
UNIVERSITY OF SOUTH BOHEMIA IN ČESKÉ BUDĚJOVICE 

FACULTY OF SCIENCE 

Noninvasive crayfish cardiac and behavioral 

activities monitoring system 

Ph.D. THESIS 

Aliaksandr Pautsina, M.Sc. 

Supervisor: Prof. RNDr. Dalibor Štys, CSc. 

University of South Bohemia in České Budějovice, Faculty of Fisheries and 

Protection of Waters 

České Budějovice 2015 





This thesis should be cited as: 

Pautsina A., 2015: Noninvasive crayfish cardiac and behavioral activities 

monitoring system. Ph.D. Thesis Series, No. 10. University of South Bohemia, 

Faculty of Science, České Budějovice, Czech Republic, 147 pp. 

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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1.1. 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 
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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 ease 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 
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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. 
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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 
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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 
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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 (Astacus 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). 

 

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 (SIBWQM) 

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 (Astacus 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. 

 

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 (  Kozák et al. 

2009; Kuznetsova et al. 2010; Kozák 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. 

 

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

et al. 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 

12



 

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 (Astacus 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: 

 study various methods and systems described in the literature for 

monitoring crayfish cardiac and behavioral activities. 

 develop an inexpensive and easy-to-use noninvasive biomonitoring 

system for simultaneous recording of ethophysiological parameters in 

several crayfish, 

 develop a cardiac activity data processing method based on signal shape 

analysis, 

 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, 

 establish a foundation for possible future applications of the system as a 

basis of BEWSs and in crayfish model ethophysiological studies. 
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2.1. 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: 

 obtaining raw cardiac activity data of up to 16 crayfish 

simultaneously with a sampling rate of up to 500 samples/second, 

 processing the data to obtain HR and other 15 cardiac signal 

inotropic/chronotropic parameters, 

 detecting the movement of each monitored crayfish with a sampling 

rate of 1 sample/s, 

 storing the calculated cardiac parameters and motion data to local 

hard drive. 

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

 

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. 

 

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. 

 

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: 

 

      (           )
                     ( 2.1 ) 

If the value of criterion K is positive, the peak is classified as secondary; 

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.   
  ,   

  ,   
  ,   

  ,   
  ,   

  ,   
  ,   

  ,   
  ,   

  ,   
   – coordinates of 

the local extrema on the crayfish cardiac activity curve. 

Parameter Description Formula 

HR heart rate  0 / (  
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normalized previous 

peak slope 
   ((  

       
  )      )    (  
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slope 

 

((  
       

  )      )    (  
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height 
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        {  
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PW peak width   
       

   

PWN 
normalized peak 

width 
(  
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falling slope 
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PSR peak slopes ratio             

PS peak start   
       

   

PO peak offset   
       

   

PE peak end   
       

   

PSN normalized peak start PS / (  
       

  ) 
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normalized peak 

offset 
PO / (  

       
  ) 
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  ) 
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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 

36



 

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. 
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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, 

Zátiší 728/II, Vodňany, 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).  
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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 IP8161 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. 
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A 

 

 

B 

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

NICCBAM system SW. (A) Crayfish cardiac activities. (B) Crayfish motion 

detection.  

  

41



 

  

42



 

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 

Vysočina 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. 

 

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. 

 

Fig. 3.2. Example of the signal crayfish cardiac activity synchronously recorded 

with NICCBAM and ECG systems. 

46



 

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 Vysočina 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 ºC, 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 (NH3 + NH4
+
). 

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 (NH3 + NH4
+
) 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: 

 

 (       )
              ( 3.1 ) 

in which PHN and PRSN are the classified peak’s parameters as defined in 

Table 2.1; a, b and c – 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. 
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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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Fig. 3.4. Absolute values of correlation coefficients between pairs of crayfish 

cardiac activity parameters defined in Table 2.1 that can carry additional 

independent information on the crayfish state: (A) Pearson product-moment, 

(B) Spearman's rank. 
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Fig. 3.5. 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 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 (AMP) 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
-6

 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
-4

 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,            ). 
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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: 
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in which     ,      ,  ́
   

,   ́
   

 – normalized mean and SD values of j-th 

parameter over the group of crayfish before and during treatment, respectively; 

N – number of crayfish used in the experiment;   
   

,    
   

,  ́ 

   
,   ́ 

   
 – 

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

response to selected odors and chemicals expressed in percents. 
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HR -0.6 54.1 7.8 1.4 3.7 24.1 -1.6 

PPSN 1.6 10.1 -0.7 4.7 6.1 10.4 1.3 

NPSN -1.6 3.3 0.1 0.6 -0.4 1.7 1.7 

PHN 9.2 -26 -0.8 1.5 0.4 -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 -0.4 -5.9 2.7 

PRSN -1.9 23.8 5.4 0.7 7.5 18.3 3.7 

PFSN 0.8 -11.4 -0.1 -1.4 -4.3 -6.4 2.2 

PSR -1.2 72.1 9.1 4.5 29.4 57.8 3 

PS 1.7 -1.4 0.4 -0.1 -0.8 -1.5 -0.9 

PO 3.2 -22.5 0.6 -0.7 -0.4 -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. 
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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 95.3 379.5 5.4 

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 -5.3 

PSN 1.9 42 13.3 -2.8 11.9 32.2 -2.9 

PON 3.3 15.2 12.8 -2.9 10.6 29.3 -4.5 

PEN -0.8 50.2 16 -5.3 22.8 44.3 -9.9 

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 

68



 

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: 

 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. 

 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. 

 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: 

 parameters that change more extensively than HR can allow easier 

detection of changes in crayfish functional state; 

 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 

MT9M001 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



 

  

A-2



 

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) 

Crayfish 

# 
1 2 3 4 5 6 7 8 9 10 11 12 

Trial #1 

HR 
72. ±7.42 31.5±7.71 3 .5±7.2  55.9± .32 31.8±5.34 34.3± .92 51.2± .44 49.3±3.30 103±10.8 n/a 37.2±3.94 44.8±12.  

 8.3±7.27 32.5±7.94 3 . ± .19 58. ±7.0  30.1±4.05 33. ± .80 52.0±5.73 49.3±2.74  5.7±11.0 n/a  0. ±19.3 38. ±5.99 

PPSN* 
17 ±2 .6 210±17.  311±3 .9 340±2 .8 1 5±19.8 14 ±1 .1 279±24.2 190±18.8 582±8 .3 n/a 312±35.7 207±12.2 

178±19.3 220±17.8 337±24.7 333±30.3 1 4±15.5 1 0±21.2 255±23.5 195±18.3 459±31.3 n/a 313±49.7 214±12.4 

NPSN* 
2 1±21.1 1 5±1 .8 189±19.4 277±25.9 208±13.0 26 ±29.9 22 ±1 .0 225±17.  358±45.5 n/a 179±24.2 171±14.3 

234±28.5 1 0±13.7 183±15.3 271±28.1 20 ±9.73 249±29.7 240±17.5 224±15.9 324±39.5 n/a 1 2±31.4 175±13.9 

PHN* 
4.90±3.87 13.1± .34 20.1±7.32 15.8±5.33 12.7±3.84 15.8± .94 14.8±7.41 5.03±1.5  4.25±3. 8 n/a 18. ±5.85 1.79±0.83 

5.14±5.58 12.7±5.79 19.5± .55 12.9±4.93 13.3±3.21 15.0± .55 13.4±7.42 5.99±1.71 13.8±7.09 n/a 13. ±7.48 4.02±1.55 

PW* 
4 .3±21.  107±44.5 93.4±29.3 4 .1±14.8 111±27.9 113±40.1 51.5±13.0 32.5±7.0  18.4±10.9 n/a 8 .1±17.0 57.3±17.1 

47.4±37.2 100±38.9 90.4±2 .4 40.1±14.7 119±23.9 112±38.3 51.1±11.3 31.2± .04 44.5±14.9 n/a 75.1±20.9 59.5±17.1 

PWN* 
38.5±7.91 49.8±9.12 53.5±7. 2 41.5± .33 5 .4± .24  0.0± .35 41.9± .19 2 .1±4.21 27. ±10.9 n/a 52.2±5. 3 34.8± .95 

35.8±9.01 47.9±8. 4 52.5± .94 37.3±7.80 58.2±5.18 58.4± . 0 42.9±5.05 25.4±3.92 45.2±9.89 n/a 47.8±8.52 3 .1± . 3 

PRSN* 
17.8±5.03 1 .9±5.0  33.1± .21 54.0±8.97 14.8±2.81 18.2±2.04 52.2±8. 2 44.1±18.0 77.7±20.1 n/a  2.4±10.4 14.1±2.88 

18.8±7.15 17.2±3.23 31.9±5. 1 54.3±11.  14.2±1.75 17.1±2.15 51.7±9. 7 53.9±18.3  5.7±14.7 n/a   .5±11.7 15.1±2.41 

PFSN* 
229±14.2 123±14.7 1 1±19.2 159±28.1 232±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 

21 ±33.0 11 ±12.0 153±19.4 147±29.8 232±1 .9 2 2±21.4 188±1 .0 89.3±11.  93.1±28.4 n/a  1.3±24.4 37.2±10.2 

PSR* 
7.82±2.39 14.8±13.0 20.8±4.   35.2±9.33  .53±2.22  .  ±0.83 28.9±5.20 52.2±34.2 181±9 .4 n/a 88.5±31.3 57.4±18.2 

9.30±5.88 15. ±13.9 21.4±7.20 38.9±13.   .17±0.94  . 0±1.1  27.7±5.77  1.7±24.1 85.9± 1.9 n/a 133±75.  43.7±14.9 

PS* 
31.3±2.80 39.8±2.   23.7±2.45 27.1±2.04 34.7±3.12 32. ±2. 3 25.4±1. 3 4 .5±4.0  1 .8±2.42 n/a 32.5± .12 48.1±3.01 

33.7±3.24 39.3±2.40 23.5±2.1  28.2±2.50 34.9±3.25 34.3±3.12 24.9±1.55 4 .3±4.00 20.7±1.42 n/a 32.2±4. 0 4 .7±2.9  

PO* 
59.0±21.2 122±45.7 88.4±28.7 58.2±14.7 122±27.5 120±41.3 52.8±11.   0.1±7.43 24.9±7. 3 n/a 94.0±1 .7 98.4±17.5 

 2.9±37.1 117±39.9 87.3±25.4 54.9±14.0 129±23.8 123±39.3 49. ±10.5 59.1± .28 45.7±12.1 n/a 8 .2±18.0 95.3±17.0 

PE* 
77. ±21.9 147±44.7 117±29.4 73.3±14.9 14 ±27.8 145±40.3 7 .9±13.1 78.9±7.55 35.2±12.8 n/a 119±18.1 105±17.5 

81.1±3 .9 140±38.8 114±2 .1  8.2±14.5 154±23.9 14 ±38.4 7 .1±11.4 77.5± .29  5.2±14.9 n/a 107±20.9 10 ±17.7 

PSN* 
27.8±4. 4 20.1±4.17 14.4±3.02 25.2±3.11 18.3±3.22 18. ±3.80 21.2±2.40 37.7±3.17 27.1±2.33 n/a 20.0±3.01 30.2±3. 1 

28. ±5.05 20.3±4.12 14.3±2.83 27.3±3.93 17.5±2.70 19.2±4.07 21.4±2.35 37.9±3.02 22.1±3.50 n/a 21.2±4.0  29.2±3.3  

PON* 
49.8±5.5  57.4±7.99 50.4±7. 2 52.7±4.77  2.1±5.08  4.2± .02 43.1±4.58 48.5±2.92 39.0±5.43 n/a 57.1±3.47  0.5±4.29 

49.0± .70 5 .5±7.43 50.7± .25 51.7±5.08  3.4±4.32  4.5±5.81 41. ±4.24 48.2±2. 3 47.0±5.91 n/a 55.3±5.32 58. ±3.83 

PEN* 
  .3±3.79  9.8±5.23  7.9±4.9    . ±3.73 74.7±3.2  78. ±2.70  3.0±4.14  3.9±2.2  54. ±9.88 n/a 72.2±3.50  5.0±3. 3 

 4.5±4.50  8.2±4. 7   .8±4.38  4.5±4.38 75.7±2.79 77. ±2.7   4.2±3.08  3.3±1.99  7.3± .73 n/a  9.0±5.71  5.4±3.57 

AMP* 
9.57±0.75 12.3±0.95 7. 0±0.50 3.92±0.32 9.3 ±0.57 11. ±0.49 8.81±0. 1  . 9±0.42 12.5±1.72 n/a 4.47±0.50 18.1±1.30 

9.15±0. 4 12.3±0.80 7.43±0.39 4.1 ±0.41 9.28±0.43 11.7±0. 7 8.97±0.59  .47±0.41 9.0 ±0.9  n/a  .19±1.07 18.2±1.20 

Trial #2 

HR 
59.1±7.17 44.0±7.88 41.1±7.3  43.2±7.02 27.8±5.19 37.4± .12 41.1±7.92 49.7±5.75 37.9± .71  4.4±8.74 34.3±5.25 43.7±7.01 

 0.2±7.03 42.8±7. 3 41.1±7.28 42.8± .20 28.1±4.95 38.7± .00 43.3±9.19 52.3±7.89 38.3± .32  1.2± .80 33. ±3.87 42.0± . 9 

PPSN* 
1 0±18.0 205±15.9 183±32.5 349±27.5 125±19.7 175±1 .2 259±24.2 225±14.8 44 ±32.2 217±21.3 328±27.9 219±13.3 

1 9±18.3 220±19.0 195±32.2 348±24.8 123±21.3 17 ±19.5 283±2 .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 27 ±27.2 289±28.0 254±17.7 2  ±27.  239±11.0 403±47.4 3 9±38.3 208±3 .4 209±11.8 

271±18.7 203±28.1 300±55.5 27 ±25.8 288±2 .1 25 ±18.5 2 5±2 .2 239±10.1 40 ±47.1 374±42.7 214±39.1 209±12.1 

PHN* 
4. 9±2.04  .08±4. 0 1 .5± .95 2 .9±5.83 17.4±4.99 13. ±4.40 28.0±13.0 7.58±2.39 44.0±11.  5.77±2.85 31.3±8.11 8.51±4. 0 

4.44±1. 5  .3 ±4.4  17.2±7.30 27.8±5.45 1 .7±4.88 13. ±4.59 28.0±13.8 7.85±2.18 42.9±11.3 7.18±3.50 32.1±5.15 9.19±4.82 

PW* 
45.1±9.87  4.8±40.4 92.9±25.2 79.7±23.8 153±37.0 91.5±23.1 87.7±25.  39.5±10.  118±27.0 42.3±8.85 109±20.9 54.1±19.9 

43.4±7.10  4.4±38.2 92.0±24.8 79.7±21.0 150±33.9 8 .4±21.  82.2±27.9 3 .9±9.97 11 ±28.5 44.9±9.53 112±20.9 57.4±20.  

PWN* 
39.5±4. 1 40. ±8. 4  0.7±4.73 54.7± .73  7.9±5.55 54. ±5.4  5 . ± .34 31.4±5.83 71.8±3.74 42.1±5.05  0.3±5.14 3 .2±8.58 

38. ±4.02 40.4±8. 5  0.1±4.7  54.8± .00  7.3±5.37 53.5±5.22 54.7±7.57 30.1±5.75 71.2±4.29 44.0±5.23  1.2±4.14 37.4±8.53 

PRSN* 
18.1±3.38 15.7±3.79 2 .9±3.09 47.7±7. 2 13.8±1.25 19. ±3.41 49.9± .23 33.3±9.83 55.4±8.48 24.9±5.75  0. ±10.2 20.3±4.34 

18.0±3.49 15.8±4.50 27.9±3.52 47.5± .45 13. ±1.52 20.4±2.87 53.1±8.30 39. ±14.8 5 .1±7.97 2 .9±5.25 57.7±8.86 20.3±4.12 

PFSN* 
2  ±20.5 122±17.1 234±23.3 215±27.1 283±19.2 253±21.4 182±18.0 81. ±9.88 1 8±25.9 203±24.8 125±27.8 118±10.4 

257±19.3 105±20.1 233±24.1 217±27.  281±20.7 2 5±1 .3 179±19.9 78.8±10.3 1 7±23.0 210±21.0 128±19.9 128±11.4 

PSR* 
 .8 ±1.37 13.4±8.2  11.7±2.45 22.5±3.97 4.88±0.50 7.92±3.07 27.7±4.28 41.4±15.2 33.5± .03 12.4±2.99 51.4±17.8 17.3±4.11 

7.05±1.48 15.7± .70 12.1±2.12 22.1±3.85 4.87±0.7  7.75±1.2  30.1±5.83 50.4±1 .9 34.1± .03 12.9±2.50 45.9±8.24 1 .0±3.   

A-3



 

PS* 
31.9±2.   37.0±2.40 24.9±3.11 27.3±2.7  34.9±3.14 34.5±2.88 2 .3±1.78 42.8±2.84 20.1±1. 2 30.1±2.97 30.7±2. 3 42.7±2.84 

32.0±3.00 37.8±2.78 24.8±2.   27.4±1.98 35.2±4.20 33.8±2.21 2 .2±1.82 41.9±3.15 20.4±1. 2 29.3±2. 0 30.5±2.51 43.2±2.73 

PO* 
57.8±10.3 78.3±41.5 87.0±27.4 91.5±24.2 1 2±37.9 105±24.3 81.3±25.   8.4±10.7 105±27.4 52.8±9.05 114±19.4 84.3±19.8 

5 .7±7.30 80.7±39.7 8 .7±2 .3 91.4±21.4 159±34.  99.8±23.0 78.2±27.4  5.3±10.8 104±28.2 55.2±9.17 117±20.7 87.8±20.5 

PE* 
77.0±10.2 102±40.  118±25.2 107±24.0 188±36.7 12 ±23.5 114±2 .1 82.3±10.5 138±27.1 72.5±9.22 139±20.7 9 .9±19.7 

75.4±7.2  102±39.0 117±24.  107±21.3 185±33.7 120±22.4 108±28.  78.8±10.9 137±28.4 74.2±9.20 142±21.3 101±20.3 

PSN* 
28.3±2.91 25.5±4.32 17.0±3.43 19. ±3.52 1 .2±3.4  21.2±3.1  17.9±3.27 34.7±3.58 12. ±2.20 30.5±3.44 17.4±2. 9 30.2±4.83 

28.7±2.83 25.9±4.35 1 .9±3.41 19.5±2.88 1 .5±3.50 21. ±2.84 18. ±3.51 35.0±3.22 13.1±2.43 29.3±3. 0 17.1±2.20 29.7±4.81 

PON* 
50.7±3.71 49.8±7. 1 5 .4± .07  3.1±5.45 71.8±5.05  2. ±5.1  52.2± .95 54.8±3.70  3.1±5.03 52.7±3.80  3.7±3.53 57.5±5.38 

50.5±2.95 51.4±7.44 5 .3±5.94  3.1±4.9  71.4±4.80  1.9±4.83 51.9±7.55 53.8±4.11  3.4±5.19 54.4±3. 1  4.1±3. 1 58.4±5.34 

PEN* 
 7.8±2.29   .1±4. 7 77.7±2.21 74.3±3. 2 84.0±2.21 75.8±2. 4 74.5±3.30   .1±2. 5 84.4±1.99 72. ±2.28 77.8±2.83   .4±3.98 

 7.3±1.90   .3±4.   77.1±2.2  74.3±3.42 83.8±2.09 75.1±2. 2 73.3±4.34  5.2±3.10 84.3±2.23 73.3±2.14 78.3±2.34  7.2±3.93 

AMP* 
8.03±0.53 14.0±1.13 8.35±0.70 4.25±0.32 9.72±0.53 12. ±0.79 8.59±0.59 8.23±0.29 7. 7±0.89 12.3±1.57 4.48±0.55 13.1±1.25 

8.12±0.5  14.1±1.04 8.27±0.77 4.2 ±0.31 9.8 ±0. 4 12.1±0.94 8.31±0.   8.1 ±0.33 7.48±0.77 10.9±0.9  4.25±0.44 12.9±0.57 

Trial #3 

HR 
78.1± .73 34.7± .09 n/a 42.2±8.84 39.3±12.8 40.9±4.4  47.0± .72 77.2± .34 4 .2±5.87 90.1±7.95 30.9±2.94  1.3±8.80 

78.4±5. 5 34.3± .39 n/a 42.2±8.49 32.5± .19 39.7± .21 52. ±8.37 73.7±8.57 4 .0± .58 80.7±7.25 29.7±4.0  59.3±7.41 

PPSN* 
195±0.00 214±1 .1 n/a 340±24.1 97.5±24.9 133±15.4 194±44.3 204±23.  344±23.7 38 ± 4.2 325±30.1 225±11.2 

24 ±31.0 209±17.9 n/a 344±23.3 88.7±17.7 148±22.0 225±40.0 190±21.1 350±25.  33 ±38.  31 ±23.8 224±11.  

NPSN* 
23 ±0.00 179±15.3 n/a 21 ±24.8 308±33.5 249±17.2 312±41.9 284±44.3 329±25.9 557±341 21 ±22.2 205±1 .5 

240±21.0 183±17.  n/a 222±25.8 318±30.5 258±35.4 31 ±38.0 274±33.2 320±25.  45 ±121 204±20.0 199±11.  

PHN* 
8.32±0.00 8.87±3.87 n/a 14.0±3.5  10.8± .05 10.5±3.28 21.2±10.  9.2 ±2.55 22.9±7.45  .85±7.81 39.4± .39 2.04±0. 9 

4.75±4.3  8. 8±4.28 n/a 1 .3±3.20 12. ±4.72 12.3±8.75 18.9±11.4 11.7± .52 22.0±7.82 4. 7±2.53 35.3±8.1  1.79±0.37 

PW* 
39. ±0.00 84.0±28.  n/a 78.7±31.0 112±52.5 7 .2±11.8 74.5±1 .5 31.7±9.00 77. ±15.1 24.2± .55 123±17.8 33.8±73.  

32.8±17.1 88.1±35.  n/a 79.3±33.9 129±37.3 84.8±25.5  3.2±18.9 43. ±7.3  77.7±18.4 30.0± .04 131±23.6 25. ±8.94 

PWN* 
35.0±0.00 45.3± .98 n/a 50.9±9.17  0.9±10.5 50.8±4.00 5 .5±5.07 33. ±4.38 58.4±4.44 34.7± .28  2.5±3.95 21.9±8.77 

30.5±8.2  4 .5±7.80 n/a 51.3±8.78   .2±5.7  53.2±4.89 52.4± .31 38.7±3.05 57. ±5.29 37.8±4.98  3.0±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±3.2  52. ±10.  97.7±58.0 4 .4±5.83  4.2±44.2 53.5±8.48 1 .3±3.53 

23.3±4.75 14.3±3. 1 n/a 42.8±7.97 13.0±1.84 20.3±8.80 59.4±13.4 5 .1±42.7 44. ± .33 35.4±1 .7 47.8± .42 1 .7±3.44 

PFSN* 
191±0.00 9 .4±13.0 n/a 114±23.1 277±20.  2  ±21.8 212±29.4 151±4 .5 150±18.9 98.4±94.1 135±19.5 31.3±8.99 

180±32.3 101±1 .8 n/a 128±22.9 270±1 .5 2 2±38.1 205±2 .7 173±31.9 140±19.7  8.8±23.7 122±24.3 28.4±7.77 

PSR* 
1 .1±0.00 15.7±5.1  n/a 37.7±11.2 5.02±1.28 7.70±1.57 25.2±5.84  9.3±37.  31.4±5.32 89.9±58.7 40.8±17.8  2.9±72.5 

13.4±4.1  15.1±8.82 n/a 34. ±9.53 4.84±0.74 7.70±1.13 29. ±8.15 32.5±20.1 32. ± .81 55.4±29.8 42.2±20.2  3.3±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. ±2.80 29.9±3. 7 23.6±1. 7 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± .07 24.0±1.80 27.8±2.90 31.8±2.45 43. ±2.09 

PO* 
58.8±0.00 103±29.4 n/a 95.8±30.8 114±53.3 83.4±12.5  2.7±1 .4 42.9±10.  73.1±15.3 37.7± .43 124±1 .8  7.5±  .2 

50.7±1 .4 10 ±37.4 n/a 95.3±33.0 129±38.5 93.3±27.3 54.0±17.  57.9±12.  74.3±18.4 42.3±5.74 133±22.0  1.1±9.12 

PE* 
71.4±0.00 125±28.  n/a 108±31.1 143±53.9 109±11.9 98.1±1 .4  1. ±12.1 101±15.2 48. ±7.23 154±17.8 7 .7±73.7 

 3.3±1 .  129±3 .4 n/a 108±33.9 1 0±37.1 118±2 .  8 .5±19.3 7 . ±11.8 102±18.7 57.9± .   1 2±23.9  9.2±8.   

PSN* 
28.1±0.00 23.1±3. 4 n/a 20. ±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 3 .3±4.45 

30.3±4.38 23.0±3.84 n/a 20.4±4.13 1 .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 3 .7±3.09 

PON* 
52.0±0.00 55.9±5.79 n/a  2.9± .32  1.7±10.1 55. ±3.80 47.2±5. 1 45. ±4.03 54.9±4.78 54.3±4. 9  3.1±3.04 51.0±4.50 

48.4±5.57 5 .2± .80 n/a  2. ± .28  5.9± .00 58.7±4.88 44. ±5.94 51.1±5.70 55.0±5.35 53. ±4. 8  4.5±3.79 51.0±3.42 

PEN* 
 3.2±0.00  8.5±3.58 n/a 71.5±5.17 79.8±5.44 72.8±2.05 74.9±2.48   .0±2.77 7 . ±2.2  70.1±3.74 78.5±2.2  58.2±4.57 

 0.8±4.17  9.4±4.33 n/a 71.7±4.8  83.1±2.29 74. ±2.42 72.5±3.59  8.0±2.75 7 .0±2.84 73.2±3.1  78.7±3.41 57.8±2. 1 

AMP* 
10.3±0.   14.2±0.93 n/a 4.52±0.38 10.2±0.90 10.5±0.55 7. 7±0.   3.22±0.13 8.21±0.53 7.70±2.55 4.33±0.37 14.8±0.88 

9.58±0. 5 14.1±0.92 n/a 4.38±0.39 9.82±0.49 10. ±0.95 7.78±0. 8 3.17±0.23 8.33±0.55 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 

Crayfish 

# 
1 2 3 4 5 6 7 8 9 10 11 12 

Trial #1 

HR 
50.5±8.32 34.7±9.54 23.2±5. 7 42.4±7.41 25.3±4.   38.5±8.57 39.8±5.82 5 .7±5.03 31.9±5.14  2.3±7. 2 31.3±4. 5 n/a 

73.8±13.2 5 .5±18.5 39.2±1 .5 73.5±14.4 53.0±14.4 51.9±13.9 93.7±13.4 57. ± .09 112±10.8 74.4±9.22 31.2±4.10 n/a 

PPSN* 
183±27.9 281±1 .4 3 8±50.2 345±27.8 105±15.7 10 ±22.  324±2 .2 248±38.8 457±39.  210±38.4 335±37.  n/a 

234±3 .1 289±22.7 33 ± 2.0 315± 3.3 213±48.9 149±44.3 32 ±41.3 258±39.7  00±101 218±34.4 331±33.2 n/a 

NPSN* 
255±32.3 192±21.7 270±34.4 240±32.8 27 ±17.9 300±33.4 241±20.2 230±1 .5 414±45.2 432±105 19 ±29.1 n/a 

30 ±29.5 191±25.7 220±49.8 314±93.2 319±29.1 298±28.9 307±40.4 233±1 .7 3 0±41.1 471±83.8 187±23.3 n/a 

PHN* 
7.1 ±3.34 10.7±5.22 50.4±11.9 19.9±4.93 22.2±5.98 12. ±4.84 29.7±8.71 5.34±1.22 59.1±13.0 15.4±10.1 29.8±7.04 n/a 

 .37±2.93 5. 0±3.99 2 .8±1 .2 11. ±7.40 15.2±8.17 9.41±4.81 11.5±8.57 7.19±1.73 4.1 ±3.43 5.2 ±3.44 2 .7±7.3  n/a 

PW* 
57.8±17.0 104±50.7 213±54.5 77.3±24.5 178±42.4 102±3 .1 84.9±20.7 25.4±5.31 148±2 .7 51.7±11.8 123±22.8 n/a 

41.9±12.1 70.3±4 .7 127±74.0 34. ±1 .9 72.9±3 .7  9.1±30.7 37.9±15.1 25. ± .72 17.1±9.04 38. ±7. 4 124±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  0.2±5. 8 54.4±5. 4 23.9±3. 8 7 .2±3.10 51. ±5.83  2.5±4.7  n/a 

39.2± . 1 40.7±15.5 59.2±1 .1 35.7±9.8  51.9±11.2 49.7±10.7 38.8±7.55 24.2±4.03 27. ± .45 44.0±4.99  2.2±5.3  n/a 

PRSN* 
19.3±3.35 17.0±5.71 28.5±3.25 41.5±7.38 15.1±2.19 17.1±2.24 54.4± .09 113±33.0 57.3±7.92 54.3±20.8 49.1± . 8 n/a 

25.8±4.82 21.2±7.80 40.5±21.8 75. ±40.5 32.3±10.9 22.0± .20  2.8±18.5 131±35.7 85.8±27.  28.9±9.34 47.1± .50 n/a 

PFSN* 
230±32.  74.3±15.7 249±31.9 1 8±34.8 318±31.7 288±22.2 14 ±18.9 43. ±11.2 180±21.7 2 0±74.  115±24.4 n/a 

193±49.7 49.8±15.  1 8±  .7 170± 5.8 251±  .7 285±35.0 14 ±39.8 55.7±11.8 58.7±25.7 207±37.0 10 ±24.  n/a 

PSR* 
8.57±2.12 24.3±18.5 11. ±2.27 25.8± .95 4.81±0.89 5.97±0.93 37.8± .92 273±98.0 32.1±5.93 20.9±4.85 45.7±18.3 n/a 

15.8±11.7 48.3±27.  31.2±27.0 52.8±42.2 14.5±8.71 7.93±2.77 45.9±20.4 242±73.8 177±104 14.2±4. 2 48.9±21.5 n/a 

PS* 
31.8±3.0  34.2±2.41 22.1±2.79 28.7±2.44 30. ±3.5  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 

30.7±2.52 34.5±3.57 28.3±11.8 27.8± .24 28. ±3.54 29.7±3.11 23.9±1.99 39.3±4.90 1 .2±2. 2 27.4±3.43 30. ±4.49 n/a 

PO* 
 9.1±17.  117±51.5 20 ±55.2 92.7±24.  180±42.3 105±37.7 85.2±20.  53.5±8.05 132±27.3 51.2±11.8 128±22.8 n/a 

55.9±11.0 92.9±44.8 13 ± 8.0 51.1±17.4 80.8±34.0 7 .1±29.4 42.1±12.  51.8±9.22 23.5±8.55 44.9±8.02 129±20.7 n/a 

PE* 
89.7±17.  138±50.9 235±54.5 10 ±24.  209±42.1 133±3 .8 113±21.2   .1±8.11 1 9±2 .7 75.9±11.9 154±23.3 n/a 

72. ±11.9 105±47.1 155±72.2  2.4±18.2 102±3 .5 98.8±32.1  1.8±1 .2  4.9±9.37 33.3±10.8  5.9±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±2.8  19.1±3.51 18.4±2.55 38.4±3.31 11.2±2.07 24.5±4.75 15. ±2.48 n/a 

29.7±3.94 24.3±7.0  1 .4±8.24 30.5± .3  23.0± .17 23.5±4.97 2 .0±3.84 37. ±3.10 27.3±2.2  31.5±3.70 15.7±2.92 n/a 

PON* 
52.8±4.48 59.3±9.58 74.5± .00  2.5±5.90 72. ±4.8   2.0±5.88 54. ±5.34 50.3±4.02  7.8±4.54 50.9±4.53  4. ±3.79 n/a 

52.8±3.73 57.2±9.48  5.2±10.9 53.8±7.50 58.8±7.88 55. ±8.04 44.0±4.74 49.2±4.27 38. ±5.05 51.2±3.85  5.1±3.44 n/a 

PEN* 
 9.1±2.   71.2± .09 85.7±2.95 71.9±4.38 84.8±2.35 79.3±2.55 72.8±3.39  2.3±3.22 87.4±1.40 76.0±2.53 78.1±3.02 n/a 

 8.9±3.24  5.0±8. 8 75. ±9.47   .1±5.98 74.9±5.43 73.2± .21  4.9±4.28  1.9±3.41 54.9± .19 75.5±2.71 77.8±3.10 n/a 

AMP* 
 .73±0.71 11.8±1.02 2.94±0.22 4.21±0.42 5.99±0.21 13.7±0. 3 7.90±0.52 5.11±0.22  .55±0.5   .43±1. 3 3.01±0.35 n/a 

7.22±1.00 13.4±1.7  3.03±0. 4 5.80±1.58 5.11±0.40 12. ±1.25 8.97±1.33 4.89±0.34 10. ±1. 0 11. ±2.10 3.13±0.3  n/a 

Trial #2 

HR 
 2.5±10.3 32.7±4.30 35.5±9.32 43.8±7.87 25.0±5.18 39.4±11.1 3 .4±9.57 45. ±7.35 34.4±5.41  0.8±8.02 29.9±4.35 38.7± .58 

57. ±9.17 57.1±1 .0  4.3±19.9 59.5±15.8 40.3±11.5 37.4±7.9  44.1±11.9 48.7±7.77 91.0±23.4  3. ±9. 5 74.0±24.  71.1±19.7 

PPSN* 
214±2 .5 202±13.8 149±50.2 3 5±2 .5 118±1 .9 134±38.  2  ±34.3 231±22.2 453±33.8 232±18.  307±2 .5 228±9.92 

15 ±23.  224±22.0 236±81.  339±42.0 187±34.4 125±17.0 247±33.1 230±24.0 521±7 .  225±20.1 302±27.5 240±18.3 

NPSN* 
274±23.7 207±14.8 287± 3.5 2 1±33.3 284±27.  27 ±28.0 257±29.9 20 ±13.0 3 3±52.2 350±31.  208±20.3 18 ±43.2 

2 1±25.3 234±32.1 257±49.3 281±50.3 283±22.3 297±33.3 2 4±29.7 214±15.2 357± 2.8 358±33.0 174±22.2 211±24.  

PHN* 
5. 8±3.21 10. ±3.80 18.4±10.7 24.0±5.17 17.9±4.99 13.5± . 7 38.5±17.4 8.54±1.97 42.0±7. 8  .21±2.99 30.7±4.33 5.4 ±1.57 

5.22±2. 0 8.23±5.90 13.4±7.9  1 .3±8.32 13.8± .29 14.7± .40 29.5±15.  8.38±2.58 14.8±15.  5.92±3.24 19.3± .48 2. 2±1. 4 

PW* 
43.8±13.9 100±33.7 118±44.  77.9±28.9 179±42.3 99.1±40.1 112±39.9 47.0±14.8 132±31.0 43.8±9.43 132±28.0  4.7±30.1 

48.9±13.1 72.5±47.5 75.5±37.2 52.8±31.1 97.7±41.3 10 ±45.8 87.1±31.5 41.1±13.9 49.2±51.8 44.1±11.3 132±43.  35.7±20.0 

PWN* 
38.4± .02 52.3±5.47  3.1±7.19 53.4±7.72 71.2±5.50 57.3±8.70  1.4±8.03 33. ±7.24 72.7±3.   41.8±5.10  3.5±4.85 38. ±9.73 

40.5±5.78 45.1±10.0 50.8±10.2 43.2±12.1 5 .4±10.7  0.4±5.88 5 .0±8.88 31.0±7.05 42.0±18.9 42.2±5.84  1.3±11.1 27.1±9.22 

PRSN* 
21.5±5.0  14.4±2.22 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±4.3  44.2±5.80 18.4±3.77 

18.5±4.01 18.8±12.7 30.3±9.78  4.4±24.1 19.5±5.74 19.0±2.80 51.8±8.98 4 .3±1 .5 102±45.  23.2± .0  47.7±23.1 18.0±4.40 

PFSN* 
201±32.3 130±11.9 2 3±28.9 182±30.1 282±23.  279±29.5 213±19.7  9.2±12.8 149±22.  177±1 .5 113±15.1 71.2±18.0 

25 ±27.7 114±29.  192±52.0 1 5±54.4 240±43.0 293±25.2 210±31.3 75.8±13.1 84.4±45.3 183±17.7 77.7±21.3 41.1±19.0 

PSR* 
11.3±5.13 11.5±7.   7.94±1. 3 27.3±5.53 4.30±0. 9  .92±1. 5 23.3±3.55  3.8±19.3 35.7±21.9 13.7±2.55 39.9±10.8 2 .5±9.55 

7.32±1.87 23.3±74.1 17.7±8. 5 44.8±2 .  8. 0±3.72  .54±1.09 25.5±8.71  1.5±19.4 179±141 12.7±3.71 72. ± 3.7 53.5±27.3 

PS* 
31.9±2.42 39.3±2.18 27.4±3.87 27.1±1.90 34.0±3. 3 31.1±2.74 2 .0±2.00 43.0±3.78 22.0±1.72 31.4±2.48 32. ±2.73 43.8±2.00 

32.3±2.92 3 .7±2.73 27.2±3.59 28.0±4.13 32.8±4.08 30.9±2.57 25.5±2.28 42.4±3.94 19.2±2.8  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±29.0 185±42.9 104±41.1 105±40.0 75.5±15.9 124±31.0 5 . ±9.51 137±27.  99.7±30.  

 0.7±12.8 87. ±48.  79.8±37.3  8.4±30.1 108±39.2 110±47.3 81.5±30.1  9.0±15.4 52.8±4 .1 5 .4±11.2 141±40.7  9.7±21.3 

PE* 
75.7±14.3 139±34.0 145±44.  105±29.1 213±41.9 130±41.3 138±40.  89.9±15.9 154±30.9 75.2±9.51 1 4±28.4 108±30.4 

81.2±13.2 109±48.1 103±37.7 80.8±31.2 131±41.1 13 ±4 .9 113±32.3 83.5±15.3  8.4±53.5 75.4±11.3 1 5±44.5 77.1±21.7 

PSN* 
28.9±3.52 21.4±2.93 1 .2±4. 9 19.7±3.5  14.2±3.45 19. ±4.33 15.5±3.76 31.8±3.83 12. ±2.19 30.5±3.41 1 .2±2.40 28.2±4.81 

27.4±3.51 25.5±5.0  20.5±5.05 25.9± .47 20.9±5.54 18.9±3.34 17.7±3.75 33.2±3.77 24.0±7.05 30. ±3.8  17.0±4.95 34.3±5.33 

PON* 
51.5±4.03  0.4±4.99  1.0±8.93  2.2± .1  73.7±5.15  0. ±8.27 57.3±8.91 54.6±5.49  8.2±4.19 54.2±3. 9  5.9±4.21  1.1± .09 

50.5±4.1  55. ±7.78 54.0±8.7  57.9±7.88  3. ±7.87  3.2± .05 52.3±8.38 52.8±5. 7 49.3±12.8 54.2±4.04   .3± .73 55.3±5.19 

PEN* 
 7.3±2.99 73.7±2.78 79.3±3.38 73.1±4.42 85.4±2.23 77.0±4. 1 7 .9±4.43  5.4±4.00 85.3±1.79 72.3±2.24 79. ±2.72   .7±5.05 

 7.9±2.82 70. ±5.   71.3± .09  9.1± .38 77.4±5.53 79.3±2.95 73.7±5.51  4.2±4.00   .1±13.0 72.8±2.59 78.2± .38  1.4±4.44 

AMP* 
8.3 ±0.89 15.0±0. 7  .18±1.19 4.15±0.38 10.1±0.54 12.3±0.8  8.90±0.80 7.12±0.2  7.03±0.77 11.9±0.82 4.92±0. 2 21.7±1.31 

8.25±0.79 15.3±2.32  .78±1.78 4. 4±0.73 8.82±0.77 12.2±0.73 9.35±1.12 7.10±0.30 9. 2±1. 5 12.3±1.10  .18±0.59 20.2±1.44 

Trial #3 

HR 
51.5±7.33 29.7± .43 28.2±5.95 40.0± .73 25.1±4.34 27.5±10.2 38.1± .91 44.9± .39 35.8± .42 49.7± .92 29.5±4.57 37.5± .31 

5 .0±10.3 3 .3±9.33 38.5±8.94 58.7±12.1 40.4±20.8 29.0±5.77 50.4±10.8 42. ±3.14 77.5±14.3 52.5±9.75 48.9±28.9 48.1±13.7 

PPSN* 
141±19.  232±15.0 249±3 .5 350±2 .5 113±19.3 17 ±30.5 219±23.  221±31.7 44 ±37.0 22 ±18.3 297±27.0 218±10.3 

141±24.5 232±18.4 294±50.0 32 ±48.3 14 ±42.8 158±15.2 281±44.4 212±24.4 477± 2.3 227±21.0 294±24.3 225±11.  

NPSN* 
2 1±2 .4 201±18.2 27 ±34.4 247±31.  280±22.8 258±37.3 291±32.4 197±17.1 355± 0.2 283±32.5 155±15.3 179±14.0 

2 5±22.9 198±18.1 2 2±27.4 273±7 .1 274±21.2 27 ±2 .5 280±33.3 201±12.9 432±82.5 287±33.  153±14.2 181±12.  

PHN* 
5. 0±2. 0 13.2±3.97 37.5±13.5 23.5±5. 3 17.3±4.39 22.9±11.8 34.1±11.9 7.54±1.95 41.3±13.1 8.33±4.28 17.0±4.13 4.12±1.0  

5.48±3.32 9. 2±4.53 28.5±9.22 15.2±9.74 1 .0± . 3 18.8±5.92 2 .0±15.0 8.30±1. 2 17.5±10.5 8.45±4.3  1 .2±3.75 2.85±1. 4 

PW* 
55.0±14.8 124±5 .  1 8±54.8 87.1±25.  17 ±42.  177±88.4 103±25.8 42.2±15.1 123±31.4 55. ±1 .5 132±22.2   .7±24.5 

54.3±1 .2 92.8±45.4 10 ±31.0 48.5±27.4 148± 8.3 14 ±47.9  8.0±27.3 4 .7±12.5 42.2±1 .3 55.4±31.2 13 ±23.7 59.5±20.5 

PWN* 
43.2±5.50 5 .1±8.03 74.0±4.   55.4±7.1  70. ±5.22  7.0±9.98  2.7±5.00 30.3±7.97 70.4± .19 43.8± .11  1.8±4.58 39.1±8.50 

43.1±5.90 48.4±10.2  3.0±7.54 40.8±12.9  3.9±13.3   .3±4. 5 51.0±9.68 32. ± .17 48.3±10.  43.5± .81  2.1±4.52 37.0±8.21 

PRSN* 
17.3±3.28 15.3±1.94 28.8±5.55 42.4± . 2 12.0±1.94 1 .2± .45 50.0±5.0  51.3±23.3 52.5±9.52 21.8±3.84 41.8±5.93 17.0±2. 5 

1 .8±3.49 15.8±5.48 37.7± .44  8.5±37.2 14.8±4.99 1 .1±2.84  2.8±15.  42.3±13.1 97.2±32.3 22. ±4.8  39.3±5.51 17.5±2. 2 

PFSN* 
2 5±25.8 91.8±10.5 270±25.4 171±33.  279±19.7 245±30.3 232±19.0  2. ±14.4 145±25.4 17 ±17.3 70.2±14.4 47.1±8. 4 

2 3±29.7 82.0±19.  244±28.  155± 1.  2 1±37.9 248±18.9 208±2 .0  1. ±11.0 124±42.2 180±19.3  7.2±13.2 34.5±15.4 

PSR* 
 .55±1.23 1 .9±3.80 10. ±1.85 25. ±5.44 4.33±0.8   .99±5.19 21.8±4.07 84. ±38.2 37.5±10.  12.5±2.29  3.8±25.5 37.4±10.3 

 . 0±3.08 20.7±9.98 15.7±3.30 52.4±35.9  .11±3. 0  . 1±2.55 30.8±8.98 71.5±29.4 98.7±78.0 12.7±3.50 61.3±19.4  1.9±29.2 

PS* 
32.4±3.47 40.3±2.80 19.4±4.52 28.3±2.32 34.5±3.39 35.3±2.8  24.8±1.78 45.8± .99 21.8±2.12 33.5±2.87 33.9±4.7  45.8±2.44 

32.0±3.32 39.9±3.33 20.9±3.04 28.8±5.53 34.1±3.39 34.5±2.82 24. ±1.72 47.5±5.52 19.4±1.9  33.4±3.0  34.2±2.70 44.5±2.44 

PO* 
 5.1±15.1 142±57.7 154±55.2 100±25.7 182±42.1 187±89.7 93.2±25.9 75.1±15.8 113±27.5 70.5±1 .8 142±21.3 103±25.3 

 4.3±1 .0 112±45.  99.2±30.1  4.5±25.8 157± 5.8 155±49.   5.3±24.1 80.3±11.2 41.3±13.7 70.9±30.  14 ±22.8 95.9±20.  

PE* 
87.3±15.1 1 5±5 .  188±54.3 115±25.8 210±42.1 212±88.1 128±2 .3 88.0±1 .2 145±30.5 89.1±1 .  1  ±22.7 113±25.2 

8 .3±1 .4 133±45.  127±30.5 77.4±27.4 183± 8.9 181±48.5 92.5±27.  94.2±11.1  1.5±1 .3 88.8±31.4 170±23.7 104±20.8 

PSN* 
2 .0±3.48 19.9±4.24 9.12±2.8  18.8±3.34 14.5±3.11 15.9±5.57 15. ±2. 0 33.9±5.07 13.1±3.04 27.3±3.77 1 .1±2.35 28.3±4.27 

2 .2±3. 7 22.9±4.93 13.1±3.43 27.0± .87 17.3± .12 1 .4±2.83 19.8±3.79 33.7±4. 2 23.5±4.07 27.7±4.2  15.9±2.14 29.0±4.20 

PON* 
51.3±4.49  4. ± . 4  7.1±5.74  4.1±5.51 73.2±4.28 71.2±8.97 5 .3±5.78 54. ±5.33  4. ±4.50 5 .0±4.71   . ±3.17  1. ±5.35 

51.2±4.71 59.5±7.70 58.8±7.02 5 .2±8.51  8.9±9.83 70.2±4. 9 49.3±7.0  5 .5±2.98 47.8±7.24 5 .3±4.97   .9±3.42  0.7±4.8  

PEN* 
 9.2±2.70 75.9±3.91 83.1±2.25 74.2±4.10 85.1±2.33 82.9±4.54 78.3±2.84  4.1±4.48 83.5±3.4  71.1±2.82 77.9±2.80  7.4±4.37 

 9.3±2.83 71.3±5.57 7 .1±4.4   7.9±7.35 81.2±7.33 82.8±1.94 70.9± .25   .3±2.38 71.8±7. 2 71.2±3.05 78.0±2.7    .0±4.20 

AMP* 
8.13±0. 8 13.4±0. 2 3.04±0.21 4.03±0.35 9.70±0.70 11.0±0.78 8.  ±0.5  5.93±0.30 7.18±0.89 12.0±0.98 5.91±0. 5 21.9±1.17 

8.85±1.05 13.9±1.00 3.14±0.75 4.97±1.01 9.28±0. 4 11. ±0.51 8. 1±1.40 5.79±0.20 8.1 ±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 

Crayfish 

# 
1 2 3 4 5 6 7 8 9 10 11 12 

Trial #1 

HR 
83.2± .27  3.8±9.40 39.0±4.57  4.4± .59 3 .5±7.9  45.8±7.04  1.4± .91 n/a  5.0±7.13 79.4±7.00 44.9± .08 48.2±8.73 

84.9±8.55  3.9±10.9 47.4±9.78 95.7±8.19 41. ±8.13 45.3±5.85 59.7± .80 n/a 72.1±12.1 97.3±9.32 43.2±3.98 47.9±7. 2 

PPSN* 
87.8±23.8 190±14.2 290±29.8 337±30.5 1 8±29.  140±12.4 2 9±28.3 n/a 422±30.  2 0±39.2 3 2±38.2 219±1 .  

111±42.2 204±15.5 244±40.8 304±8 .7 173±23.  140±11.5 289±27.9 n/a 435±39.7 245±73.9 370±34.9 225±11.7 

NPSN* 
392±87.1 204±28.7 25 ±21.1 278±27.1 218±1 .7 2 2±21.1 24 ±19.1 n/a 453±45.2 472±14  249±33.9 185±21.3 

34 ±75.2 194±33.  284±38.1 332±107 22 ±13.7 2 9±1 .0 245±14.3 n/a 414±  .  512±1   234±25.  197±14.9 

PHN* 
 .79±4.51  .88±5.7  22.1±5.49 10.9±4.38 10.1±3.38 7.49±3.27 8.89± .29 n/a 18.8±8.2  7.93±7.2  29.4±8.77 1. 5±0. 9 

7.95±10.2  .52±5.82 15. ± .54 7.80±4.78 8.41±3.77 7.71±2. 5 11.5± .75 n/a 14.7±9.11 11.1±11.0 2 .9± .04 2.49±0.8  

PW* 
43.2±20.3 7 .3±113 92.9±17.1 35.0±9.03 93.1±24.9  7.0±17.9 37.3±14.5 n/a 53.0±10.8 3 .8±8.99 74.9±14.3 52.7±40.9 

54.5±32.5 149±295 75.7±30.5 24.0±12.  74.0±2 .4 67.3±12.3 39.2±9.9  n/a 47.1±1 .  37.7±1 .7 7 .7±13.2 41.4±15.9 

PWN* 
43.9±7.14 40.8±12.1 59.1±3.87 35. ±5.7  52.0±7.70 48.3±4.79 35.7±5. 9 n/a 5 .2±5.02 45.7±5. 3 53.4±5.35 32.5±10.  

45. ±10.3 41.8±18.9 54.9±7.04 30.8±9.43 47.0±8.25 49.1±4.2  37.0±5.40 n/a 51.0±8. 2 47.2±7.24 54.2±4.80 29. ±7.41 

PRSN* 
33.8±15.7 19.2±1 .0 33.2±3.35 53.2±10.7 14.3±3.2  17.8±2.40 49. ±12.0 n/a 7 .2±11.7 52.4±22.  7 .8±11.8 15.1±3.80 

22.1±9.95 17. ±14.1 34.0±5.44 8 .1±52.0 15.7±2.24 18.2±2.1  55.1±12.0 n/a  9.4±1 .3  1.5±25.6 81.0±13.  1 .3±3.14 

PFSN* 
394±75.0 138±22.0 204±1 .3 148±31.5 227±47.9 250±20.1 218±24.  n/a 145±24.0 22 ± 1.4 118±28.9 24.1±5.87 

352± 1.0 127±35.1 209±21.0 1 1±74.1 248±30.4 250±1 .2 212±20.9 n/a 122±33.3 250±98.4 109±20.4 30.9±7.1  

PSR* 
8.37±3.03 15.3±19.9 1 .4±2.01 38.0±13.0 7.13±7.18 7.1 ±1.04 23.2± .88 n/a 53.7±11.5 23.4±7.85 71.0±33.0   .7±24.  

 .19±2.00 23.0± 2.1 1 .5±3.99  5.7±47.2  .45±1.37 7.30±0.92 2 .4±7.20 n/a  3.0±37.9 25.8±10.8 78.8±31.5 55.3±15.2 

PS* 
22.3±15.0 35.2±1.93 24.0±2.00 2 .9±2.31 3 .7±4.35 31.7±2.19 24.3±1.71 n/a 18.3±1.2  21.1±4.13 27.5±2.44 45. ±5.30 

27.2±7.10 35. ±2.19 23.3±2.00 24.7± .91 34. ±3.07 31.5±1.94 24.2±1.34 n/a 18.9±1.80 20.9±7.8  27.2±2.85 44.2±2.50 

PO* 
45.8±32.2 90.9±114 91.0±17.4 48. ±8.75 109±24.0 73.4±18.9 41.7±14.1 n/a 42.7±9. 4 35. ±8. 2 77.1±12.5 90.7±40.3 

 2.2±31.  159±273 70.7±30.4 37.5±14.8 89.1±2 .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±1 .4 

PE* 
 5.5±32.5 112±113 117±17.0  1.9±9.1  130±24.4 98.7±18.4  1. ±15.1 n/a 71.3±10.8 57.9±9. 9 102±13.9 98.3±42.5 

81.7±31.3 185±295 99.0±30.  48.7±17.0 109±2 .8 98.8±12.7  3.4±10.1 n/a   .1±1 .9 58.5±20.0 104±13.3 85. ±1 .5 

PSN* 
22.0± .54 25.7± .1  15. ±2.18 27.9±3.03 21.3±4.1  23.5±2.82 24.0±2.53 n/a 19.8±2.51 2 .5±4.49 19.9±2. 8 31.9±5.77 

25.0± .75 24. ±8.75 17.9±3.24 32.9± .22 23.3±4.05 23.4±2.49 23.4±2.37 n/a 21.5±3.80 2 .9±7.00 19.5±2.40 33.1±3.88 

PON* 
44.1±11.0 51.3±9. 7 57.8±3.91 49.7±4.10  1.3±5.1  52.9±4.72 40.2±4.71 n/a 45.1±4.45 44.0±4.32 55.1±3.29 59.4± .0  

52.3±9.97 52.8±13.  51.1± .73 48.9±8.3  57.2± .1  53.5±4.11 41.7±4.15 n/a 43.9± .04 47.3±8.17 55.9±3.14 5 .3±4.51 

PEN* 
 5.9±7.04   .5± .32 74.7±2.03  3.5±3.53 73.4±3.87 71.8±2. 0 59.8±3.57 n/a 7 .0±2.98 72.2±3.08 73.3±3.2   4.4±5.31 

70.7±5.57   .5±10.3 72.8±4.45  3.8±9.22 70.3±4.48 72.4±2.28  0.5±3.3  n/a 72. ±5.43 74.1±4.11 73.7±3.10  2.8±3.77 

AMP* 
7.83±1.05 15.7±1.17 8.70±0. 9 4.30±0.44 9.  ±0.90 13.9±0.70 9. 3±0.94 n/a 7.55±0.71  . 9±1.54 3.85±0. 1 18. ±1.32 

8.93±1.45 15. ±1.25 9.87±1.3   .91±1. 3 10.4±0.84 13. ±0. 8 9.27±0.93 n/a 8.1 ±1.44 9.5 ±4.21 3. 8±0.35 18. ±1.04 

Trial #2 

HR 
79.8±4.9  3 .9± .39 34. ±2.81 59.9± .47 44.2± .31 37.7±7.80 52.8±4.80  1. ±9.7   4.2±10.  n/a 42.1±5.89 3 . ±4.70 

79.2± .22 37. ± .00 42.4±8.09 78.9±11.  37.3±5.25 38. ± . 4 53.0±5. 1 55.2±8.92 54.4± .1  n/a 38.5±3.31 40.3±5.72 

PPSN* 
141±19.0 212±15.  342±23.2 328±2 .0 13 ±17.2 154±23.3 221±18.1 2 0±42.2 399±37.7 n/a 354±28.8 209±13.0 

12 ±23.  193±1 .1 345±37.9 322±39.2 134±14.0 140±17.4 249±25.3 223±23.9 442±3 .4 n/a 338±30.2 209±12.3 

NPSN* 
29 ±23.8 187±14.0 233±13.2 280±24.5 225±14.3 25 ±2 .5 255±17.5 295±22.9 409±59.7 n/a 224±29.8 197±13.5 

282±33.9 195±23.4 229±21.1 318±53.  225±12.  258±2 .7 249±17.9 255±12.8 3 2±44.4 n/a 171±20.7 202±14.0 

PHN* 
 .3 ±9.2  9.5 ±4.71 25.8±3.41 12.5±5.02 5.  ±2. 8 12.9± .72 12.4±5.95 7.88±2.17 17.7±9.07 n/a 29.7±11.8 8.20±2. 5 

 .94± .50 8.40±4.3  18. ±7.30 10.1±7.43 8.75±2.99 11.0±5.10 13.2± . 1 7.33±2.19 21.1±7.20 n/a 17. ±5.7   .75±2.   

PW* 
48.9±34.4 77. ±2 .7 110±12.7 39. ±11.8  3.5±18.6 95. ±3 .4 51.9±9.98 28. ±9.45 55. ±15.3 n/a 7 .4±21.7 70.8±17.2 

51.0±21.4 74.7±23.8 80.8±22.5 32.7±28.  84.9±20.1 89.4±35.  51.1±10.  33.3±8.70  3. ±12.  n/a 83.8±12.9 59.7±1 .2 

PWN* 
39.8±11.5 44.4±7.54  2. ±2.45 38.0± .73 43.8± .72 55.4±7.04 44.8±4.55 27.9±5.24 54.9±8.77 n/a 51.4±8.89 41. ± .33 

40. ±8.55 44.1±7.1  53. ±7.94 34.3±9.31 50.9±5.75 54.1±5.87 43.9±4.88 28. ±5.09 5 .4±4.82 n/a 52. ±4. 2 38.1± .19 

PRSN* 
18.7±5.5  1 .8±3.11 31.2±2.72 51.4±11.4 13.9±2.44 18.3±2.50 50.7±8.27 85.4±35.7  5.3±11.8 n/a 80.4±14.1 14.7±2. 0 

22.5±11.0 1 .1±4.10 32. ±4.51  1.9±28.8 14.3±1. 2 17.3±2.57 52.4±8. 1 51.4±19.   3. ±9.81 n/a  7.8±9.81 14.5±2. 4 

PFSN* 
270±24.1 13 ±13.4 192±12.7 1 2±29.3 258±21.  258±14.5 214±15.8 72.0±17.  13 ±3 .8 n/a 111±32.7 92.9±9.09 

2 8±30.2 155±18.7 1 7±23.3 148±51.5 259±15.4 2 7±17.7 200±17.4 81.8±13.9 114±20.  n/a 7 .0±19.2 97.0±8.72 

PSR* 
7.00±2.23 13.2±14.1 1 .3±1.38 33.1±12.0 5.45±1.20 7.11±1.0  23.8±4.5  127±70.2 55.8±40.3 n/a 84.1±52.0 1 .0±3. 7 

8.37±3.81 10. ±4.95 19.7±2.91 50.4±39.0 5.5 ±0.74  .48±1.07 2 .5±5.43  3.8±29.3 58.2±19.1 n/a 97.8±42.4 15.1±3.35 

PS* 
31.7±3.18 38.8±2.07 22.1±1.34 27.4±2.11 34.3±2.98 32.7±2.59 23. ±1.54 38.4±5.73 19.2±1.70 n/a 28.3±2.35 4 .0±3.20 

34.4±7.73 39.3±2.3  22.9±2.09 2 .9±3.30 35.1±3.06 32.9±2.72 24.0±1.45 42.5±4.5  20.7±1.5  n/a 29.8±2. 9 44.9±2.85 
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PO* 
 2.1±35.0 9 .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 4 . ±11.9 n/a 78.3±17.2 103±17.5 

 5.2±2 .5 92.5±25.2 80.1±21.2 47.3±27.4 9 .0±20.0 97.9±3 .4 48.3±9. 9 59.5±10.3 57.5±12.8 n/a 90.8±11.0 91.4±1 .4 

PE* 
80. ±34.5 11 ±2 .7 132±12.8  7.0±11.5 97.8±18.  128±3 .7 75.4±10.0  7.0±13.2 74.9±14.9 n/a 105±21.3 117±17.4 

85.4±2 .8 114±23.8 104±21.7 59. ±29.2 120±20.2 122±3 .2 75.1±10.5 75.8±10.  84.3±12.  n/a 114±12.4 105±1 .4 

PSN* 
29.4± .84 23.4±3.8  12.7±1.19 27.0±3.43 24.5±3.   20.3±4.00 20.7±2.1  38.4±3.43 19.8±3. 1 n/a 19.8±3.30 27.7±3.53 

28.7±4.   24.2±3.59 1 .0±3.4  30.9±4.79 21. ±3.20 21.1±3.49 21.0±2.23 37.1±3.33 18.7±2.47 n/a 18.9±2.29 29.4±3.50 

PON* 
52.0±8.97 55.4± .42  0.1±2.71 51.2±4.47 52.1±4.85  0.5± .5  40.8±3.87 52.0±5.59 4 .1±5.25 n/a 53.2±5.05  1.3±4.08 

52.1±8.5  54.9± . 5 53.3± . 7 51.4±5. 8 57.7±4.70 59.4±5.49 41.5±4.0  51.3±4.23 50.8±5.34 n/a 57.1±2. 2 58.8±3.94 

PEN* 
 9.2±5.13  7.8±3.89 75.3±1.4   5.0±3.78  8.3±3.47 75.8±3.2   5.5±2.84   .3±3.72 74.7±5.50 n/a 71.3±5.95  9.4±3.11 

 9.3± .07  8.2±4.14  9. ±4. 8  5.2±5.82 72.5±2.89 75.2±2. 4  4.9±3.0   5.7±3.01 75.2±2.90 n/a 71. ±2.94  7.5±2.98 

AMP* 
9.3 ±0.59 13.8±0. 2 7.51±0.28 4.28±0.37 10. ±0. 8 11.9±0.73 9.1 ±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. 3 8.94±0. 3 7. 4±0.37 7.5 ±0. 7 n/a 4.58±0.53 19.3±1.1  

Trial #3 

HR 
71.9± .71 37.8± . 4 34. ±5.28 58.3±7.39 30.8±4.11 3 .0±5.69 52.0±5.2  49.8±4.07 75.8±10.3  9.2±5.7  40.7± .8  34.7±3.82 

77.2±5.89 41.2±8.08 41.0±11.4 75.5±10.  34.2±5.90 38.7± .38 53.1±5. 1 49.7± .31 84.4±7.25 87.9±11.2 39.2±4.2  39.8± .27 

PPSN* 
180±18.2 214±13.4 351±28.0 333±31.1 14 ±22.4 142±18.1 201±18.8 202±20.8 4  ±45.  270±39.5 329±24.9 213±11.  

174±15.3 21 ±20.1 352±35.2 27 ±53.3 153±31.2 83.0±14.9 2  ±28.7 19 ±20.2 475±47.0 290±10  330±30.2 217±12.3 

NPSN* 
254±28.  1 3±12.7 178±13.5 272±29.1 215±13.1 259±24.2 255±20.  22 ±21.2 333±39.  491±91.2 185±17.9 183±14.8 

233±27.2 1 5±15.0 178±19.1 332±53.  21 ±14.7 289±32.3 237±19.0 222±19.7 310±42.  508±21  190±2 .8 187±1 .7 

PHN* 
5.23±5.57 7.74±4.34 19. ± .12 13.4±4.84 12.1±3.07 11.4±5.25 12.4± .78  .89±1.75 9.44±5.0  9.20±5.47 19.3± .21 7.49±1.50 

9.60±8.40 7.14±4.59 15.9± .40 10.7±7. 1 10.3±3.51 10.2±4. 2 12.3± . 7 5. 7±2.33 5.27±2.93 15. ±23.1 19.9±5.45 5.47±1.77 

PW* 
53.4±41.0 70.1±29.2 9 .9±25.5 41.7±15.8 11 ±22.8 98.3±37.1 54.9±11.  31.0±10.8 33.8±12.0 44.4± .83 78.4±19.7 74.7±18.1 

78. ± 8.  65.4±31.7 82.4±2 .  39. ±52.7 99.0±27.1 9 .8±33.3 48.1±11.1 32.4±15.4 22.1± .87 39.4±27.7 81.3±15.  59.4±18.7 

PWN* 
39.2±10.  39.9±8.28 53.7± .2  38.4±7.32 58.1±4.81 55.9±5.7  4 .4±4.   25.2±4.72 39.4±8.42 49.8±5.00 50.5±7.27 42.1±5.7  

45.0±15.8 38.5±8.28 48.9±7.75 38. ±9.70 53. ±7. 4 59.1±5.11 41.3±5.3  25.2± .48 29.5± .45 47.4±8.88 52.1±5.2  3 .9±7.09 

PRSN* 
1 .1±3.17 15.9±2.25 28.2±4.57 53.7±12.1 13. ±1.59 15.8±2.28 49.4±8.0   4.9±22.2 74. ±21.5 44.2±15.5 71.0±14.  1 .3±2.74 

19. ±5.74 1 .4±3.92 28.5±5.52 57.1±28.  14.0±2.18 15. ±2.29 51.3±10 51.1±19.4 77.2±25.  9 .8±88.0  7.4±11.4 1 .8±3.42 

PFSN* 
23 ±23.  114±10.8 139±18.  154±28.9 234±20.4 243±1 .4 215±17.1 82.8±12.3 84.4±30.9 187±3 .  87.9±20.4  2.3±8.45 

229±25.9 112±1 .7 128±19.9 212± 5.3 222±41.5 283±20.0 184±20.7 81.7±10.1  3.8±23.7 2 9±145 85.2±19.1 53.2±12.5 

PSR* 
 .85±1.27 14.0±2.48 20.7±4.50 3 .1±11.4 5.85±0.9   .53±1.04 23.2±4.48 79.8±29.1 110±77.2 23.9±7.31 90.4±51.7 2 . ± .03 

8.51±2.28 15.0±5.21 22.7±5.72 32.4±27.1  . 0±2.03 5.53±0.8  28.3±7.70  3.1±24.1 148±94.2 37.3±31.3 84. ±33.3 33.8±12.0 

PS* 
32.1±2.87 38.9±2.20 24.4±2.32 27.7±3.28 35.3±3.54 35.1±3.17 23.0±1.71 4 .0±4.38 20.4±1. 2 23.9±3.42 30.5±2.24 4 .7±2.74 

32.4±2. 3 37.9±2.02 25.1±2. 9 2 .2±2. 5 35.8±3.83 29.4±3.31 24.8±1. 9 47.1±5.25 20.2±1.89 20.5±5.95 30.5±2.75 45. ±2.90 

PO* 
 7.1±42.8 87.9±29.2 9 . ±24.5 55.3±1 .3 125±23.5 108±38.2 47.1±10.7 59.1±12.1 37.9±10.4 44.2± .72 87.3±17.2 108±18.4 

93.2±70.3 82.2±31.9 85. ±27.1 49.8±52.0 110±25.2 95. ±35.3 47.8±10.1  2.1±1 .9 29.8± .06 38.5±2 .  88. ±14.5 93.1±19.0 

PE* 
85.5±42.  109±28.9 121±25.1  9.4±1 .7 151±23.2 133±37.3 77.9±11.8 77.1±11.9 54.2±12.3  8.3± .85 109±19.8 121±18.5 

111±70.5 103±31.5 108±2 .7  5.8±52.7 135±2 .  12 ±34.3 73.0±11.2 79.5±1 .8 42.3±7.74 59.8±28.2 112±15.4 105±19.1 

PSN* 
27.4±5.05 23.5±3.85 14.1±2. 5 2 .5±3.55 18.1±2. 3 21.0±3.57 19.8±2.22 38.0±3.25 24.9±3.29 2 .9±3.73 20.4±3.22 27.0±3.09 

24.3±7.50 23.9±3.85 15.9±3.42 29.2±4.9  20.2±3.8  18.8±3.14 21.7±2.37 38.1±4.14 27.5±2.39 25.9± .47 19.9±2.81 29.4±3.70 

PON* 
50.8±8.72 50. ± .51 53.5±5.3  51.4±5.32  2.8±4.33  1.5±5.43 39.7±4.24 48.3±3.79 44.8±5.57 49.5±4.31 5 .7±4.23  1.5±3.71 

55.8±12.5 49.1± .   50.8±7.57 50.2± .25  0.1±5.17 58.1±5.89 41.1±4.17 49.1±4.85 40.1±4.35 4 .5±5.79 5 .9±3.58 58.7±4.47 

PEN* 
  . ±5.70  3.4±4. 3  7.7±3.8   4.9±4.45 7 .1±2.52 7 .9±2.47   .2±2.97  3.2±2.78  4.3±5.81 7 .7±2. 0 70.9±4.34  9.1±2.92 

 9.3±8.49  2.5±4.    4.8±4. 3  7.7±5. 9 73.8±4.09 77.8±2.45  3.0±3.39  3.3±3.37 57.0±5.   73.3±5. 0 72.0±3.00   .4±3. 8 

AMP* 
9.42±0.68 12. ±0.87 7.28±0.33 4.12±0.38 9.49±0. 2 11.9±0.50 9.14±0.58  . 4±0.40 9. 1±2.3   .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±1.1  9.34±0. 8 12.3±0.49 8.83±0. 1 7.05±0.52 10.2±1.41 10. ±5.5  4.59±0.55 18.4±1.2  

*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 

Crayfish 

# 
1 2 3 4 5 6 7 8 9 10 11 12 

Trial #1 

HR 
 0. ±7.41 38.4±7.24 39.1±7.78 49.8±9.40 27.7±4.89 39. ±4.0  42.9±9.01 50.2± .79 47.8±14.0 58.0± .90 3 .7±4. 2 41.2±7.03 

58.7± .7  37.1±8.01 39.1±7.57 49.4±8.2  28.7±5.11 38.2±4.91 59.4±8.31 49.8± .13 44.8±7.92 57.5± .4  35.0±4.29 43.4±7.20 

PPSN* 
158±20.8 232±15.4 208±34.9 344±32.1 127±20.4 157±12.  259±23.  225±1 .8 443±32.2 227±21.7 329±27.0 21 ±13.5 

15 ±18.  235±1 .1 208±29.4 352±30.7 124±18.1 172±15.  241±2 .2 222±1 .9 490±35.2 227±22.4 329±32.1 217±13.7 

NPSN* 
273±22.4 194±39.3 285±51.1 2 7±104 287±27.5 2 2±15.0 25 ±2 .0 239±9. 9 375±53.8 3 3±39.2 212±34.3 203±13.2 

275±23.  188±17.8 283±49.0 278±34.9 288±28.  249±1 .5 258±22.3 237±9.38 459±55.3 355±35.0 218±31.2 202±12.9 

PHN* 
4.45±1. 8 7.09±4.34 19.3±8.51 19.1±7.24 17.5±4.89 10.7±3.13 2 .1±13.4 7.80±2.05 31. ±15.  7.93±3.83 25.5±9.39 8.97±4.23 

4.4 ±1.71 8.09±4.31 18.7±8.18 22. ±8.39 1 .5±4.71 12.3±3.80 10.1±9.47 7.54±1.94 45.8±13.2 7.48±3.39 29. ±4.7  8.07±3.77 

PW* 
44.1±7. 3 73.0±34.8 99.1±29.4  1.4±2 .9 153±34.9 80. ±1 .2 81. ±25.0 38.8±10.1 89.4±38.1 47.7±10.8 9 .5±21.1  0.1±21.8 

45.1±8.43 80.8±37.9 97.9±28.8  2.7±21.8 14 ±35.1 85.5±20.9 47.7±1 .7 38.1±9.44 98.0±25.9 47.4±10.2 105±21.2 54.2±19.1 

PWN* 
39.2±4.02 42.5±8.98  0.8±5.30 4 .9±9.3   7.8±5.22 52.2±3.9  54.1±7.03 30.9±5.73  2.4±11.4 44.4±5.49 57.3± .11 38.0±8. 0 

39.8±4.24 44.5±9. 0  0.3±5.48 48.7±8.59   .8±5.59 52. ±4. 1 41.9± .99 30.3±5.3   9.8±5.   43.9±5.24 59.7±4.80 35.7±8.24 

PRSN* 
18.1±3.50 15.5±5.10 27.7±3.7  55. ±24.1 13.9±1.4  18.2±1.91 49.3± .95 35.4±9.91 60.9±14.1 2 .5±5.1  59.0±9.33 19. ±4.07 

17.7±3.45 15.4±2.30 27.2±3. 7 57. ±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* 
2 7±22.9 81.9±18.7 23 ±23.4 174±53.4 279±22.1 258±13.2 188±18.2 78.1±10.0 143±3 .3 202±18.1 109±34.5 119±14.0 

271±22.5 83.3±17.8 234±25.8 185±41.9 279±21.5 255±18.0 183±23.1 79.1±8.35 187±2 .5 200±18.5 122±19.1 112±14.0 

PSR* 
 .81±1.31 19.7± .57 11.8±1.82 34.9±19.5 5.03±0.72 7.07±0.78 2 .5±4.73 45.5±11.  49.5±35.4 13.2±2.75  7.9±53.9 1 .8±4.33 

 .54±1.25 19.8±8.88 11.8±2.8  32.9±12.0 5.05±0. 1 7.47±0.99 24.0± .99 43. ±11.8 39.4± .80 12. ±2.49 47.9±8.51 18.5±4.98 

PS* 
31. ±2.93 39.1±2.22 25.1±3.19 28.4±3.19 35.0±3.32 34.4±2.11 2 .5±1.89 43.3±3.32 21.2±1.8  30.9±2. 7 30.5±2.4  44.0±3.17 

31.2±2.92 39.3±2.3  25.5±2.93 27.4±2.49 34.7±3.0  34.9±2.29 24.8±2.07 43.8±3.29 18. ±1.50 31.3±2.5  30.5±2.51 43.7±3.01 

PO* 
5 .3±7.98 91.9±3 .0 95.3±31.1 7 .8±2 .5 1 2±35.8 92.9±17.1 77.7±25.1  8.8±10.  83.8±32.8  0.0±10.8 104±18.8 91.8±22.0 

5 . ±8.87 101±39.1 94.8±29.9 75.7±20.8 154±35.5 99.8±21.7 45.8±15.5  8.4±9. 9 8 .2±23.   0.3±10.0 110±20.4 8 .4±19.1 

PE* 
75.7±7.98 112±34.8 124±29.3 89.7±2 .9 188±34.7 115±1 .  108±25.  82.1±10.5 111±37.8 78. ±10.7 127±20.7 104±21.9 

7 .3±8.79 120±38.0 123±28.3 90.2±21.  180±34.5 120±21.3 72.5±17.0 81.9±9.74 117±25.  78. ±10.0 135±21.3 97.9±19.0 

PSN* 
28.3±2.81 24.9±4. 9 1 .3±3. 9 23.3±4.77 1 .2±3.31 22.7±2.3  18. ±3.43 35.2±3.49 1 .8±5.15 29.4±3.82 18. ±2.89 29.4±4.73 

27.8±2.82 23.8±4.92 1 . ±3.80 22.5±4.20 1 . ±3.53 22.0±2.59 22.7±3.08 35.5±3.3  13.9±2.89 29.5±3.57 17.8±2.52 30.3±4. 2 

PON* 
50.1±3.14 54.4±7.42 58.1± .4  59.7± .39 71.7±4.80  0.3±3.57 51.3±7.43 55.2±3.89 59.3±7.58 5 .1±3.87  2.1±3. 0 59.1±5.51 

50.0±3.44 5 .5±7.83 58.1± .24 59.5±5.90 70.7±4.94  1. ±3.93 40.3±5.99 54.9±3.41  1.3±5.0  5 .1±3. 4  3.0±3.74 58.0±5.07 

PEN* 
 7. ±1.93  7.4±4.45 77.2±2.34 70.3±5.08 84.0±2.0  74.9±1.89 72.7±3.84   .1±2.80 79.2± .50 73.9±2.18 75.9±3.5   7.4±4.09 

 7. ±2.15  8.3±4.84 7 .9±2.30 71.3±4.75 83.4±2.20 74.7±2.28  4. ±4.48  5.8±2.59 83.7±3.07 73.4±2.13 77.4±2. 8   .0±3.88 

AMP* 
7.92±0. 4 14.2±0.77 7.78±0.78 4.4 ±0.4  9.73±0.50 12.9±0. 2 9.07±0. 7 8.18±0.2  7.75±0.89 11.1±0.82 4. 3±0.74 12.8±0.   

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 8.1 ±0.28  .89±0. 9 11.3±0.75 4.21±0.35 12.1±0. 9 

Trial #2 

HR 
54. ±7.77 30.1±7.23 31. ±9.23 3 .0± .77 23.0±3.58 30.9±7.73 42.5±8. 5 4 .1±7.22 32.2± .00 48. ±7.42 31.4± .34 95.4±11.2 

53.7±7.32 33.5±9.48 30.4± .79 3 .5±7.23 23.2±4.84 32.8±7.72 42.3±9.02 4 .9±6.06 32.1±5.83 51.1±7.13 28.7±3.23 95.9±11.9 

PPSN* 
154±23.7 235±1 .3 2 5±52.  35 ±23.0 117±1 .0 149±13.7 199±3 .0 221±20.9 40 ±29.  211±18.8 312±27.4 n/a 

157±18.5 237±15.7 24 ±34.2 347±25.9 158±24.8 1 8±1 .8 289±42.0 215±21.3 41 ±28.3 208±18.  307±27.7 n/a 

NPSN* 
2 0±23.2 173±30.1 257±41.4 259±25.7 273±23.0 250±24.1 281±50.2 21 ±12.9 387±45.0 317±47.5 180±25.5 n/a 

259±22.2 1 5±18.1 2 3±34.0 2 4±28.4 257±18.3 2 0±21.8 2 2±28.7 219±15.4 380±41.2 329±41.9 192±21.1 n/a 

PHN* 
5.22±3.01 10.4±4. 1 2 .9±10.5 32.4± . 5 19.4±3.99 18.4± . 2 27. ±15.  7.21±1.57 48.1±14.1 8.84±4.74 2 .0±9.29 n/a 

5.42±2.2   .5 ±3.27 28.3±9.43 32.1±7.73 22.1±4.9  18.3±5.84 29.1±14.9 7.73±1.78 47.5±13.0 8.04±5.0  31.0±4.48 n/a 

PW* 
50.9±15.  11 ±52.3 139±41.1 108±32.5 194±34.0 133±5 .4 88.3±33.9 44.5±14.0 14 ±3 .3  1.9±23.2 12 ±32.2 n/a 

51.5±11.0 100±48.5 144±39.3 107±3 .4 191±43.3 123±44.9 84. ±34.2 41.1±10.4 145±34.5 57.8±1 .9 137±23.2 n/a 

PWN* 
41.3±5. 5 52.0±9.7    .8± .79  1.1± .74 72.3±3.7   2. ± .51 57. ± .40 32.5± .72 74.8±4.13 47.2± .31  1.8±7.30 n/a 

41.7±5.01 47.7±10.7  8.5±5. 0  0.9±7.0  70.8±5.99  1.8± .30 54. ±8.2  30.7±5. 4 74.4±4.10 4 .7±5.71  4.3±4.13 n/a 

PRSN* 
17.7±3.75 14.7±4.84 25.3± . 2 40.9±5.91 11.9±1.43 17.5±1.88 52.0±9.2  39.3±15.0 4 .0±7.10 21.1±3.92 52.3±9.69 n/a 

17.7±3.08 14.1±2.37 25.2±3.99 40.8±7.15 13.7±2.05 18.9±2.12 54.8±8.89 34.3±10.7 45.8± .75 21.7±9.0  47.3±5.85 n/a 

PFSN* 
255±2 .5 7 .9±20.  212±27.5 217±2 .2 2 3±1 .8 2 5±14.8 215±28.4  3. ±13.1 177±23.3 177±24.9 92.2±25.5 n/a 

252±23.2 55. ±19.6 240±28.9 222±32.0 248±2 .0 2 8±18.1 170±25.3  9.7±9.39 172±21.8 181±20.9 108±14.4 n/a 

PSR* 
 .97±1.5  21.2±18.4 12.2±4.15 19.0±3.50 4.54±0. 9  . 0±0.78 24.5±4.92  2. ±20.7 2 .3±4.13 12.0±2.08  7.0±44.8 n/a 

7.09±1.37 29.0±12.5 10. ±2.31 18.7±3.8  5. 3±1.53 7.0 ±0.84 33.2±8.49 49.9±1 .1 2 .9±5.19 12.0±4.33 44.5±8. 9 n/a 

PS* 
32.0±3.5  40.8±2. 8 25.2±3.83 27.0±1.83 35.8±3. 7 34.1±2.49 25.1±2.54 45.1±4.37 21.2±1.83 34.5±2. 7 32.2±2.95 n/a 

32.1±3.07 40.9±2. 7 24.2±2.84 27.0±2.09 3 .5±3.4  33.1±2.33 2 .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* 
 1.8±15.9 13 ±53.7 135±41.8 117±32.7 200±35.3 142±57.4 77.4±34.1 7 .9±15.5 131±3 .5 75.8±23.9 131±28.  n/a 

 2. ±10.9 124±50.2 139±39.9 115±3 .3 202±43.1 133±4 .0 81.1±32.8 73.3±10.7 132±34.5  9.9±17.3 141±22.1 n/a 

PE* 
82.9±15.9 157±52.2 1 4±40.5 135±32.7 230±34.1 1 7±57.0 113±34.9 89. ±15.  1 7±3 .2 9 .4±23.  159±32.2 n/a 

83. ±10.9 141±48.8 1 8±39.1 134±3 .  228±43.4 15 ±45.7 112±35.0 8 .8±10.7 1 7±34.3 91.2±17.1 170±23.  n/a 

PSN* 
2 .7±3.57 20.2±4.87 13.1±4.02 1 .2±3.09 13.7±2.42 17.2±3. 3 17.5±3.43 33.9±3. 9 11.4±2.43 27.5±4.03 1 .5±3.09 n/a 

2 .4±3.27 21.8±5.10 12.3±3.1  1 .4±3.28 14.1±3.10 17.7±3.35 18.7±3. 2 34.9±3. 7 11. ±2.48 27.8±3.73 15. ±2.00 n/a 

PON* 
50.4±4.59  2.0±7.90  4.7±7.51   .7±5. 2 74. ±3.80   .9± .04 50.0±7.5  5 .7±4.91   .8±5.44 58.2±4.97  4. ±4.47 n/a 

50.8±3.81  0.5±8.50  5.9± .23  5.9± .15 74.8±4.73   .9±5.78 52.4±7. 7 55.3±3.57  7.2±5.0  5 .7±4. 3   .2±3.1  n/a 

PEN* 
 8.0±2.79 72.2±5.00 79.9±3.20 77.2±3.82 8 .0±1.53 79.8±3.03 75.1±3.4    .4±3.75 8 .2±2.04 74.7±2. 7 78.3±4.58 n/a 

 8.1±2.34  9. ±5.71 80.8±2.74 77.2±3.98 84.9±3.10 79.5±3.12 73.4±4.99  5. ±2.   8 .0±2.0  74. ±2.49 80.0±2.50 n/a 

AMP* 
7.90±0. 2 13.2±0.75  .45±0. 5 4.14±0.31 9.42±0.52 12.3±0.54 8.15±0.97 7.9 ±0.32 7.5 ±0.72 12.3±0.95 4. 9±0.52 13.1±2.17 

7.90±0. 0 14.1±0.88  .29±0.51 4.20±0.31 8.5 ±0.5  12.0±0. 9 7.80±0.85 9.22±2 .0 7.45±0. 7 12.0±0.87 4.45±0.32 13.3±2.35 

Trial #3 

HR 
 2.3±9.08 24. ± .12 2 .0±5.72 32.5± .40 22.4±4.83 2 .4±8.25  2.7±15.2 4 .3±5. 8  7. ±11.2 44.7± .1  31.7±3.49 49.1±5.5  

  .2±8.1  25.4±5.41 24.0±5.0  32.1± .05 32.4±13.0 27.8± .02 44.4±7.37 45.4±4.23   .2±13.3 45.7± .19 31.4±4.11 45.8±4.84 

PPSN* 
242±33.2 211±1 .0 300±39.1 339±22.7 118±14.  193±24.0 25 ±34.8 215±17.  419±45.4 178±21.2 30 ±24.9 220±0.2  

212±33.  210±1 .2 302±41.9 340±23.  221±21.  182±19.  241±28.5 217±1 .4 408±47.9 192±21.2 295±33.8 227±2.18 

NPSN* 
2 5±2 .9 157±1 .1 211±24.5 232±22.7 248±25.4 239±29.7 325±40.7 211±13.4 441± 7.0 314±3 .3 235±21.4 1 0±24.8 

2 2±24.3 158±12.5 21 ±29.2 227±22.7 215±12.7 235±22.5 3 7±43.1 210±12.  432±78.1 318±3 .8 230±29.9 171±8.32 

PHN* 
5.84±3.3  14.7±4.44 27.0±10.7 29.7± .35 18.2±5.33 2 .1±10.  25. ±14.4 7.4 ±1.53 17.0±11.3 7.81±4.31 35.4±5.   1.84±0.82 

5.22±3.35 14.0±4.4  30.2±10.6 28.8±5.87 14.8±5.83 20.8± .49 35.8±12.9 7.41±1.35 19.9±14.0 9.12±4.20 33.9±8.35 1.89±0.89 

PW* 
41.8±14.9 150±48.8 1 9±50.  122±39.4 204±5 .5 178±90.2  3.8±21.  40.4±9.83 50.7±18.7  9.3±17.4 120±22.2 21.2±4.81 

42.4±13.1 142±47.3 189±50.1 122±39.9 134±53.2 150±52.9 88.8±2 .  41.3±9.4  5 . ±22.4  8.7±15.4 122±25.9 22.8±3.39 

PWN* 
3 . ± .25 57.0±7.17  8.4± .07  1.8±7.15 71.9±5.33  7.3±8.21 52.9±9. 9 30.0±5.3  52.8±10.0 49. ±5. 7  2.1±4.11 1 .8±3.90 

37.4±5.73 55.8±7.4  71.5±4.90  1.7± .95 58.1±11.9  4. ±5.74  2. ±5. 1 30. ±5.15 54.8±11.7 50.5±5.35  1.9±5.35 18.1±2.19 

PRSN* 
25.8±10.4 12. ±1.39 19. ±3.57 34.5±4.73 10.8±1.19 18.5±4. 2 75.1±15.2 3 .9±9.87  7.3±15.3 1 .5±4.43 50. ±8.4  1 .4±4.42 

22.8±5.23 12.8±1.53 19.5±3.88 33.9±5.33 14.7±5.59 1 .9±1.93 71.4±15.8 38.5±10.8  7.5±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.  218±29.2  4.5±10.4 133±33.0 185±19.9 119±15.1 44.7±35.3 

179±3 .7 100±14.2 177±21.4 1 4±23.7 131±20.4 248±15.  218±19.0  1.9±9.32 141±40.3 181±1 .9 115±27.  2 .0±11.3 

PSR* 
21.4±23.5 12.5±2.07 11.5±2.20 20.7±4.17 4.47±0. 2 7.19±1. 8 34. ± .88 58. ±17.9 55.1±27.2 9.01±2.37 43.1±11.0 47.5±27.  

13.5±5.01 13.3±5.88 11.1±3.11 21.0±4.33 12.0±7.75  .84±0.7  32.9±7.08  3.5±18.  54.8±37.5 11.1±2.65 45.1±1 .8 5 .1±13.0 

PS* 
31.9±2.53 43.0±2.87 25. ±4.38 28.9±2.05 34.8±3.47 33. ±3.02 22.3±1.75 4 .2±4.02 19. ±1. 0 3 .4±3.37 32.7±2. 5 44.8±0.85 

31.3±2.73 43.0±2.90 25.1±4.72 29.1±2.2  39.4±4.40 34.7±2.31 23.3±2.29 45.9±3.51 19.4±2.03 34.2±3.08 33.8±3.88 44.1±0.42 

PO* 
55.9±14.4 1 8±50.5 1 5±49.5 131±39.4 207±57.1 188±92.2 55.1±17.7 73.4±9. 1 44.9±15.1 82.2±18.0 122±21.7 5 .7±0.14 

54.2±13.3 1 1±48.9 182±49.9 132±39.8 152±52.7 1 1±54.2 75.4±2 .0 74.2±9.52 48.5±17.9 79.0±15.7 124±24.  59.7±3.54 

PE* 
73.8±15.2 193±49.1 194±48.  151±39.5 239±5 .3 212±91.2 8 .1±21.7 8 .5±9.75 70.3±18.3 10 ±17.  152±22.    .0±3.9  

73.8±13.  185±47.5 214±48.8 151±39.9 174±54.3 185±53.3 112±27.7 87.2±9.49 75.9±21.7 103±15.3 15 ±25.9   .9±3.82 

PSN* 
29.0±3.73 17.4±3.48 11.3±3.67 15. ±3.31 13.0±3.10 14. ±4.21 19. ±3. 0 34.9±3. 4 21.7±4.05 2 .8±3.92 17.3±2.14 35.5±0.47 

28.4±3.35 18.0±3.70 10.1±3.13 15. ±3.17 19.2±5.4  15.9±3.22 17.1±2. 8 34. ±3.3  20.3±4.80 25.8±3.81 17. ±2.88 35.0±0. 5 

PON* 
49.5±4.05  4.3± .39   .7±5.53 67.0±5.73 72.9±5.2  71.4±7.79 45.9± .50 54.9±2.99 47.1± .77 59.0±4.51  3.1±3. 7 44.9±0.14 

48.0±4.45  3.8± .44  8.8±4.89  7.2±5.54  7.0±8. 8  9.7±5.3  52.8±5.8  55.4±3.08 47.4±7.57 58.2±4.24  3.4±4.24 47.4±1.48 

PEN* 
 5. ±3.07 74.3±3.80 79.7±2. 1 77.5±4.00 85.0±2.3  81.9±4.13 72. ± .41  4.9±2.41 74.5± .55 7 .4±2.43 79.4±2.42 52.3±3.43 

 5.8±2.94 73.8±3.89 81. ±2.12 77.3±3.9  77.3± . 8 80. ±2. 2 79.7±3.33  5.2±2.39 75.2±7.25 7 .3±2.18 79. ±3.18 53.1±1.54 

AMP* 
7.52±0.90 12.3±0.73 5. 2±0.45 4.23±0.31 9.42±0.5  11.0±0. 4 9. 8±2.39 7.27±0.50 7.70±1.07 14. ±1.18 4.07±0.2  19.2±0.81 

8.21±0.8  12.5±0.49 5.54±0.49 4.24±0.29 7.95±0.47 11.7±0. 2 7.43±0.48 7.41±0.30 7.92±1.20 12.9±1.09 4.23±0.53 19. ±0.7  

*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 

Crayfish 

# 
1 2 3 4 5 6 7 8 9 10 11 12 

Trial #1 

HR 
8 .0± .73 43.7±7.23 n/a 57.2±8.30 33.2±5.89 48. ±4.00 70. ± .98 81. ±5.35 5 . ±8. 9 84. ±8.48 33.2±3.98 11 ±10.9 

82.7±4.00 41.4±5.83 n/a 53.2±8. 3 43.3±12.4 49.2±5.21  5.5±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. ±17.0 144±15.2 198±49.0 n/a 379±33.5 377± 5.  315±28.1 n/a 

n/a 217±18.4 n/a 350±23.2 177± 7.9 1 1±21.9 202±35.  201±9.91 4 4±47.  320±43.5 313±28.2 n/a 

NPSN* 
23 ±18.5 202±21.8 n/a 2 9±30.1 321±29.3 28 ±18.3 319±42.3 n/a 453±50.  530±221 23 ±25.4 n/a 

n/a 19 ±18.2 n/a 2 1±28.8 302±30.1 282±18.0 327±37.9 315±8.41 430±92.1 4 9±128 229±30.  n/a 

PHN* 
3.43±0.87  .11±3.91 n/a 13.1±3. 0 13.0±4.0  7.14±2.22 9.20±5.89 n/a 25.1±11.5 10.9±8.48 3 .4± .8  n/a 

n/a  .3 ±3.40 n/a 14.5±3.49 12.1±5.11 7.05±2.95 11.5± .28  .98±0.09 13.7±9.83 6.32±4.21 33.2±9.79 n/a 

PW* 
30.5±13.2  1.0±3 .3 n/a 43.8±19.1 124±28.4 57.7±7.91 40.3±8.49 n/a  8.0±15.1 31. ±5.81 112±20.8 n/a 

n/a  1.1±19.7 n/a 50.9±21.5 8 .4±35.5 5 . ±11.2 44.1± .80 2 .0±7. 4 3 .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±8.1   5.8±5.45 4 .1±3.24 44.3±5.04 n/a  1.9±4.94 42.5±5.43  0. ±4.74 n/a 

n/a 39.7± .14 n/a 42.1±8.20 54.8±12.4 45.3±4.48 4 .8±3.85 28.5±5.02 45.0±11.4 41.9±4.37 59.8±5. 9 n/a 

PRSN* 
24. ±4.87 1 .7±5.48 n/a 53. ±9.78 13.7±1.47 19.9±3.20  7.4±1 .1 n/a  7.0±11.8  7.8±44.2 51.1± .92 n/a 

n/a 1 .3±4.1  n/a 48.2±8.09 22.9±14.9 19. ±2.99 70.9±1 .7 85.7±50.4 83.8±27.9 41.2±17.2 49.7± .29 n/a 

PFSN* 
9 .0±48.9 104±21.2 n/a 131±23.8 301±18.4 27 ±1 .7 251±37.5 n/a 180±25.5 151±72.7 14 ±18.5 n/a 

n/a 99.8±20.9 n/a 148±25.7 245± 2.4 2 3±20.  247±30.4 207±54.3 138±53.0 11 ±34.5 13 ±29.3 n/a 

PSR* 
32.2±17.1 18.3±21.8 n/a 42.2±11.3 4.58±0. 1 7.25±1.39 27.5±8.48 n/a 38.0±9.31 45.9±22.5 3 .1±1 .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. ±14.0 80.2±73.8 3 .4±12.2 39.2±15.1 n/a 

PS* 
29.2±1. 2 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 23.5±3. 9 31.5±3.20 n/a 

n/a 38.8±2.49 n/a 28.3±1.94 30.8±3.7  31.8±1.98 19.2±2.08 32.8±2.83 18.5±2.04 2 .1±3.30 31.5±2.27 n/a 

PO* 
50.2±15.0 77.0±3 .9 n/a  0.1±18.8 12 ±29.5  7.4±8.72 31.8±7.95 n/a 55.1±15.3 39.9±5.4  11 ±21.0 n/a 

n/a 78.4±20.1 n/a  7.8±21.7 94. ±32.4  7.2±11.7 34. ± .12 42. ±8.49 3 .3±10.2 41.3±5.70 115±23.0 n/a 

PE* 
59.8±13.9 99.5±3 .  n/a 71.8±19.2 155±28.2 89. ±8.07 59.0±9.27 n/a 8 .2±15.2 55.1± .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  3.2± .88 58.8±10.5 54.9±13.5 59.9±5.78 142±23.0 n/a 

PSN* 
29.7±3.58 2 . ±3. 8 n/a 2 .5±4.04 17.1±3. 5 25.7±2.21 20.7±2.77 n/a 17.2±3.03 31.7±4.13 17.4±2.34 n/a 

n/a 2 .1±3.2  n/a 25.0±4.01 21.7±5.89 25.9±2. 3 20.5±2.4  3 .4±1.2  24.1±4.31 32.5±3.39 17. ±2. 2 n/a 

PON* 
49.3± .24 50.5±5.9  n/a 54.7±5.4    .8±5. 1 53.8±3.04 34.7±4.4  n/a 49.8± .49 53. ±4.33  3.0±4.40 n/a 

n/a 51.3±5.15 n/a 57.1±5.82  1.1±7.75 53.8±3. 2 3 . ±3.57 47.0±3.73 45.5± .07 51.3±4.13  2. ±5.11 n/a 

PEN* 
59.2±3.83   .1±3.91 n/a  5.7±4.47 82.8±2.04 71.8±1.5   5.0±3.44 n/a 79.1±2.57 74.2±3.54 77.9±2.75 n/a 

n/a  5.8±3.31 n/a  7.1±4.50 7 .4± .89 71.1±2.43  7.3±2.33  4.9±3.7   9.1±7.88 74.4±2. 4 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±0.8  7.31±1.12 3.22±0.13 7.18±0.87 5.57±1.8  4.5 ±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±1.0   .59±0.79 3.08±0.14 8.03±1.5  7.11±1. 0 4.75±0.49 12.5±1.33 

Trial #2 

HR 
74.7±4. 8 34.2±4.90 n/a 42.1±7.70 27.1±4. 0 37.8±3.98 47.0±7.99 73.7± .8  47.4±5.57 73.3±7.24 30.8±3.08   .0±10.3 

74. ±4. 7 38.1±8.22 n/a 47.1±11.1 25.0±5.28 39.7±4.74 4 .4±7.79 73.9± .89 52.9±9.77 77.8±7. 2 39.7±4.19  2.2±7.74 

PPSN* 
224±15.3 200±14.8 n/a 339±25.3 11 ±1 .8 159±13.8 215±29.1 17 ±34.1 347±2 .3 309±50.3 318±29.7 219±11.8 

223±9.14 227±17.9 n/a 331±25.7 12 ±1 .2 15 ±20.8 201±24.5 175±13.2 348±44.0 311±53.4 315±33.3 217±12.0 

NPSN* 
241±13.1 187±1 .4 n/a 214±25.8 278±19.7 237±12.5 307±38.8 283±33.0 322±2 .9 40 ±119 213±23.3 201±10.7 

248±7.77 1 7±20.7 n/a 21 ±27.8 274±2 .5 253±21.3 299±3 .5 275±37.9 370±48.4 500±1 3 209±27.0 208±14.1 

PHN* 
2.21±0.18 8.50±3.89 n/a 13.8±2.88 1 .4±4.30 11.2±3. 7 21.8±11.  9.95±2.8  21.1± .73 8.29±4.73 3 .9±7.77 1.9 ±0. 4 

2. 7±0.79 5.87±3.17 n/a 11.5±3.11 18.8±5.41 11.4±4.25 22.0±11.8 10.8±5.43 21.7±9.1  10.2± . 0 19.8± .21 2.25±1.13 

PW* 
23.2±1.44 8 .2±29.0 n/a 7 .5±30.4 157±37.5 83.4±14.7 75.0±19.3 41.7±10.7 73.5±14.4 35.9± .33 123±19.8 24.4± .54 

2 .4±2.78 71.4±37.9 n/a  4.8±43.3 178±45.8 80.0±1 .8 7 .1±19.8 42.1±11.8 70.5±19.4 38.5± .49 77.3±15.9 29.2±12.8 

PWN* 
24. ±1.22 4 .8± .70 n/a 50.1±8.44  8.3±5.0  51.5±3.88 55.8±5.74 37.7±5.53 5 .8±4.27 40.4±5.09  2.0±4.1  20.3±4.20 

27.3±2.0  39.5±9.83 n/a 44.0±11.7 70.5±5.89 51.5±4.34 55.8± .17 37.9± .74 58.3±8.5  47.4±5.80 50.0±5.34 22.9± . 8 

PRSN* 
20.9±2.27 14.5±4.01 n/a 41.9± .54 12.9±1.78 18.5±3.0  51.8±9.25 59.2±4 .  4 .2±7.08 47.5±18.5 50. ±7.09 1 .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 72.3±55.9 54. ±10.3  1.1±32.1 51.2±11.5 1 .9±5.42 

PFSN* 
211±25.7 113±12.0 n/a 115±21.4 274±17.1 238±1 .7 201±22.5 185±31.4 143±18.7 12 ±3 .8 128±23.2 32.2±7.93 

219±24.3   .5±23.0 n/a 107±20.9 275±22.0 255±23.1 211±25.0 1 7±52.2 1 1±37.7 185±74.4 88. ±22.1 37.3±10.0 

PSR* 
9.98±1.23 13.4± .8  n/a 37.8±9.39 4.73±0.73 7.78±1.24 2 .1±5.35 39.5±51.4 32.9± .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. 5±0. 5 7.97±2.54 24.4±4.77  4.2±77.  3 .7±15.9 33.5±11.3  1.2±21.  47.4±17.1 

PS* 
30.7±1.23 40. ±2.73 n/a 29.7±2.2  34.2±3.81 35.2±2.17 24.5±2.17 34.9±3.00 23. ±1.75 27. ±3. 7 31. ±4.51 44.4±2.78 

30.7±0. 2 41.0±2.82 n/a 30.3±2.45 34.2±3.21 34.0±2.27 24.3±2.01 33.3±3. 1 20.7±2.11 22.3±4.71 31.0±2.8  45.1±2.88 
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PO* 
41.4±1. 9 102±31.0 n/a 93.9±30.4 1 3±38.1 95.3±15.2  5.0±18.8 57.7±7.33  9.5±14.  45.2± .13 125±19.2  0.8±7.09 

43. ±2.72 95.2±38.5 n/a 83.9±43.1 185±45.5 90.9±17.8  5.5±18.  52.7±7.30  1.2±1 .2 39.3±7.03 82.7±15.4   . ±13.2 

PE* 
53.9±2.02 127±29.4 n/a 10 ±30.5 191±37.5 119±14.  99.4±19.7 7 . ±10.0 97.1±14.5  3.5± .51 154±20.1  8.8± .84 

57.2±2.90 112±37.7 n/a 95.1±43.5 212±44.8 114±17.2 100±19.9 75.4±11.2 91.2±18.9  0.8±7.38 108±1 .0 74.3±13.4 

PSN* 
32. ±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 1 .2±2.33 37.4±2.79 

31.9±1.0  24.9±4.78 n/a 23.4±5.34 14.4±3. 3 22.4±2.58 18.5±3.12 30.7±4.30 17.9±3.77 27.5±5.03 20.4±2.   3 .9±3. 7 

PON* 
43.9±1.03 55.8± .51 n/a  2.3± .0  71.0±4.55 58.9±3.38 48.1± .20 53. ±8.95 53. ±4.50 51.0±4.28  3.0±3.23 50.9±3.0  

45.1±1.52 53.8±7.38 n/a 58.9±7.87 73.2±5.23 58. ±4.38 47.9± .09 48.3±5.43 50.7±5. 9 48.2±5.05 53. ±4.48 53. ±4.0  

PEN* 
57.2±1.12  9.8±3.92 n/a 70.9±4.75 83.8±2.25 73. ±1.8  74.7±3.28 70.7±5.2  75.5±2.23 71.8±2.75 78.2±2.40 57.7±2.1  

59.2±1.29  4.4±5. 4 n/a  7.4± . 7 84.8±2.38 73.9±2.19 74.3±3. 2  8.7±3.15 7 .3±5.17 75.0±3.52 70.5±3.38 59.8±3.49 

AMP* 
9.78±0.52 14.0±0.8  n/a 4.48±0.39 9.23±0.48 10.7±0.78 8.02±0.   3.35±0.20 8.29±0.53  .2 ±1.38 4. 8±0.41 14.8±0.88 

10.3±0.51 14.2±1.07 n/a 4.59±0.39 9.27±0.45 10.4±0.87 8.32±0.82 3.5 ±0.20 8.21±0.82 5.50±1.82 4.55±0.4  14.7±0.79 

Trial #3 

HR 
72.8± .5  31.8± .45 29.4±7.85 38. ±7.49 28.5±4.4  33.0±7.92 45.4±9.15 70.1±7. 3 42.5±7.34  8.4±8.91 28.9±2.99 52. ±7.35 

83.1±7.9  31. ± .44 30.1±7.58 38.1±7.07 24.4±3.25 34.3±5.29 49.8±8.85 75.0±7. 3 47.9±13.7  4.7±8.21 29.4±2.77 53.0± .58 

PPSN* 
219±33.  181±21.1 203±38.8 340±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 

2 8±43.  183±19.4 215±4 .5 33 ±23.4 114±13.2 154±15.0 252±35.  170±25.  3 7± 0.  229±32.2 297±24.0 191±12.8 

NPSN* 
218±20.4 192±21.  272±57.1 219±2 .7 273±32.2 254±37.1 289±43.8 255±20.2 301±35.5 402±102 13 ±13.9 19 ±10.2 

194± 2.9 192±20.1 280±54.4 212±22.9 2 7±15.5 245±24.3 312±43.2 228±41.0 311±53.8 372±80.  147±15.7 195±10.9 

PHN* 
 .08±4.55 10.5±5.95 34.4±11.2 17.9±4.30 15.7±4.   15.0±7.89 28.1±15.7 9.70±5.10 23.1±9.    .5 ± .04 14.3±4.25 3. 9±2.11 

10.9±12.4 10.8±5.72 34.8±10.9 1 .9±3.19 18.0±3.75 12.0±5.24 2 .7±14.2 11.3±5.52 24.0±11.7  . 3±4.08 1 .3±4.9  2.93±1. 4 

PW* 
47.9±29.7 107±43.4 1 1±39.2 91.4±38.2 14 ±3 .0 122±51.7 82.1±29.3 47.1±7.58 87.5±23.4 43.8±13.3 122±20.2 3 . ±11.2 

9 .9±102 109±44.0 15 ±39.5 91.0±34.2 180±34.2 103±31.0 71. ±20.9 80.9±105 82.2±28.4 43.2±9.10 120±20.3 33.0±9.01 

PWN* 
35.9±10.3 52.2±7.57 73. ±3.90 54.3±8.44   .8± .9   0.2± .38 57.1±7.95 38.5±4.22 58.9± .89 44.3± .25 57.7±4.53 2 .3±4. 3 

45.9±14.1 52. ±7.31 73. ±4.13 54.0±7.8  71.4±3.5  5 .1±5.34 55.5± .80 41.7±1 .5 57.4±10.9 42.9±5.8  58.1±4.32 24.5±4.71 

PRSN* 
20.7±5.5  13.9±2.23 29.9±11.3 37. ± .78 14.2±3.13 15.8±2.45  1.2±12.1 37.2±22.5 41.7± .71 32.5±1 .2 42.4±5.31 15.7±3.90 

34.5±2 .3 14.0±2.4  30. ±9.43 3 .9± .2  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* 
177±50.4 124±1 .5 280±47.7 125±22.8 241±44.1 228±23.3 219±35.9 150±22.2 132±30.9 1 8±47.2  0.8±13.9 84.1±15.4 

110± 9.  122±14.3 285±43.4 122±20.9 255±15.3 223±1 .7 203±25.0 135±39.7 12 ±40.1 1 8±34.2   .5±15.7  8.7±19.7 

PSR* 
13. ±8.47 12.0±10.  10.5±3.19 31.1±8.05  .85± .09  .98±1.17 28.7±7.43 24.8±12.7 35.0±18.5 20.1±13.8 75.4±30.1 19.7±7. 2 

57. ± 0.2 12.1±8.55 10.7±2.91 31.2±7.94 4.82±0.55  .99±0.88 35.5±8.21 32.9±1 .   0.2±87.  18.4± .74  8.8±21.5 2 .2±17.  

PS* 
32.7±2.50 39.9±3.03 17. ±3.93 29.5±2.18 32.9±5.93 35.1±2.71 22.8±2.34 3 .3±3.07 25.2±2.13 28.3±4.93 34.5±2. 9 48.7±3. 4 

30.5±4.4  40.1±3.3  17.1±3.44 29.9±2.14 33.0±2.93 3 .0±2. 8 22.4±2.03 38. ±7.47 24.1±3.1  29.9±4.70 33.8±2.50 47.8±3.18 

PO* 
 5.8±30.0 117±45.2 143±42.1 10 ±37.9 148±34.4 131±54.   8.4±2 .4  3. ± .4  83.4±22.  48. ±13.  133±18.7 71.8±12.2 

89.7±38.9 119±4 .1 138±41.7 107±34.2 181±34.8 113±32.4 59.3±18.8 100±102 78.2±25.5 51.3±8.98 130±18.9  8.1±9.33 

PE* 
80. ±29.9 147±43.  178±40.3 121±38.2 179±34.9 157±52.5 105±29.4 83.4± .83 113±23.4 72.2±14.1 157±20.0 85.3±12.3 

127±104 150±44.4 173±40.2 121±34.5 213±34.2 139±30.9 94.0±20.9 119±102 10 ±28.9 73.1±9.35 154±20.3 80.8±9. 0 

PSN* 
27.3±5.09 20.9±4.03 8.47±2.35 18.9±3.95 15.7±4.2  18.8±4.11 1 .9±3.51 29.9±3.13 17.8±3.39 29.2±4. 4 1 .5±2.11 35.8±2.95 

21.2±8.84 20.7±3.98 8.47±2.2  19.0±3.58 13.4±2.09 20. ±3.38 18.1±3.1  29.0±9.33 18.1±4.25 29.9±4.41 1 . ±1.94 3 .2±2.91 

PON* 
50.8±7.   5 .8±7.58  4.7±7.20  3.7± .32  7.8±4.59  4.3± .92 47.4±7.00 52.1±2.50 5 .2±5.91 49.1±4.58  3.2±2.93 52.1±3.00 

54.2±14.4 57.4±7.19  4.4±7.28  3.9±5.85 71.9±3. 0  1.9±5.09 45.8±5.98 5 .3±11.8 55.0±7.21 50.8±3.97  2.8±2.93 51.1±2.90 

PEN* 
 3.2±5.44 73.0±3.85 82.1±2.24 73.2±4. 8 82.5±3.10 79.0±2.57 74.1±4.8   8.4±1.88 7 .7±3.87 73.5±3.72 74.3±2.8   2.1±2.35 

 7.1± .57 73.3±3. 2 82.1±2.50 73.0±4.50 84.8±1. 8 7 .7±2.13 73.7±4.2  70.7±8.02 75. ±7.1  72.8±2.73 74.7±2.81  0.7±2.57 

AMP* 
9.91±0.89 13.4±0.98  .18±0.98 4.31±0.3  8.44±0. 8 11.5±0.95  .9 ±0.94 3.89±0.21 8.21±0. 4 9.13±2.43 5.79±0.44 14.8±0. 9 

9.50±0.8  13.4±0.90 5.79±0.88 4.43±0.3  8.52±0.29 11. ±0.49 7.40±1.13 4.07±0.25 8.21±1.08 9.57±2.21 5.59±0.4  14.8±0. 9 

*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 

(1st row) and during (2nd row) the treatment with chloramine-T in 

concentration 10 mg/L. 

Crayfish 

# 
1 2 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 3 .4±7.75 n/a n/a n/a  2.7±8.37 33.0±5.51 48.4± .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  3. ±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.  309±8 .5 189±3 .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± 1.3 180±1 .7 218±12.  

n/a n/a n/a 23 ±29.9 297±34.4 27 ±30.4 n/a n/a n/a 3 8±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± .45 n/a n/a n/a  .9 ±4.35 18.8±5.51 4.17±3.84 

n/a n/a n/a 12.4±2.7  10±8.41 13.9±9.87 n/a n/a n/a  .72±3.94 18.7± .19 4.25±2. 7 

PW* 
n/a n/a n/a 51.7±2 .7 81.2±19.2 107±38.1 n/a n/a n/a 42.1±14.  113±24.7 41.0±21.  

n/a n/a n/a 53.5±24.2 48.9±45.4 73. ±48.8 n/a n/a n/a 42.3±8.77 97.5±25.3 38.0±15.5 

PWN* 
n/a n/a n/a 41.5±9.85 52.4±5.14  0.2±5.97 n/a n/a n/a 40. ±5.52 59.3± .14 29.3±7.91 

n/a n/a n/a 42.7±8.37 34.9±18.7 49.2±11.1 n/a n/a n/a 41.5±5.07 55.5±7.35 28.1± .77 

PRSN* 
n/a n/a n/a 52.5±13.2 19.5±2.   17.8±2.0  n/a n/a n/a 29.2± .96 4 .4±7.52 15.0±3.84 

n/a n/a n/a 52.5±9.48 51. ±32.7 27.3±5. 9 n/a n/a n/a 28.8±9.4  50.1±9.31 17.2±4.17 

PFSN* 
n/a n/a n/a 122±29.3 259±15.3 284±25.  n/a n/a n/a 15 ±25.8 82.1±19.5 129±1 .0 

n/a n/a n/a 120±22.8 14 ±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  .34±1.07 n/a n/a n/a 18.8±4.23  2.2±31.1 12.0±3.99 

n/a n/a n/a 45.3±12.1 52. ±55.0 9.70±2.59 n/a n/a n/a 15.8±4.09  7.9±41.8 18.8±11.5 

PS* 
n/a n/a n/a 28.7±2.98 33.1±2. 4 31.2±2.97 n/a n/a n/a 31.7±2.79 32.4±2.80 4 .8±2.97 

n/a n/a n/a 28. ±2.15 30.5±5.38 29.1±3.03 n/a n/a n/a 31.0±3.2  31.9±3.10 45.4±2.57 

PO* 
n/a n/a n/a  9.5±2 .5 90.8±19.4 110±39.9 n/a n/a n/a 55.2±14.9 123±22.9 73.7±22.3 

n/a n/a n/a 71.4±24.2  7. ±43.9 82. ±49.  n/a n/a n/a 53.9±9.43 107±23.5 71. ±15.8 

PE* 
n/a n/a n/a 80.4±2 .8 114±19.1 138±38.5 n/a n/a n/a 73.9±14.7 14 ±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±9.18 129±25.5 83.4±15.7 

PSN* 
n/a n/a n/a 25.0±4.77 22.0±3.10 18.7±3. 0 n/a n/a n/a 31.4±3. 9 17.4±2.75 35.7±4.   

n/a n/a n/a 24.3±3.99 30.7±8.87 22. ±5.19 n/a n/a n/a 30.9±3.5  18.8±3.12 35.1±3.88 

PON* 
n/a n/a n/a 57.0± . 2 58.8±4.29  1.8± .81 n/a n/a n/a 53.4±4.24  4.5±4.20 54.2±5.03 

n/a n/a n/a 57.8±5.87 55.0±11.0 5 .1±9. 8 n/a n/a n/a 53.0±3.90  1.3±5.25 54.1±4.15 

PEN* 
n/a n/a n/a   .5±5.50 74.4±2.31 78.9±2.94 n/a n/a n/a 72.0±2.77 7 .7±3.71  5.0±3.59 

n/a n/a n/a   .9±4. 9  5.5±10.9 71.8± .18 n/a n/a n/a 72.4±2.5  74.4±4.70  3.2±3.34 

AMP* 
n/a n/a n/a 4.22±0.47 9.37±0.31 11.0±0.47 n/a n/a n/a 9.80±1.27 5.44±0.38 1 .5±0.59 

n/a n/a n/a 4.17±0.35 8. 1±0. 8 10.0±1.12 n/a n/a n/a 10.1±2.20 5.30±0.48 1 .3±0. 5 

Trial #2 

HR 
n/a n/a n/a 4 .4±10.8 27.1±2.92 27.3±7.03 n/a n/a n/a 51.0± .28 30.3±4.53 42.5± .89 

n/a n/a n/a 4 .1±8.05 38.3±15.2 4 .7±17.0 n/a n/a n/a 51.1±9.00 27.8±3. 8 51.2±13.7 

PPSN* 
n/a n/a n/a 342±25.1 178±15.  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 1 1±54.1 n/a n/a n/a 239±23.7 297±24.2 195±13.  

NPSN* 
n/a n/a n/a 233±29.4 239±11.4 2 0±42.3 n/a n/a n/a 298±39.8 1 1±17.0 205±11.5 

n/a n/a n/a 22 ±25.  237±22.8 279±38.5 n/a n/a n/a 294±43.4 1 2±1 .0 205±13.8 

PHN* 
n/a n/a n/a 15.3±4.04 18.2±3.40 23.2±8. 3 n/a n/a n/a 8. 5±4.13 18.1±5.13  .53±5.20 

n/a n/a n/a 13.5±3.7  15.5±7.07 15. ±9.34 n/a n/a n/a 10.2±5. 7 19.9±3.75 4.95±3.09 

PW* 
n/a n/a n/a  9.1±38.0 14 ±22.2 1 2±53.5 n/a n/a n/a 53.1±12.4 123±2 .5 52.5±23.2 

n/a n/a n/a   .4±23.9 114±47.3 94.3±42.  n/a n/a n/a 5 .2±17.2 137±2 .2 44.5±23.2 

PWN* 
n/a n/a n/a 47.4±10.4  5.1±3.75  7.7± .71 n/a n/a n/a 43.4±5. 1 59.1± .01 33.3±8.53 

n/a n/a n/a 47.5±8.44 5 .0±12.5 5 .0±10.1 n/a n/a n/a 44.2± .78  2.0±5.21 30.2±8.11 

PRSN* 
n/a n/a n/a 44.5±11.  14.9±1.53 17.4±1.95 n/a n/a n/a 24. ±4.74 41.0± .15 1 .2±4.21 

n/a n/a n/a 45.7±10.1 18.4± .25 24.3±23.4 n/a n/a n/a 2 .0± .41 38.0± .12 17.0±4.24 

PFSN* 
n/a n/a n/a 133±25.7 23 ±13.4 287±24.3 n/a n/a n/a 1  ±20.1 72.0±17.7 124±11.  

n/a n/a n/a 118±24.7 199±54.7 2 1±42.3 n/a n/a n/a 159±23.4 75.8±12.4 8 .9±1 .4 

PSR* 
n/a n/a n/a 34.9±12.8  .35±0.71  .12±0.79 n/a n/a n/a 15.0±3.10  2.4±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 1 .7±5.03 51. ±12.9 20.5±7.58 
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PS* 
n/a n/a n/a 29.2±2.22 35.3±3.70 32.8±2.73 n/a n/a n/a 33.7±2.97 34.1±3.58 49.9±2.79 

n/a n/a n/a 29.5±2.93 37.3±4.57 30.2±4. 1 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. ±35.7 158±22.1 1 9±55.1 n/a n/a n/a  7.9±12.7 132±24.5 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±18.2 144±25.4 78.9±23.7 

PE* 
n/a n/a n/a 98.3±38.1 182±21.9 195±53.  n/a n/a n/a 8 .7±12.  157±2 .1 102±23.  

n/a n/a n/a 95.9±24.3 151±4 .8 125±44.8 n/a n/a n/a 90.0±17.8 171±25.7 92.0±23.7 

PSN* 
n/a n/a n/a 22.2±4.8  1 .0±2.35 14.9±3.97 n/a n/a n/a 28.2±3.57 1 .9±2.87 33.7±4.97 

n/a n/a n/a 22.3±4.0  20. ± .15 19.8±4.90 n/a n/a n/a 27.7±4.28 15.7±2.71 34.5±4.59 

PON* 
n/a n/a n/a  0.2±7.25 70.3±2.87 70.5± .58 n/a n/a n/a 55.8±4.24  3. ±4.27 5 .8±5.44 

n/a n/a n/a  1.0±5.50  5.3±8.10 59.1±10.1 n/a n/a n/a 57.0±5.47  5.3±4.20 55.1±5.07 

PEN* 
n/a n/a n/a  9. ±5.82 81.1±1.71 82. ±2.8  n/a n/a n/a 71.7±2.79 7 .0±3.72  7.0±3.75 

n/a n/a n/a  9.7±4. 9 7 . ± .   75.9±5.78 n/a n/a n/a 72.0±3.25 77.7±2.79  4.7±3.82 

AMP* 
n/a n/a n/a 4.24±0.38 9.  ±0.29 9.70±0. 9 n/a n/a n/a 11.2±1.05 5.40±0.47 15.8±0.80 

n/a n/a n/a 4.1 ±0.3  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 

HR 
n/a n/a n/a 40.9±5.5  34.0±5.51 29. ±5.54 n/a n/a n/a 41.5± .80 31.2±3.17 3 .4± . 1 

n/a n/a n/a 48. ±11.0 38.8±18.3 58.8±2 .8 n/a n/a n/a 39.1± .98 30.5±4.23 40.2±10.1 

PPSN* 
n/a n/a n/a 331±23.5 175±20.2 144±23.  n/a n/a n/a 247±20.0 31 ±22.  1 2±15.3 

n/a n/a n/a 320±29.4 151±35.1 135±48.  n/a n/a n/a 243±23.8 30 ±27.7 172±12.0 

NPSN* 
n/a n/a n/a 200±18.4 238±12.3 2 7±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.  2 0±21.3 2 1±53.5 n/a n/a n/a 258±30.3 1 8±18.0 192±11.8 

PHN* 
n/a n/a n/a 13.4±2.41 14.0±4.95 17.8± .54 n/a n/a n/a 14.2±5.55 25.9±3.30 8.44±5.43 

n/a n/a n/a 12.7±5.83 19.2± .90 11.3±7.42 n/a n/a n/a 15. ± .17 22.0±7.18 7.  ±4.87 

PW* 
n/a n/a n/a 73.7±21.4 104±29.7 142±4 .2 n/a n/a n/a 74.5±20.7 118±19.4  8.9±27.8 

n/a n/a n/a 59.9±39.8 142±52.3 104±52.5 n/a n/a n/a 83.4±2 .3 122±27.   2.0±25.0 

PWN* 
n/a n/a n/a 48.4± .50 5 .3±7.51  5.8±5.08 n/a n/a n/a 49.0± .40 60.1±4.10 37.8±9.2  

n/a n/a n/a 42.0±11.3  3.9±12.3 5 .0±10.4 n/a n/a n/a 51.4±7.04  0.0± .20 35.8±8.57 

PRSN* 
n/a n/a n/a 38.3± .40 17.9±3.72 15.9±1. 7 n/a n/a n/a 25.1±3.93 51.4± .42 15.4±3. 1 

n/a n/a n/a 4 .5±14.7 17.9±4.52 17.0±11.3 n/a n/a n/a 24.5±4.09 48.2±8.05 15.8±3.78 

PFSN* 
n/a n/a n/a 111±18.5 218±2 .4 2 0±15.2 n/a n/a n/a 150±1 .7 90. ±10.3 118±19.9 

n/a n/a n/a 125±35.9 249±44.  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. ±8.47 8.44±2.90  .14±0.75 n/a n/a n/a 17.0±3.14 57.5±9.70 13. ±4. 7 

n/a n/a n/a 40.3±19.4 7.82±4.44 12.1±30.8 n/a n/a n/a 1 .3±3.22  8.2±34.4 15.2± .25 

PS* 
n/a n/a n/a 30.4±2.20 35.1±3.73 32.3±2. 0 n/a n/a n/a 35.5±2. 8 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 3 .3±3.13 32.8±2.88 52.7±3.41 

PO* 
n/a n/a n/a 91.8±21.3 115±27.  147±48.4 n/a n/a n/a 92.1±21.5 121±18.0 10 ±27.9 

n/a n/a n/a 77. ±39.2 148±47.5 109±55.5 n/a n/a n/a 101±2 .  127±24.9 99.2±25.3 

PE* 
n/a n/a n/a 104±21.4 139±28.7 174±4 .5 n/a n/a n/a 110±21.1 149±19.  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±2 .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 24.3±3.7  1 .5±1.92 31.7±5.45 

n/a n/a n/a 24.0±5.09 1 . ±5.8  20. ±5.54 n/a n/a n/a 23.5±4.22 1 . ±2. 9 32.3±4.98 

PON* 
n/a n/a n/a  0.7±4. 2  2.7±5.04  7.9±5.4  n/a n/a n/a  1.0±4.91  1.8±3.01 59.7±5. 0 

n/a n/a n/a 5 .1±8.31  7.4±7.85 58.8±9.84 n/a n/a n/a  2.8±5.27  2.8±3.97 58. ±5.25 

PEN* 
n/a n/a n/a  9.1±3. 7 7 .2±3.59 81. ±2.21 n/a n/a n/a 73.3±3.00 7 . ±2.50  9.5±4.17 

n/a n/a n/a   .1± .   80.5± . 5 7 .5±5.82 n/a n/a n/a 74.9±3.27 7 . ±3.94  8.0±3.84 

AMP* 
n/a n/a n/a 4.3 ±0.30 8.73±0.39 11.2±0. 1 n/a n/a n/a 12. ±1.25 4.51±0.25 15.4±0.81 

n/a n/a n/a 4. 9±0.53 9.19±0.57 10.7±1.9  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. 

Crayfish 

# 
1 2 3 4 5 6 7 8 9 10 11 12 

Trial #1 

HR 
  .8±7.20 3 .3±8.99 35.2±12.8 n/a n/a n/a 41.7±5.94 80.1±7.23 37.7± . 8 n/a n/a n/a 

  .5± .35 37.9±10.7 34.1±8.87 n/a n/a n/a 4 .1±8.98 87.9±9. 2 38.0± .37 n/a n/a n/a 

PPSN* 
121±19.0 199±30.7 207± 2.5 n/a n/a n/a 2 3±29.2 239±24.1 437±34.1 n/a n/a n/a 

109±18.  207±40.4 191±77.8 n/a n/a n/a 2 8±35.7 274±51.0 439±38.2 n/a n/a n/a 

NPSN* 
2  ±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 

2 8±20.4 187±42.4 310±54.9 n/a n/a n/a 298±30.5 29 ±31.0 313±50.0 n/a n/a n/a 

PHN* 
3.7 ±3.48 9.49±5. 5 32.3±13.  n/a n/a n/a 31.8±10.7  . 5±2.27 31.8± .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. ±51.  151± 4.5 n/a n/a n/a 87.1±21.4 25.4± .08 114±31.3 n/a n/a n/a 

41.9±15.0 94. ±44.0 139±51.0 n/a n/a n/a 77.9±27.4 21.1±3.07 112±27.2 n/a n/a n/a 

PWN* 
38. ±8.0  48.2±8.87 72.3±7.18 n/a n/a n/a 58.5±4.82 27.1±3.99  8.3±4.7  n/a n/a n/a 

37.7±5.01 47.5±9.32 72.0±5.47 n/a n/a n/a 55.9±8.21 2 .3±3.44  8.2±4. 5 n/a n/a n/a 

PRSN* 
14.9±2.97 14.5±2.34 29.2±8.18 n/a n/a n/a 57.3± .95 77.3±37.8 57. ±11.2 n/a n/a n/a 

14.7±3.34 13.9±2.50 29.0± .13 n/a n/a n/a 59. ±12.8 103±43.0 57.8±10.7 n/a n/a n/a 

PFSN* 
324±37.7 119±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±31.9 142±27.9 n/a n/a n/a 

PSR* 
4.73±1.53 12. ±3.   9.72±2.88 n/a n/a n/a 27.0±4.08  2.7±41.8 43.7±8.31 n/a n/a n/a 

4.39±1.23 1 .3±9.20 9. 9±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. ±3.29 n/a n/a n/a 24.9±2.05 33. ±3. 4 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± .19 23.0±2.51 n/a n/a n/a 

PO* 
58.7±4 .0 110±54.8 13 ± 5.  n/a n/a n/a 80.9±21.8 44.2±7.89 113±31.2 n/a n/a n/a 

52.4±15.7 114±48.7 124±53.5 n/a n/a n/a 71. ±25.  35.2±8.05 111±27.0 n/a n/a n/a 

PE* 
78.0±45.3 134±52.8 1 9± 4.3 n/a n/a n/a 112±21.9 59.0±8.47 137±31.3 n/a n/a n/a 

72.1±15.7 13 ±45.1 15 ±51.4 n/a n/a n/a 102±27.7 49.7±8.03 135±27.2 n/a n/a n/a 

PSN* 
27.5±4.43 23.0±4. 0 9.48±3.1  n/a n/a n/a 17.2±2.5  3 .3±2.45 14.4±2.72 n/a n/a n/a 

27.8±3.02 22.9±4.84 9.73±2.74 n/a n/a n/a 18.3±3.34 35.2±3.9  14.5±2.72 n/a n/a n/a 

PON* 
48.4± . 4 5 .9±8.71  4.3±9.40 n/a n/a n/a 54.2±5.07 47.2±3.77  7.7±4.54 n/a n/a n/a 

47.4±4.33 57.9±9.34  3.0±8.89 n/a n/a n/a 51.3±7.28 43.2±5.03  7.5±4.32 n/a n/a n/a 

PEN* 
  .1±4.08 71.3±4. 8 81.8±4.42 n/a n/a n/a 75.8±2.    3.3±2.77 82.7±2.29 n/a n/a n/a 

 5. ±2. 8 70.4±5.00 81.8±3.24 n/a n/a n/a 74.2±5.19  1.5±2.42 82.8±2.19 n/a n/a n/a 

AMP* 
11.0±0.   13.7±1.25 5.05±1.73 n/a n/a n/a 7.72±0.45 4.50±0.21 7.98±1.09 n/a n/a n/a 

10.9±0. 9 14.2±1.59 4.74±1.15 n/a n/a n/a 7.  ±0.55 4.52±0.31 7. 8±1.0  n/a n/a n/a 

Trial #2 

HR 
 7.5±7.37 2 . ±4.91 24.5±7.98 n/a n/a n/a 50.9±12.4 84.8±9.89 31.4±4.99 n/a n/a n/a 

 7.5± . 0 2 .9±4.31 2 .8±8.19 n/a n/a n/a 41.7±10.4 71. ±5.94 34.5±7.91 n/a n/a n/a 

PPSN* 
120±22.9 202±15.4 33 ± 0.2 n/a n/a n/a 257±4 .9 2 8±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* 
25 ±20.0 174±14.2 20 ±29.4 n/a n/a n/a 275±35.5 342±52.  379±42.0 n/a n/a n/a 

250±14.  177±14.5 214±25.4 n/a n/a n/a 301±45.2 273±30.3 3 1±4 .1 n/a n/a n/a 

PHN* 
3.12±1.   14.1±4.84 35.4±12.5 n/a n/a n/a 2 .2±1 .7 5.29±1.38 53.1±10.3 n/a n/a n/a 

3.11±1. 3 13.2±4. 0 33.1±12.5 n/a n/a n/a 33.0±15.7 8.18±3.39 4 .0±12.7 n/a n/a n/a 

PW* 
41.3±10.7 135±48.4 195± 7.  n/a n/a n/a 74.0±28.5 20. ±3.90 148±28.3 n/a n/a n/a 

3 .9±7.38 132±47.4 175± 4.9 n/a n/a n/a 97.7±28.1 32.2±11.2 133±35.0 n/a n/a n/a 

PWN* 
3 .5±4. 0 5 .3±7.19 71.3±7.59 n/a n/a n/a 53.4±9.27 2 .0±2.87 75.3±3.29 n/a n/a n/a 

34.2±3.94 5 .0± .24  9.9±7. 3 n/a n/a n/a 61.7±7. 0 31.4± .12 72.0± .83 n/a n/a n/a 

PRSN* 
15.4±4.07 13.8±1.14 23.2±5.11 n/a n/a n/a  2.2±15.2 107±35.8 50. ± .07 n/a n/a n/a 

1 .9±3.4  13.3±1.24 25.3± .43 n/a n/a n/a 55.2±11.1 84.2± 3.0 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 193±28.2 140±38.7 18 ±22.8 n/a n/a n/a 

289±17.3 115±8.70 193±2 .1 n/a n/a n/a 207±25.  113±22.  1 7±30.  n/a n/a n/a 

PSR* 
5.1 ±1.5  12.8±1.90 12. ±3. 8 n/a n/a n/a 33.0±9.83 8 .8±72.  27. ±4.58 n/a n/a n/a 

5.85±1.18 11. ±2.04 13.4±4.04 n/a n/a n/a 27.3±8.18 87.0±85.0 34.3±17.9 n/a n/a n/a 
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PS* 
31.0±2.58 41.3±2.43 22.4±2.51 n/a n/a n/a 23.9±2.05 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 23.9±2.44 34.5±5.54 21.9±1.73 n/a n/a n/a 

PO* 
51.7±11.5 148±49.1 184± 7.2 n/a n/a n/a  4.9±25.2 35.9± .74 137±28.4 n/a n/a n/a 

49.0±7.11 145±48.3 1 3± 4.8 n/a n/a n/a 82.8±25.8 50.2±14.3 125±32.7 n/a n/a n/a 

PE* 
72.3±11.7 177±48.2 217±  .8 n/a n/a n/a 97.9±28.5 50.4±7.2  1 9±28.3 n/a n/a n/a 

 7. ±7.0  174±47.2 19 ± 4.7 n/a n/a n/a 122±28.1   .7±15.2 155±34.7 n/a n/a n/a 

PSN* 
28.0±2.53 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 

28.7±2. 8 18.8±3.31 9.49±3.12 n/a n/a n/a 1 .0±3.83 34. ±3.24 12. ±3.30 n/a n/a n/a 

PON* 
45.9±4.14  2.0± .18  7.0±8.56 n/a n/a n/a 4 .7±7.59 45. ± .04  9.7±3.95 n/a n/a n/a 

45.4±2.87  1.7±5.52  4.5±9.01 n/a n/a n/a 52.0±7.25 49.2± .3   7.8±5. 1 n/a n/a n/a 

PEN* 
 4.5±2. 5 74. ±3.81 80.5±4.35 n/a n/a n/a 71.9±5.81  4.0±3.   8 .4±1.70 n/a n/a n/a 

 2.9±1.78 74.8±3.07 79.4±4. 5 n/a n/a n/a 77.7±4.3    .0±4. 0 84.7±3.72 n/a n/a n/a 

AMP* 
11.8±0.88 13.1±0.50 3.50±0.3  n/a n/a n/a 8.05±1.33 5.01±0.35  .33±0.53 n/a n/a n/a 

11.2±0.90 13.3±0.4  3.53±0.22 n/a n/a n/a 7.4 ±1.00 4.78±0.24  . 3±0. 4 n/a n/a n/a 

Trial #3 

HR 
60.9±5.54 22.0±7.11 21.8±4.   n/a n/a n/a 44.1±10.3 75.7± .71 47.4±10.7 n/a n/a n/a 

 2.0±7.71 23.3±7.85 21.7±4. 2 n/a n/a n/a 35. ±4.95 82.8±7.15 31.4±5.12 n/a n/a n/a 

PPSN* 
 7.9±15.9 188±18.3 3  ±43.2 n/a n/a n/a 313±33.2 24 ±20.3 41 ±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±1 .0 142±21.0 203±21.4 n/a n/a n/a 222±27.8 308±2 .1 275±42.0 n/a n/a n/a 

249±21.0 151±24.5 21 ±27.2 n/a n/a n/a 23 ±22.9 348±24.8 272±32.7 n/a n/a n/a 

PHN* 
2. 4±1.90 13.4± .01 39.8±9.15 n/a n/a n/a 21.9±12.2  .42±3.55 22. ±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. ±8.9  5.59±1.82 3 .5±8.59 n/a n/a n/a 

PW* 
47.2±11.1 190±104 21 ±53.3 n/a n/a n/a 75.4±28.7 28.7±9.47 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. ±9.74 n/a n/a n/a 

40.3±5. 0 58.0±11.8 75.7±4.8  n/a n/a n/a 58.2±5.02 2 .7±2.99 70.7±4.72 n/a n/a n/a 

PRSN* 
12.2±2.81 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± .0  99.1±39.3 4 .0± .53 n/a n/a n/a 

PFSN* 
31 ±17.  101±18.7 200±31.7 n/a n/a n/a 125±21.5 122±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±1 .5 145±20.1 128±23.9 n/a n/a n/a 

PSR* 
3.8 ±0.88 11.0±2.25 11.7±3.30 n/a n/a n/a 42.2±13.4 53.0±45.7 87. ±80.3 n/a n/a n/a 

4.78±2.09 11.0±3.85 9.3 ±2.15 n/a n/a n/a 3 .2±5.48 70.0±35.8 37.8±12.2 n/a n/a n/a 

PS* 
29.9±3.50 47. ±3.40 20.9±2.71 n/a n/a n/a 28.4±2.47 34.1±2. 4 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. 8 23.9±1.98 n/a n/a n/a 

PO* 
51.8±10.2 213±108 205±52.  n/a n/a n/a 75. ±27.  47. ±9.79 78.7±2 .7 n/a n/a n/a 

5 .2±15.0 209±143 205±47.9 n/a n/a n/a 97.8±24.1 37.2± .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 104±29.1  2.8±10.1 101±29.5 n/a n/a n/a 

79.5±14.7 23 ±149 240±47.9 n/a n/a n/a 130±24.9 52.0± .35 1 4±30.2 n/a n/a n/a 

PSN* 
25.7±3.47 17.3±5.4  7. 0±2.04 n/a n/a n/a 19.8±3.85 3 .5±3.54 18.8±4.41 n/a n/a n/a 

25.8±3. 9 17.5±5. 7 7.51±2.22 n/a n/a n/a 1 .8±2.18 38.0±2.51 12.5±2.49 n/a n/a n/a 

PON* 
44.0±3.80   .1±9.84 70.5±5.22 n/a n/a n/a 49.3±7.91 50.1±4.45 57.4± . 8 n/a n/a n/a 

4 .4±4.77  5.1±10.0 70. ±5.31 n/a n/a n/a 5 .1±4.53 4 .1±3. 1  8.1±4.1  n/a n/a n/a 

PEN* 
 5.7±2.37 75.3± .38 82.1±3.2  n/a n/a n/a  8.9±5. 7   .4±3.13 74.4±5. 2 n/a n/a n/a 

  .2±2.75 75.5± .32 83.2±2.85 n/a n/a n/a 75.0±3.12  4.7±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±0.2  8.12±0.85 n/a n/a n/a 

11.9±0.99 13.0±0.8  3.70±0.27 n/a n/a n/a 7.74±0. 8 5.08±0.35 7. 5±0.71 n/a n/a n/a 

*parameter values in the table are multiplied by 100 
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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; Kozák et

al. 2009), ammonia (Bloxham et al. 1999), chlorides, and

nitrite together (Kozák et al. 2011). Several authors reported

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

Noninvasive crayfish cardiac activity monitoring system

Aliaksandr Pautsina1*, Iryna Kuklina2, Dalibor Štys1, Petr Císař1, and Pavel Kozák2
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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-

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

Pautsina et al. Crayfish cardiac activity monitoring
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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

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-

Pautsina et al. Crayfish cardiac activity monitoring
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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

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)

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 Vysočina Region, Czech Republic. The experimental

( )+
− − =
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PRSN K

1

0.9125 0.2336
0.1001
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Fig. 3. Local extremum points of the crayfish cardiac activity signal used

in data processing sequence.
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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

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

Pautsina et al. Crayfish cardiac activity monitoring
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Table 1. Calculation of chronotropic and inotropic parameters of crayfish cardiac activity. –
coordinates of the local extrema on the crayfish cardiac activity curve according to Fig. 3.

Parameter Description Formula

HR heart rate

PPSN normalized previous peak slope

NPSN normalized next peak slope

PHN normalized peak height

PW peak width

PWN normalized peak width

PRSN normalized peak’s rising slope

PFSN normalized peak’s falling slope

PSR peak slopes ratio

PS peak start

PO peak offset

PE peak end

PSN normalized peak start

PON normalized peak offset

PEN normalized peak end

P P P P P P V V V V V,  ,  ,  ,  ,  ,  ,  ,  ,  ,  
x y x y x y y x y x y

1 1 2 2 3 3 1 2 2 3 3

( )P P60 /  -
x x

3 1

( )( )( ) ( ){ }− − − −V P P V V V P /  min ,  /  
y y y y y x x

2 1 1 1 2 2 1

( )( ){ }− − −P V P V V P V( ) /  min ,  /  ( )
y y y y y x x

3 3 1 1 2 3 3

( ) ( ){ } { }− −P V V P V Vmin ,  /  min ,
y y y y y y

2 2 3 1 1 2

−V V
x x

3 2

( ) ( )− −V V P P /  
x x x x

3 2 3 1

( )( )( ) ( ){ }− − −P V P V V P V /  min ,  /  
y y y y y x x

2 2 1 1 2 2 2

( )( )( ) ( ){ }− − − −V P P V V V P /  min ,  /  
y y y y y x x

3 2 1 1 2 3 2

PRSN PFSN /  

−V P
x x

2 1

−P P
x x

2 1

−V P
x x

3 1

( )PS P P /  -
x x

3 1

( )−PO P P /  
x x

3 1

( )−PE P P /  
x x

3 1
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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:

(2)

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

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.

( )+
+ + =

a PHN b
PRSN c

1
0

Pautsina et al. Crayfish cardiac activity monitoring

675

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.
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We separately processed data on crayfish cardiac activity

recordings before and after the exposure to food odor and

chloramine-T. For each crayfish the mean and standard devia-

tion (SD) values of 15 cardiac activity parameters (Table 1)

before and after the impact were calculated. The mean and SD

of parameters for each crayfish were then averaged over the

group of crayfish that were used in each of the two experi-

ments using Eq. 3 and Eq. 4:

(3)

(4)

∑
= =P

P

N

j i

N

i

j

1

std P
std P P

N
P 

   /  
j i

N

i

j

i

j

j1
∑

( )
( )

= =
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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.

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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in which , , mean and SD values of j-th parameter

over the group of crayfish, respectively; N, number of crayfish

used in the experiment; , , 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

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

( )std P 
j

P
j

( )std P 
i

j
P
i

j
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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

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.
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