.22
PRSN* 21.5+5.06 | 14.4+2.22 1 20.8+4.02 | 48.7+7.89 | 12.0+£1.49 | 18.9+3.24 | 49.0+5.44 | 43.7+15.4 | 51.1+7.77 | 24.1+4.36 | 44.2+5.80 | 18.4+3.77
18.5+4.01 [ 18.8+12.7 [ 30.3+9.78 | 64.4+24.1 | 19.5+5.74 | 19.0+2.80 | 51.8+8.98 | 46.3+16.5 | 102+45.6 | 23.2+6.06 | 47.7+23.1 | 18.0+4.40
PFSN* 201+32.3 | 130+11.9 | 263+28.9 | 1824+30.1 | 282423.6 | 2794+29.5 | 213+19.7 | 69.2+12.8 | 149+22.6 | 177+16.5 | 113+15.1 | 71.2+18.0
256+27.7 | 114£29.6 | 192+52.0 | 1654+54.4 | 240443.0 | 293425.2 | 2104+31.3 | 75.8+13.1 | 84.44+45.3 | 183+17.7 | 77.7+21.3 [ 41.1+19.0
PSR % 11.3+5.13 [ 11.5+7.66 | 7.94+1.63 | 27.3+5.53 [ 4.30+0.69 | 6.92+1.65 | 23.3+3.55 | 63.8+£19.3 | 35.7+£21.9 | 13.7+£2.55 | 39.9£10.8 | 26.54+9.55
7.32+1.87(23.3+74.1 [ 17.748.65 | 44.8+26.6 | 8.60+3.72 [ 6.54+1.09 | 25.5+£8.71 | 61.5£19.4 | 179+141 | 12.7+£3.71 | 72.6+63.7 | 53.5+27.3
PS* 31.942.42(39.342.18 [ 27.44+3.87 [ 27.1+1.90 | 34.0+3.63 [ 31.1+2.74 | 26.0+2.00 | 43.0+3.78 | 22.0+1.72 | 31.4+2.48 | 32.6+2.73 | 43.8+2.00
32.342.92(36.742.73 [ 27.243.59 | 28.0+4.13 [ 32.8+4.08 [ 30.9+2.57 | 25.5+2.28 | 42.4+3.94 | 19.2+2.86 | 31.3+2.71 | 33.2+2.73 | 41.5+5.80
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PO* 58.3+13.8 | 115+34.9 | 115+47.3 [ 90.0+29.0 | 1854+42.9 | 104+41.1 | 105+40.0 | 75.5+15.9 | 124+31.0 | 56.64£9.51 | 137427.6 | 99.7+30.6
60.7+12.8 | 87.6+48.6 | 79.8+37.3 | 68.4+30.1 | 108+39.2 | 110+47.3 [ 81.5+30.1 | 69.0+15.4 | 52.8+46.1 | 56.4+11.2 | 141+40.7 | 69.7+21.3

PE* 75.7+14.3 | 1394+34.0 | 145+44.6 | 105429.1 | 2134+41.9 | 130+41.3 | 138+40.6 | 89.9+15.9 | 154+30.9 | 75.249.51 | 164+28.4 | 108+30.4
81.2+13.2 | 109+48.1 | 103+37.7 | 80.8+31.2 | 1314+41.1 | 136+46.9 | 1134£32.3 [ 83.5+15.3 | 68.4+53.5 | 75.4+11.3 | 165+44.5 | 77.1£21.7

PSN* 28.943.52|21.442.93 [ 16.2+4.69 | 19.743.56 | 14.243.45 | 19.6+4.33 | 15.5+3.76 | 31.843.83 | 12.6+2.19 | 30.543.41 | 16.2+2.40 | 28.2+4.81
27.443.51 | 25.545.06 | 20.5+5.05 | 25.9+6.47 | 20.9+£5.54 | 18.9+3.34 | 17.7+3.75 | 33.243.77 | 24.0+7.05 [ 30.6+3.86 | 17.0+4.95 | 34.3+5.33

PON* 51.5+4.03 | 60.4+4.99 | 61.0+£8.93 | 62.2+6.16 | 73.7+5.15 | 60.6+8.27 | 57.3+8.91 | 54.6+5.49 | 68.2+4.19 | 54.243.69 | 65.9+4.21 | 61.1+6.09
50.5+4.16 | 55.6+7.78 | 54.0+8.76 | 57.9+7.88 | 63.6+7.87 | 63.2+6.05 | 52.3+8.38 | 52.8+5.67 | 49.3+£12.8 | 54.24+4.04 | 66.3+6.73 | 55.3+£5.19

PEN* 67.3+2.99 | 73.7+2.78 | 79.343.38 | 73.1+4.42 | 85.4+2.23 | 77.0+4.61 | 76.9+4.43 | 65.4+4.00 | 85.3£1.79 | 72.34+2.24 | 79.6+2.72 | 66.7+5.05
67.9+2.82 | 70.6£5.66 | 71.34£6.09 | 69.1+6.38 | 77.4+5.53 | 79.3+£2.95 | 73.7+45.51 | 64.2+4.00 | 66.1£13.0 | 72.842.59 | 78.2+6.38 | 61.4+4.44

AMP* 8.36+0.89 | 15.0+£0.67 | 6.18+1.19 [ 4.15+0.38 | 10.1£0.54 | 12.3+0.86 | 8.90+0.80 | 7.12+0.26 | 7.03£0.77 | 11.940.82 | 4.92+0.62 | 21.7+1.31
8.25+0.79 | 15.3+£2.32 | 6.78+1.78 | 4.64+0.73 | 8.82+0.77 | 12.2+0.73 | 9.35+1.12 | 7.10+£0.30 | 9.62+1.65 | 12.3£1.10 | 6.18+0.59 | 20.2+1.44

Trial #3

51.5+7.33(29.7+6.43 | 28.245.95 [ 40.0+6.73 | 25.1+4.34 | 27.5+10.2 | 38.1+6.91 | 44.9+6.39 | 35.8+6.42 [ 49.74+6.92 | 29.5+4.57 | 37.5+6.31

HR 56.0+10.3 [ 36.3+9.33 | 38.54£8.94 | 58.7+12.1 | 40.4+20.8 | 29.0+5.77 | 50.4+10.8 [ 42.6+3.14 | 77.5£14.3 | 52.549.75 | 48.9+28.9 | 48.1£13.7
PPSN* 141£19.6 | 232+15.0 | 249+36.5 | 350+26.5 | 113+19.3 | 176+30.5 | 219423.6 | 221+31.7 | 446+37.0 | 226+18.3 | 297+27.0 | 218+10.3
141£24.5 | 232+18.4 | 294+50.0 | 326+48.3 | 1464+42.8 | 158+15.2 | 281+44.4 | 212424.4 | 477+62.3 | 227+21.0 | 294424.3 | 225+11.6

NPSN* 261426.4 | 201+18.2 | 276+34.4 | 247431.6 | 280+22.8 | 258+37.3 [ 291+32.4 | 197+17.1 | 355+60.2 | 283+32.5 | 155+15.3 | 179+14.0
265422.9 | 198+18.1 | 262+27.4 | 273476.1 | 274+21.2 | 276+26.5 | 280+33.3 | 201+12.9 | 432+82.5 | 287+33.6 | 153+14.2 | 181+12.6

PHN* 5.60+2.60 | 13.2+3.97 | 37.5+13.5 | 23.5+5.63 [ 17.3+4.39 | 22.9+11.8 | 34.1+11.9 | 7.54+1.95 | 41.3+13.1 | 8.334+4.28 [ 17.0+4.13 | 4.12+1.06
5.48+3.3219.62+4.53 | 28.549.22 | 15.2+9.74 [ 16.0+6.63 | 18.8+£5.92 | 26.0+15.0 | 8.30+1.62 | 17.5+£10.5 | 8.45+4.36 | 16.2+3.75 | 2.85+1.64

PW* 55.0+14.8 | 124+56.6 | 168+54.8 | 87.1+£25.6 | 176+42.6 | 177+88.4 | 103+£25.8 [ 42.2+15.1 | 123+31.4 | 55.6+16.5 | 132422.2 | 66.7+£24.5
54.3+16.2(92.8+45.4 | 106+31.0 | 48.5+27.4 | 148+68.3 | 146+47.9 | 68.0+27.3 | 46.7+£12.5|42.2+£16.3 | 55.4+31.2 | 136+23.7 | 59.5+£20.5

PN* 225505615803 [74.024.66]55457.16 [ 70,6452 67.0:9.98 [ 62725.00 | 3034797 [ 70.456.19 [ 438:6.11 [ 61.824.5 [ 39.128.50
43.145.90 | 48.4+10.2 | 63.047.54 | 40.8+12.9 | 63.9+13.3 | 66.3+4.65 | 51.049.68 | 32.6+6.17 | 48.3+10.6 | 43.5+6.81 | 62.144.52 | 37.0+8.21

PRSN* 17.3+£3.28 | 15.3+1.94 | 28.8+5.55 [ 42.4+6.62 | 12.0+1.94 | 16.2+6.45 | 50.0+5.06 | 51.3423.3 [ 52.5£9.52 [ 21.8+3.84 | 41.8+5.93 | 17.0£2.65
16.8+3.49 | 15.8+5.48 | 37.746.44 | 68.5+£37.2 | 14.8+4.99 | 16.1+2.84 [ 62.8+15.6 | 42.3£13.1 | 97.2432.3 | 22.6+4.86 | 39.3+£5.51 | 17.5+2.62

PFSN* 265+25.8 | 91.8+£10.5| 270+£25.4 | 171433.6 | 279+19.7 | 245430.3 | 232+19.0 | 62.6+£14.4 | 145+25.4 | 176£17.3 | 70.2+14.4 | 47.1+8.64
263+29.7 | 82.0+£19.6 | 244+28.6 | 155+61.6 | 261+37.9 | 248+18.9 | 208+26.0 | 61.6£11.0| 124+42.2 | 180£19.3 | 67.2+13.2 | 34.5+15.4

R 10535128 ]169:3.80[ 10,601 85[25.6:5.44]4.33:0.86 [ 699+5.19 [ 21.824.07 8461382 [37.5+10,6[12.542.29 [ 38253 | 37.4+103
6.60+3.08 | 20.749.98 | 15.7+3.30 | 52.4+35.9 | 6.11-3.60 | 6.61+2.55 | 30.8+8.98 | 71.5420.4 | 98.7+78.0 | 12.743.50 | 61.319.4 | 61.9429.2

pgx 243474035280 19.424.52]28.342.32[ 34,5339 35.342.86 [ 2482178 43,8469 [ 21.842.12[33.5:2.87 [ 33.924.76 [ 45 82244
32.0+3.32(39.9+3.33 | 20.943.04 | 28.8+5.53 [ 34.1+3.39 | 34.5+2.82 | 24.6+1.72 [ 47.54£5.52 | 19.4+1.96 | 33.443.06 | 34.2+2.70 | 44.5+2.44

PO* 65.1+15.1 | 142+57.7 | 154+55.2 | 100+£25.7 | 182442.1 | 187+89.7 [93.2+25.9 [ 75.1£15.8 | 113+27.5 | 70.5+16.8 | 142+21.3 | 103+25.3
64.3+16.0 | 112445.6 | 99.2430.1 | 64.5+25.8 | 1574+65.8 | 155+49.6 | 65.3+24.1 [ 80.3+11.2 | 41.3£13.7 | 70.94£30.6 | 146+22.8 | 95.9+20.6

PE* 87.3+15.1| 165+56.6 | 188+54.3 | 115425.8 | 210442.1 | 212+88.1 | 128+26.3 | 88.0+16.2 | 145+30.5 | 89.1+£16.6 [ 1664+22.7 | 113+25.2
86.3+16.4 | 133445.6 | 127+30.5 | 77.4+27.4 | 1834+68.9 | 181+48.5 [92.5427.6 [ 94.2+11.1 | 61.5+£16.3 | 88.8+31.4 [ 1704+23.7 | 104+20.8

PSN* 26.0+3.48 1 19.944.24 (9.12+2.86 | 18.8+3.34 | 14.5+3.11 | 15.9+5.57 | 15.6+2.60 | 33.945.07 | 13.1+3.04 | 27.3+3.77 | 16.14+2.35 | 28.3+4.27
26.243.67|22.944.93 [ 13.1+3.43 | 27.0+£6.87 | 17.3+6.12 | 16.4+2.83 | 19.8+3.79 | 33.744.62 | 23.5+4.07 | 27.744.26 | 15.9+2.14  29.0+4.20

PON* 51.3+4.49 | 64.6+6.64 | 67.1+£5.74 | 64.1+5.51 | 73.2+4.28 | 71.248.97 | 56.3+5.78 | 54.6+5.33 | 64.6+4.50 | 56.0+4.71 | 66.6+3.17 | 61.6+5.35
51.2+4.71 [ 59.5+£7.70 | 58.8+7.02 | 56.2+8.51 | 68.9+9.83 | 70.2+4.69 | 49.3+7.06 | 56.5+2.98 | 47.8+7.24 | 56.3+4.97 | 66.9+3.42 | 60.7+4.86

pEN® 02270759391 [853.122.25 1742410 85,1423 82944 54 [ 78 322,84 64,1448 [ 83.543.46 [ 1. 152,82 77.9:2.80 [ 67.424.37
69.3+2.83 | 71.3+5.57 | 76.14.46 | 67.9+7.35 | 81.2+7.33 | 82.8+1.94 | 70.946.25 | 66.3+2.38 | 71.8+7.62 | 71.243.05 | 78.0+2.76 | 66.0+4.20

AMP* 8.13+0.68 | 13.4+0.62 | 3.04+0.21 [ 4.03+£0.35|9.70+0.70 | 11.0+0.78 | 8.66+0.56 | 5.93+0.30 | 7.18+0.89 | 12.0+£0.98 | 5.91+0.65 | 21.9+1.17
8.85+1.05 [ 13.9+1.00 | 3.14+0.75 | 4.97+1.01 [ 9.28+0.64 | 11.6+0.51 | 8.61+1.40 | 5.79+0.20 | 8.16£1.71 | 12.1£1.22 | 5.98+0.49 | 20.9+1.50

*parameter values in the table are multiplied by 100
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Table A.3. Mean and SD values of crayfish cardiac activity parameters before
(1st row) and during (2nd row) the treatment with injured crayfish odor

Craf“h 1 2 3 4 5 6 7 8 9 [ 10 | 11 | 12
Trial #1
83.246.27 | 63.849.40 [ 39.0+4.57 | 64.4+6.59 [ 36.5+7.96 | 45.8+7.04 | 61.4+6.91 n/a 65.0+7.13 | 79.4+7.00 | 44.9+6.08 | 48.2+8.73
HR 84.9+8.551 63.9+10.9 | 47.4+9.78 | 95.7+8.19 | 41.6+8.13 | 45.3+5.85 | 59.7+6.80 n/a 72.1+12.1{97.349.32 | 43.2+3.98 | 47.9+7.62
PPSN* 87.8423.8| 190+14.2 | 290+29.8 | 337+30.5 | 1684+29.6 | 140+12.4 | 269+28.3 n/a 422+430.6 | 260+39.2 | 362+38.2 | 219+16.6
111+£42.2 | 204+15.5 | 244+40.8 | 304+£86.7 | 173+23.6 | 140+11.5 | 289+27.9 n/a 435+39.7 | 245+73.9 | 370+34.9 | 225+11.7
NPSN* 392487.1 | 204+28.7 | 256+21.1 | 278427.1 | 218+16.7 | 262+21.1 | 246+19.1 n/a 4534452 | 472+146 | 2494+33.9 | 1854+21.3
346+75.2 | 194433.6 | 284+38.1 | 332+107 | 226+13.7 | 269+16.0 | 245+14.3 n/a 414+66.6 | 512+166 | 234425.6 | 197+14.9
PHN* 6.79+4.51 | 6.88+5.76 | 22.1£5.49 | 10.9+4.38 | 10.1+£3.38 | 7.49+3.27 | 8.89+6.29 n/a 18.8+8.26 | 7.93+7.26 | 29.4+8.77 | 1.65+0.69
7.95£10.2 | 6.52+5.82 | 15.6+6.54 | 7.80+4.78 | 8.41+£3.77 | 7.71£2.65 | 11.5+£6.75 n/a 14.749.11 [ 11.1£11.0 | 26.9+6.04 | 2.49+0.86
PW* 43.2+20.3 | 76.3+£113 [92.9+17.1 [ 35.0+£9.03 [ 93.1+24.9 | 67.0+17.9 [ 37.3£14.5 n/a 53.0+10.8 [ 36.8+8.99 | 74.9+14.3 | 52.7+40.9
54.5432.5 | 1494295 [75.7430.5 [ 24.0+12.6 | 74.0+26.4 | 67.3+12.3 | 39.2+9.96 n/a 47.1+£16.6 | 37.7+£16.7 | 76.7+13.2 | 41.4+15.9
PWN* 43.9+7.14 | 40.8+12.1 | 59.1+£3.87 | 35.6£5.76 | 52.0+£7.70 | 48.3+4.79 | 35.7+5.69 n/a 56.2+5.02 | 45.7+5.63 | 53.4+5.35(32.5+10.6
45.6+£10.3 | 41.8+18.9 | 54.9+7.04 | 30.8+9.43 | 47.0+£8.25 | 49.1+4.26 | 37.0+£5.40 n/a 51.0+8.62 [ 47.2+7.24 | 54.2+4.80 | 29.6+7.41
PRSN* 33.8+15.7]19.2+16.0 | 33.2+3.35| 53.2+10.7 | 14.3£3.26 | 17.842.40 | 49.6+12.0 n/a 76.2+11.7 [ 52.4422.6 | 76.8+11.8 | 15.1+3.80
22.1£9.95|17.6+14.1 | 34.0+5.44 | 86.1+£52.0 | 15.7+2.24 | 18.2+2.16 | 55.1+12.0 n/a 69.4+16.3 [ 61.5+25.6 | 81.0+13.6 | 16.3+3.14
PFSN* 394+75.0 | 138+22.0 | 204+16.3 | 148+31.5 | 227+47.9 | 250+20.1 | 218+24.6 n/a 1454+24.0 | 226+61.4 | 118+28.9 | 24.1+5.87
352+61.0 | 127+35.1 | 209+21.0 | 161+74.1 | 248+30.4 | 250+16.2 | 212+20.9 n/a 1224+33.3 | 250+98.4 | 109+20.4 | 30.9+7.16
PSR % 8.37+3.03 [ 15.3£19.9 [ 16.4+2.01 | 38.0+13.0 | 7.13+7.18 | 7.16+1.04 | 23.2+6.88 n/a 53.7+11.5(23.4+7.85 | 71.0+33.0 | 66.7+24.6
6.1942.00 | 23.0+62.1 | 16.5+£3.99 | 65.7+47.2 | 6.45+1.37 | 7.30+£0.92 | 26.4+7.20 n/a 63.0+£37.9 [ 25.8+10.8 | 78.8+31.5| 55.3%x15.2
PS* 22.3+15.0(35.2+1.93 | 24.0+£2.00 | 26.9+£2.31 | 36.7+4.35 | 31.7+£2.19 | 24.3+1.71 n/a 18.3+1.26 | 21.1+4.13 | 27.5+2.44 | 45.6+5.30
27.2+7.10(35.6+2.19 | 23.3+2.00 | 24.7+6.91 | 34.6+3.07 | 31.5+1.94 | 24.2+1.34 n/a 18.9+1.80 | 20.9+7.86 | 27.2+2.85 | 44.2+2.50
PO* 45.8432.2190.9+114 | 91.0+17.4 | 48.6+8.75| 109+24.0 | 73.4+18.9 | 41.7+14.1 n/a 42.749.64 | 35.6+£8.62 | 77.1+12.5| 90.7+40.3
62.2431.6 | 1594273 [70.7430.4 [ 37.5+14.8 [ 89.1+26.2 | 73.4+13.1 | 44.0+9.24 n/a 40.5+14.8 | 38.5+19.5 [ 78.9+11.8 | 77.0+16.4
PE* 65.5+32.5 | 112+£113 [ 117£17.0 [ 61.9+9.16 | 130+24.4 [ 98.7+18.4 | 61.6+15.1 n/a 71.3+10.8 [ 57.9+9.69 | 102+13.9 | 98.3+42.5
81.7+31.3 | 185295 [99.0+30.6 [ 48.7+17.0 [ 109+26.8 | 98.8+12.7 | 63.4+10.1 n/a 66.1+16.9 [ 58.5+20.0 | 104+13.3 | 85.6x16.5
PSN* 22.0+£6.54 | 25.7+£6.16 | 15.6+£2.18 | 27.9+£3.03 | 21.3+4.16 | 23.5+2.82 | 24.0+£2.53 n/a 19.8+2.51(26.5+4.49 | 19.9+2.68 | 31.9+5.77
25.0+6.75 | 24.6+8.75 | 17.9+3.24 | 32.9+6.22 | 23.3+4.05 | 23.4+2.49 | 23.4+2.37 n/a 21.5+3.80(26.9+7.00 | 19.5+2.40 | 33.1+3.88
PON* 44.1+£11.0(51.3+9.67 | 57.8+3.91 | 49.7+4.10 | 61.3+£5.16 | 52.9+4.72 | 40.2+4.71 n/a 45.1+4.45 |1 44.0+4.32 | 55.14£3.29 | 59.4+6.06
52.349.97 [ 52.8+13.6 [ 51.1+6.73 | 48.9+8.36 | 57.2+6.16 | 53.5+4.11 | 41.7+4.15 n/a 43.946.04 [47.3+8.17 | 55.9+3.14 | 56.34+4.51
PEN* 65.9+7.04 | 66.5+6.32 | 74.7+£2.03 | 63.5+£3.53 | 73.4+3.87 | 71.8+2.60 | 59.8+3.57 n/a 76.0+2.98 | 72.2+3.08 | 73.3+3.26 | 64.4+5.31
70.7+45.57 | 66.5£10.3 | 72.8+4.45 | 63.849.22 | 70.3+4.48 | 72.4+2.28 | 60.5+£3.36 n/a 72.6+5.43 | 74.1+4.11 | 73.7+3.10 | 62.8+3.77
AMP* 7.83+1.05] 15.7+1.17 | 8.70+0.69 | 4.30+0.44 | 9.66+0.90 | 13.9+0.70 | 9.63+0.94 n/a 7.55+0.71 | 6.69+1.54 | 3.85+0.61 | 18.6=1.32
8.93+1.45(15.6+1.25[9.87+1.36 [ 6.91+1.63 | 10.4+0.84 | 13.6+0.68 | 9.27+0.93 n/a 8.16+1.44 (9.56+4.21 | 3.68+0.35| 18.6+1.04
Trial #2

79.844.96 | 36.9+6.39 | 34.6+2.81 | 59.9+6.47 | 44.2+6.31 | 37.7+7.80 | 52.8+4.80 | 61.6+£9.76 | 64.2+10.6 n/a 42.1+5.89 | 36.6+:4.70
HR 79.246.22 | 37.6+6.00 | 42.4+8.09 | 78.9+11.6 | 37.3+£5.25 | 38.6+6.64 | 53.0+5.61 | 55.2+8.92 | 54.4+6.16 n/a 38.5+3.31(40.3+5.72
PPSN* 1414£19.0 | 212+15.6 | 3424+23.2 | 328426.0 | 136+17.2 | 154423.3 | 221+18.1 | 260+42.2 | 399+37.7 n/a 354428.8 | 209+13.0
126+23.6 | 193+16.1 | 345+£37.9 | 322+39.2 | 134+14.0 | 140+£17.4 | 249425.3 | 223+23.9 | 442+36.4 n/a 338+30.2 [ 209+12.3
NPSN* 296+23.8 | 187+14.0 | 233+13.2 | 280424.5 | 225+14.3 | 256+26.5 | 255+17.5 | 295+22.9 | 409+59.7 n/a 224+29.8 | 197+13.5
282433.9 | 195423.4 | 229+21.1 | 318453.6 | 225+12.6 | 258+26.7 | 249+£17.9 | 255+12.8 | 362+44 .4 n/a 171420.7 | 202+14.0
PHN* 6.36+9.2619.56+4.71 | 25.8+3.41 | 12.5+5.02 | 5.66+2.68 | 12.9+6.72 | 12.4+5.95 | 7.88+2.17 | 17.7£9.07 n/a 29.7+11.8 | 8.20+2.65
6.94+6.50 | 8.40+4.36 | 18.6+£7.30 | 10.1+£7.43 | 8.75£2.99 | 11.0+£5.10 | 13.2+6.61 | 7.33+2.19 | 21.1+£7.20 n/a 17.6+5.76 | 6.75+2.66
PW* 48.9434.4 [ 77.6+£26.7 | 110£12.7 [39.6+11.8 | 63.5+18.6| 95.6+36.4 [ 51.9+9.98 | 28.6+9.45 | 55.6+15.3 n/a 76.4+21.770.8+17.2
51.0421.4 | 74.7423.8 [ 80.84+22.5 [ 32.7+28.6 | 84.9+20.1 [ 89.4+35.6 | 51.1+10.6 | 33.3+£8.70 | 63.6£12.6 n/a 83.8+12.959.7+16.2
PWN* 39.8+11.5(44.4+7.54 | 62.6+2.45 [ 38.0+6.73 [ 43.8+6.72 | 55.4+7.04 | 44.8+4.55 | 27.9+5.24 | 54.9+8.77 n/a 51.4+8.89 | 41.6+6.33
40.6+8.55 | 44.1+£7.16 | 53.6+7.94 | 34.3+9.31 | 50.9+5.75 | 54.1+£5.87 | 43.9+4.88 | 28.6+5.09 | 56.4+4.82 n/a 52.6+4.62 | 38.1+6.19
PRSN* 18.745.56 | 16.843.11 | 31.242.72 | 51.4+11.4 | 13.9+2.44 | 18.3+2.50 | 50.7+8.27 | 85.44+35.7| 65.3+11.8 n/a 80.4+14.1 | 14.7+2.60
22.5+11.0]16.1+4.10 | 32.6+4.51 | 61.9+28.8 | 14.3£1.62 | 17.3£2.57 [ 52.4+8.61 | 51.4+19.6 | 63.6+9.81 n/a 67.8+9.81 | 14.5+2.64
PFSN* 270+24.1 | 136+13.4 | 192+12.7 | 162+29.3 | 258+21.6 | 258+14.5 | 214+15.8 | 72.0£17.6 | 136+36.8 n/a 111+32.7 192.94+9.09
268+30.2 | 155+18.7 | 167+23.3 | 148+51.5 | 259+15.4 | 267+17.7 | 200+17.4 | 81.8+13.9 | 114+20.6 n/a 76.0£19.2 | 97.0+8.72
PSR % 7.0042.23 1 13.2+14.1 | 16.3+£1.38 | 33.1£12.0| 5.45£1.20 | 7.11£1.06 | 23.8+4.56 | 127+70.2 | 55.8+40.3 n/a 84.1+52.0 [ 16.0+3.67
8.374+3.8110.644.95 [ 19.742.91 | 50.4+39.0 [ 5.56+0.74 | 6.48+1.07 | 26.5+5.43 | 63.8+29.3 | 58.2+19.1 n/a 97.8+42.4|15.1+£3.35
PS* 31.743.18 | 38.842.07 | 22.1£1.34 | 27.4+2.11 | 34.3+2.98 | 32.7+£2.59 | 23.6+1.54 | 38.4+5.73 | 19.2+1.70 n/a 28.3+2.35(46.0+3.20
34.447.73139.342.36 | 22.9+2.09 | 26.9+3.30 | 35.1+£3.06 | 32.9+£2.72 | 24.0+1.45 | 42.5+4.56 | 20.7+1.56 n/a 29.8+2.69 | 44.9+2.85
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PO* 62.1£35.0 [ 96.1+27.8 | 105+13.2 [ 53.0+10.9 [ 75.0+17.8 | 104+37.7 | 47.2+8.95|52.9+12.9 | 46.6£11.9 n/a 78.3+x17.2 | 103+17.5
65.2426.5(92.5+25.2 [ 80.1+21.2 [ 47.3+27.4 [ 96.0+20.0 [ 97.9+36.4 | 48.3+9.69 | 59.5+10.3 | 57.5+12.8 n/a 90.8£11.0|91.4+16.4

PE* 80.6+34.5| 116+26.7 | 132+12.8 [ 67.0+11.5[97.8+18.6 | 128+36.7 | 75.4+10.0 | 67.0+£13.2 | 74.9£14.9 n/a 105+21.3 | 117+17.4
85.4426.8 | 114+23.8 | 104+21.7 [ 59.6+29.2 | 120+20.2 | 122436.2 | 75.1+£10.5 | 75.8+£10.6 | 84.3+£12.6 n/a 114£12.4 | 105+16.4

PSN* 29.4+6.84 | 23.44+3.86 | 12.7+1.19 | 27.0+£3.43 | 24.5+3.66 | 20.3+4.00 | 20.7+2.16 | 38.4+3.43 | 19.8+3.61 n/a 19.8+3.30 | 27.7+£3.53
28.7+4.66 | 24.243.59 | 16.0+3.46 | 30.9+4.79 | 21.6+3.20 | 21.1+3.49 | 21.0+2.23 | 37.1+3.33 | 18.74+2.47 n/a 18.9+2.29 | 29.4+3.50

PON* 52.0+8.97 | 55.4+6.42 | 60.1£2.71 [ 51.2+4.47 | 52.1+4.85 | 60.5+6.56 | 40.8+3.87 | 52.0+5.59 | 46.1+£5.25 n/a 53.2+5.05 [ 61.3+4.08
52.148.56 | 54.9+6.65 | 53.3+6.67 | 51.4+5.68 [ 57.7+4.70 [ 59.4+5.49 | 41.5+4.06 | 51.3+4.23 | 50.8+5.34 n/a 57.1+2.62 | 58.8+3.94

PEN* 69.2+5.13 [ 67.8+3.89 [ 75.3+1.46 | 65.0+3.78 | 68.3+3.47 | 75.8+3.26 | 65.5+2.84 | 66.3+3.72 | 74.7+5.50 n/a 71.3+5.95(69.4+3.11
69.3+6.07 | 68.2+4.14 | 69.6+4.68 | 65.2+5.82 [ 72.5+£2.89 [ 75.2+2.64 | 64.9+3.06 | 65.7+3.01 | 75.2+£2.90 n/a 71.6+£2.94 | 67.5+2.98

AMP* 9.36+0.59 | 13.8+0.62 | 7.51+0.28 [ 4.28+0.37 [ 10.6+0.68 [ 11.9+0.73 | 9.16+0.50 | 7.53+0.41 | 8.09+1.04 n/a 3.80+0.51| 18.8+1.11
9.58+0.73 | 14.1+0.95 | 7.74+0.75 [ 5.73+1.17 [ 10.3+0.72 | 12.2+0.63 | 8.94+0.63 | 7.64+0.37 | 7.56+0.67 n/a 4.58+0.53 | 19.3£1.16

Trial #3

71.9+6.71 | 37.8+6.64 | 34.6+5.28 | 58.3+7.39 [ 30.8+4.11 | 36.0+5.69 | 52.0+5.26 | 49.8+4.07 | 75.8+10.3 | 69.2+5.76 | 40.7+6.86 | 34.7+3.82

HR 77.2+5.89 | 41.2+8.08 | 41.0+£11.4 | 75.5+10.6 [ 34.2+5.90 | 38.7+6.38 | 53.1+£5.61 [ 49.7+6.31 | 84.4+7.25 | 87.9+11.2 [ 39.2+4.26 | 39.8+6.27
PPSN* 180+18.2 | 214+13.4 | 351+28.0 | 333£31.1 | 146422.4 | 142+18.1 | 201+£18.8 | 202+20.8 | 466+45.6 | 270+39.5 | 3294+24.9 | 213+11.6
174+15.3 | 216+20.1 | 352+35.2 | 276+53.3 | 153431.2 | 83.0£14.9 | 266+28.7 | 196+20.2 | 475+47.0 | 290+£106 | 330+30.2 | 217+12.3

NPSN* 254428.6 | 163+12.7 | 178+13.5 | 272429.1 | 215+13.1 | 259+24.2 | 255420.6 | 226+21.2 | 333+39.6 | 491+91.2 | 185+17.9 | 183+14.8
233427.2 | 165+15.0 | 178+19.1 | 332453.6 | 216+14.7 | 289+32.3 | 237+19.0 | 222+19.7 | 310+42.6 | 5084216 | 190+26.8 | 187+16.7

PHN* 5.23+5.57 | 7.74+4.34 | 19.6+6.12 | 13.4+4.84 [ 12.1+3.07 | 11.4+5.25 | 12.4+6.78 | 6.89+1.75 | 9.44+5.06 | 9.20+5.47 | 19.3+6.21 | 7.49+1.50
9.60+8.40 | 7.14+4.59 | 15.946.40 | 10.7+7.61 [ 10.3+£3.51 | 10.2+4.62 | 12.3+6.67 [ 5.67+£2.33 | 5.2742.93 | 15.64+23.1 [ 19.9+5.45 | 5.47+1.77

PW* 53.4+41.0(70.1£29.2 | 96.9425.5 [ 41.7+15.8 | 116+22.8 | 98.3£37.1 [ 54.9+11.6 | 31.0+£10.8 | 33.8+12.0 [ 44.4+6.83 | 78.4+19.7 | 74.7+18.1
78.6+68.6 | 65.4+31.7 | 82.4426.6 | 39.6+52.7 [ 99.0+27.1 | 96.8+33.3 [48.1+11.1 | 32.4+15.4 | 22.1+£6.87 | 39.4+27.7 [ 81.3+15.6 | 59.4+18.7

PN* 222106]30.9:828[33:7126.26]38.457.32 | 56,1481 [ 5594576 [ 46424.66 | 25.204.72[ 39.458 42 [ 49.8:5.00 50547.27 [ 42,1576
45.0+15.8 | 38.548.28 | 48.97.75 | 38.6£9.70 | 53.647.64 | 59.155.11 | 41.3£5.36 | 25.246.48 | 29.546.45 | 47.4=8.88 | 52.1%5.26 | 36.9+7.09

PRSN* 16.143.17 [ 15.9+2.25 | 28.2+4.57 | 53.7+12.1 [ 13.6+1.59 | 15.8+2.28 | 49.4+8.06 | 64.9+22.2 | 74.6+21.5 | 44.2+15.5 | 71.0+14.6 | 16.3+2.74
19.6+5.74 | 16.4+£3.92 | 28.545.52 [ 57.1+£28.6 | 14.0+£2.18 | 15.6£2.29 [ 51.3£10 |51.1£19.4|77.2425.6 [ 96.8+88.0 | 67.4+11.4 | 16.8+3.42

PFSN* 236+23.6 | 114+10.8 | 139+18.6 | 154428.9 | 234+20.4 | 243+16.4 | 215+17.1 | 82.8+£12.3 | 84.44+30.9 | 187+36.6 | 87.9+20.4 | 62.3+8.45
2294259 | 112+16.7 | 128+£19.9 | 212465.3 | 222+41.5 | 283+20.0 | 184+20.7 | 81.7+£10.1 | 63.8423.7 | 269+145 | 85.2+19.1|53.2+12.5

R 0835127 [140:2.48[20.7:450[36.12114]5.85:0.96 [ 6.5341.04 2322448 79.8429.1 | 1106772 [ 3394731 [904:51.7]26.6:6.03
8.512.28 | 15.045.21 | 22.745.72 | 32.4+27.1 | 6.60+2.03 | 5.53+0.86 | 28.3+7.70 | 63.1424.1 | 148+04.2 | 37.3431.3 | 84.6+33.3 | 33.8+12.0

pgx 2212287 389:220(24.4:2.32127723.28[35.343.34 35.143.17 230171 | 46.0:4.38 [ 20,441 6223923 423054224 [ 4672274
32.4+2.6337.9+£2.02 | 25.14£2.69 | 26.2+2.65 | 35.8+3.83 | 29.4+3.31 | 24.8+1.69 [ 47.1+£5.25 | 20.2+£1.89 | 20.5+5.95 | 30.5+2.75 | 45.6+£2.90

PO* 67.1+42.8 | 87.9+£29.2 | 96.6+24.5 [ 55.3+16.3 | 125+23.5 | 108+38.2 [47.1+10.7 | 59.1£12.1 | 37.9+£10.4 | 44.24+6.72 | 87.3£17.2 | 108+18.4
93.2+70.3 | 82.2+31.9 | 85.6+27.1 [ 49.8+52.0 | 110425.2 | 95.6+35.3 [47.8+10.1 [ 62.1£16.9 | 29.8+6.06 | 38.5+26.6 | 88.6+14.5|93.1£19.0

PE* 85.5+42.6 | 109£28.9 | 121£25.1 [ 69.4+16.7 | 1514£23.2 | 1334£37.3 [ 77.9+11.8 | 77.1x11.9 | 54.2412.3 | 68.3+£6.85 | 109+19.8 | 121+£18.5
111£70.5 | 103£31.5 | 108+26.7 | 65.8+52.7 | 1354£26.6 | 126+34.3 [ 73.0+11.2| 79.5+16.8 | 42.3£7.74 [ 59.8+28.2 | 112£15.4 | 105+19.1

PSN* 27.4+5.05|23.543.85 | 14.1+2.65 | 26.5+3.55 | 18.142.63 | 21.0+3.57 | 19.8+2.22 | 38.043.25 | 24.9+3.29 | 26.9+3.73 | 20.4+3.22 | 27.0+3.09
24.3+£7.5023.943.85 [ 15.9+43.42 | 29.2+4.96 | 20.2+3.86 | 18.8+3.14 | 21.7+2.37 | 38.144.14 | 27.5+2.39 | 25.9+6.47 | 19.9+2.81 | 29.4+3.70

PON* 50.8+8.72 | 50.6+6.51 | 53.54£5.36 | 51.4+5.32 | 62.8+4.33 | 61.5+£5.43 [ 39.7+4.24 | 48.3+3.79 | 44.8+5.57 [ 49.544.31 | 56.7+4.23 | 61.5£3.71
55.8+12.5[49.1+£6.66 | 50.8+7.57 | 50.2+6.25 [ 60.1+5.17 | 58.1£5.89 [ 41.1+4.17 [ 49.1+4.85 | 40.1+£4.35 | 46.5+£5.79 | 56.9+3.58 | 58.7+4.47

PEN* 66.6+5.70 | 63.4+4.63 | 67.7+3.86 | 64.9+4.45 [ 76.1+2.52 | 76.9+2.47 | 66.24+2.97 | 63.2+2.78 | 64.3+£5.81 | 76.742.60 | 70.9+4.34 | 69.1+2.92
69.3+8.49 | 62.5+4.66 | 64.814.63 | 67.7+5.69 | 73.8+4.09 | 77.842.45 | 63.043.39 | 63.3+3.37 | 57.045.66 | 73.3+5.60 | 72.0+3.00 | 66.4+3.68

AMP* 9.42+0.68 | 12.6+0.87 | 7.2840.33 [ 4.12+0.38 | 9.49+0.62 | 11.940.50 | 9.14+0.58 | 6.64+0.40 | 9.6142.36 | 6.45+1.12 | 5.01+0.43 | 18.3+1.14
9.89+0.89 | 12.4+1.00 | 7.50+0.82 | 5.84+1.16 [ 9.34+0.68 | 12.3+£0.49 | 8.83+0.61 | 7.05+£0.52 | 10.2+1.41 | 10.6+5.56 | 4.59+0.55 | 18.4+1.26

*parameter values in the table are multiplied by 100
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Table A.4. Mean and SD values of crayfish cardiac activity parameters before
(1st row) and during (2nd row) the treatment with opposite sex crayfish odor

Craf“h 1 2 3 4 5 6 7 8 9 [ 10 | 11 | 12
Trial #1
60.6+7.41 | 38.4+7.24 [ 39.1+7.78 | 49.8+9.40 [ 27.7+4.89 [ 39.6+4.06 | 42.9+9.01 | 50.2+6.79 | 47.8+£14.0 | 58.0+£6.90 | 36.74+4.62 | 41.2+7.03
HR 58.7+6.76 | 37.1+8.01 [ 39.1+7.57 [ 49.4+8.26 [ 28.7+5.11 | 38.2+4.91 | 59.4+8.31 | 49.8+6.13 | 44.8+7.92 | 57.5+6.46 | 35.0+4.29 | 43.4+7.20
PPSN* 158420.8 | 232+15.4 | 208+34.9 | 344+32.1 | 127+20.4 | 157+12.6 | 259+23.6 | 225+16.8 | 443+32.2 | 227+21.7 | 329+27.0 | 216+13.5
156+18.6 | 235+16.1 | 208+29.4 | 352+30.7 | 124+18.1 | 172+15.6 | 241+26.2 | 222+16.9 | 490+35.2 | 227+22.4 | 329+32.1 | 217+13.7
NPSN* 273+22.4 | 194+39.3 | 285+51.1 | 267+104 | 287427.5 | 262+15.0 | 256426.0 | 239+9.69 | 375+53.8 | 363+39.2 | 212+34.3 | 203+13.2
275+23.6 | 188+17.8 | 283+49.0 | 278+34.9 | 288+28.6 | 249+16.5 | 258422.3 | 237+9.38 | 459+55.3 | 355+35.0 | 218+31.2 | 202+12.9
PHN* 4.45+1.68 | 7.09+4.34 | 19.3+8.51 | 19.1+£7.24 | 17.5+4.89 | 10.7+£3.13 | 26.1£13.4 | 7.804+2.05 | 31.6+15.6 | 7.934+3.83 | 25.5+9.39 | 8.97+4.23
4.46+1.71)8.094+4.31 [ 18.7+8.18 | 22.6+8.39 | 16.5+4.71 | 12.3+3.80 | 10.1+9.47 | 7.54+1.94 [ 45.8+13.2 | 7.48+3.39 | 29.6+4.76 | 8.07+3.77
PW* 44.1+7.63 | 73.0+34.8 1 99.1+29.4 | 61.4+26.9 | 153+34.9 | 80.6+16.2 | 81.6+25.0 | 38.8+10.1 | 89.44+38.1 [ 47.7+10.8 [ 96.5+21.1 [ 60.1+21.8
45.1+8.43 | 80.8+37.9197.9+28.8 | 62.7+21.8 | 146+35.1 | 85.5+20.9 [47.7+16.7 | 38.14+9.44 | 98.0+25.9 [ 47.4+10.2 | 1054+21.2 | 54.2+19.1
PWN* 39.244.02 | 42.5+8.98 | 60.8+5.30 [ 46.9+9.36 | 67.8+5.22 [ 52.2+3.96 | 54.1+7.03 | 30.9+5.73 | 62.4+11.4 | 44.4+5.49 | 57.3+6.11 | 38.0+8.60
39.844.24 | 44.5+9.60 | 60.3+5.48 | 48.7+8.59 [ 66.8+5.59 [ 52.6+4.61 | 41.9+6.99 | 30.3+£5.36 | 69.8+5.66 | 43.9+5.24 | 59.7+4.80 | 35.7+8.24
PRSN* 18.1+3.50 [ 15.5+5.10 [ 27.7+3.76 | 55.6+24.1 | 13.9+1.46 | 18.2+1.91 | 49.3+6.95 | 35.449.91 | 60.9+14.1 | 26.5+5.16 | 59.0+9.33 | 19.6+4.07
17.743.45| 15.442.30 | 27.243.67 | 57.6+12.2 | 14.0+1.30 | 19.0+1.92 [ 43.4+11.8 [ 34.3+9.73 [ 72.8+10.7 [ 25.1+4.72 | 57.3+7.94 | 20.3+4.27
PFSN* 267+22.9 [ 81.9+18.7 | 236+23.4 | 174+53.4 | 279422.1 | 258+13.2 | 188+18.2 | 78.1+10.0 | 143+36.3 | 202+18.1 | 109+34.5 | 119+14.0
271+22.5 [ 83.3+17.8 | 234+25.8 | 185441.9 | 279421.5 | 255+18.0 | 183423.1 | 79.1+8.35| 187+26.5 | 200+18.5 | 122+19.1 | 112+14.0
PSR % 6.81+1.3119.7+6.57 [ 11.8+1.82 [ 34.9+19.5 [ 5.03+0.72 [ 7.07+0.78 | 26.5+4.73 | 45.5£11.6 | 49.5+35.4 | 13.2+2.75| 67.9+53.9 | 16.84+4.33
6.54+1.25(19.8+8.88 [ 11.84+2.86 [ 32.9+12.0 [ 5.05+0.61 | 7.47+0.99 | 24.0+6.99 | 43.6+£11.8 | 39.4+6.80 | 12.6+2.49 | 47.9+8.51 | 18.5+4.98
PS* 31.6+2.93 39.142.22 [ 25.14+3.19 | 28.4+3.19 [ 35.0+3.32 [ 34.4+2.11 | 26.5+1.89 | 43.3+3.32 | 21.2+1.86 | 30.9+2.67 | 30.5+2.46 | 44.0+£3.17
31.242.92(39.342.36 [ 25.542.93 [ 27.4+2.49 | 34.7+3.06 | 34.9+2.29 | 24.8+2.07 | 43.8+3.29 | 18.6+1.50 | 31.3+2.56 | 30.5+2.51 | 43.7+3.01
PO* 56.3+7.98 [ 91.9436.0 [ 95.3+31.1 | 76.8+26.5 [ 162+35.8 [ 92.9+17.1 | 77.7+25.1 | 68.8+10.6 | 83.8+32.8 | 60.0+10.8 | 104+18.8 | 91.8+22.0
56.6+8.87 | 101+£39.1 [ 94.8429.9 [ 75.7+20.8 [ 154+35.5 [ 99.8+21.7 | 45.8+15.5 | 68.4+9.69 | 86.2+23.6 | 60.3+£10.0 | 110+20.4 | 86.4+19.1
PE* 75.7+7.98 | 112+34.8 | 124+29.3 [ 89.7+26.9 | 188+34.7 | 115+£16.6 | 108+25.6 | 82.1+£10.5| 111+37.8 | 78.6+£10.7 | 127+20.7 | 104+21.9
76.3+8.79 | 120+£38.0 | 123+28.3 [ 90.2+21.6 [ 180+34.5 | 120+21.3 | 72.5+17.0 | 81.9+9.74 | 117+25.6 | 78.6+£10.0 | 135+21.3 | 97.9£19.0
PSN* 28.3+2.81(24.9+4.69 | 16.3+£3.69 | 23.3+4.77 | 16.2+3.31 | 22.7+2.36 | 18.6+3.43 | 35.24+3.49 | 16.8+5.15 [ 29.4+3.82 | 18.6+2.89 | 29.4+4.73
27.842.82123.844.92 | 16.6+3.80 | 22.5+4.20 | 16.6+3.53 | 22.0+2.59 | 22.7+3.08 | 35.54+3.36 | 13.942.89 | 29.54+3.57 | 17.8+2.52 | 30.3+4.62
PON* 50.1+3.14 | 54.4+7.42 | 58.146.46 | 59.7+6.39 | 71.7+4.80 | 60.3+3.57 | 51.3+7.43 | 55.2+3.89 | 59.3+7.58 | 56.143.87 [ 62.1+3.60 | 59.1+5.51
50.0+3.44 | 56.5+7.83 [ 58.14+6.24 [ 59.5+5.90 | 70.7+4.94 [ 61.6+3.93 | 40.3+5.99 | 54.9+3.41 | 61.3+5.06 | 56.1+3.64 | 63.0+3.74 | 58.0+5.07
PEN* 67.6%1.93 | 67.4+4.45 [ 77.2+2.34 [ 70.3+5.08 | 84.0+2.06 | 74.9+1.89 | 72.7+3.84 | 66.1+£2.80 | 79.2+6.50 | 73.9+2.18 | 75.9+3.56 | 67.4+4.09
67.6+2.15 | 68.3+4.84 [ 76.9+2.30 | 71.3+4.75 | 83.4+2.20 | 74.7+2.28 | 64.6+4.48 | 65.8+2.59 | 83.7+3.07 | 73.4+2.13 | 77.4+2.68 | 66.0+3.88
AMP* 7.92+0.64 | 14.2+0.77 | 7.78+0.78 | 4.46+0.46 [ 9.73+0.50 | 12.9+0.62 | 9.07+0.67 | 8.18+0.26 | 7.75+0.89 | 11.1+£0.82 | 4.63+0.74 | 12.8+0.66
7.98+0.58 | 14.3+0.73 | 7.89+0.71 | 4.24+0.42 [ 9.78+0.54 | 12.3+£0.74 [ 9.91+0.81 | 8.16+0.28 | 6.89+0.69 | 11.340.75 [ 4.21+0.35 | 12.1+0.69
Trial #2
54.6+7.77 [ 30.1+7.23 [ 31.64+9.23 [ 36.0+6.77 [ 23.0+3.58 [ 30.9+7.73 | 42.5+8.65 | 46.1+£7.22 | 32.2+6.00 | 48.6+7.42 | 31.4+6.34 | 95.4+11.2
HR 53.74+7.32 | 33.549.48 [ 30.4+6.79 | 36.5+7.23 [ 23.2+4.84 [ 32.8+7.72 | 42.3+9.02 | 46.9+6.06 | 32.1+£5.83 | 51.1+£7.13 | 28.7+3.23 | 95.9+11.9
PPSN* 154423.7 | 235+16.3 | 265+£52.6 | 3564+23.0 | 117+16.0 | 149+13.7 | 199+36.0 | 221+£20.9 | 406+£29.6 | 211+18.8 | 312+27.4 n/a
157+18.5 | 237+15.7 | 246+34.2 | 347+425.9 | 158+24.8 | 168+16.8 | 289+42.0 | 215+21.3 | 416+28.3 | 208+18.6 | 307+27.7 n/a
NPSN* 260+23.2 | 173+30.1 | 257+41.4 | 259+25.7 | 273+23.0 | 250+24.1 | 281+50.2 | 216+12.9 | 387+45.0 | 317+47.5 | 1804+25.5 n/a
259422.2 | 165+18.1 | 263+34.0 | 264+28.4 | 257+18.3 | 260+21.8 | 262+28.7 | 219+15.4 | 380+41.2 | 329+41.9 | 192+21.1 n/a
PHN* 5.2243.01 ] 10.4+4.61 | 26.9+£10.5 | 32.4+6.65| 19.4+3.99 | 18.4+6.62 | 27.6+15.6 | 7.21+£1.57 | 48.1+14.1 | 8.84+4.74 | 26.0+£9.29 n/a
5.4242.26 | 6.56+3.27 | 28.3+9.43 | 32.1+7.73 | 22.1+4.96 | 18.3+5.84 | 29.1+£14.9 | 7.73+£1.78 | 47.5+13.0 | 8.04+5.06 | 31.0+4.48 n/a
PW* 50.9+15.6| 116+52.3 | 139+41.1 | 108+32.5 | 194+34.0 | 133+56.4 | 88.3+33.9 | 44.5+14.0 | 146+36.3 | 61.9+23.2 | 126+32.2 n/a
51.5£11.0| 100+48.5 | 144+39.3 | 107+36.4 | 191+43.3 | 123444.9 | 84.6+34.2 | 41.1£10.4 | 145+34.5 | 57.8+£16.9 | 1374+23.2 n/a
PWN* 41.3+5.65(52.0+£9.76 | 66.8+6.79 | 61.1+£6.74 | 72.3+3.76 | 62.6+£6.51 | 57.6+6.40 | 32.5+6.72 | 74.844.13 | 47.2+6.31 | 61.8+7.30 n/a
41.7+£5.01 | 47.7+10.7 | 68.5+5.60 | 60.9+7.06 | 70.8+£5.99 | 61.8+6.30 | 54.6+£8.26 | 30.7+5.64 | 74.444.10 [ 46.7+5.71 | 64.3+4.13 n/a
PRSN* 17.743.75 | 14.7+4.84 | 25.346.62 | 40.9+5.91 | 11.9+1.43 | 17.5£1.88 | 52.0+£9.26 | 39.3+15.0 | 46.0+7.10 | 21.1£3.92 | 52.3+9.69 n/a
17.743.08 | 14.1£2.37 | 25.243.99 | 40.8+7.15| 13.7+2.05 | 18.9+2.12 | 54.8+8.89 | 34.3+10.7 | 45.8+6.75 | 21.7+£9.06 | 47.3+5.85 n/a
PFSN* 255+26.5 | 76.9420.6 | 212+27.5 | 217+26.2 | 263+16.8 | 265+14.8 | 215428.4 | 63.6+£13.1 | 177+23.3 | 177+24.9 | 92.2+25.5 n/a
252+423.2 | 55.6£19.6 | 240+28.9 | 222+32.0 | 248+26.0 | 268+18.1 | 170425.3 | 69.7+9.39 | 172+21.8 | 181£20.9 | 108+14.4 n/a
PSR % 6.97+1.56 | 21.2+18.4 | 12.24+4.15] 19.0+£3.50 | 4.54+0.69 | 6.60+£0.78 | 24.5+4.92 | 62.6+£20.7 | 26.3+4.13 | 12.0+2.08 | 67.0+44.8 n/a
7.0941.37129.0£12.5] 10.6+£2.31 | 18.7+3.86 | 5.63+1.53 | 7.06+0.84 | 33.2+8.49 | 49.9+£16.1 | 26.9+5.19 | 12.0+4.33 | 44.5+8.69 n/a
PS* 32.043.56 | 40.842.68 | 25.2+3.83 | 27.0+1.83 | 35.8+3.67 | 34.1+£2.49 | 25.1+£2.54 | 45.1+4.37 | 21.2+1.83 | 34.5+2.67 | 32.2+2.95 n/a
32.143.07 | 40.9+2.67 | 24.2+2.84 | 27.0+2.09 | 36.5+3.46 | 33.1£2.33 | 26.9+2.19 | 45.8+4.07 | 21.5+£1.91 | 33.4+2.71 | 32.8+2.83 n/a
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PO* 61.8+15.9| 136+53.7 | 135+41.8 | 117+£32.7 | 200+£35.3 | 142+57.4 | 77.4+34.1|76.9+15.5| 131+36.5 | 75.8+23.9 | 131+28.6 n/a
62.6+10.9 | 124+50.2 | 139+£39.9 | 115+£36.3 | 202+43.1 | 133+46.0 | 81.1+32.8 | 73.3+10.7 | 132+34.5 | 69.9+17.3 | 141+22.1 n/a
PE* 82.9+15.9| 157+£52.2 | 164+40.5 | 135432.7 | 230+34.1 | 167+£57.0 | 1134£34.9 | 89.6£15.6 | 167+36.2 | 96.4+23.6 | 159+32.2 n/a
83.6+10.9 | 141+48.8 | 168+39.1 | 134+36.6 | 228443.4 | 156+45.7 | 112+35.0 | 86.8+£10.7 | 167+34.3 | 91.2+17.1 | 170+£23.6 n/a
PSN* 26.7+£3.57(20.2+4.87 | 13.1+£4.02 | 16.2+£3.09 | 13.7+2.42 | 17.2+3.63 | 17.5+3.43 | 33.94+3.69 | 11.44+2.43 | 27.5+4.03 | 16.5+3.09 n/a
26.4+3.27(21.84£5.10 | 12.3+3.16 | 16.4+3.28 | 14.1+£3.10 | 17.7+£3.35 | 18.7+3.62 | 34.9+3.67 | 11.6+2.48 | 27.8+3.73 | 15.6+2.00 n/a
PON* 50.44+4.59 | 62.0+7.90 | 64.7+7.51 | 66.7+5.62 | 74.6+3.80 | 66.9+6.04 | 50.0+7.56 | 56.7+4.91 | 66.8+5.44 | 58.2+4.97 | 64.6+4.47 n/a
50.8+3.81 | 60.5+8.50 [ 65.9+6.23 | 65.9+6.15 | 74.8+4.73 | 66.9+5.78 | 52.4+7.67 | 55.3+£3.57 | 67.2+5.06 | 56.7+4.63 | 66.2+3.16 n/a
PEN* 68.0+2.79 | 72.245.00 | 79.9+3.20 | 77.2+3.82 [ 86.0+1.53 | 79.8+3.03 | 75.1+3.46 | 66.4+3.75 | 86.2+2.04 | 74.7+2.67 | 78.3+4.58 n/a
68.142.34 | 69.6+5.71 | 80.84+2.74 | 77.2+3.98 [ 84.9+3.10 [ 79.5+3.12 | 73.4+4.99 | 65.6+2.66 | 86.0+2.06 | 74.6+2.49 | 80.0+2.50 n/a
AMP* 7.90+0.62 | 13.2+0.75 | 6.45+0.65 | 4.14+0.31 [ 9.42+0.52 | 12.3+£0.54 | 8.15+0.97 [ 7.96+0.32 | 7.56+0.72 | 12.3£0.95 | 4.69+0.52 | 13.1£2.17
7.90+0.60 | 14.1+0.88 | 6.2940.51 | 4.20+0.31 | 8.56+0.56 | 12.0+0.69 | 7.80+0.85 | 9.22426.0 | 7.45+0.67 | 12.0+0.87 | 4.45+0.32 | 13.3£2.35
Trial #3
62.3+9.08 | 24.6+6.12 | 26.0+5.72 | 32.5+6.40 | 22.4+4.83 | 26.4+8.25 | 62.7+15.2 [ 46.3+5.68 | 67.6+£11.2 | 44.74+6.16 | 31.7+3.49 | 49.1+5.56
HR 66.2+8.16 | 25.4+5.41 | 24.04£5.06 | 32.1+6.05 | 32.4+13.0 | 27.8+6.02 | 44.4+7.37 [ 45.4+4.23 | 66.2+£13.3 | 45.746.19 [ 31.4+4.11 | 45.8+4.84
PPSN* 242433.2 | 211+16.0 | 300+£39.1 | 339422.7 | 118+14.6 | 193+£24.0 | 256+34.8 | 215+17.6 | 419+45.4 | 178+21.2 | 306+24.9 | 220+0.26
212433.6 | 210+16.2 | 302+41.9 | 340423.6 | 221+21.6 | 182+19.6 | 241+28.5 | 217+16.4 | 408+47.9 | 192+21.2 | 295+33.8 | 227+2.18
NPSN* 265426.9 | 157+16.1 | 211+24.5 | 232422.7 | 248+25.4 | 239+29.7 | 325+40.7 | 211+13.4 | 441+67.0 | 314+36.3 | 235+21.4 | 160+24.8
2624243 | 158+12.5 | 216+29.2 | 227422.7 | 215+12.7 | 235+22.5 | 367+43.1 | 210+12.6 | 432+78.1 | 318+36.8 | 230+29.9 | 171+8.32
PHN* 5.84+3.36 | 14.7+4.44 | 27.0+£10.7 | 29.7+6.35 | 18.2+5.33 | 26.1£10.6 | 25.6+14.4 | 7.46+1.53 | 17.0+£11.3 | 7.8144.31 [ 35.4+5.66 | 1.84+0.82
5.22+3.35(14.0+4.46 | 30.2+£10.6 | 28.8+5.87 | 14.8+5.83 | 20.8+6.49 | 35.8+12.9 [ 7.41+1.35| 19.9+£14.0 | 9.124+4.20 | 33.9+8.35 | 1.89+0.89
PW* 41.8£14.9| 150+48.8 | 169+50.6 | 122+39.4 | 204+56.5 | 178+90.2 | 63.8+21.6 | 40.4+9.83 | 50.7+18.7 | 69.3+17.4 | 120+£22.2 | 21.2+4.81
42.4+13.1| 142447.3 | 189+50.1 | 122+39.9 | 134+53.2 | 150+52.9 | 88.8+26.6 | 41.349.46 | 56.6+22.4 | 68.7+£15.4 | 122425.9 | 22.8+3.39
PN+ 2665625510717 [ 842607 61.8:7.15 [ 71,9453 67.3:8.21 [52029.60 3001536 [ 52.8410.0[49.6:5.67 [ 62,1241 16,8390
37.4+5.73 1 55.8+7.46 | 71.5+4.90 | 61.7+6.95 [ 58.1+11.9 | 64.6+5.74 | 62.6+5.61 [ 30.6+5.15 | 54.8+11.7 | 50.5+5.35 [ 61.9+5.35 | 18.1+2.19
PRSN* |2385104[12:6:1.39[19.6:3.57[34554.73 [ 1084119 18.524.62 75,1152 ] 36.9:9.87 67.3415.3 [ 16:524.43 | 5062846 [ 16,424 42
22.845.23 | 12.841.53 [ 19.5+3.88 | 33.9+£5.33 | 14.745.59 | 16.9+1.93 | 71.4+15.8 | 38.5£10.8 | 67.5+18.2 [ 19.8+3.95 | 48.8+8.43 | 13.9+2.98
PFSN* 147+£39.0 | 103+13.7 | 172+21.7 | 170+£24.5 | 243+17.2 | 258+24.6 | 218+29.2 | 64.5+£10.4 | 133+33.0 | 185+19.9 | 119+15.1 | 44.7+£35.3
179+£36.7 | 100+14.2 | 177+21.4 | 164+23.7 | 131420.4 | 248+15.6 | 218+19.0 [ 61.949.32 | 141+40.3 | 181x16.9 | 115427.6 | 26.0+£11.3
pspr |25 ]125207]11:5:2.20]207:417[4.4750.62] 7192168 ] 34 65688 s8 62179 5514272 ] 0.012237[ 43 1e11 0 [ 47.5527.6
13.545.01 | 13.345.88 | 11.143.11 | 21.044.33 | 12.047.75 | 6.84+0.76 | 32.9+7.08 | 63.5+18.6 | 54.8437.5 | 11.142.65 | 45.1416.8 | 56.113.0
pgx 210253 43.0:287[256:4.38]289:2.05[ 34,8347 33.6:3.02 2232175 [46.264.02 [ 19.641 60 36413.37 | 3272265 4482085
31.3+2.73 [ 43.0+£2.90 | 25.14+4.72 | 29.1+2.26 | 39.4+4.40 | 34.7+2.31 | 23.342.29 [ 45.943.51 | 19.4+2.03 | 34.2+3.08 | 33.8+3.88 | 44.1+£0.42
PO* 55.9+14.4| 168+50.5 | 165+49.5 | 131£39.4 | 207457.1 | 188+92.2 | 55.1+17.7 [ 73.449.61 | 44.9+£15.1 | 82.2+18.0 | 122421.7 | 56.7+0.14
54.2+13.3| 161+48.9 | 182+49.9 | 132439.8 | 152452.7 | 161+54.2 | 75.4+26.0 | 74.2+9.52 | 48.5£17.9 | 79.0+15.7 | 124424.6 | 59.7+3.54
PE* 73.8+15.2 | 193449.1 | 194+48.6 | 151£39.5 | 239456.3 | 212+91.2 | 86.14+21.7 [ 86.5+9.75 | 70.3£18.3 | 106+17.6 | 152422.6 | 66.0+3.96
73.8+13.6 | 1854+47.5 | 214+48.8 | 1514£39.9 | 174454.3 | 185+53.3 | 112427.7 [ 87.249.49 | 75.9+21.7 | 103+15.3 | 156425.9 | 66.9+3.82
ponF 203731742348 134367 [ 15,6331 [13.0:3.10] 14664.21 [19.643.60[34.943.64 21 724,05 | 2684392 [ 17.342.14[ 3532047
28.4+3.35| 18.0£3.70 [ 10.1+3.13 | 15.6+3.17 | 19.245.46 | 15.9+3.22 | 17.1+2.68 | 34.6+3.36 | 20.3+4.80 | 25.8+3.81 | 17.6+2.88 | 35.0+0.65
PON* 49.5+4.05 | 64.3+6.39 | 66.7+5.53 | 67.0+£5.73 | 72.9£5.26 | 71.4+7.79 | 45.9+6.50 | 54.942.99 [ 47.1+6.77 | 59.0+4.51 | 63.1+3.67 [ 44.9+0.14
48.0+4.45 | 63.846.44 | 68.8+4.89 | 67.2+5.54 | 67.0+8.68 | 69.7+5.36 | 52.8+5.86 | 55.4+3.08 | 47.4+7.57 | 58.2+4.24 | 63.4+4.24 | 47.4+1.48
PEN* 65.6+3.07 | 74.3+3.80 | 79.742.61 | 77.5+4.00 | 85.0+2.36 | 81.9+4.13 | 72.6+6.41 | 64.9+2.41 | 74.5+6.55 | 76.442.43 | 79.4+2.42 | 52.3+3.43
65.8+2.94| 73.8+3.80 | 81.642.12 | 77.3+3.96 | 77.3+6.68 | 80.6+2.62 | 79.7+3.33 | 65.242.30 | 75.247.25 | 76.3+2.18 | 79.6+3.18 | 53.1+1.54
AMP* 7.52+0.90 | 12.3+0.73 | 5.62+0.45 | 4.23+0.31 [ 9.42+0.56 | 11.0+0.64 | 9.68+2.39 | 7.27+0.50 | 7.70+1.07 | 14.6+1.18 [ 4.07+0.26 | 19.2+0.81
8.21+0.86 | 12.5+0.49 | 5.54+0.49 | 4.24+0.29 | 7.95+0.47 | 11.7+0.62 | 7.43+0.48 | 7.41+£0.30 | 7.92+1.20 | 12.9+1.09 | 4.23+0.53 | 19.6+0.76

*parameter values in the table are multiplied by 100
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Table A.5. Mean and SD values of crayfish cardiac activity parameters before
(1st row) and during (2nd row) the treatment with predator odor

Craf“h 1 2 3 4 5 6 7 8 9 [ 10 | 11 | 12
Trial #1
86.0+6.73 | 43.74+7.23 n/a 57.2+8.30 [ 33.2+5.89 [ 48.6+4.00 | 70.6+6.98 | 81.6+5.35 | 56.6+8.69 | 84.6+£8.48 | 33.2+3.98 | 116+10.9
HR 82.744.00 | 41.4+5.83 n/a 53.2+8.63 [ 43.3+12.4 [ 49.2+5.21 | 65.5+5.35 | 82.4+5.98 | 80.2+11.0 | 81.5+7.85 | 33.5+4.40 | 100+10.9
PPSN* 298+40.4 | 211£19.3 n/a 353+25.0 | 85.6+17.0 | 144+15.2 | 198+49.0 n/a 379+33.5 | 377+65.6 | 315+28.1 n/a
n/a 217+18.4 n/a 350+23.2 | 177£67.9 | 161+£21.9 | 202+35.6 | 201+9.91 | 464+47.6 | 320+43.5 | 3134+28.2 n/a
NPSN* 236+18.5 | 202+21.8 n/a 269+30.1 | 321+£29.3 | 286+18.3 | 319+42.3 n/a 453+50.6 | 5304221 | 236+25.4 n/a
n/a 196+18.2 n/a 261+28.8 | 302+30.1 | 282+18.0 | 327+37.9 | 315+£8.41 | 430+£92.1 | 469+128 | 229+30.6 n/a
PHN* 3.43+0.87 | 6.11+3.91 n/a 13.1£3.60 | 13.0+4.06 | 7.14+2.22 [ 9.20+5.89 n/a 25.14£11.5]10.9+£8.48 | 36.4+6.86 n/a
n/a 6.36+3.40 n/a 14.5+3.49 | 12.1+£5.11 | 7.05+2.95 | 11.5+6.28 | 6.98+0.09 | 13.749.83 | 6.324+4.21 | 33.2+9.79 n/a
PW* 30.5+13.2| 61.0+36.3 n/a 43.8+19.1 | 124428.4 [ 57.7+7.91 | 40.3+8.49 n/a 68.0+15.1 [ 31.6+5.81 | 112420.8 n/a
n/a 61.1+19.7 n/a 50.94+21.5 [ 86.4+35.5 | 56.6+11.2 | 44.14+6.80 [ 26.0+7.64 | 36.5+14.1 | 33.8+4.98 | 110+23.2 n/a
PWN* 29.5+£7.33|39.5+£7.15 n/a 39.3+8.16 | 65.8+5.45 [ 46.1+3.24 | 44.3+5.04 n/a 61.944.94 | 42.545.43 | 60.6+4.74 n/a
n/a 39.7+6.14 n/a 42.1+8.20 [ 54.8+12.4 [ 45.3+4.48 | 46.8+3.85 | 28.5+5.02 | 45.0+11.4 | 41.9+4.37 | 59.8+5.69 n/a
PRSN* 24.6+4.87 | 16.7+5.48 n/a 53.6+9.78 [ 13.7+1.47 [ 19.9+3.20 | 67.4+16.1 n/a 67.0+11.8|67.8444.2 | 51.1+6.92 n/a
n/a 16.34+4.16 n/a 48.2+8.09 [ 22.9+14.9 [ 19.6+2.99 | 70.9+16.7 | 85.7+50.4 | 83.8+27.9 | 41.2+17.2 | 49.7+6.29 n/a
PFSN* 96.0+48.9 | 104+21.2 n/a 131423.8 [ 301+18.4 | 276+16.7 | 251+£37.5 n/a 180+25.5 | 151+72.7 | 146+18.5 n/a
n/a 99.8+20.9 n/a 148425.7 | 2454+62.4 | 263420.6 | 247+30.4 | 207+54.3 | 138+53.0 | 116+34.5 | 136+29.3 n/a
PSR % 32.2+17.1(18.3+21.8 n/a 42.2+11.3 [4.58+0.61 | 7.25+1.39 | 27.5+8.48 n/a 38.049.31 [ 45.9422.5 | 36.1+16.2 n/a
n/a 18.1+18.1 n/a 33.5+8.13 [ 13.2+21.1 [ 7.50+1.40 | 29.0+7.19 | 39.6+£14.0 | 80.2+73.8 | 36.4+12.2 | 39.2+15.1 n/a
PS* 29.2+1.62 | 38.5+2.48 n/a 28.0+2.04 [ 30.8+3.45( 31.9+2.00 | 18.7+2.82 n/a 18.3+1.80 | 23.543.69 | 31.5+3.20 n/a
n/a 38.8+2.49 n/a 28.3+1.94 [ 30.8+3.76 [ 31.8+1.98 | 19.2+2.08 | 32.8+2.83 | 18.5+2.04 | 26.1+3.30 | 31.5+2.27 n/a
PO* 50.2+15.0 | 77.0+£36.9 n/a 60.1+18.8 | 126+29.5 | 67.4+8.72 [ 31.8+7.95 n/a 55.1+15.3(39.9+5.46 | 116+21.0 n/a
n/a 78.44+20.1 n/a 67.8421.794.6+32.4 [ 67.2+11.7 | 34.6+6.12 | 42.6+8.49 | 36.3+10.2 | 41.3+5.70 | 115+23.0 n/a
PE* 59.8+13.9 [ 99.5+36.6 n/a 71.8+19.2 | 155+28.2 [ 89.6+8.07 | 59.0+9.27 n/a 86.2+15.2 [ 55.1+6.75 | 144+21.3 n/a
n/a 99.9+19.9 n/a 79.2+21.8 | 117+35.4 [ 88.4+11.5|63.2+6.88 | 58.8+10.5 | 54.9+13.5 | 59.9+£5.78 | 142+23.0 n/a
PSN* 29.7+3.58 | 26.6+3.68 n/a 26.5+4.04 [ 17.1+3.65 [ 25.7+2.21 | 20.7+2.77 n/a 17.243.03 [31.744.13 [ 17.4+2.34 n/a
n/a 26.1+£3.26 n/a 25.0+4.01 [ 21.7+5.89 [ 25.9+2.63 | 20.5+2.46 | 36.4+1.26 | 24.1+4.31 | 32.5+3.39 | 17.6+2.62 n/a
PON* 49.3+6.24 | 50.5+5.96 n/a 54.7+5.46 | 66.8+5.61 | 53.8+3.04 | 34.7+4.46 n/a 49.8+6.49 | 53.6+4.33 | 63.0+4.40 n/a
n/a 51.345.15 n/a 57.145.82 [ 61.1+7.75 | 53.843.62 | 36.6+3.57 [ 47.0+3.73 | 45.5+6.07 | 51.3+4.13 | 62.6+5.11 n/a
PEN* 59.24+3.83 [ 66.1+3.91 n/a 65.7+4.47 [ 82.8+2.04 [ 71.8+1.56 | 65.0+3.44 n/a 79.142.57 | 74.243.54 | 77.9+2.75 n/a
n/a 65.8+3.31 n/a 67.1+4.50 [ 76.4+6.89 | 71.1+2.43 | 67.3+2.33 | 64.9+£3.76 | 69.1+£7.88 | 74.4+2.64 | 77.4+3.35 n/a
AMP* 9.15+0.59 | 14.0+1.22 n/a 4.34+0.39 | 10.4+0.43 | 10.5+0.86 | 7.31%1.12 | 3.22+0.13 | 7.18+0.87 | 5.57+1.86 | 4.56+0.33 | 11.5+1.53
8.78+0.43 | 14.0+0.89 n/a 4.51+0.38 [ 8.59+1.24 [ 11.9+1.06 | 6.59+0.79 | 3.08+0.14 | 8.03+1.56 | 7.11+1.60 | 4.75+0.49 | 12.5+1.33
Trial #2
74.7+4.68 | 34.2+4.90 n/a 42.1+7.70 [ 27.1+4.60 | 37.843.98 [ 47.0+7.99 | 73.7+6.86 | 47.4+5.57 | 73.3+£7.24 | 30.8+3.08 | 66.0+10.3
HR 74.6+4.67 | 38.1+8.22 n/a 47.1+11.1[25.0+5.28 [ 39.7+4.74 | 46.4+7.79 | 73.9+6.89 | 52.9+9.77 | 77.8+7.62 | 39.7+4.19 | 62.2+7.74
PPSN* 224+15.3 | 200+14.8 n/a 339+25.3 | 116+16.8 | 159+13.8 | 215429.1 | 176+34.1 | 347+26.3 | 309+50.3 | 3184+29.7 | 219+11.8
223+9.14 | 227+17.9 n/a 331+25.7 | 126£16.2 | 156+20.8 | 201+£24.5 | 175+13.2 | 348+44.0 | 311+£53.4 | 3154+33.3 | 217+12.0
NPSN* 241+13.1 | 187+16.4 n/a 214425.8 | 278+19.7 | 237+12.5 | 307+38.8 | 283+33.0 | 322+26.9 | 406+119 | 2134£23.3 | 201£10.7
248+7.77 | 167+20.7 n/a 216+27.8 | 274426.5 | 253421.3 | 299436.5 | 275+37.9 | 370+48.4 | 500+163 | 209+27.0 | 208+14.1
PHN* 2.21+0.18 | 8.50+3.89 n/a 13.842.88 1 16.4+4.30 | 11.2+3.67 | 21.8+11.6 | 9.95+2.86 | 21.1+£6.73 | 8.29+4.73 | 36.9+7.77 | 1.96+0.64
2.67+0.79 | 5.87+3.17 n/a 11.543.11 | 18.8+5.41 | 11.4+4.25122.0+11.8 | 10.8+£5.43 | 21.749.16 | 10.2+6.60 | 19.8+6.21 | 2.25+1.13
PW* 23.2+1.44 | 86.2+29.0 n/a 76.5+£30.4 | 157+37.5 | 83.4+14.7 | 75.0£19.3 | 41.7+10.7 | 73.5+14.4 | 35.9+6.33 | 123+19.8 | 24.4+6.54
26.44+2.78 | 71.4+£37.9 n/a 64.8+43.3 | 178+45.8 | 80.0+16.8 [ 76.1£19.8 | 42.1+11.8 | 70.5+£19.4 | 38.5+6.49 | 77.3£15.9129.2+12.8
PWN* 24.6+1.22 | 46.8+6.70 n/a 50.1+8.44 | 68.3+5.06 | 51.54+3.88 [ 55.845.74 | 37.745.53 | 56.844.27 | 40.4+5.09 | 62.0+4.16 | 20.3+4.20
27.342.06 | 39.549.83 n/a 44.0+11.7 [ 70.5+5.89 [ 51.5+4.34 | 55.8+6.17 | 37.9+6.74 | 58.3+8.56 | 47.4+5.80 | 50.0+5.34 | 22.94+6.68
PRSN* 20.9+2.27 | 14.5+4.01 n/a 41.9+6.54 [ 12.9+1.78 [ 18.5+3.06 | 51.8+9.25 | 59.2+46.6 | 46.2+7.08 | 47.5+18.5 | 50.6+7.09 | 16.7+3.99
21.0+4.58 | 14.7+£2.74 n/a 45.8+15.4(12.7+1.31[20.1£3.91 [ 50.9+8.94 | 72.3455.9 | 54.6+10.3 | 61.1£32.1 | 51.2+11.5| 16.9+5.42
PFSN* 211£25.7 | 113£12.0 n/a 115421.4 | 274+17.1 | 238+16.7 | 201+£22.5 | 185+£31.4 | 143+18.7 | 126+36.8 | 128+23.2 | 32.2+7.93
219+24.3 [ 66.5+23.0 n/a 107420.9 | 2754£22.0 | 255+23.1 | 211£25.0 | 167+£52.2 | 161+£37.7 | 185+74.4 | 88.6+22.1 | 37.3+£10.0
PSR % 9.98+1.23 | 13.4+6.86 n/a 37.849.394.73+0.73 | 7.78+1.24 | 26.1+£5.35 | 39.54+51.4 | 32.9+6.82 | 39.1£14.2 | 40.8+10.9 | 55.1£19.5
9.91+3.48 [ 25.3+12.4 n/a 44.7+19.1 [ 4.65+0.65 | 7.97+2.54 | 24.4+4.77 | 64.2+77.6 | 36.7+£15.9 | 33.5+11.3 | 61.2+21.6 | 47.4+17.1
PS* 30.7+1.23 | 40.6+2.73 n/a 29.742.26 | 34.243.81 | 35.242.17 [ 24.542.17 | 34.943.00 | 23.6+1.75 | 27.6+£3.67 | 31.6+4.51 | 44.4+2.78
30.7+0.62 | 41.0+2.82 n/a 30.3+2.45(34.243.21 | 34.0+2.27 [ 24.3+2.01 | 33.343.61 | 20.7+2.11 | 22.3+4.71 | 31.0+2.86 | 45.1+2.88
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PO* 41.4+1.69 | 102+£31.0 n/a 93.9+30.4 | 163+38.1 | 95.3+15.2 | 65.0+18.8 | 57.7+7.33 | 69.5+14.6 [ 45.2+6.13 | 125+19.2 | 60.8+7.09
43.6+2.72195.2438.5 n/a 83.9+43.1| 185+45.5 190.9+17.8 [ 65.5+18.6 [ 52.7+7.30 [ 61.2+16.2 [ 39.3+7.03 | 82.7+15.4 | 66.6+13.2

PE* 53.9+2.02 | 127+29.4 n/a 106+30.5 | 191+37.5 | 119+14.6 [99.4£19.7 | 76.6+10.0 | 97.1+14.5 | 63.5+6.51 | 154+20.1 | 68.8+6.84
57.242.90 | 112+37.7 n/a 95.1443.5 | 212+44.8 | 114+£17.2 | 100+£19.9 | 75.4+11.291.2+18.9 | 60.8+7.38 | 108+16.0 | 74.3£13.4

PSN* 32.6+1.01|23.0£3.40 n/a 20.8+3.97 [ 15.4+3.07 [ 22.1+£2.33 | 18.9+3.07 | 33.0+7.78 | 18.7+2.43 | 31.3+3.98 | 16.2+2.33 | 37.4+£2.79
31.9+1.06 | 24.9+4.78 n/a 23.4+5.34 [ 14.4+3.63 [ 22.4+2.58 | 18.5+3.12 | 30.7+4.30 | 17.9+3.77 | 27.5+5.03 | 20.4+2.66 | 36.9+£3.67

PON* 43.9+1.03 | 55.846.51 n/a 62.3+£6.06 | 71.0+4.55 | 58.9+3.38 [ 48.1+6.20 | 53.6+8.95 | 53.64+4.50 [ 51.0+4.28 | 63.0+3.23 | 50.9+3.06
45.1+1.52| 53.84+7.38 n/a 58.9+7.87 | 73.2+5.23 | 58.6+4.38 | 47.9+6.09 | 48.3+£5.43 | 50.7+5.69 | 48.2+5.05 | 53.6+4.48 | 53.6+4.06

PEN* 57.2+1.12]69.8+£3.92 n/a 70.9+4.75 | 83.8+2.25| 73.6+1.86 | 74.7+3.28 | 70.7+£5.26 | 75.542.23 [ 71.8+2.75 | 78.2+2.40 | 57.7+2.16
59.2+1.29 | 64.4+5.64 n/a 67.4+6.67 | 84.8+2.38 [ 73.9+£2.19 | 74.3+3.62 | 68.7+3.15 | 76.3+5.17 | 75.0+3.52 | 70.5+3.38 | 59.8+3.49

AMP* 9.78+0.52 | 14.0+£0.86 n/a 4.48+0.39 1 9.23+0.48 | 10.7+0.78 | 8.02+0.66 | 3.35+0.20 | 8.29+0.53 | 6.26+1.38 | 4.68+0.41 | 14.8+0.88
10.3+£0.51 | 14.2+1.07 n/a 4.59+0.39 1 9.27+0.45 | 10.4+0.87 | 8.32+0.82 | 3.56+0.20 | 8.21+0.82 | 5.50+1.82 | 4.55+0.46 | 14.7+0.79

Trial #3

72.8+6.56 | 31.8+6.45|29.4+7.85 | 38.6+7.49 | 28.5+4.46 | 33.0+7.92 [ 45.4+9.15 | 70.1+7.63 | 42.5+7.34 | 68.4+8.91 | 28.9+2.99 | 52.6+7.35

HR 83.1+£7.96 [ 31.6+6.44 | 30.1+£7.58 | 38.1+7.07 | 24.4+3.25 | 34.3+£5.29 [ 49.8+8.85 | 75.0+£7.63 | 47.9+£13.7 | 64.7+8.21 [ 29.4+2.77 | 53.0+£6.58
PPSN* 219433.6 | 181+21.1 | 203+38.8 | 3404+24.0 | 121+31.1 | 154+31.8 | 210+42.4 | 185+18.1 | 331+£29.9 | 231£38.5 | 292+23.0 | 184+13.3
268+43.6 | 183+19.4 | 215+46.5 | 336423.4 | 114+13.2 | 154+£15.0 | 252435.6 | 170+25.6 | 367+60.6 | 229+32.2 | 297+24.0 | 191+12.8

NPSN* 218420.4 | 192+21.6 | 272+57.1 | 219426.7 | 273+32.2 | 254+37.1 | 289+43.8 | 255+20.2 | 301+35.5 | 402+102 | 136+13.9 | 196+10.2
194+62.9 | 192420.1 | 280+54.4 | 212+22.9 | 267+15.5 | 245424.3 | 3124+43.2 | 228+41.0 | 311+53.8 | 372+80.6 | 147+15.7 | 195+10.9

PN |60824355] 1055595 [34.4411.2[17.95430] 15724.66 [ 15,0479 [ 2814157 [9.70:5.10] 23,1496 [ 6364604 [ 143:24.25 | 3.69:2.11
10.9+12.4|10.8+5.72 | 34.8410.9 [ 16.9+£3.19 | 18.0+£3.75 | 12.0+£5.24 [ 26.7+14.2 | 11.3£5.52 | 24.0+11.7 [ 6.63+4.08 | 16.3+4.96 | 2.93+1.64

PW* 47.9+£29.7| 107+43.4 | 161£39.2 | 91.4+38.2 | 146+36.0 | 122451.7 | 82.1£29.3 | 47.147.58 | 87.5+23.4 | 43.8+£13.3 | 122420.2 [ 36.6+11.2
96.9+102 | 109+44.0 | 156+39.5 | 91.0+34.2 | 180+34.2 | 103+31.0 | 71.6+20.9 | 80.9+£105 | 82.2428.4 | 43.249.10 | 120+20.3 | 33.0+9.01

PN+ 232103]52.2:7.57]736:3.90] 5432544 66.846.96 [ 6022638 57.157.95 | 38,5242 5894689 | 44.326.25 | 57.7:4.53[ 26.324.63
45.9+14.1|52.6+7.31 | 73.6+4.13 | 54.0+7.86 | 71.4+3.56 | 56.1+5.34 | 55.5+6.80 | 41.7+16.5 | 57.4+10.9 | 42.9+5.86 | 58.14+4.32 | 24.5+4.71

PRSN* |2075:36[13:9:223[299:113[37.6:6.78 [ 14.223.13[ 1582245 [61 2212.1[37.2022,5[ 4172671 [ 3250162 4245531 [ 15,7390
34.5+26.3 | 14.0+£2.46 | 30.6£9.43 [ 36.9+6.26 [ 12.2+1.10 | 15.5£1.98 | 71.0+14.2 [ 42.0+£23.3 | 53.9+£27.8 | 30.7+12.7 [ 42.9+5.43 | 15.2+3.82

PFSN* 177450.4 | 124+16.5 | 280+47.7 | 1254£22.8 | 241444.1 | 228+23.3 | 219435.9 | 150+22.2 | 132+30.9 | 168+47.2 | 60.8+13.9 | 84.1£15.4
110£69.6 | 122+14.3 | 285+43.4 | 122420.9 | 255415.3 | 223+16.7 | 2034£25.0 | 1354£39.7 | 126+40.1 | 168+34.2 | 66.5+15.7 | 68.7£19.7

psp* 120847 [120:106]10.5:3.19[31.1:8.056.85:6.00 | 698+1.17[28.747.43 [ 2480127 [35.0418,5 [ 20.1413.8 [ 1542301 | 1972762
57.6460.2 | 12.148.55 | 10.7+2.91 | 31.247.94 | 4.82+0.55 | 6.99:+0.88 | 35.5+8.21 | 32.9+16.6 | 60.2--87.6 | 18.4+6.74 | 68.8+21.5 | 26.2+17.6

pgx  [P272:50[30.9:303]17.6:3.93295:2.18]32.94593[35.142.71 [228:2.34 | 3634307 25.262.13[28 324,93 34 522,69 [ 48723 64
30.5+4.46 | 40.1+£3.36 | 17.14£3.44 [ 29.9+2.14 | 33.0+2.93 | 36.0+2.68 | 22.4+2.03 | 38.6+7.47 | 24.1£3.16 | 29.94+4.70 | 33.8+2.50 | 47.8+3.18

PO* 65.8430.0 | 117+45.2 | 143+42.1 | 106+£37.9 | 148434.4 | 131+54.6 | 68.4+26.4 | 63.6+6.46 | 83.4+22.6 | 48.6+13.6 | 133+18.7 | 71.8+12.2
89.7+38.9 | 119446.1 | 138+41.7 | 107+34.2 | 181434.8 | 113+32.4 (59.3+18.8 | 100+102 | 78.2+25.5|51.3+8.98 [ 130+18.9 | 68.1+£9.33

PE* 80.6+29.9 | 1474+43.6 | 178+40.3 | 121438.2 | 179434.9 | 157+52.5 | 105+29.4 | 83.4+6.83 | 113+23.4 | 72.2+14.1 | 157420.0 | 85.3+£12.3
1274104 | 150+44.4 | 173440.2 | 121+34.5 | 213+£34.2 | 139430.9 | 94.0+£20.9 | 119102 [ 106+28.9 | 73.1+£9.35 | 154+20.3 | 80.8+9.60

pgNF | 232509]209:0.03[5.47:2.35[18.9+395 [ 15:724.26] 1884111694351 [20.943.13] 17.843.39 ] 29.204.64[ 16.542.11 [358:2.95
21.248.84120.743.98 | 8.47+2.26 | 19.0+£3.58 | 13.4+2.09 | 20.6+3.38 | 18.1+3.16 | 29.0+9.33 | 18.144.2529.9+4.41 | 16.6+1.94 | 36.2+2.91

PON* 50.8+7.66 | 56.8+7.58 | 64.7+7.20 | 63.7+6.32 | 67.8+4.59 | 64.3£6.92 | 47.4+7.00 | 52.14£2.50 | 56.2+5.91 | 49.14+4.58 | 63.2+2.93 | 52.1£3.00
54.2+14.4(57.4+7.19 | 64.4+£7.28 | 63.9+5.85 [ 71.9+£3.60 | 61.9+£5.09 | 45.8+5.98 [ 56.3+11.8 | 55.0+£7.21 | 50.843.97 | 62.8+2.93 | 51.1+£2.90

pEN* 2250385 8212204173 264,68 [82.543.10[ 79.0:2.57 74 1486 68 421,88 [ 76.723.87 73 523,72 | 4 342 86 [ 212235
67.156.57 | 73.3+3.62 | 82.192.50 | 73.044.50 | 84.8+1.68 | 76.742.13 | 73.7+4.26 | 70.748.02 | 75.6+7.16 | 72.8£2.73 | 74.7+2.81 | 60.742.57

AMP* 9.91+0.89 | 13.4+0.98 | 6.18+0.98 [ 4.31+0.36 | 8.44+0.68 | 11.5+£0.95 | 6.96+0.94 | 3.89+0.21 | 8.2140.64 | 9.13+£2.43 | 5.79+0.44 | 14.8+0.69
9.50+0.86 | 13.4+0.90 | 5.79+0.88 | 4.43+0.36 | 8.52+0.29 | 11.6+0.49 | 7.40+1.13 [ 4.07+£0.25 | 8.21£1.08 | 9.57+2.21 [ 5.59+0.46 | 14.8+0.69

*parameter values in the table are multiplied by 100
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Table A.6. Mean and SD values of crayfish cardiac activity parameters before
(Ist row) and during (2nd row) the treatment with chloramine-T in
concentration 10 mg/L.

Crayfish
z L2 3| 4|5 |6 7] 8] 9 ]10]11]12
Trial #1
HR n/a n/a n/a 54.7£11.3 [ 39.9+4.81 | 36.4+7.75 n/a n/a n/a 62.748.37 [ 33.0+5.51 | 48.4+6.51
n/a n/a n/a 51.5£8.91[90.7+21.7 | 51.9+15.5 n/a n/a n/a 63.6+8.33 [ 37.0+7.29 | 47.8+5.89
PPSN* n/a n/a n/a 345+33.3 | 153+13.1 | 112+17.8 n/a n/a n/a 244+22.0 | 310+24.5 | 182+13.7
n/a n/a n/a 350+25.6 | 309+86.5 | 189+36.1 n/a n/a n/a 229+27.9 | 315+27.9 | 202+15.7
NPSN* n/a n/a n/a 240+35.7 | 259+11.5 | 284+35.9 n/a n/a n/a 357+61.3 | 180+£16.7 | 218+12.6
n/a n/a n/a 236+29.9 | 297+34.4 | 276+30.4 n/a n/a n/a 368+79.1 | 190+20.3 | 209+10.4
PHN* n/a n/a n/a 12.1+4.40 | 11.2+3.78 | 13.9+6.45 n/a n/a n/a 6.96+4.35 | 18.8+5.51 | 4.17+3.84
n/a n/a n/a 12.4+£2.76 | 10£8.41 |[13.9+9.87 n/a n/a n/a 6.7243.94 | 18.7+6.19 | 4.25+2.67
PW* n/a n/a n/a 51.7+£26.7| 81.2+19.2 | 107+38.1 n/a n/a n/a 42.1414.6 | 113+24.7 [41.0+21.6
n/a n/a n/a 53.5£24.2 (48.9+45.4 [ 73.6+48.8 n/a n/a n/a 42.3+8.77 [ 97.5£25.3 | 38.0£15.5
P WN* n/a n/a n/a 41.5+9.85 | 52.4+5.14 | 60.2+5.97 n/a n/a n/a 40.6+5.52 [ 59.3+6.14 | 29.3+£7.91
n/a n/a n/a 42.748.37 | 34.9+18.7 | 49.2+11.1 n/a n/a n/a 41.54+5.07 | 55.5+£7.35 | 28.1+6.77
PRSN* n/a n/a n/a 52.5£13.2 | 19.5+2.66 | 17.8+2.06 n/a n/a n/a 29.246.96 | 46.4+7.52 | 15.0+3.84
n/a n/a n/a 52.549.48 [ 51.6+32.7 | 27.3£5.69 n/a n/a n/a 28.849.46 | 50.1£9.31 | 17.2+4.17
PFSN* n/a n/a n/a 122429.3 | 259+15.3 | 284+25.6 n/a n/a n/a 156+25.8 | 82.1£19.5 | 129+16.0
n/a n/a n/a 120+£22.8 | 146+55.1 | 287+38.8 n/a n/a n/a 184+41.9 [ 84.3+22.0 | 103+24.7
PSR* n/a n/a n/a 45.9£20.0| 7.55+1.07 | 6.34+1.07 n/a n/a n/a 18.8+4.23 | 62.2+31.1 [ 12.0+3.99
n/a n/a n/a 45.3£12.1 [ 52.6+55.0 | 9.70+£2.59 n/a n/a n/a 15.844.09 | 67.9+41.8 | 18.8x11.5
PS* n/a n/a n/a 28.7£2.98 | 33.1+2.64 | 31.2+2.97 n/a n/a n/a 31.742.79 | 32.4+2.80 | 46.8+2.97
n/a n/a n/a 28.6+2.1530.5+5.38 | 29.1+3.03 n/a n/a n/a 31.0+3.26 [ 31.9+3.10 | 45.4+2.57
PO* n/a n/a n/a 69.5+26.5|90.8+19.4 | 110+£39.9 n/a n/a n/a 55.2+14.9 | 123422.9 | 73.7422.3
n/a n/a n/a 71.4+24.2 | 67.6+43.9 | 82.6+49.6 n/a n/a n/a 53.94£9.43 | 107+23.5 | 71.6+15.8
PE* n/a n/a n/a 80.4+26.8 | 114+19.1 | 138+38.5 n/a n/a n/a 73.9+14.7 | 146+24.7 | 87.7+22.0
n/a n/a n/a 82.1+24.4 | 79.4+48.4 | 103+50.2 n/a n/a n/a 73.3£9.18 | 129425.5 | 83.4+15.7
PSN* n/a n/a n/a 25.0+4.77 | 22.0+3.10 | 18.7+3.60 n/a n/a n/a 31.4+3.69 | 17.4+2.75 | 35.7+4.66
n/a n/a n/a 24.3£3.99 | 30.7+8.87 | 22.6+5.19 n/a n/a n/a 30.9+3.56 | 18.8+3.12 | 35.1+3.88
PON* n/a n/a n/a 57.0+6.62 | 58.8+4.29 | 61.8+6.81 n/a n/a n/a 53.4+4.24 | 64.5+4.20 | 54.2+5.03
n/a n/a n/a 57.8+5.87|55.0£11.0 | 56.1+9.68 n/a n/a n/a 53.043.90 | 61.3+5.25 | 54.1+4.15
PEN* n/a n/a n/a 66.5+5.50 [ 74.4+2.31| 78.9+2.94 n/a n/a n/a 72.0+2.77 | 76.7+3.71 | 65.0+3.59
n/a n/a n/a 66.9+4.69 | 65.5+10.9 | 71.8+6.18 n/a n/a n/a 72.4+2.56 | 74.4+4.70 | 63.2+3.34
AMP* n/a n/a n/a 4.2240.47(9.37+0.31 | 11.0+0.47 n/a n/a n/a 9.80+1.27 | 5.44+0.38 | 16.5+0.59
n/a n/a n/a 4.17+0.35 | 8.61+0.68 | 10.0+1.12 n/a n/a n/a 10.142.20 | 5.30+0.48 | 16.3+0.65
Trial #2

n/a n/a n/a 46.4+10.8 [ 27.1£2.92| 27.3+7.03 n/a n/a n/a 51.0+£6.28 | 30.3+4.53 | 42.5+6.89

HR
n/a n/a n/a 46.1+8.05 | 38.3+15.2 | 46.7+17.0 n/a n/a n/a 51.1£9.00 [ 27.8+3.68 | 51.2+13.7
PPSN* n/a n/a n/a 342425.1 | 178+15.6 | 149+22.4 n/a n/a n/a 230+20.2 | 295+29.0 | 175+10.3
n/a n/a n/a 340+27.9 | 193£28.9 | 161+54.1 n/a n/a n/a 239+23.7 | 297+24.2 | 195+13.6
NPSN* n/a n/a n/a 233+29.4 | 239+11.4 | 260+42.3 n/a n/a n/a 298+39.8 | 161£17.0 | 205+11.5
n/a n/a n/a 226+25.6 | 2374£22.8 | 279+38.5 n/a n/a n/a 294+43.4 | 162£16.0 | 205+13.8
PEHN* n/a n/a n/a 15.3+4.04 | 18.2+3.40 | 23.2+8.63 n/a n/a n/a 8.65+4.13 | 18.1+5.13 | 6.53+5.20
n/a n/a n/a 13.5+3.76 | 15.5+7.07 | 15.6+9.34 n/a n/a n/a 10.245.67 | 19.9+£3.75 | 4.95+3.09
n/a n/a n/a 69.1£38.0 | 1464+22.2 | 162+53.5 n/a n/a n/a 53.1£12.4 | 123426.5 | 52.5+23.2

pPw*
n/a n/a n/a 66.4+23.9 | 1144+47.3 | 94.3+42.6 n/a n/a n/a 56.2+17.2 | 137426.2 | 44.5+23.2
PWN* n/a n/a n/a 47.4+10.4 [ 65.1£3.75| 67.7+6.71 n/a n/a n/a 43.4+5.61 [ 59.1£6.01 | 33.3+8.53
n/a n/a n/a 47.5+8.44 | 56.0+12.5 | 56.0+10.1 n/a n/a n/a 44.2+6.78 | 62.0+£5.21 | 30.2+8.11
PRSN* n/a n/a n/a 44.5+11.6 | 14.9+1.53 | 17.4+1.95 n/a n/a n/a 24.6+4.74 | 41.0+6.15 | 16.2+4.21
n/a n/a n/a 45.7+£10.1 | 18.4+6.25 | 24.3+23.4 n/a n/a n/a 26.0+6.41 | 38.0+6.12 | 17.0+4.24
PFSN* n/a n/a n/a 133425.7 | 236+13.4 | 287+24.3 n/a n/a n/a 166+20.1 | 72.0+17.7 | 124+£11.6
n/a n/a n/a 118424.7 | 199+54.7 | 261+42.3 n/a n/a n/a 159+23.4 [ 75.8+12.4 | 86.9+16.4
PSR % n/a n/a n/a 34.9£12.8 [ 6.35+0.71 | 6.12+0.79 n/a n/a n/a 15.043.10 | 62.4+28.3 | 13.2+3.89
n/a n/a n/a 40.9£14.4 | 11.7+11.7 | 9.87+14.2 n/a n/a n/a 16.74£5.03 | 51.6£12.9 | 20.5+7.58
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PS* n/a n/a n/a 29.242.22 | 35.3+3.70 | 32.8+2.73 n/a n/a n/a 33.742.97 | 34.1+3.58 | 49.9+2.79
n/a n/a n/a 29.542.93 [ 37.3+4.57 | 30.2+4.61 n/a n/a n/a 33.9+3.44 | 33.8+2.59 | 47.5+2.88
PO* n/a n/a n/a 85.6+35.7| 158+22.1 | 169+55.1 n/a n/a n/a 67.9+12.7 | 132424.5 | 87.2+23.9
n/a n/a n/a 84.3+23.8 | 130+44.5 [99.8+45.4 n/a n/a n/a 71.9+18.2 | 144425.4 | 78.9+23.7
PE* n/a n/a n/a 98.3£38.1 | 182421.9 | 195+53.6 n/a n/a n/a 86.7+12.6 | 157426.1 | 102+23.6
n/a n/a n/a 95.9424.3 | 1514+46.8 | 125+44.8 n/a n/a n/a 90.0£17.8 [ 171425.7 | 92.0+23.7
PSN* n/a n/a n/a 22.2+4.86 | 16.0+2.35 | 14.9+3.97 n/a n/a n/a 28.243.57 | 16.9+2.87 | 33.7+4.97
n/a n/a n/a 22.3+4.06 | 20.6+6.15 | 19.8+4.90 n/a n/a n/a 27.744.28 | 15.742.71 | 34.5+4.59
PON* n/a n/a n/a 60.2+7.25 | 70.3+2.87 | 70.5+6.58 n/a n/a n/a 55.8+4.24 | 63.6+4.27 | 56.8+5.44
n/a n/a n/a 61.0+£5.50 | 65.3+8.10 | 59.1+10.1 n/a n/a n/a 57.0+£5.47 | 65.3+4.20 | 55.1+5.07
PEN* n/a n/a n/a 69.6+5.82 | 81.1+1.71 | 82.6+2.86 n/a n/a n/a 71.74£2.79 [ 76.0+3.72 | 67.0+3.75
n/a n/a n/a 69.7+4.69 | 76.6+6.66 | 75.9+5.78 n/a n/a n/a 72.0+£3.25 [ 77.7+£2.79 | 64.7+3.82
AMP* n/a n/a n/a 4.24+0.38 [ 9.66+0.29 | 9.70+0.69 n/a n/a n/a 11.2+1.05 | 5.40+0.47 | 15.8+0.80
n/a n/a n/a 4.16+0.36 | 8.83+0.57 | 10.1+1.23 n/a n/a n/a 11.7+1.49 | 5.39+0.34 | 15.4+1.21

Trial #3
n/a n/a n/a 40.9£5.56 | 34.0+5.51 | 29.6+5.54 n/a n/a n/a 41.546.80 | 31.243.17 [ 36.4+6.61
HR n/a n/a n/a 48.6+11.0 | 38.8+18.3 | 58.8+26.8 n/a n/a n/a 39.1£6.98 | 30.5+4.23 | 40.2+10.1
PPSN* n/a n/a n/a 3314+23.5 | 175420.2 | 144+23.6 n/a n/a n/a 247+20.0 | 316422.6 | 162+15.3
n/a n/a n/a 320+29.4 | 151£35.1 | 135+48.6 n/a n/a n/a 243+23.8 | 306£27.7 | 172£12.0
NPSN* n/a n/a n/a 200+18.4 | 238+12.3 | 267+28.2 n/a n/a n/a 257+28.7 | 179£13.1 | 192+11.8
n/a n/a n/a 222+35.6 | 260+£21.3 | 261+53.5 n/a n/a n/a 258+30.3 | 168+18.0 | 192+11.8
PHN* n/a n/a n/a 13.4+2.41 | 14.0+4.95 | 17.8+6.54 n/a n/a n/a 14.245.55 [ 25.9+£3.30 | 8.44+5.43
n/a n/a n/a 12.745.83 ] 19.2+6.90 | 11.3£7.42 n/a n/a n/a 15.6+6.17 | 22.0+7.18 | 7.66+4.87
PW* n/a n/a n/a 73.7£21.4 | 104429.7 | 142+46.2 n/a n/a n/a 74.5£20.7 [ 118+19.4 | 68.9+27.8
n/a n/a n/a 59.9+39.8 | 142+52.3 | 104+52.5 n/a n/a n/a 83.4426.3 | 122427.6 | 62.0+25.0
PWN* n/a n/a n/a 48.4+6.50 | 56.3+7.51 | 65.8+5.08 n/a n/a n/a 49.0+6.40 | 60.1+4.10 | 37.8+9.26
n/a n/a n/a 42.0£11.3 [ 63.9+12.3 | 56.0+10.4 n/a n/a n/a 51.4+7.04 | 60.0+6.20 | 35.8+8.57
PRSN* n/a n/a n/a 38.3+£6.40 | 17.9+£3.72 | 15.9+1.67 n/a n/a n/a 25.143.93 | 51.446.42 | 15.4+3.61
n/a n/a n/a 46.5£14.7 [ 17.9+4.52 | 17.0+11.3 n/a n/a n/a 24.54+4.09 | 48.2+8.05 | 15.8+3.78
PESN* n/a n/a n/a 111£18.5 | 218+26.4 | 260+15.2 n/a n/a n/a 150£16.7 | 90.6+10.3 | 118+19.9
n/a n/a n/a 125+35.9 | 249+44.6 | 223+47.5 n/a n/a n/a 152+18.3 | 79.0+20.8 | 108+14.9
PSR* n/a n/a n/a 35.6+8.47 | 8.44+2.90 | 6.14+0.75 n/a n/a n/a 17.043.14 | 57.5+9.70 | 13.6+4.67
n/a n/a n/a 40.3£19.4 | 7.82+4.44 | 12.1+30.8 n/a n/a n/a 16.3+£3.22 | 68.2+34.4 | 15.2+6.25
PS* n/a n/a n/a 30.4+2.20 | 35.1+3.73 | 32.3+£2.60 n/a n/a n/a 35.5+2.68 [ 31.8+2.24 | 54.2+3.53
n/a n/a n/a 30.4+2.91 | 32.9+3.44 | 34.0+5.30 n/a n/a n/a 36.3£3.13 [ 32.8+2.88 | 52.7+3.41
PO* n/a n/a n/a 91.8421.3 | 115427.6 | 147+48.4 n/a n/a n/a 92.1421.5| 121£18.0 | 106+27.9
n/a n/a n/a 77.6+39.2 | 148+47.5 | 109+55.5 n/a n/a n/a 101426.6 | 127424.9 [ 99.2425.3
PE* n/a n/a n/a 1044+21.4 | 139+28.7 | 174+46.5 n/a n/a n/a 110£21.1 | 149419.6 | 123+£27.9
n/a n/a n/a 90.3+40.1 | 175+50.9 | 138+53.8 n/a n/a n/a 120+26.2 | 155+27.5 | 115+£25.4
PSN* n/a n/a n/a 20.7+3.10 | 19.9+4.23 | 15.9+3.01 n/a n/a n/a 24.343.76 | 16.5£1.92  31.7+5.45
n/a n/a n/a 24.0+5.09 | 16.6+5.86 | 20.6+5.54 n/a n/a n/a 23.544.22 | 16.6+2.69 | 32.3+4.98
PON* n/a n/a n/a 60.7+4.62 | 62.7+5.04 | 67.9+5.46 n/a n/a n/a 61.0£4.91 | 61.8+3.01 | 59.7+5.60
n/a n/a n/a 56.1+8.31|67.4+7.85 | 58.8+9.84 n/a n/a n/a 62.8+5.27 | 62.8+3.97 | 58.6+5.25
PEN* n/a n/a n/a 69.1£3.67 | 76.2+3.59 | 81.6+2.21 n/a n/a n/a 73.3£3.00 [ 76.6+2.50 | 69.5+4.17
n/a n/a n/a 66.1£6.66 | 80.5+6.65 | 76.5+5.82 n/a n/a n/a 74.9+3.27 | 76.6+3.94 | 68.0+3.84
AMP* n/a n/a n/a 4.36+0.30 | 8.73+0.39 | 11.2+0.61 n/a n/a n/a 12.6+1.25 [ 4.51+0.25 | 15.4+0.81
n/a n/a n/a 4.69+0.53(9.19+0.57 | 10.7+1.96 n/a n/a n/a 12.5+£1.23 [ 5.04+0.55 | 15.7+1.24

*parameter values in the table are multiplied by 100
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Table A.7. Mean and SD values of crayfish cardiac activity parameters before

(1st row) and during (2nd row) the treatment with ammonia in concentration 1

mg/L.

Craf“h L2 3| 4|5 |6 7] 8] 9 ]10]11]12

Trial #1
66.8+7.20 | 36.3+8.99 | 35.2+12.8 n/a n/a n/a 41.745.94 | 80.1£7.23 | 37.7+6.68 n/a n/a n/a
HR 66.5+6.35|37.9+10.7 | 34.1+8.87 n/a n/a n/a 46.1+8.98 | 87.9+9.62 | 38.0+6.37 n/a n/a n/a
PPSN* 121£19.0 | 199+30.7 | 207+62.5 n/a n/a n/a 263+29.2 | 239+24.1 | 437+34.1 n/a n/a n/a
109+18.6 | 207+40.4 | 191+77.8 n/a n/a n/a 268+35.7 | 274+51.0 | 439+38.2 n/a n/a n/a
NPSN* 266+20.4 | 200+30.0 | 294+47.2 n/a n/a n/a 287+29.1 | 283+14.3 | 299+44.2 n/a n/a n/a
268+20.4 | 187+42.4 | 310+£54.9 n/a n/a n/a 298+30.5 [ 296+31.0 | 313+£50.0 n/a n/a n/a
PHN* 3.76+3.489.49+5.65 | 32.3+£13.6 n/a n/a n/a 31.8+10.7 [ 6.65+2.27 | 31.8+6.03 n/a n/a n/a
3.48+3.97 | 8.33+4.44 | 29.8+13.0 n/a n/a n/a 27.8+13.3|5.97+1.83 | 34.3£7.73 n/a n/a n/a
PW* 47.7+45.3 ] 93.6+51.6 | 151+64.5 n/a n/a n/a 87.1+21.425.4+6.08 | 114+31.3 n/a n/a n/a
41.9+15.0| 94.6+44.0 | 139+£51.0 n/a n/a n/a 77.9+27.4121.143.07 | 112+27.2 n/a n/a n/a
PWN* 38.6+8.06 | 48.24+8.87 | 72.3+7.18 n/a n/a n/a 58.5+4.82127.1+3.99 | 68.3+4.76 n/a n/a n/a
37.7+5.01 | 47.5+9.32 | 72.0+£5.47 n/a n/a n/a 55.948.21 | 26.3+3.44 | 68.2+4.65 n/a n/a n/a
PRSN* 14.94£2.97 | 14.5+£2.34 1 29.2+8.18 n/a n/a n/a 57.3£6.95 | 77.3£37.8 | 57.6+11.2 n/a n/a n/a
14.74£3.34 | 13.9+2.50 | 29.0+6.13 n/a n/a n/a 59.6+12.8 | 103+43.0 | 57.8+10.7 n/a n/a n/a
PFSN* 324437.7 | 119£17.7 | 301+32.8 n/a n/a n/a 214£19.2 | 133£23.9 | 133+22.4 n/a n/a n/a
337+24.7 [ 97.9£32.3 | 300+34.9 n/a n/a n/a 210+25.1 | 123+31.9 | 1424£27.9 n/a n/a n/a
PSR % 4.73+1.53 | 12.6+3.66 | 9.72+2.88 n/a n/a n/a 27.0+4.08 | 62.7+41.8 | 43.7+8.31 n/a n/a n/a
4.39£1.23 [ 16.3+£9.20 | 9.69+2.32 n/a n/a n/a 28.8+7.59 [ 91.0+44.1 | 42.0+13.8 n/a n/a n/a
PS* 30.4+3.54 | 40.2+3.47 | 17.6+£3.29 n/a n/a n/a 24.9£2.05 [ 33.6+3.64 | 23.0+1.74 n/a n/a n/a
30.1+2.95 | 41.2+3.35| 17.3+£3.55 n/a n/a n/a 24.0+1.89 | 28.7+6.19 | 23.0+2.51 n/a n/a n/a
PO* 58.7+46.0 | 110+£54.8 | 136+65.6 n/a n/a n/a 80.9+21.8 | 44.2+7.89 | 113£31.2 n/a n/a n/a
52.4415.7| 114+48.7 | 124+53.5 n/a n/a n/a 71.6+25.6 | 35.248.05 | 111£27.0 n/a n/a n/a
PE* 78.0+45.3 | 134+52.8 | 169+64.3 n/a n/a n/a 112421.9 [59.0+£8.47 [ 137+31.3 n/a n/a n/a
72.1x15.7| 136+45.1 | 156+51.4 n/a n/a n/a 102427.7 | 49.7+8.03 | 135+27.2 n/a n/a n/a
PSN* 27.5+4.43 | 23.0+4.60 | 9.48+3.16 n/a n/a n/a 17.242.56 [ 36.3+£2.45 | 14.4+2.72 n/a n/a n/a
27.843.02 [ 22.9+4.84 | 9.73+2.74 n/a n/a n/a 18.3+£3.34 [ 35.243.96 | 14.5+2.72 n/a n/a n/a
PON* 48.4+6.64 | 56.9+8.71 | 64.3£9.40 n/a n/a n/a 54.245.07 | 47.243.77 | 67.744.54 n/a n/a n/a
47.4+4.33 | 57.9+9.34 | 63.0+8.89 n/a n/a n/a 51.3+7.28 | 43.245.03 | 67.5+4.32 n/a n/a n/a
PEN* 66.1+4.08 | 71.3+4.68 | 81.8+4.42 n/a n/a n/a 75.8+2.66 | 63.3+2.77 | 82.7+2.29 n/a n/a n/a
65.6+2.68 | 70.4+5.00 | 81.8+3.24 n/a n/a n/a 74.2+£5.19 [ 61.5+£2.42 | 82.8+2.19 n/a n/a n/a
AMP* 11.0£0.66 | 13.7+1.25 | 5.05+1.73 n/a n/a n/a 7.7240.45 [ 4.50+0.21 | 7.98+1.09 n/a n/a n/a
10.9£0.69 | 14.2+1.59 | 4.74+1.15 n/a n/a n/a 7.66+0.55 [ 4.52+0.31 | 7.68+1.06 n/a n/a n/a

Trial #2
67.5+7.37 | 26.6+4.91 | 24.5+7.98 n/a n/a n/a 50.9+12.4 | 84.849.89 | 31.44+4.99 n/a n/a n/a
HR 67.5+6.60 | 26.9+4.31 | 26.8+8.19 n/a n/a n/a 41.7£10.4 | 71.6+£5.94 | 34.5+7.91 n/a n/a n/a
PPSN* 120422.9 | 202+15.4 | 336+60.2 n/a n/a n/a 257+46.9 | 268+38.1 | 458+25.3 n/a n/a n/a
149+£19.0 | 191£12.9 | 325+37.7 n/a n/a n/a 218+30.7 | 233+35.4 | 447+34.9 n/a n/a n/a
NPSN* 256+20.0 | 174+14.2 | 206+29.4 n/a n/a n/a 275+35.5 | 342452.6 | 379+42.0 n/a n/a n/a
250+14.6 | 177+14.5 | 214+25.4 n/a n/a n/a 3014+45.2 | 273430.3 | 361+46.1 n/a n/a n/a
PEN* 3.12+1.66 | 14.1+4.84 | 35.4+12.5 n/a n/a n/a 26.2+16.7 | 5.29+1.38 | 53.1£10.3 n/a n/a n/a
3.11£1.63 | 13.2+4.60 | 33.1+12.5 n/a n/a n/a 33.0+15.7 | 8.18+3.39 | 46.0+12.7 n/a n/a n/a
PW* 41.34£10.7 | 135+48.4 | 195+67.6 n/a n/a n/a 74.0+28.5 [ 20.6+3.90 | 148+28.3 n/a n/a n/a
36.9+7.38 | 132+47.4 | 175+64.9 n/a n/a n/a 97.7428.1(32.2+11.2 | 133£35.0 n/a n/a n/a
PWN* 36.5+4.60 | 56.3+7.19 | 71.3+7.59 n/a n/a n/a 53.449.27 | 26.04+2.87 | 75.3+3.29 n/a n/a n/a
34.2+3.94 | 56.0£6.24 | 69.9+7.63 n/a n/a n/a 61.7+7.60 | 31.4+6.12 | 72.0+6.83 n/a n/a n/a
PRSN* 15.444.07 | 13.8+1.14 | 23.2+5.11 n/a n/a n/a 62.2+15.2 | 107+35.8 | 50.6+6.07 n/a n/a n/a
16.9+3.46 | 13.3+1.24 | 25.3+6.43 n/a n/a n/a 55.2+11.1|84.2+63.0 | 53.3+12.4 n/a n/a n/a
PFSN* 302+23.8 | 109+11.2 | 188+25.4 n/a n/a n/a 193428.2 | 140+38.7 | 186+22.8 n/a n/a n/a
289+17.3 | 11548.70 | 193+26.1 n/a n/a n/a 207+25.6 | 113+22.6 | 167+30.6 n/a n/a n/a
PSR % 5.16£1.56 | 12.8+1.90 | 12.6+3.68 n/a n/a n/a 33.0+9.83 | 86.8+72.6 | 27.6+4.58 n/a n/a n/a
5.85+1.18 | 11.6+2.04 | 13.4+4.04 n/a n/a n/a 27.34£8.18 [ 87.0+85.0 | 34.3+17.9 n/a n/a n/a




PS* 31.0+2.58 | 41.3+2.43 | 22.442.51 n/a n/a n/a 23.942.05(29.9+4.55|21.2+1.42 n/a n/a n/a
30.7+2.27 | 41.9+2.58 | 21.2+2.09 n/a n/a n/a 23.942.4434.5+5.54 | 21.9+1.73 n/a n/a n/a
PO* 51.7+11.5| 148+49.1 | 184+67.2 n/a n/a n/a 64.9425.2 135.9+6.74 | 137+28.4 n/a n/a n/a
49.0+£7.11 | 145+48.3 | 163+£64.8 n/a n/a n/a 82.8+25.8 | 50.2+14.3 | 125+32.7 n/a n/a n/a
PE* 72.3x11.7| 177+48.2 | 217+66.8 n/a n/a n/a 97.9428.5 [ 50.4+7.26 | 169+28.3 n/a n/a n/a
67.6x£7.06 | 174+47.2 | 196+64.7 n/a n/a n/a 122428.1 | 66.7+15.2 | 155+34.7 n/a n/a n/a
PSN* 28.042.53 | 18.3+3.54 | 9.20+3.38 n/a n/a n/a 18.5+3.79 [ 38.0+4.20 | 11.1+£1.91 n/a n/a n/a
28.742.68 | 18.8+3.31]9.49+3.12 n/a n/a n/a 16.0+3.83 [ 34.6+3.24 | 12.6+3.30 n/a n/a n/a
PON* 45.944.14 | 62.0+6.18 | 67.0+8.56 n/a n/a n/a 46.7+7.59 | 45.6+6.04 | 69.7+3.95 n/a n/a n/a
45.442.87 [ 61.7+5.52 | 64.5+9.01 n/a n/a n/a 52.0+7.25 | 49.2+6.36 | 67.8+5.61 n/a n/a n/a
PEN* 64.5+2.65 | 74.6+3.81 | 80.5+4.35 n/a n/a n/a 71.9+£5.81 | 64.0+3.66 | 86.4+1.70 n/a n/a n/a
62.9+1.78 | 74.8+3.07 | 79.4+4.65 n/a n/a n/a 77.744.36 | 66.0+£4.60 | 84.7+3.72 n/a n/a n/a
AMP* 11.8+0.88 | 13.1+0.50 | 3.50+0.36 n/a n/a n/a 8.05+1.33 | 5.01+0.35 | 6.33+0.53 n/a n/a n/a
11.2+0.90 | 13.3+0.46 | 3.53+0.22 n/a n/a n/a 7.46+1.00 | 4.78+0.24 | 6.63+0.64 n/a n/a n/a

Trial #3
60.9+5.54 1 22.0+7.11 | 21.8+4.66 n/a n/a n/a 44.1£10.3 [ 75.7+6.71 | 47.4+10.7 n/a n/a n/a
HR 62.0+7.71 | 23.3+7.85 | 21.7+4.62 n/a n/a n/a 35.6+4.95 [ 82.8+7.15| 31.4+5.12 n/a n/a n/a
PPSN* 67.9+15.9| 188+18.3 | 366+43.2 n/a n/a n/a 313+33.2 | 246+20.3 | 416+34.2 n/a n/a n/a
95.8+38.8 | 190+20.5 | 292+42.8 n/a n/a n/a 312+24.2 | 277+37.1 | 420+33.7 n/a n/a n/a
NPSN* 252+16.0 | 142421.0 | 203+£21.4 n/a n/a n/a 222+27.8 | 308+26.1 | 275+42.0 n/a n/a n/a
249+21.0 | 1514£24.5 | 216+27.2 n/a n/a n/a 236+22.9 | 348+24.8 | 272+32.7 n/a n/a n/a
PHN* 2.64+1.90 | 13.4+6.01 | 39.8+9.15 n/a n/a n/a 21.9£12.2 | 6.42+3.55 | 22.6+10.2 n/a n/a n/a
3.71£3.57 | 13.4+5.71 | 37.3£8.98 n/a n/a n/a 35.6+8.96 | 5.59+1.82 | 36.5+8.59 n/a n/a n/a
PW* 47.2411.1 | 190+104 | 216+53.3 n/a n/a n/a 75.4+28.7 | 28.749.47 | 77.0+29.7 n/a n/a n/a
48.9£14.8 | 190+150 | 219+48.5 n/a n/a n/a 101£24.3 | 21.5+3.88 | 140+30.7 n/a n/a n/a
PWN* 40.0+4.94 | 58.0+11.7 | 74.5+5.08 n/a n/a n/a 49.1£9.01 [ 29.9+5.99 | 55.6+9.74 n/a n/a n/a
40.345.60 | 58.0+11.8 | 75.7+4.86 n/a n/a n/a 58.245.02 [ 26.7+2.99 | 70.7+4.72 n/a n/a n/a
PRSN* 12.242.81 | 10.8+1.43 | 22.7+4.74 n/a n/a n/a 50.9£10.5 | 59.7+35.5 | 70.4+25.3 n/a n/a n/a
13.8+4.07 | 11.3%1.59 | 20.7+3.71 n/a n/a n/a 53.4+6.06 | 99.1£39.3 | 46.0+6.53 n/a n/a n/a
PESN* 316+17.6 | 101£18.7 | 200£31.7 n/a n/a n/a 125421.5 | 122+20.0 | 103+34.8 n/a n/a n/a
300+33.7 | 107+18.1 | 224+27.9 n/a n/a n/a 149+16.5 | 145+20.1 | 128+23.9 n/a n/a n/a
PSR * 3.86+0.88 | 11.0£2.25 | 11.743.30 n/a n/a n/a 42.2413.4 | 53.0+45.7 | 87.6+80.3 n/a n/a n/a
4.7842.09 | 11.0+3.859.36+2.15 n/a n/a n/a 36.2+5.48 [ 70.0+35.8 | 37.8+12.2 n/a n/a n/a
PS* 29.943.50 [ 47.6+3.40 | 20.9+2.71 n/a n/a n/a 28.4+2.47 [ 34.1£2.64 | 23.9+2.03 n/a n/a n/a
30.5+3.78 | 45.9+4.24 | 20.7+£2.95 n/a n/a n/a 28.5+1.77 [ 30.5+3.68 | 23.9+1.98 n/a n/a n/a
PO* 51.8410.2 | 213£108 | 205+52.6 n/a n/a n/a 75.6£27.6 | 47.6£9.79 | 78.7+26.7 n/a n/a n/a
56.2£15.0 | 209+143 | 205+47.9 n/a n/a n/a 97.8+24.1|37.2+6.05 | 135+29.4 n/a n/a n/a
PE* 77.0£10.3 | 238+104 | 237+53.1 n/a n/a n/a 104429.1 [ 62.8£10.1 [ 101+29.5 n/a n/a n/a
79.5x14.7| 236149 | 240+47.9 n/a n/a n/a 130424.9 | 52.0+6.35 | 164+30.2 n/a n/a n/a
PSN* 25.74£3.47 | 17.3+£5.46 | 7.60+2.04 n/a n/a n/a 19.8+3.85 [ 36.5+3.54 | 18.8+4.41 n/a n/a n/a
25.843.69 | 17.5+£5.67 | 7.51+2.22 n/a n/a n/a 16.8+2.18 [ 38.0+2.51 | 12.5+2.49 n/a n/a n/a
PON* 44.0+3.80 | 66.1+9.84 | 70.5+5.22 n/a n/a n/a 49.3+7.91 | 50.1+4.45 | 57.4+6.68 n/a n/a n/a
46.4+4.77 | 65.1+10.0 | 70.6+5.31 n/a n/a n/a 56.1+4.53 | 46.143.61 | 68.1+4.16 n/a n/a n/a
PEN* 65.7+2.37 | 75.3+6.38 | 82.1+3.26 n/a n/a n/a 68.9+5.67 | 66.4+3.13 | 74.4+5.62 n/a n/a n/a
66.2+2.75 | 75.5+6.32 | 83.2+2.85 n/a n/a n/a 75.0+£3.12 | 64.7+2.53 | 83.2+2.48 n/a n/a n/a
AMP* 12.1£0.71 [ 13.7+1.04 | 3.27+0.27 n/a n/a n/a 7.51£0.98 | 5.03+0.26 | 8.12+0.85 n/a n/a n/a
11.9£0.99 [ 13.0+0.86 | 3.70+0.27 n/a n/a n/a 7.74+0.68 | 5.08+0.35 | 7.65+0.71 n/a n/a n/a

*parameter values in the table are multiplied by 100
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Noninvasive crayfish cardiac activity monitoring system
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Abstract

Crayfish cardiac activity monitoring and analysis are widely used during water pollution and ethological
studies. A noninvasive crayfish cardiac activity monitoring (NICCAM) system discussed in the current study
permits long-term, continuous monitoring of several crayfish simultaneously. The advantages of the system are
low price, low number of required components and the possibility of cardiac signal shape monitoring.
Calculation and analysis of parameters characterizing the shape of the double peak cardiac activity allows not
only reducing the number of incorrect peak detections improving the system accuracy but also can provide
additional information on crayfish state. The discussed preliminary experiments on the effect of food odor and
chloramine-T on crayfish showed promising potential of signal shape analysis for studying of crayfish cardiac

reaction to changes in the aquatic environment.

High sensitivity to changes in the aquatic environment,
especially to pollution, as well as the ease with which it can be
used for experimentation, make crayfish one of the most
promising animals for biomonitoring of water quality
(Kholodkevich et al. 2008; Kuklina et al. 2013). Also, relative
simplicity of its nervous system as compared with vertebrates
make a crayfish model useful for studying the mechanisms
underlying behavior (Li et al. 2000).

Cardiac activity provides a general indication of crayfish
metabolic status (Depledge and Galloway 2005). It can signal
the integrated impact of natural and anthropogenic stressors
and may reflect the availability of energy required for crayfish
normal life, growth, and reproduction (Depledge and Gal-
loway 2005).

Previous studies have shown the response of the crayfish
cardiac system to selected chemical agents in water, e.g.,
potassium nitrate and ammonium phosphate (Kholodkevich
et al. 2008), sodium chloride (Styrishave et al. 1995; Kozak et
al. 2009), ammonia (Bloxham et al. 1999), chlorides, and
nitrite together (Kozak et al. 2011). Several authors reported
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the results of their studies on cardiac activity at different phys-
iological states (Fedotov et al. 2006; Cooper et al. 2011).

Several approaches have been developed for monitoring
of crayfish cardiac activity. Invasive methods based on
electrocardiogram recording require drilling the crayfish
dorsal carapace directly over the heart and implanting two
metal electrodes (Pollard and Larimer 1977; Li et al. 2000;
Schapker et al. 2002). The drawbacks of this approach
include the possibility of injuring the crayfish and altering
its behavior by using implanted electrodes, and the com-
plexity of connecting the sensor device to crayfish that
require precise surgery.

The noninvasive methods are based on measuring of the
amount of scattered light from crayfish heart modulated by
changes of the heart volume while contracting. The CAP-
MON system proposed by Depledge and Andersen (1990) uti-
lizes a transducer consisting of an infrared (IR) light-emitting
diode (LED) and a phototransistor fixed on the animal’s dor-
sal carapace and connected to the external amplification and
filtering circuit via thin flexible electrical wires. Improved
and renovated CAPMON system for intertidal animals was
recently developed by Burnett et al. (2013). Another photo-
plethysmograph system proposed by Fedotov et al. (2000) is
based on the same operating principle as the CAPMON sys-
tem but utilizes optical fibers as light guides between the
crayfish and an externally placed IR semiconductor laser and
photo receiver.

The main drawback of the noninvasive systems described
above is that they are focused on measuring and analyzing
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heart rate (HR), whereas other chronotropic and inotropic
parameters describing the shape of the cardiac signal are not
considered. Because each crayfish can have a unique heartbeat
pattern (Burnett et al. 2013) depending on its size, age, physi-
ology, and species, analysis of the shape of the cardiac signal
can provide additional information about the crayfish state.
Another drawback of the systems is the complexity of their
hardware: both the original (Depledge and Andersen 1990;
Aagaard et al. 1991) and the improved CAPMON (Burnett et
al. 2013) systems require a conditioning circuit for filtering
and amplification of the signal, whereas a photoplethysmo-
graph (Fedotov et al. 2000) additionally requires precise optic
components. Recent advances in electronics and optoelec-
tronics eliminate the need in hardware amplification circuit,
whereas the increased computational power of modern per-
sonal computers allows real-time digital filtering of the signal
in software. Processing the signal in software permits easier
and more flexible control over the data processing parameters
and allows excluding hardware signal conditioning circuit,
thus making the whole system cheaper and easier to manu-
facture.

The noninvasive crayfish cardiac activity monitoring
(NICCAM) system described here permits long-term continu-
ous noninvasive monitoring of cardiac activity of up to 16
crayfish, simultaneously. It allows measuring and recording
of chronotropic and inotropic parameters of crayfish cardiac
activity together with raw cardiac data for further manual or
semiautomatic analysis. The apparatus was originally devel-
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oped for crayfish but can be also used with other benthic
hard-shell invertebrates. Possible applications of the system
include pollution and ethological studies. It was tested in
studies of chloramine-T and food odor effects on crayfish car-
diac activity.

Materials and procedures

Overview of the system

The NICCAM system is comprised of a set of 16 IR optical
sensors for crayfish, a multichannel 14 bit analog-to-digital
converter (ADC) with USB interface, and a personal computer
(PC) with software for data processing. It allows obtaining raw
cardiac activity of up to 16 crayfish simultaneously with a
sampling rate of 500 samples/s, processing the data to obtain
HR and other 14 cardiac signal inotropic/chronotropic param-
eters, and saving the calculated parameters to local hard drive.
A schematic representation of the system is shown in Fig. 1A.

The software’s graphical user interface is capable of display-
ing raw cardiac activity signals of all monitored crayfish and
their main parameters in real-time. It allows choosing which
cardiac activity parameters from the set will be calculated and
recorded. Optionally, raw cardiac activity can be recorded for
further manual or semiautomatic analysis.
IR optical sensors

The IR optical sensor is comprised of an IR LED axially cou-
pled with a phototransistor (Fig. 1). It is placed in the water-
proof package and can be fixed for several weeks on the dorsal
side of crayfish carapace above the heart with nontoxic epoxy

+5V

R2
200
crayfish ouT
dorsal D1
carapace KP-3216F3C

Ql SZ\}I

ELPT15-21C

NNy

Fig. 1. NICCAM system. (A) Overview of the system. (B) Circuit diagram of IR optical sensor.
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glue. The connection of sensors to the ADC is done with thin
flexible wires of 2 m length.

The sensor’s operation is based on the photoplethysmogra-
phy principle described previously (Depledge and Andersen
1990; Fedotov et al. 2000), and the sensor is a reflective opto-
coupler. The electrical signal on the phototransistor output
depends on the ambient illumination level and the amount of
light emitted by the LED and then reflected by the objects in
the phototransistor’s field of view. When the sensor is placed
on the crayfish carapace, the output sensor’s signal is modu-
lated by the amount of hemolymph filling the heart that
effectively scatters the incident light from the LED. The
described approach allows noninvasive monitoring of cardiac
activity as a function of size and shape of the crayfish heart.

Except for a capacitor suppressing high frequency noise on
the input to ADC the sensor’s output, the signal does not
require any specific amplification and/or filtering circuits,
unlike the CAPMON system (Depledge and Andersen 1990) or
the improved CAPMON system (Burnett et al. 2013). Increased
efficiency of LEDs in the last decade allows obtaining consid-
erably more optical power from a single device at the same
electrical power consumption. Currently, a typical commer-
cially available IR LED has total optical output power of ~ 15
mW, assuming a driving current of 20 mA and an efficiency of
60%. The increase in optical output power leads to increase of
the optical power reflecting toward the phototransistor, thus
amplifying its electrical output signal and eliminating the
need for an external amplification circuit. Installing several
small size surface mount LEDs (e.g., in 0402 packages) in one

systole phase diastole phase

f /ﬁ
f\\f\\/ﬂ&/ x\J \(\/ ™
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sensor can amplify the electrical output signal even more
without considerable increase in overall sensor size.

It should be noted that only a small part of the total not
focused optical irradiation emitted by the LED reaches the
crayfish heart, and it neither harms the animal nor affects its
behavior. Most of the light is radiated elsewhere because of the
wide 120° viewing angle of the LED, and is scattered on
boundaries among several optically different layers, e.g., the
waterproof sensor’s covering, the thin water layer between
crayfish and sensor, and the crayfish carapace.

The benefits of not using external hardware amplification
and filtering circuits include preserving the original signal
shape for further software processing, minimizing signal dis-
tortion caused by improper hardware adjustments, eliminat-
ing of clipping problems (Burnett et al. 2013), and the greater
simplicity and lower cost of hardware.

With the current version of the sensor hardware, typical
obtained heartbeat and noise amplitudes are approximately
50 mV and 2 mV, respectively. The noise level can be reduced
later in software. The signal’s fluctuations caused by changes
in ambient illumination fall in the range from 2 to 3 V.

Data processing

Examples of typical crayfish cardiac activity are shown in
Fig. 2. The amplitude and the shape of heartbeat pattern
slightly changes over time. The unique heartbeat pattern of
individual crayfish varies with size, age, physiology, and
species, as noted by Burnett et al. (2013). Our observations
show that in general cardiac activity can be considered as hav-
ing two peaks: a primary peak that defines the HR and a sec-

—cardiac activity signal
o primary peaks
¢ secondary peaks

‘ ‘ A
/F\Q\ M /F\“‘\/M\J/ﬁu Uﬂ\MU % A

|
0 1 2 3 4

6 7 8 9 10

Time,s

2.18
33 34 35 36

22

2.1 -
60 61 62 63 64

2| | | | b
)y \\/////‘\\Jﬁ\ \/,,.q\\/ ﬂ \//‘\ v/;\—///e\\//:\k// B

40 42 43

. f\\ T ;\ T T
VALY / A M R AL A
215 \/E\/"\/ %\j ‘/\/ \\//K\\// \\/M\J/ \v/ \\\V/F‘\\/E\ C

\
I
66 67 68 69 70

Fig. 2. Examples of cardiac activity signal recorded from one crayfish during 70 s interval. (A) Appearance of secondary peak. (B) Large amplitude sec-

ondary peak. (C) Disappearance of secondary peak.
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ondary peak that sometimes (more often at low HR) appears
in the diastolic phase between primary peaks.

The appearance of primary and secondary peaks in the car-
diac signal is the basis of the data processing sequence imple-
mented in the NICCAM software. Generally, it can be divided
into three steps: preprocessing, detection of signal local
extrema and classification of primary and secondary peaks
(Fig. 3), and calculating chronotropic and inotropic parame-
ters of cardiac signal.

At the preprocessing step, the high frequency noise of the
signal is reduced by applying software implementation of a RC
low-pass filter. The filter parameters can be adjusted manually
to keep the noise level visually lower than the peak detection
threshold, without considerable distortion to signal shape.
Software implementation of an RC filter generally allows tun-
ing the filter parameters more easily and in a wider range in
comparison to typical hardware implementations that are usu-
ally designed without any tuning, largely to lower the cost.

Detection of signal local extrema at the second data-pro-
cessing step is done using an algorithm to calculate the differ-
ence between the tested data point and its neighbor points.
The tested data point is marked as extremum, in case the dif-
ference exceeds the specified voltage and time thresholds. This
peak detection algorithm is similar to the one implemented in
function “findpeaks” in Mathworks Matlab.

Classification of primary and secondary peaks is done by
analyzing the peak’s shape. Visual analysis of raw crayfish car-
diac data shows that the shape of the secondary peaks gener-
ally differs from the shape of the primary peaks (Fig. 2). The
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Fig. 3. Local extremum points of the crayfish cardiac activity signal used
in data processing sequence.
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rising slope of the secondary peak is gentler, and height is
smaller. These peculiar features of secondary peaks allow dis-
tinguishing them in software by first calculating two peak
shape parameters: normalized peak height (PHN) and normal-
ized peak rising slope (PRSN) using formulae in Table 1, and
then assessing empirically obtained classification criterion K:

1

- __PRSN-0.1001=K
0.9125( PHN +0.2336)

(1

If the value of criterion K is positive, the peak is classified
as secondary. Otherwise, it is classified as a primary peak.

At the final step, chronotropic and inotropic parameters of
the cardiac activity are calculated separately for the primary
and secondary peaks. The set of parameters is presented in
Table 1.

Because of the need for combined analysis of the data
obtained from different crayfish generally having different
amplitudes of cardiac signal oscillations, normalization was
introduced for the parameters PPSN, NPSN, PHN, PRSN, PFSN
characterizing height and slopes of the peaks.

If the secondary peak was not present between subsequent
primary peaks, only the HR parameter was calculated, param-
eters PHN, PW, PWN were set to zero and calculation of the
rest of the parameters was skipped.

Assessment
Operating principle

Previous reports evaluated the use of photoplethysmogra-
phy for monitoring of selected invertebrates cardiac activity.
Depledge and Andersen (1990) found that heart beats
observed directly coincide with peaks on the photoplethys-
mogram for benthic decapods. Coincidence of electrocardio-
gram and photoplethysmogram peaks was observed by Fedo-
tov et al. (2009) for the crayfish Pontastacus leptodactylus.

The presence of the secondary peaks in the crayfish cardiac
signal was noticed earlier (Depledge and Andersen 1990; Fedo-
tov et al. 2000; Burnett et al. 2013). The amplitude of the sec-
ondary peak sometimes can increase considerably and become
comparable with the primary peak’s amplitude. Previous
experimental results showed that it can reach 54.5% and
68.7% of primary peak amplitude in water and in air, respec-
tively (Fedotov et al. 2000).

The origin of the secondary peaks can be connected with
nonsynchronous work of two pacemaker groups of cardioneu-
rons at crayfish cardiac ganglion that provide work of the
crayfish heart. Particularly, when activity of small neurons
(intrinsic cardiac pacemakers) dominates over the work
rhythm of large cells (anterior group connected with cardiac
muscle) (Fedotov et al. 2009).

Experimental dataset

The experimental data for the assessment of the system and
software algorithms was obtained from signal crayfish Pacifas-
tacus leniusculus, that were caught in baited traps in early June
2013 in Vyso¢ina Region, Czech Republic. The experimental
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Table 1. Calculation of chronotropic and inotropic parameters of crayfish cardiac activity. P, P, P>, P2, P., P, V!, VI, V2, V}, V) -

coordinates of the local extrema on the crayfish cardiac activity curve according to Fig. 3.

Parameter Description Formula

HR heart rate 60 / (Pj - PJ)

PPSN normalized previous peak slope —((VJZ - P;l) / (PLI - min{VJ,VVZ})) / (Vx2 - P:)
NPSN normalized next peak slope ((Pf - V;) / (P,I —min{VJ_‘,V)_z})) / (P\,3 - Vf)
PHN normalized peak height (P‘2 —min{Vf,Vf}) / (Rl —min{V‘%,V\_z})

PW peak width vi-v?

PWN normalized peak width (V\3 - VXZ) / (P: - P")

PRSN normalized peak’s rising slope ((P‘2 - V‘z) / (P“ —min{V}',,Vf })) / (P‘2 —Vf)
PFSN normalized peak’s falling slope —((VJ3 - Pf) / (P" —min{Vﬁ,Vf})) / (VX3 - Pf)
PSR peak slopes ratio PRSN | PFSN

PS peak start Vi-P

PO peak offset P-P

PE peak end v:-pP

PSN normalized peak start PS / (PY3 - P:)

PON normalized peak offset PO / (P\3 - R‘)

PEN normalized peak end PE / (P‘3 - PJ)

group consisted of 10 adult individuals (half males, half
females; mean total length, 108 + 4 mm; mean carapace
length, 54 + 2 mm; mean weight, 56 + 6.1 g).

The experiments were conducted in July-August 2013. For
acclimatization, crayfish were maintained for 1 week in indi-
vidual 10 L (water volume 7 L) glass nontransparent aquaria,
each equipped with a shelter. Before manipulations, selected
crayfish were marked with individual numbers by permanent
water-resistant marker. A week before recording data, sensors
were attached to the dorsal side of the crayfish carapace
directly over the heart using two-component, rapid epoxy
adhesive. Throughout the experimental period, water temper-
ature was 19°-21°C, pH was 7.2-7.4, dissolved oxygen level
was greater than 6.5 mg/L, and the illumination regime was
set and automatically maintained at 12 h light and 12 h dark.
Crayfish were fed twice a week on Chironomidae larvae, and
the remaining food and crayfish life byproducts were removed
during the water exchange. No mortality occurred during the
experimental period.

The first part of the dataset containing 25 h raw cardiac
activity data were recorded in 1 h intervals at different dates
and time during experimental period. The data were obtained
from an approximately equal mix of male and female crayfish.

The second part of the dataset containing 9 h raw cardiac
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activity data were recorded during two experiments. In the
first, “food odor” (mashed Chironomidae) was added after 24
hours of starvation. In the second, 10 mg/L chloramine-T was
added to the aquaria with crayfish. Both were first mixed into
50 mL tap water. During exposure periods, animals were not
fed. To initiate the exposure, the 50 mL treatment volume was
pumped into aquaria with a Watson-Marlow peristaltic pump
at a flow rate of 50 mL/min. Six crayfish were exposed to food
odor, and three crayfish to chloramine-T. The recording of raw
cardiac activity of each crayfish started 30 min before the
exposure and finished 30 min after exposure. After recording
was finished, the water in aquaria was changed.

All 34 hours of raw cardiac data described above were
processed by specially developed software to find local
extrema of the cardiac signal and roughly classify between pri-
mary and secondary peaks.

The resulting ~ 191000 of classified peaks were manually
checked and found peak classification errors were corrected.
Classification of primary and secondary peaks

Large amplitude secondary peaks of the crayfish cardiac sig-
nal can be mistakenly considered as primary peaks that will
result in errors during HR calculation (Depledge and Andersen
1990; Burnett et al. 2013). In previous studies, the error rate
was minimized by carefully adjusting the hardware peak
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counting threshold according to particular cardiac signal
shape/amplitude parameters and/or inverting the cardiac sen-
sor output signal (Depledge and Andersen 1990). Unfortu-
nately, no quantitative information on the accuracy of peak
counting and classification algorithms was presented in the
previous studies (Depledge and Andersen 1990; Fedotov et al.
2000; Burnett et al. 2013). We propose a classification algo-
rithm based on analysis of the peak’s shape and will address its
accuracy.

The manually chosen parameters PHN and PRSN were cal-
culated using formulae in Table 1 for the complete dataset
described above. The obtained parameter data and manually
verified classification data were used to optimize classification
criteria, and for the assessment of peak classification accuracy.

The scatter plot of PHN and PRSN parameters calculated
from the dataset is presented in Fig. 4. It can be noticed that
primary and secondary peaks are relatively well separated into
two clusters in the plot. The chosen analytical criterion for
classification of primary and secondary peaks was in the form
of the following parametric equation:

1
a(PHN+b)+PRSN+L—O )
in which PHN and PRSN are the classified peak’s parameters as
defined in Table 1; a, b, and c — optimization parameters.

The values of optimization parameters minimizing the
number of classification errors in the dataset were determined
using a Nelder-Mead simplex algorithm implemented in Mat-
lab function “fminsearch.” The resulted values of 0.9125,
0.2336, and -0.1001 for optimization parameters a, b, and c,
respectively, give a classification error of less than 0.5% on the
complete dataset (see Eq. 1).

A single peak classification error (assuming neighbor peaks
are classified correctly) can result in approximately doubled or
halved HR at a given point in time. This, in turn, can consid-
erably affect the mean and variance of HR, especially if the
period used for calculation of statistics is short.

Correlation between pairs of cardiac activity parameters

A secondary peak appears in the crayfish cardiac activity
signal more often at periods of low HR, whereas at high HR, it
disappears. To examine the relationship between HR and
amplitude of the secondary peak, as well as the relationship
between other pairs of cardiac activity parameters, a set of
inotropic and chronotropic parameters was calculated using
formulae in Table 1 from the complete dataset described
above.

The resulted Pearson product-moment and Spearman’s
rank correlation coefficients between all possible pairs from
the whole set of chronotropic and inotropic parameters of car-
diac activity are shown in Fig. 5. Calculation of the high num-
ber of correlations can be influenced by the Type I error.
Therefore, the correlation significance test was performed.
Testing of the hypotheses of no correlations showed correla-
tion significantly different from zero for all the parameter
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Fig. 4. Classification of primary and secondary peaks of the crayfish car-
diac activity data based on peak’s shape parameters: normalized peak
height (PHN) and normalized peak rising slope (PRSN). Calculation of PHN
and PRSN was done using formulae in Table 1.

pairs except for {HR:PPSN}, {NPSN:PPSN}, {PS:PHN},
{PSN:NPSN}, {PSN:PRSN} pairs for Pearson correlation and
{PSN:NPSN}, {PSN:PSR} pairs for Spearman correlation. The
used p value threshold maintaining 95% confidence in the set
of totally 105 correlation tests was set to 0.00048 after apply-
ing Bonferroni correction. Scatter plots of HR and each of the
parameters of cardiac activity are shown in Fig. 6.

As it is seen from Figs. 5 and 6, HR is highly correlated with
PW, PO, PE parameters. Both Pearson product-moment and
Spearman’s rank correlation coefficients measuring linear corre-
lation and monotonic relation between pairs of variables,
respectively, give absolute values greater than 0.85. Both Pear-
son and Spearman pairwise correlation coefficients between
PW, PO, PE parameters are even higher, giving the values greater
than 0.96. Normalized chronotropic parameters PWN, PON,
PEN are also highly correlated with HR and among each other.

Parameters describing the slopes of primary and secondary
peaks (PPSN, NPSN, PRSN, PFSN, PSR), height (PHN) and start-
ing time (PS, PSN) of secondary peaks are less correlated with
HR and among themselves.

Effect of food odor and chloramine-T on crayfish cardiac
activity parameters

It was shown above that inotropic and chronotropic
parameters of crayfish cardiac activity change over time. How-
ever, it is an open question whether these parameters carry
additional information on crayfish state independent of heart
rate, or if they change randomly. It is also an open question as
to whether monitoring of these parameters can be used for
assessment of water quality. We answer these questions by
analyzing the results of two experiments, adding food odor
and chloramine-T.
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Fig. 5. Absolute values of correlation coefficients between pairs of crayfish cardiac activity parameters defined in Table 1 that can carry additional inde-
pendent information on the crayfish state: (A) Pearson product-moment, (B) Spearman’s rank.
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Fig. 6. Correlation between HR and other inotropic and chronotropic parameters of crayfish cardiac activity defined in Table 1 that can carry additional
information on crayfish state other than what is provided by HR data.

We separately processed data on crayfish cardiac activity ments using Eq. 3 and Eq. 4:
recordings before and after the exposure to food odor and N—

chloramine-T. For each crayfish the mean and standard devia- ; _ E,zlplf 3)
tion (SD) values of 15 cardiac activity parameters (Table 1) N
before and after the impact were calculated. The mean and SD N N
! LS s (P') 1 P/ —
of parameters for each crayfish were then averaged over the std ( Pf)= i1 ! L pi (4)
N

group of crayfish that were used in each of the two experi-
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in which P/, std (P’), mean and SD values of j-th parameter
over the group of crayfish, respectively; N, number of crayfish
used in the experiment; P/, std E/ , mean and SD value of j-
th parameter for i-th crayfish, respectively.

The changes in mean and SD of cardiac activity parameters
are presented in Fig. 7. Each parameter’s mean and SD values
were normalized for better visualization of all the parameters
on a single graph. The normalization was done by dividing
mean and SD value of each parameter by the maximum
parameter mean value before or after the impact.

The results of the experiments show that relative change of
parameters PHN, PW, and PWN describing secondary peak
height and width was 1.5-2 times bigger after the impact in
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comparison to HR. Comparison of both experiments show
that parameters PS, PO, PE decreased after both experimental
impacts, meaning that the secondary peak shifted left,
whereas HR increased in experiment with food odor and
decreased in experiment with chloramine-T. However, addi-
tional experiments with a bigger number of crayfish are
required to prove that described effects are statistically signif-
icant.

Discussion

The NICCAM system described here is cheap and easy to
manufacture (Depledge and Andersen 1990; Fedotov et al.
2000; Burnett et al. 2013). Except for ADC and PC, it requires

[l before impact
[Dafter impact

< ‘2‘5$ ‘20$ Q‘?F\

lbefore impact
[Cafter impact

N chﬁ QQ$ @ﬁ

Fig. 7. Changes in mean and SD of crayfish cardiac activity parameters (see Table 1) in response to odor of food averaged over six crayfish (A) and chlo-
ramine in concentration 10 mg/L averaged over three crayfish (B). The mean and SD values are normalized by the maximum parameter’s mean value

before or after the impact.
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only a few hardware components. The total price of the com-
ponents and materials required for manufacturing of one sen-
sor is 1-2 EUR depending on the ordering quantity. The IR
optical sensors that can be connected to the crayfish within a
few minutes do not affect the crayfish behavior and do not
restrict its movements. Up to 16 crayfish can be monitored
simultaneously 24 h/day. Also, the system allows recording
and storing raw cardiac activity data for further manual or
semiautomatic analysis.

Implementing most of the signal preprocessing and filter-
ing in software not only simplifies the hardware design but
also minimizes the signal distortion that can be caused by
improperly adjusted hardware parameters. Also, it grants the
operator more flexibility and easier control over the data pro-
cessing sequence.

The complexity of the crayfish cardiac activity signal leads
to errors in calculating heart rate and other cardiac activity
parameters. The algorithm proposed here, based on analysis of
peak shape, simplifies the classification of peaks and improves
the accuracy of data processing. It can be also implemented in
modifications of the previously developed systems (Depledge
and Andersen 1990; Fedotov et al. 2000; Burnett et al. 2013)
for improving their accuracy.

One of the benefits of the proposed system is its ability to
analyze the shape of the cardiac activity signal. Previously
developed systems were focused on calculating the HR from
the cardiac activity, whereas shape analysis of the signal can
provide additional useful information on crayfish state. This
information can be used in ethological studies as well as in
studies using aquatic organisms as biomarker of water pollu-
tion (Depledge and Galloway 2005).

Analysis of correlation between HR and other chronotropic
and inotropic parameters of crayfish cardiac activity (Figs. 5
and 6) show that the slopes of the peaks, the amplitude and
starting time of the secondary peak can potentially carry addi-
tional information beyond that provided by heart rate.
Whether these parameters describe some internal variables of
the crayfish cardiac system or they change randomly are to be
studied additionally.

The results of the experiments on the effect of food odor
and chloramine on chronotropic and inotropic parameters of
cardiac activity (Fig. 7) showed that the monitoring of some of
these parameters can be promising for analysis of crayfish
state during eco-ethological studies. Particularly, parameters
that change more considerably than HR allow easier detection
of changes in crayfish state and parameters that change in
opposite directions after different types of impacts can poten-
tially allow qualitatively distinguishing crayfish states. How-
ever additional experiments proving the obtained results and
conclusions are needed.

Comments and recommendations

One of the factors affecting the accuracy of cardiac activity
parameter calculation is crayfish movement. It can result in
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varying of the signal offset or even short-time spikes in the sig-
nal during rapid crayfish movement. Such signal distortions
can lead to incorrect cardiac activity parameter calculation by
software. One of the possible ways to solve the problem can be
installing of a camera monitoring system that can track the
crayfish and mark the periods of its movement using software
motion detection algorithms. One camera can be used for
monitoring of several aquaria at the same time. The data from
the camera system can be used for excluding the periods of
high crayfish locomotive activity from consideration during
cardiac activity parameters calculation and also as an inde-
pendent source of information on crayfish state.

References

Aagaard, A., B. B. Andersen, and M. H. Depledge. 1991. Simul-
taneous monitoring of physiological and behavioral activ-
ity in marine organisms using non-invasive, computer-
aided techniques. Mar. Ecol. Prog. Ser. 73:277-282 [doi:10.
3354/meps073277].

Bloxham, M. J., P. J. Worsfold, and M. H. Depledge. 1999. Inte-
grated biological and chemical monitoring: in situ physio-
logical responses of freshwater crayfish to fluctuations in
environmental ammonia concentrations. Ecotoxicology
8:225-237 [d0i:10.1023/A:1026400532305].

Burnett, N. P, and others. 2013. An improved noninvasive
method for measuring heartbeat of intertidal animals. Lim-
nol. Oceanogr. Methods 11:91-100 [doi:10.4319/lom.2013.
11.91].

Cooper, R. M., H. S. Finucane, M. Adami, and R. L. Cooper.
2011. Heart and ventilatory measures in crayfish during
copulation. Open J. Mol. Integr. Physiol. 1:36-42 [doi:10.
4236/0jmip.2011.13006].

Depledge, M. H., and B. B. Andersen. 1990. A computer-aided
physiological monitoring system for continuous, long-term
recording of cardiac activity in selected invertebrates.
Comp. Biochem. Physiol. A 96:473-477 [d0i:10.1016/0300-
9629(90)90664-E].

, and T. S. Galloway. 2005. Healthy animals, healthy
ecosystems. Front. Ecol. Environ. 3:251-258 [d0i:10.1890/
1540-9295(2005)003[0251:HAHE]2.0.CO;2].

Fedotov, V. P, S. V. Kholodkevich, and A. G. Strochilo. 2000.
Study of contractile activity of the crayfish heart with the
aid of a new non-invasive technique. J. Evol. Biochem.
Physiol. 36(3):288-293 [doi:10.1007/BF02737045].

: , and G. P. Udalova. 2006. Cardiac activity of
freshwater crayfish at wakefulness, rest, and “animal hyp-
nosis.” J. Evol. Biochem. Physiol. 42(1):49-59 [doi:10.1134/
50022093006010078].

, V. L. Zhuravlev, A. N. Khalatov, and S. V. Kholodke-
vich. 2009. Comparative analysis of heart activity of the
crayfish Pontastacus leptodactylus by methods of plethys-
mography and electrocardiography. J. Evol. Biochem. Phys-
iol. 45:527-529 [doi:10.1134/50022093009040112].

Kholodkevich, S. V., A. V. Ivanov, A. S. Kurakin, E. L.

B-11



Pautsina et al.

Kornienko, and V. P. Fedotov. 2008. Real time biomonitor-
ing of surface water toxicity level at water supply stations.
Environ. Bioindic. 3:23-34 [doi:10.1080/1555527070188
5747].

Kozak, P., T. Policar, V. P. Fedotov, T. V. Kuznetsova, M. Bufi¢,
and S. V. Kholodkevich. 2009. Effect of chloride content in
water on heart rate in narrow-clawed crayfish (Astacus lep-
todactylus). Knowl. Manage. Aquat. Ecosys. 394-395:08p1-
08p9 [doi:10.1051/kmae/2009022].

, and others. 2011. Stress reaction in crayfish: chlorides
help to withstand stress in high nitrite concentration con-
ditions—preliminary study. Knowl. Manage. Aquat. Ecosys.
401:5p1-5p12 [doi:10.1051/kmae/2011014].

Kuklina, I., A. Kouba, and P. Kozak. 2013. Real-time monitor-
ing of water quality using fish and crayfish as bio-indica-
tors: a review. Environ. Monit. Assess. 185:5043-5053
[d0i:10.1007/510661-012-2924-2].

Li, H., L. R. Listeman, D. Doshi, and R. L. Cooper. 2000. Heart
rate measures in blind cave crayfish during environmental
disturbances and social interactions. Comp. Biochem.

679

Crayfish cardiac activity monitoring

Physiol. A 127:55-70 [doi:10.1016/S1095-6433(00)00241-5].

Pollard, T. G., and J. L. Larimer. 1977. Circadian rhythmicity
of heart rate in the crayfish, Procambarus clarkii. Comp.
Biochem. Physiol. A 57:221-226 [doi:10.1016/0300-
9629(77)90460-1].

Schapker, H., T. Breithaupt, Z. Shuranova, Y. Burmistrov, and
R. L. Cooper. 2002. Heart and ventilatory measures in cray-
fish during environmental disturbances and social interac-
tions. Comp. Biochem. Physiol. A 131:397-407 [doi:10.
1016/51095-6433(01)00492-5].

Styrishave, B., A. D. Rasmussen, and M. H. Depledge. 1995.
The influence of bulk and trace metals on the circadian
rhythm of heart rates in freshwater crayfish, Astacus asta-
cus. Mar. Pollut. Bull. 31:87-92 [doi:10.1016/0025-
326X(95)00029-M].

Submitted 5 March 2014
Revised 16 July 2014
Accepted 27 August 2014

B-12



Appendix C:
NICCBAM system -
Czech Republic
national patent
application



C-2



CZ 305212 B6

PATENTOVY SPIS

(11) Cislo dokumentu:

305 212

(13) Druh dokumentu: B6

(21) Cislo prihlasky: 2014-294
(19) (22) Ptihl4seno: 29.04.2014
EE;{(JSLIKA (40) Zvetejnéno: 10.06.2015
(Véstnik &. 23/2015)
(47) Udeleno: 30.04.2015
(24) Oznameni o ud&leni ve véstniku 10.06.2015

URAD )
PRUMYSLOVEHO
VLASTNICTVI

(Véstnik ¢. 23/2015)

(51) Int. CL.:
CO2F 1/00 (2006.01)
A61B 5/0205 (2006.01)
AG61B 5/00 (2006.01)
GOIN 33/18 (2006.01)
GO6T 1/00 (2006.01)

(56)

Relevantni dokumenty:

US 4888703 A; WO 2010068713 A.

(73)

(72

(74)

Majitel patentu:

Jihogeska univerzita v Ceskych Budgjovicich,
Fakulta rybafstvi a ochrany vod, Jihogeské
vyzkumné centrum akvakultury a biodiverzity
hydrocenoz, Vyzkumny ustav rybafsky a
hydrobiologicky, Vodiiany, CZ

Pivodce:

doc. Ing. Pavel Kozak, Ph.D., Protivin, CZ

Iryna Kuklina, MSc., Vodilany, CZ

Aliaksandr Pautsina, MSc., Ceské Budgjovice, CZ
Ing. Petr Cisaf, Ph.D., Ceské Velenice, CZ

Ing. Antonin Kouba, Ph.D., Ceské Budgjovice, CZ

Zastupce:
PatentCentrum Sedlak a Partners s.r.o., Husova 5,
370 01 Ceské Budgjovice

(54)

(57)

Nazev vynalezu:

Zpiisob etologického sledovani korysi
a/nebo mékkysu a etologicky systém pro
sledovani chovani korysi a/nebo mékkysa
Anotace:

Zpusob etologického sledovani kory$i a/nebo mékkysa
(12), pfi kterém se snima alespoii jedna fyziologicka
funkce kory$e a/nebo mekkyse (12) neinvazivnim Cidlem
(8) upevnénym ke korysi a/nebo mekkysi (12) v redlném
Case a prendsi se do pocitace (7) ve form¢ digitélntho
signalu, ktery je zpracovan softwarem pro
vyhodnocovani reakei koryse a/nebo mékkyse (12) na
prirozené a/nebo uméle vyvolané environmentalni
zmény. Podstata feSeni spo¢iva v tom, Ze soucasné

s fyziologickou funkei se kontinualné v redlném Case
sleduje i pirozené chovani kory3e a/nebo mékkyse (12)
pomoci kamery (5), ptitemZ se soucasné sleduji alespoit
tFi korysi a/nebo mékkysi (12). Kazdy korys a/nebo
mékky3 (12) je umistén ve vlastnim akvériu a obrazovy
zaznam ptirozeného chovani pofizeny kamerou (5) se ve
forme digitalniho signélu pfenasi do potitate (7), kde se
porovnéava a vyhodnocuje soudasné s digitalnim signalem

C-3

z neinvazivniho &idla (8) pro sledovéni tyziologické
funkce pomoci spoleéného vyhodnocovaciho softwaru.
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Zpiisob etologického sledovani kory$i a/nebo mékkysi a etologicky systém pro sledovani
chovani kory$i a/nebo mékkysi

Oblast techniky

Vynalez se tyka oblasti zplisobu etologického sledovani korys$u a/nebo mékkysu a etologického
systému pro sledovani chovani koryst a/nebo mékkysu, kde se snima alespoii jedna fyziologicka
funkce koryse a/nebo meékkyse neinvazivnim ¢idlem.

Dosavadni stav techniky

Vyuziti Zzivych organismi jako biologickych indikatoru kvality prostfedi, které obyvaji, patii
v soucasné dob& mezi hlavni sméry eko—biologickych vyzkumii. Zivogich je umistén do svého
bézného prostiedi, kde je neustale sledovan. Vzorce jeho chovani jsou neustile zaznamenavany a
nasledné vyhodnocovany. Lze tak zaznamenat piipadné reakce sledovaného Zivolicha na
znedisténi jeho zivotntho prostiedi. Pro ucely takového sledovani se jako nejvhodnéjsi jevi
skupina korysi, obzvlast’ dobrych vysledkl bylo dosazeno pozorovanim raki. Jejich vyhodou je
velka biodiverzita, takze pro kazdé prostiedi lze najit odpovidajici druh. Rak ma jednoduchy
kardiovaskularni systém, snadno sledovatelné prenosy v nervové soustavé a exoskeleton. Dobie
pieziva v laboratornich podminkach.

Pro sledovani pohybu raka v jeho b&zném prostiedi, napf. v akvariu nebo jiném zasobniku
s vodou, se bézné pouziva kamera. Nevyhodou prostého sledovani ra¢iho pohybu kamerou je
skutecnost, Ze rak je aktivni v noci, coz snizuje kvalitu kamerového zaznamu. Pro prekonéni této
nevyhody byly rakim lepeny na krunyt diody vydavajici ¢ervené svétlo, popf. raci byli nataceni
kamerou, na jejimz krytu byla umisténa polarizovana, ¢aste¢né linearni svétla. Uméla svétla ale
raky znepokojovala, takze jejich pohyb a tep nebyl pfirozeny a vysledky pozorovani poskytovaly
zkreslené udaje.

Kamery se umistuji nad nebo pod akvarium, které sledovany rak obyva. Pro presn&jsi zachyceni
pohybovych vzorcu sledovaného raka bylo vytvofeno zafizeni tvofené pojizdnym stolem
srotatni deskou s upevnénym ramenem, na jehoZz konci je upevnéna kamera. Toto zafizeni
umoziiuje kopirovani pohybu raka kamerou a tim i lepsi a pfesn&jsi zaznam.

Nicmén€ pouhé sledovani pohybu rakd neni dostateCnym indikatorem zmény prostiedi
v disledku zne€isténi, protoZe umoziiuje pouze vizuélni kontrolu chovani raka, coz muze byt
velmi nepfesné.

Pozorovani rakii a jinych korysi se bézné provadi zplisobem nazvanym invazivni biomonitoring,
kdy se sleduji a vyhodnocuji Zivotni funkce raka. Mezi tyto zpusoby sledovani patii napf.
impedan¢ni Zivotni funkce raka. Mezi tyto zplsoby sledovéani patfi napf. impedanéni
pneumografie (IPG), sledujici dychaci pohyby. Pomoci impedanéniho pneumografu se nizky
oscilaéni proud (2 pA) prenasi mezi malymi dratky, které slouZi jako elektrody. Jeden z takovych
zptusobii invazivniho méfeni byl testovani na Palaemon elegans. Stfibma elektroda byla
implantovana do perikardu krevety pres malinkou dirku vyvrtanou do jejiho krunyfe piimo nad
srdcem. Elektroda byla zafixovadna kyanoakrylatovym lepidlem. Druha elektroda byla upevnéna
na prvni elektrodé, ihned nad otvorem v krunyfi, v némz je vloZena prvni elektroda. Takové
usporadani udrzuje rozmisténi elektrod, coz je ale nevyhodné v tom, Ze elektrody neumoZiiuji
zachytit pohyb krevety.

Elektrokardiografie (ECG) je daldim zpusobem invazivniho biomonitoringu. Dva izolované

nerezové dratky byly umistény pod dorzalnim krunyfem ptimo nad srdcem. Dratky byly ulozeny
do direk vyvrtanych v krunyfi a zacementovany vtefinovym Kkyanoakrylatovym lepidlem.
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kardialni projevy byly zachyceny impedan&nim detektorem, ktery méfil dynamicky odpor mezi
dratky z nerezové oceli, a zaznamenany do pocitace.

Jako vhodngjsi se jevi neinvazivni zplisoby sledovani Zivotnich funkei Zivo€ichi, napf. raki.
Takovym zpuisobem je napk. pletysmografie, zalozena na prichodu svételnych paprskii tkani vy-
Setfované oblasti. Pulzni pletysmografické ¢idlo je tvoteno dvéma Zarovkami s nizkou intenzitou
zéfeni a fototranzistorem. Pro méfeni srde¢ni aktivity korysa, musi byt ¢idlo pfipevnéno z vnéj-
$ku na krunyf nad oblasti srdce pomoci vodéodolného ekologického lepidla. Svétlo s nizkou
intenzitou zafeni vydavané zarovkami prochazi krunyfem do korySova perikardu. Pfi kontrakci
srde&niho svalu perikard odrazi ast svétla, které dopadne na fototranzistor, ktery pfeméni svétel-
nou energii na proporéni zménu napéti, kterou pfeda zpracovacimu zafizeni. Nevyhoda tohoto
zatizeni spoéiva v jeho slozitém nastaveni a nasledném vyhodnocovani udaji.

Pletysmografii (PPG) vyuziva systém pocitatového sledovani fyziologickych funkci (CAP-
MON), ktery umoziuje neustale a dlouhodobé zaznamenavani srdeéni aktivity bezobratlych.
Pouzivaji se stejné prvky a postupy jako u pletysmografie, ovem s nékolika dpravami prevodni-
ku. Zatizeni sestava z diody vydavajici téméf infradervené zafeni a detektoru fototranzistoru.
Prvky jsou zapojeny paraleln& a sméfuji stejnym smérem. Fototranzistor snima zmény v intenzit&
infra~&erveného svétla a vyrdbi proud, ktery zavisi na odraZzeném svétle, a ktery je dale filtrovan,
zesilen a preveden do po&itatového rozhrani. Pievodnik je na pocitatové rozhrani napojen ten-
kym pruznym dratkem, takZe sledovany Zivogich neni nijak omezovan pfi svém pohybu po akva-
riu.

Navic sledovani tlukotu srdce metodou elektrokardiografie potvrdilo, ze jednotlivé tepy souhlasi
s vrcholy ziskanymi pletysmografii, takZe srde¢ni aktivita muze byt sledovana u nékolika jedincii
soudasné 24 h denng po dlouhé ¢asové intervaly.

Automatické mé&Feni interpulzni doby (AIDA) umoziiuje presngjsi analyzu variability srde¢niho
tepu a odhaleni vzruchil. Pfesna analyza odhalila intervaly pravidelné a nepravidelné srde¢ni akti-
vity, které jsou zahrnuty do vyhodnoceni.

Na zpisob mé&feni CAPMON navazal zplisob zaznamenéavani a analyzy srde¢ni aktivity bentic-
kych bezobratlych. Princip zaznamenavani zistal stejny, méfi se vykyvy rozptyleného a odraze-
ného infra—Cerveného svétla, ale zdroj svétla byl nahrazen polovodiovym laserem a dratky byly
nahrazeny optickymi kabely. Paprsek infra—erveného zafeni vytvofeny v laserovém optickém
fotopletysmografu se pfenese na Zivogicha tenkym optickym vldknem a malé Cidlo spojené
s optickym vldknem a upevnéné na krunyfi zivo¢icha osvétluje oblast srdce rozptylenym svétlem.
Opticky signal je vytvofen stahem srde¢niho svalu. Po odpovidajicim zvétSeni a odfiltrovani se
analogovy signél konvertuje do digitalni formy a je piedan pogitaci.

Nevyhodou stavajicich systémd a zplsobd sledovani chovani a fyziologickych funkci korysa
a/nebo mékkysi je jejich jednostrannost, ktera neumoziiuje komplexni vyhodnoceni pficin a dii-
sledkii zmén v chovani kory3i a/nebo mékkysa.

Ukolem vynalezu je vytvoreni etologického zpiisobu sledovani korysi a/nebo mékkysii, ktery by
umoziioval sou¢asné snimani chovani korySe a/nebo mékkyse a snimani jeho fyziologickych
funkci, napt. tepu srdce, kdy ziskané zdznamy se porovnavaji v realném ¢ase a vyhodnocuje se
podle nich stav Zivotniho prostfedi korysi a/nebo mékkysi.

Podstata vynalezu
Tento tkol je vyfeSen vytvorenim zpiisobu etologického sledovani korysi a/nebo mekkysa, pfi

kterém se snim4 alespoti jedna fyziologicka funkce korysSe a/nebo mékkyse neinvazivnim ¢idlem
upevnénym ke kory3i a/nebo mékkysi v redlném Case a pienasi se do pocitade ve formé digitalni-
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ho signalu, ktery je zpracovan softwarem pro vyhodnocovani reakci korySe a/nebo mékkyse na
pfirozené a/nebo uméle vyvolané environmentalni zmény. Podstata vynalezu spodiva v tom, ze
soucasné s fyziologickou funkci se kontinualné v realném Case sleduje i pfirozené chovani koryse
a/nebo meékkyse pomoci kamery, pfi¢emz se soucasné sleduji alespori tfi korysi a/nebo meékkysi,
aby vysledky sledovani byly objektivni a nedochazelo ke zkresleni na zéklad& napt. zvySeného
tepu nebo neobvyklého chovani jednoho ze sledovanych Zivo¢ichi. Kazdy korys a/nebo mekkys
je umistén ve vlastnim akvariu, aby nedochdzelo k vzdjemnému ovlivilovani Zivo¢ichi, ¢imz by
se jim mohl napt. zvysit tep nebo frekvence dechu, coz by poskytnulo neptesny zaznam. Obrazo-
vy zdznam ptirozeného chovani potizeny kamerou se ve formé digitalniho signalu pfenasi do
pocitace, kde se porovnava a vyhodnocuje soucasné s digitalnim signalem z neinvazivniho ¢idla
pro sledovani fyziologické funkce pomoci spoleéného vyhodnocovaciho softwaru. Diky porovna-
ni obou zdznamu se ziska velmi presny Gidaj o stavu Zivodicha a o stavu jeho prostfedi, napf.
&istoté vody. Na nékteré polutanty totiz kory§ miize reagovat tak, Ze se stdhne do tkrytu, na jiné
zvy$enym tepem, popt. obojim.

Environmentalni zmény jsou uméle vyvolané, pficemz do vSech sledovanych akvarii se souc¢asné
davkuji stejné toxiny a/nebo nepfirozené latky pro koryse a/nebo mékkyse. Lze tak presné stano-
vit a vyhodnotit, jak sledovani Zivogichové environmentalni zménu zachytili a jak na ni reaguji.
Vyhodnocuje se fyziologickd odpovéd” koryse a/nebo mékkyse snimana neinvazivnim ¢idlem
azmény v pfirozeném chovani kory$e a/nebo mékkyse snimané kamerou v zavislosti na mnoz-
stvi, druhu a davkovani toxini a/nebo nepfirozenych latek. Kromé zmény ve fyziologickych
funkcich, napf. zvyseni tepu srdce, 1ze zaznamenat i zménu v chovani sledovaného Zivoéicha, coz
poskytuje presnéjsi vyhodnoceni toho, jak zivo¢ich environmentalni zménu vinima.

Predméty v kazdém akvariu se piesné lokalizuji a jejich pozice se zanesou do softwaru. Vyhod-
nocovani obrazovych zdznamii z kamery se zpracovava ve vztahu k lokalizovanym pfedmétim.
To je dulezité pravé pro vyhodnoceni zmény v chovani zivoCicha, pfedev§im koryse, ktery na
environmentalni zmény reaguje tendenci viézt do ikrytu nebo naopak ukryt opustit.

Fyziologicka funkce, ktera se pro ucely tohoto zplsobu sledovani snim4, je tep srdce koryse
a/nebo mékkyse. Tep srdce je velmi spolehlivy ukazatel, ktery 1ze snadno a spolehlivé sledovat
a zaznamenavat.

Neinvazivni ¢idlo je opatfeno zdrojem infracerveného svétla, které vysila do téla koryse a/nebo
mékkyse, a piijimacim zafizenim, kterym se pfijima infratervené svétlo odrazené od srdce koryse
a/nebo mekkyse. Na zakladé objemu krve v komofe srdce tak 1ze snadno zjistit frekvenci typu
srdce sledovaného zivoCicha. InfraCervené svétlo, které ¢idlo do téla Zivocicha vysila, Zivo€ich
nevnima4, takZe neovliviiuje a nezkresluje vysledky sledovani.

Sledovany Zzivotich je s vyhodou korys pattici do tfidy Malacostraca, konkrétné je korys§ rak
signalni (Pacifastacus leniusculus) a neinvazivni ¢idlo se pfilepi na krunyf raka. Vyhody vyuziti
rakl pro Ucely tohoto vynalezu spotivaji v tom, Ze maji jednoduchy kardiovaskularni systém,
takZe je snadné sledovat a vyhodnocovat tep raciho srdce. Raci také maji exoskelet, takze na
jejich krunyt Ize velmi snadno upevnit neinvazivni ¢idlo, které se na krunyt pfilepi netoxickym
ekologickym lepidlem.

Predmétem vynalezu také je etologicky systém pro sledovani chovani korysit a/nebo mekkysa
vySe popsanym zptisobem. Podstata etologického systému spo&iva v tom, Ze sestava z alespoii tH
akvarii, kde v kazdém akvariu je jeden kory$ a/nebo mekkys, aby se zivo€ichové, zejména korysi,
nemohli vzajemné ovliviiovat, a jejich chovani a fyziologické reakce na environmentalni zmény
byly co nejobjektivnéjsi. Kazdy korys a/nebo m&kkys je opatien neinvazivnim ¢idlem pro snimé-
ni tepu obéhové soustavy koryse a/nebo mekkys, kde neinvazivni ¢idlo je opatfeno zdrojem infra-
Cerveného zafeni pro vysilani infraterveného zafeni do t&la koryse a/nebo mékkyse a piijimacim
zatizenim pro pfijem odrazeného infraderveného zafeni z t€la korySe a/nebo mékkyse. Protoze
¢idlo je neinvazivni, nevadi sledovanému Zzivocichovi, a poskytuje objektivni zdznam z Zivo&i-

C-6



o

20

25

30

40

45

50

w
b

CZ 305212 B6

chovy ob&hové soustavy. Systém dale sestava z kamery pro soucasné snimani pfirozeného chové-
ni kazdého koryse a/nebo mékkyse, protoze zdznam z kamery upfesiiuje fyziologické reakce
zachycené neinvazivnim &idlem. Systém dale sestava z jednoho pogitace opatieného softwarem
pro soucasné vyhodnoceni zdznami z kamery a z neinvazivniho &idla pfedavanych do pocitade
soucasné, kontinualng, a v redlném Case. Systém dale obsahuje davkovaci zafizeni pro davkovani
testovacich latek do akvarii, ¢imz se provadi environmentalni zmény pro sledovani fyziologic-
kych zmén, alespoii jednu nadrZ pro prito¢né napajeni akvarii a alespofi jednu reten¢ni nadrz pro
sbér odtékajici vody z akvarii.

Kazdé ¢idlo je opatfeno kabelem pro pfenaseni zaznami do pocitace, pficemz neinvazivni Cidlo
je opatteno piepazkou pro oddéleni zdroje infralerveného zafeni od pfijimaciho zafizeni infracer-
veného svétla. Kabelovy pfenos umoziiuje jednodussi konstrukei neinvazivniho ¢idla, které pak
je méné nachyiné k poskozeni. Oddgleni vysilaciho zatizeni od prijimaciho zafizeni zabrafiuje
vzajemnému ruseni obou ¢Elend ¢idla, takze signal, ktery pfijimaci zafizeni vysila dale do pfevod-
niku, neni zkresleny a nepiesny.

Kazdé akvarium je opatteno krytem pro korySe s polohou zanesenou v softwaru pocitate pres
analogové-digitélni pfevodnik. Lze tak sledovat pohyb korySe po akvariu a na zakladé toho
odhadovat dopad environmentalnich zmén na koryse. Kazdy ukryt je opatfen vybranim pro
pohyb kabelu &idla upevnéného na téle koryse, takze kory§ muze zalézt do ukrytu bez toho, aby
mu kabel neinvazivniho ¢idla branil v pohybu.

Etologicky systém je ve vyhodném provedeni uspofadan v horizontalnich rovinach, kde nadrz
pro pritocné napajeni akvaria je uspofadana v horni roviné, pod ni je uspoiadana horizontalni
fada alespoii tfi akvarii a pod fadou akvirii jsou uspofadany dvé retenéni nadrze. Voda z nadrze
pro priitoéné napajeni miize samospadem vtékat do akvarii a pfebyte¢na voda pfepadem vtékéd do
spodni retenéni nadrze. V prostoru mezi retenénimi nadrzemi je uloZena kamera, kterd ma ve
svém zorném poli viechna akvaria, ktera snima soucasné v jediném okamziku.

Retenéni nddrz ma tvar nepravidelného Gtyfahelniku, jehoZ vertikélni sténa sousedici s kamerou
svird s podstavou ostry uhel o Skoseni vnitinich stén retenéni nadrze rozsifuje snimaci uhel
kamery, kterd diky tomu zabira v8echna akvaria v jediném okamziku.

Korys patii do tfidy Malocostrata, konkrétné se jedna o raka signalniho. Vyhoda vyuziti tfidy
Malocostrata spotiva v tom, Ze jeji zastupci dobfe piezivaji v laboratornich podminkach, navic
ma tato tfida velkou biodiverzitu, takZe pro rizna prostiedi Ize najit jejich ptirozené obyvatele,
¢imz se docili vysoka presnost provadénych méfeni.

Vyhody vynalezu spo¢ivaji v tom, Ze sledovanim kory$i a/nebo mékkysi zpiisobem podle vyné-
lezu lze ziskat velmi pfesny prehled o reakcich sledovanych Zivocichl na riznou Skalu environ-
mentdlnich zmén a lze tak spolehlivé vyhodnotit skodlivost a celkovy vliv téchto zmén na pfiro-
zené obyvatele vodniho prostiedi.

Objasnéni vykresi

Vynélez bude blize objasnén pomoci obrazkii na vykresech, na nichZ obr. 1 znazoriiuje schéma

etologického systému pro sledovani korysi a/nebo mékkysi a obr. 2 je schéma neinvazivniho
¢idla.

Ptiklady uskute¢néni vynélezu

Rozumi se, Ze dale popsané a zobrazené konkrétni piipady uskuteénéni vynélezu jsou pfedstavo-
vény pro ilustraci, nikoliv jako omezeni pfikladi vynalezu na uvedené piiklady. Odbornici znali
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stavu techniky najdou nebo budou schopni zajistit za pouziti rutinniho experimentovani vétsi ¢i
mensi pocet ekvivalentd ke specifickym uskuteénénim vynalezu, kterd jsou zde popséna. I tyto
ekvivalenty budou zahrnuty v rozsahu nasledujicich patentovych narokd.

Etologicky systém 1 podle vynalezu je tvofen horizontalni fadou alespoti ti1 akvarii 2, kde kazdé
akvérium 2 je obyvané korySem a/nebo mékkySem 12, v tomto piikladu uskute¢néni rakem sig-
nalnim (Pacifastacus leniusculus). Nad fadou akvarii 2 je upevnéna nadrz 3 pro pritocné napaje-
ni akvarii 2, odkud je voda pfivadéna spole¢nym vedenim 21, z néhoZ usti do kazdého akvaria 2
zvl4stni pfivod 16 vody z nadrze 3. V tomto piikladu uskutenéni je pod akvarii 2 uloZena retenc-
ni nadrz 4, ktera sbira jednak pfepadem 17 vodu z nadrze 3 pro prito¢né napajeni akvarii 2.
Do piepadu 17 je také zaiistén vystup 18 pouzité vody z akvarii 2. V retenéni nadrzi 4 je uloZeno
¢erpadlo 19, které v piipadé potieby piecerpava vodu z retenéni nadrze 4 zpét do nadrze 3 pro
prito¢né napéajeni akvarii 2, kam je voda dopravovana potrubim 20.

Systém 1 je dale opatien peristaltickou pumpou 22, pomoci které jsou do akvarii 2 davkovany
toxiny a jiné latky nepfirozené pro raky 12 obyvajici jednotliva akvaria 2 systému 1. Toxiny
ajiné latky jsou do peristaltické pumpy 22 pfivadény vedenim 23 ze zasobniki, které na obr. 1
nejsou znazornény. Toxiny a jiné latky, které nejsou pro druh raka 12 obyvajiciho jednotliva
akvaria 2 pfirozené, se do akvarii davkuji vstupy 24, kde kazdé akvarium 2 ma svij vlastni vstup
24. Pro ucely tohoto vynalezu jsou davky do kazdého akvaria 2 stejné, protoze se sleduji a porov-
navaji fyziologické odpovédi rakd 12 a zmény v jejich pfirozeném chovani, na jejichz podkladé
se vyhodnocuje $kodlivost latek ptidanych do akvarii 2.

Pod fadou akvarii 2 vedle retenéni nadrze 4 je uspofadana kamera 5, podle tohoto piikladu usku-
te¢néni je pouzita sitova IP kamera, ale je mozné pouzit i web kameru, analogovou kameru, aj.
Reten¢ni nddrz 4 ma tvar nepravidelného Ctyfuhelniku, jehoz sténa 25 sousedici s kamerou 5 je
skosend a se zdkladnou 26 retenéni nadrze 4 svira ostry thel a.. Diky této Upravé retenéni nadrze
4 ma kamera 5 dostate¢ny zorny thel, aby pokryla viechna tfi akvaria 2 v fadé.

V jiném ptikladu uskuteénéni neznazorn&ném na vykresech mohou byt pod fadou akvérii 2 uspo-
fadany dveé retenéni nadrze 4, za podminky, Ze ob& maji skosenou sténu 25 sousedici s kamerou
5, aby byl zachovan zorny dhel kamery 5.

Obrazovy zdznam z kamery 5 se v pfipadé sitové IP kamery 5 pfenasi ptimo do pogitage 7 napo-
jeného na systém 1. V ptipad& analogového signalu z kamery 5 by bylo nutné jej ptevadét v pre-
vodniku 6, ktery také tvoii sou¢ast systému, a z pfevodniku 6 jej pfevadét do pogitate 7. Pogitad
7 je vybaven specidlnim softwarem, ktery vyhodnocuje zaznam z kamery 5 ze vSech tii akvarii 2
soucasné a v realném Case.

Na krunyt kazdého raka 12 v kazdém akvariu 2 se ekologickym lepidlem pfilepi neinvazivni
¢idlo 8. Neinvazivni ¢idlo 8 je opatfeno kabelem 14 pro prenaseni elektrického signalu, kterd se
v prevodniku 6 pfevadi na analogové digitalni signdl a dale se pfenasi do potitace 7, kde se soft-
warem vyhodnocuje soucasné se zaznamem z kamery 5.

Neinvazivni Cidlo 8 je tvofeno zdrojem 9 infralerveného zéfeni, ktery do t&la raka 12 vysila
infraCervené zéfeni. V tomto piikladu uskutedn&ni se jako fyziologicka funkce raka 12 m&fi jeho
srde¢ni tep. Infradervené zateni se odrazi od krve raka 12 shromazdéné v srde¢ni komote. Odra-
Zené svétlo ptijima piijimaci zafizeni 10, které infradervené svétlo piijima a vysild je v podobé
elektrického signalu do prevodniku 6. V kazdém akvariu 2 je jeden ukryt 11 pro raka 12. Kazdy
ukryt 11 se pfesné lokalizuje a jeho pozice se zanese do vyhodnocovaciho softwaru v pogitaci 7,
takze software obrazovy zaznam z kamery 5 vyhodnocuje ve vztahu k lokalizovanym tkrytim 11
v kazdém akvariu 2. Kazdy okryt 11 ma ve své horni ¢asti vytvofené vybrani 13 pro kabel 14
neinvazivniho ¢idla 8, aby rak 12 mohl do tkrytu 11 bez ptekazky zalézat, aniz by mu kabel 14
neinvazivniho ¢idla 8§ branil v pohybu.
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Primyslova vyuzitelnost

Zpisob etologického sledovani kory$i a/nebo mékkysi a etologicky systém podle vyndlezu lze
vyuzit pro laboratorni nebo primyslové sledovani zneisténi vody tvofici jejich pfirozené pro-
stiedi.

PATENTOVE NAROKY

1. Zpusob etologického sledovani kory$i a/nebo meékkysu (12), pii kterém se snima alespoii
jedna fyziologickéa funkce koryse a/nebo mekkyse (12) neinvazivnim ¢idlem (8) upevnénym ke
korysi a/nebo m&kkysi (12) v realném &ase a pfenasi se do pocitace (7) ve formé digitalniho sig-
nalu, ktery je zpracovan softwarem pro vyhodnocovani reakci korySe a/nebo mékkyse (12) na
pfirozené a/nebo uméle vyvolané environmentalni zmény, vyznacujici se tim, Ze
soudasné s fyziologickou funkei se kontinuainé v realném &ase sleduje i pfirozené chovani koryse
a/nebo mékkyse (12) pomoci kamery (5), pfi¢emz se soucasné sleduji alespon tfi korysi a/nebo
mékkysi (12), kde kazdy kory§ a/nebo mé&kkys (12) je umistén ve vlastnim akvariu a obrazovy
zaznam pfirozeného chovani potizeny kamerou (5) se ve formé digitalniho signalu pfenasi do
pocitate (7), kde se porovnava a vyhodnocuje soucasné s digitdlnim signélem z neinvazivniho
&idla (8) pro sledovani fyziologické funkce pomoci spole¢ného vyhodnocovaciho softwaru.

2. Zplsob podle naroku 1, vyznacujici se tim, Ze environmentilni zmény jsou
uméle vyvolané, pficemz do vech sledovanych akvarii (2) se soucasné davkuji stejné toxiny
a/nebo neptirozené latky pro koryse a/nebo mékkyse (12) a vyhodnocuje se fyziologicka odpo-
véd’ kory$e a/nebo mékkyse (12) snimané neinvazivnim ¢idlem (8) a zmény v ptirozeném chova-
ni kory$e a/nebo m&kkyse (12) snimané kamerou (5) v zavislosti na mnozstvi, druh a davkovani
toxind a/nebo nepfirozenych latek.

3. Zpusob podle narokii 1 a2, vyznadujici se tim, Ze pfedméty vkazdém akvériu
(2) se presné lokalizuji a jejich pozice se zanesou do softwaru, pii¢emz vyhodnocovani obrazo-
vych zdznami z kamery (5) se zpracovava ve vztahu k lokalizovanym predmétim.

4. Zpisob podle alespoii jednoho z nérokd 1 az 3, vyznadujici se tim, Ze jako
fyziologicka funkce se snima tep srdce korySe a/nebo mékkyse (12).

5. Zpisob podle alespoii jednoho z narok 1 az4, vyznadujici se tim, Ze neinva-
zivni &idlo (8) je opatfeno zdrojem infraderveného svétla (9), které vysila infratervené svétlo do
téla koryse a/nebo mekkyse (12), a piijimacim zafizenim (10), kterym se pfijima infraCervené
svétlo odrazené od srdce korySe a/nebo mekkyse (12).

6. Zpisob podle alespoii jednoho z naroki 1 az5, vyznadujici se tim, ZekoryS (12)
patii do ttidy Malacostraca, konkrétng je korys (12) rak signalni a neinvazivni ¢idlo (8) se pfilepi
na krunyf raka.

7. Etologicky systém (1) pro sledovani chovani korysi a/nebo m&kkysi zplisobem podie néro-
kul, vyznadujici se tim, Ze sestava zalespoi ti akvarii (2), kde v kazdém akvériu
(2) je jeden kory$ a/nebo m&kkys (12), kde kazdy korys a/nebo mékkys (12) je opatfen neinvaziv-
nim &idlem (8) pro sniméni tepu ob&hové soustavy koryse a/nebo mékkyse (12), kde neinvazivni
gidlo (8) je opateno zdrojem (9) infraderveného zéfeni pro vysilani infraerveného zafeni do téla
koryse a/nebo mékkyse (12) a pfijimacim zafizenim (10) pro pifjem odraZeného infraterveného
zéFeni z téla kory3e a/nebo mékkyse (12), systém (1) dale sestava z kamery (5) pro soucasné sni-
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mani ptirozeného chovani kazdého koryse a/nebo mékkyse (12), z jednoho poc&itace (7) opatfené-
ho softwarem pro soucasné vyhodnoceni zaznamii z kamery (5) a z neinvazivniho &idla (8) pte-
davanych do pocitate (7) soucasng, kontinualng, a v redlném &ase, a systém (1) déle obsahuje
davkovaci zafizeni (12) pro davkovani testovacich latek do akvarii (2), alespoti jednu nadrz (3)
pro pritocné napajeni akvarii (2) a alespori jednu retenéni nadrz (4) pro sbér odtékajici vody
z akvarii (2).

8. Etologicky systém podle naroku 7, vyznaéujici se tim, Ze ka?dé neinvazivni
¢idlo (8) je opatfeno kabelem (14) pro pfenaseni zdznamii do pocitace (7), priemZ neinvazivni
¢idlo (8) je opatieno piepazkou (15) pro oddéleni zdroje (9) infraderveného zafeni od ptijimaciho
zatizeni (10) infralerveného svétla.

9. Etologicky systém podle naroki 7a 8, vyznadujici se tim, Ze kazdé akvarium (2)
je opatieno tkrytem (11) pro koryse (12) s polohou zanesenou v softwaru poéitade (7) ptes analo-
gové—digitalni pfevodnik (6), pfi¢emz kazdy tkryt (11) je opatfen vybranim (13) pro pohyb kabe-
lu (14) ¢idla (8) upevnéného na téle koryse (12).

10. Etologicky systém podle alespoi jednoho z narokii 7az9, vyznadujici se tim, Ze
je usporadan v horizontalnich rovinach, kde nadrz (3) pro prito¢né napéjeni akvaria (2) je uspo-
tadana v horni roving, pod ni je uspofadana horizontélni fada alespori t¥ akvarii (2) a pod fadou
akvarii (2) jsou uspofadany dvé retenéni nadrze (4), p¥i€emz v prostoru mezi retenénimi nadrze-
mi (4) je uloZzena kamera (5).

11. Etologicky systém podle alesporti jednoho z naroki 7 az 10, vyznadujici se tim,
ze retencni nadrz (4) ma tvar nepravidelného &tyiihelniku, jehoZ vertikalni sténa (25) sousedici
s kamerou (5) svira s podstavou (26) ostry Ghel (ct).

12. Etologicky systém podle alespoi jednoho z narokti 7 az 10, vyznadujici se tim,
ze kory$ (12) patfi do tiidy Malacostrata, konkrétng se jedna o raka signalniho.

2 vykresy

Prehled vztahovych znacek:

etologicky systém

akvarium

nadrz pro pritoéné napdjeni akvaria
retenéni nadrz

kamera

pievodnik

pocita¢

neinvazivni ¢idlo

9 zdroj infraderveného svétla

10  ptijimaci zatizeni infraderveného svétla
11 ukryt

12 korys a/nebo mekky3

13 vybréani v ikrytu pro pohyb kabelu ¢idla
14 kabel ¢gidla

15 ptepazka

0~ AW =
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piivod vody do akvarii

piepad

vystup vody z akvarii

derpadlo

potrubi

vedeni vody z nadrZe pro pritoné napajeni akvarii
peristalticka pumpa

vedeni toxind a jinych latek ze zasobnika
vstup toxind a jinych latek do akvarif
skosena st&na retencni nadrze

zékladna reten¢ni nadrze.
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Neinvazivni ¢idlo
Oblast technik:

Technické Feseni se tyka neinvazivniho &idla pro sledovani tepu srdce raka a zafizeni zahrnujici
toto &idlo pro sledovéni tepu srdce raka.

Dosavadni stav techniky

Snimani srdetniho tepu u vodnich Zivogicht umoZiiuje sledovat zmény v prostfedi, které obyvaji,
predeviim z hlediska zne¢i§téni a zvySovani teploty.

Pro neinvazivni sledovani srde¢niho tepu kory$i a mekkysd se pouZiva systém pro sledovani
fyziologickych funkci na bézi potitatového zpracovani (CAPMON). Priméma tepovéa frekvence
sledovaného Zivodicha se automaticky prepoitava pomoci specialné vytvoteného hardwaru pfi-
pojeného k po¢itaci.

Zasadni soutasti systému CAPMON je infradervené &idlo zahrujici vysila¢ infradervencho
svétla a piijimad infraterveného svétla (IR). Cidlo se upevni, napf. ptilepenim na kruny¥ Zivogi-
cha tak, aby skrz krunyt mohlo prochazet IR svétlo a mohlo osvétlit srdce a na n€j napojené cévy.
Zmény tvaru a objemu obéhovych struktur béhem srdetnich kontrakei zpisobuji zmény
v mno¥stvi TR svétla odrazeného z téla Zivo&icha do pfijimade IR. Tyto zmény v odraZeném IR
svétle jsou pievedeny na zmény v elekirickém napéti, jsou elektricky zesileny, filtrovany a déle
zpracovany softwarem.

Provedent &idla IR svétla je popséno v dokumentu Burnett N. P. et al: An improved noninvasive
method for measuring heartbeat of intertidal animals. Pro vyrobu ¢idla byla pouZita dvouvrstva
deska plosnych spojii. Jako zdroj byla pouita baterie o napéti 6 V, napojena na reguldtor napéti
LM?7805, ktery napaji elektricky obvod napétim 5 V. Pro zlep3eni stability napéti byly do obvodu
zapojeny dva blokovaci kondenzétory (1 pF a 22 pF) a LED dioda pro indikaci napajeni obvodu.
Cidlo je napojeno na tenky pruzny drét pro maximélni sniZeni pohybového a jiného omezeni
sledovaného ZivoCicha.

Obvod pro tpravu signalu je vytvofen kolem jediného &ipu, ktery obsahuje dva identické zesilo-
vade napéjené ze stejného zdroje. Na vstup napéti do &ipu je napojen blokovaci kondenzétor pro
sni¥eni $umu ze zdroje. Obé neménici zesilovaci faze vydavaji maximélné 78 dB a jsou opatfeny
filtry pro snieni zesileni necht&nych vysokych frekvenci elektrického $umu z ostatniho vybaveni
a vedeni napéti.

Dvé diody sleduji miizkové predpéti na zesilovacich fazich. Tfeti dioda umisténd na vystupu
z druhého zesilovage blika pii pijmu a zesileni pulzii z obvodu. Zesileny signél je déle vyhodno-
covén v po¢itadi nebo jiném zafizeni.

Nevyhody tohoto provedeni ¢idla pro sniméni tepu srdce raka spo&ivaji v jeho sloZité konstrukei,
ktera zpilisobuje, Ze &idlo je poruchové, je tieba ho Zastéji ménit, &imZ se naruSuje pribsh sledo-
véni. Dal$i nevyhodou je Uprava signalu ziskaného z tepu srdce sledovaného ZivoCicha piimo
v obvodu &idla, protoZe v poéitadi se zobrazi pouze srdeni frekvence v Hz, coZ umoZiiuje pouze
omezené vyhodnoceni srdeéniho tepu. Z téchto hodnot nelze vyvodit dali{ fyziologické infor-
mace ohledné sledovaného Zivodicha. Dalii nevyhodou je vzajemna blizkost svételného zdroje
a optoelektrického &lenu, protoZe dochézi k vzajemnému ruseni infra¢erveného svétla vyslaného
ze svételného zdroje do srdce raka a infraterveného svétla odraZeného ze srdce raka do optoelek-
trického &lenu a v diisledku toho k nepfesnému vyhodnoceni ziskanych dajii vyhodnocovacim
softwarem.

Ukolem technického feSeni je vytvofeni neinvazivniho &idla s maximalnim zjednoduSenim
a omezenim po&tu elektrickych prvki, které by bylo minimalng poruchové a které by umoZiio-
valo co nejpiesnéjii sledovani tepu ra¢iho srdce.
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Podstata technického feSeni

Tento tkol je vyfesen vytvofenim neinvazivniho &idla podle tohoto technického feseni, které je
upevnitelné na téle raka pro sniméni tepu ragfho srdce a je tvofené obvodem uspofddanym na
desce plosnych spoji. Obvod zahrnuje alespoii jeden svételny zdroj pro vyzafovani infraderve-
ného svétla smérem k srdci raka a alespoii jeden optoelektricky &len pro zachyceni infraterve-
ného svétla odrazeného od srdce raka a pro ptevod reflexnich zmén odraZeného svétla na elek-
tricky signdl. Podstata technického feSeni spo&iva v tom, Ze deska plosnych spojii je opatfena
prepézkou oddélujici svételny zdroj od optoelektrického &lenu. Nedochazi tak k vzajemnému
rufeni infraterveného svétla vyslaného ze svételného zdroje do ragiho srdce a infraterveného
svétla odrazeného z ra¢iho srdce do optoelektrického &lenu. Udaje o pulzu ra¢iho srdce jsou tak
maximalné pfesna a lze je lépe a s v&t3i piesnosti interpretovat. Prepazka je ve vyhodném prove-
deni vytvofena z antistatického plastu a je upevnéna na desce plonych spojii nebo ve vod&odol-
ném obalu. Lze ji na desku plosnych spojii upevnit pouze vmadknutim do mezery mezi ostatni
elektrické soudastky, predeviim optoelektricky ¢len a svételny zdroj, nebo je mozné ji k desce
plosnych spoji piilepit vtefinovym lepidlem.

Svételny zdroj je LED dioda o vykonu alespoti 15 mW a wginnosti 60 %. Vyhoda pouziti LED
diody spoéiva v tom, Ze mé zvySeny opticky vykon pfi stejné spotfebé elektrické energie. Zvy-
Seni optického vykonu LED diody vede ke zvySeni optického vykonu, ktery se odrazi do foto-
tranzistoru. Proto neni nutny externi zesilovaci obvod.

Optoelektricky ¢len je fototransistor, ktery citlivé reaguje na infralervené svétlo odraZené
z hemolymfy vypliiujici komoru ragtho srdce.

Aby nedoslo k poskozeni souéstek, je neinvazivni &idlo uloZeno ve vod&odolném obalu z dvou-
slozkového nizkoviskozniho silikonového dielektrickyho gelu pro zalévani elektronickych sestav.

Pfedmétem vynalezu také je zafizeni pro sledovéni tepu srdce raka zahrnujici neinvazivni &idlo
pro sniméni tepu srdce raka, tvofené obvodem uspofadanym na desce plonych spojii a zahrnuji-
cim alespofi jeden svételny zdroj pro vyzafovéani infralerveného svétla smérem k srdci raka
aalespoii jeden optoelektricky &len pro zachyceni infraterveného svétla odrazeného od srdce
raka a pro pfevod reflexnich zmén odraZeného svétla na elektricky signal. Zatizeni také zahrnuje
analogové-digitalni pfevodnik, do kterého je piiveden signél z neinvazivniho &idla a potitag, na
jehoZ vstup je analogové-digitalni pfevodnik napojen. Podstata zatizeni spo¢iva v tom, e deska
plosnych spojii je opatfena pfepazkou oddélujici svételny zdroj od optoelektrického &lenu, a Ze na
vstupu do analogové digitalniho pfevodniku je uspofadén kapacitor pro potlateni vysokofrek-
venéniho Sumu vystupniho signélu z neinvazivniho ¢idla a pogita¢ je opatfen softwarem pro
zpracovani nefiltrovaného signalu z neinvazivniho &idla v digitalizované formé. Piepazka je ve
vyhodném provedeni vytvofena z antistatického plastu a je upevnéna na desce plognych spoji
nebo ve vod€odolném obalu. Lze ji na desku plosnych spojli upevnit pouze vméa&knutim do me-
zery mezi ostatni elektrické soucéstky, pfedevsim optoelektricky ¢len a svételny zdroj, nebo je
moZné ji k desce plonych spojd pfilepit vtefinovym lepidlem. Svételny zdroj je LED dioda
o0 vykonu alespofi 15 mW a t¢innosti 60 % a optoelektricky &len je fototransistor. Neinvazivni
¢idlo je uloZeno ve vod&odolném obalu.

Vyhody neinvazivniho &idla podle technického feseni spotivaji v zjednoduseni elektrického ob-
vodu, ¢imZ se sniZila poruchovost &idla a celého zafizeni. Neinvazivni &idlo a zatizeni také po-
skytuji pfesné a nefiltrované tidaje pro vyhodnoceni v poita&i.

Objasnéni vykrest

Technicke feSeni bude bliZe objasnéno na prilozenych vykresech, kde znazortiuji obr. 1 schéma
elektrického obvodu, obr. 2 neinvazivni ¢idlo a obr. 3 zafizeni pro sledovani tepu srdce raka.
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Priklady uskutetnéni technického feseni

Rozumi se, e dale popsané a zobrazené konkrétni piiklady uskute¢néni technického feSeni jsou
predstavovany pro ilustraci, nikoli jako omezeni piikladi provedeni technického feSeni na uve-
dené ptipady. Odbornici znalf stavu techniky najdou nebo budou schopni Zjistit za pouziti rutin-
niho experimentovani v&tsi, & mensi podet ekvivalentd ke specifickym uskuteénénim technic-
kého Fedent, kterd jsou zde speciélng popséna. I tyto ekvivalenty budou zahrnuty v rozsahu nasle-
dujicich naroki na ochranu.

Neinvazivni &dlo 1 pro sniméni tepu srdce raka podle technického fesent je uloZeno ve vodeo-
dolném obalu a lze je upevnit pHimo na kruny¥ raka v jeho dorsalni &asti v misté nad srdcem ne-
toxickym epoxidovym lepidlem. Netoxické lepidlo je silikonovy kauduk pro elektroniku Sylgard
517 Dow Corning, vytvoteny jako dvouslozkovy nizkoviskozni silikonovy dielektricky gel pro
zalévani elektronickych sestav. Vytvrzuje se za normalni ¢i zvySené teploty do formy samoseza-
celujiciho gelu.

Obvod 4 neinvazivniho &idla 1 byl uspofadan na specialng vyvinuté jednostranné desce plo$nych
spoju 8 a vyzaduje napajeni 5 V. Obvod 4 neinvazivniho ¢idla 1 je tvofen svételnym zdrojem 2,
ktery je v tomto pikladu uskute¢néni tvoren jednou LED diodou typu KP-3216F3C. LED dioda
je axialné spojena s optoelektrickym Elenem 3, ktery je v tomto ptikladu uskute&néni tvofen fo-
totranzistorem typu ELPT15-21C. Pro zapojeni LED diody byl do obvodu 4 umistén rezistor R2
o hodnot& odporu 200 Q. Pro zapojeni fototransistoru byl do obvodu 4 umistén rezistor R1
o hodnoté odporu 220 Q.

Neinvazivni &dlo 1 funguje na principu pletysmografie a je vytvofeno jako reflektivni optoclen.
Elektricky signal na vystupu fototranzistoru zavisi na hladiné okolniho osvétleni a na mnoZstvi
svétla vydavaného LED diodou a naslednd na svétle odraZeném z pfedmétd v dosahu pifjmu
fototransistoru. KdyZ se &idlo 1 umisti na krunyf raka, je vystupni signal &idla 1 modulovan
mnoZstvim hemolymfy, které vyplituje srdce a rozptyluje dopadajici svétlo z LED diody. Tento
pistup umoZiiuje vyuit neinvazivnim zpisobem srde¢ni &innost raka jako funkci zavislou na
velikosti a tvaru ra¢iho srdce.

Zvysena Glinnost LED umozituje ziskat vyrazn& vic optického vykonu zjediného svételného
zdroje 2 pH stejné spotiebé elektrické energie. V soudasné dobé ma béZné dostupnd infraCervend
LED dioda opticky vykon pfiblizn& ~15 mW pii proudu 20 mA a G¢innosti 60 %. ZvySeni optic-
kého vykonu LED diody vede ke zvyseni optického vykonu, ktery se odréZi do fototransistoru,
&im? zvysuje svij elektricky vystupni signal. Diky tomu neni nutny externi zesilovaci obvod.
Instalace vice malych povrchovych LED diod v jednom neinvazivnim &idle 1 miZe jest€ zesilit
elektricky vystupni signél, aniZ by se vyrazné zvyiila celkova velikost ¢idla 1.

Pouze mala &ast celkového nezacileného optického zateni vydaného LED diodou zasahne srdce
raka, pfi¢em Zivoichovi neskodi, ani neovliviiuje jeho chovani. VétSina svétla se vyzaii jinam
kvali velkému $irokému Ghlu 120°LED rozptyleného na okrajich mezi nékolika opticky odlis-
nymi vrstvami, napf. vododolnym obalem &idla 1, tenkou vrstvou vody mezi rakem a vodou
a krunyfem raka.

Aby nedochézelo k vzajemnému ruseni vyzafovaného infraderveného svétla ze svételného zdroje
2 odrazeného infraderveného svétla ze srdce raka, které zachytava optoelektricky Clen 3, je na
desce plodnych spojii 8 upevnéna pfepazka 5. Pfepazka 5 je vytvofena z pivodniho krytu 3,5
palcové diskety, jehoZ plast je antistaticky. Pfepazka 5 je v ¢idle 1 upevnéna viladenim do me-
zery vytvotené mezi LED diodou a optoelektrickym &lenem 3, popf. je vklinéna ve vodéodolném
obalu 9. Lze ji také k desce plodnych spoji 8 pfilepit.

Ptedmétem technického feSeni také je zafizeni pro sledovani tepu srdce raka, v tomto piikladu
uskuteénéni raka signalniho (Pacifastacus leniusculus), které zahmuje neinvazivai ¢idlo 1, ana-
logové digitalni prevodnik 6 a poita¢ 7. Nefiltrovany signél z optoelektrického €lenu 3 &idla 1 je
veden tenkymi pruznymi kabely 10 dlouhymi 2 m, aby neomezovaly pohyb raka, do analogove-
digitaIniho prevodniku 6. Kromé kapacitoru na vstupu, ktery potladuje vysokofrekven¢ni Sum na
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vstupu do analogové-digitalniho pfevodniku 6, nepotiebuje vystupni signél z neinvazivniho &idla
1 74dné specifické zesileni a/nebo filtragni obvody, jako popisuje systém CAPMON.

Bézn¢ amplitudy tlukotu ragtho srdce a Sumu, které lze ziskat diky hardwaru &idla 1 jsou 50 mV
a 2mV. Hladinu $umu lze dodaten& v softwaru poéitade 7 sniZit. Fluktuace signalu zplsobené
zmeénami okolniho osvétleni spadaji do rozsahu od 2 do 3 V.

Vyhody, které vyplyvaji z vynechéni externiho zesilovaciho hardwaru a filtrovacich obvodit jsou:
zachovéni plivodniho tvaru signalu pro dal§f zpracovani pomoci softwaru, minimalizace zkresleni
signdlu nespravnym nastavenim hardwaru, odstranéni problémi s upevnénim, levn&j3i a jedno-
dussi hardware.

Priimyslova vyuzZitelnost

Neinvazivni ¢idlo a zafizeni pro sledovéni tepu srdce raka podle tohoto technického feseni lze
vyuZzit pro laboratorni a primyslové sledovani zne&isténi vod.

NAROKY NA OCHRANU

1. Neinvazivni ¢idlo (1) upevnitelné na t&le raka pro sniméani tepu raéiho srdce, tvofené obvo-
dem (4) uspotadanym na desce plosnych spojii (8) a zahrnujicim alespoit jeden svételny zdroj (2)
pro vyzafovéni infraterveného svétla smérem k srdci raka a alespofi jeden optoelektricky &len (3)
pro zachyceni infraerveného svétla odraZeného od srdce raka a pro prevod reflexnich zm&n od-
razeného svétla na elektricky signdl, vyznadujici se tim, Ze deska plognych spoji (8)
je opatiena prepazkou (5) oddglujici svételny zdroj (2) od optoelektrického &lenu (3).

2. Neinvazivni ¢idlo podle ndroku 1, vyznadujici se tim, e pfepazka (5)je vytvo-
fena z antistatického plastu.

3. Neinvazivni ¢idlo podle niroku 1 nebo 2, vyznadujici se tim, Ze svételny zdroj
(2) je LED dioda o vykonu alespofi 15 mW a t¢innosti alespoil 60 %.

4. Neinvazivni ¢idlo podle ndroku 1 nebo 2, vyznaéujici se tim, Ze optoelektricky
¢len (3) je fototransistor.

5. Neinvazivni ¢idlo podle alespofi jednoho z narokd 1 a2 4, vyzna&ujici se tim,
Ze je uloZeno ve vodéodolném obalu z dvouslozkového nizkoviskozniho silikonového dielektric-
kého gelu pro zalévéni elektronickych sestav.

6. Zatizen{ pro sledovani tepu srdce raka zahmujici neinvazivni ¢idlo (1) pro snimani tepu
srdce raka, tvofené obvodem (4) uspoiddanym na desce plognych spojii (8) a zahrnujicim alespori
jeden svételny zdroj (2) pro vyzafovani infraterveného svétla smérem k srdci raka a alespori je-
den optoelektricky &len (3) pro zachyceni infraterveného svétla odrazeného od srdce raka a pro
pfevod reflexnich zmén odraZeného svétla na elektricky signél, analogové-digitalni pfevodnik
(6), do kterého je pfiveden signél z neinvazivniho &idla (1) a pogita¢ (7), na jehoZ vstup je analo-
goveé-digitalni prevodnik (6) napojen, vyzna&ujici se tim, Ze deska plodnych spojii (8)
je opatfena pfepazkou (5) oddglujici svételny zdroj (2) od optoelektrického &lenu (3), a Ze na
vstupu do analogové digitélniho pfevodniku (6) je uspofadén kapacitor pro potladeni vysokofrek-
venéniho Sumu vystupniho signalu z neinvazivniho ¢idla (1) a pocitad (7) je opatien softwarem
pro zpracovani nefiltrovaného signélu z neinvazivniho ¢&idla (1) v digitalizované formé.

7. Zafizeni podle ndroku 6, vyznadujici se tim, Ze piepaZka (5) je vytvofena
z antistatického plastu.
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8.  Zafizeni podle naroku 6 nebo 7, vyznadujici se tim, Ze svételny zdroj (2) je
LED dijoda o vykonu alespoii 15 mW a G¢innosti alespofi 60 %.

9.  Zatizeni podle naroki 6 az 8, vyzma&ujici se tim, Ze optoelekiricky ¢len 3) je
fototransistor.

10. Zatizeni podle alespoil jednoho z nérokd 6 az 9, vyznadujici se tim, Zeje
uloZeno ve vodéodolném obalu.

3 vykresy
Piehled vztahovych znacek:

neinvazivni ¢idlo
svételny zdroj
optoelektricky ¢len
obvod neinvazivniho ¢idla
piepazka
analogove digitalni pfevodnik
potita¢
deska plosnych spojii
vod&odolny obal

0  kabel.
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