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1    Introduction 
 

This study focuses on the effect of hygienically treated water by chlorine dioxide on 

crayfish cardiac physiology. Crayfish are known for their high sensitivity to chemical 

agents in aquatic ecosystems. The reaction on contamination expressed through the 

changes in behavior, cardiac and locomotion activity, is used for indication of changes in 

quality of water. The data, obtained from monitoring of crayfish responses to different 

stimuli, help to understand the effect of pollution environment on living organisms.  

There are a lot of studies about the influence of various substances on functional state 

of crayfish. However, only a few of them are considering the effect of disinfectants on 

animal’s physiology. Signal crayfish, one of the most commonly used crayfish species 

for toxicological experiments, was chosen for this study because of its suitability as an 

experimental model. 

The aim of this study is the evaluation of crayfish physiological reaction on water 

disinfected with ClO2 during long-term exposure under the conditions of the brewery, 

which has water purification system. Also, an essential part of the present study is a 

literature overview, featuring crayfish etiological and physiological reaction on exposure 

of different stimuli and methods for the monitoring of cardiac activity and behavior.  
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2    Literature overview     
 

2.1. Chemical contamination in aquatic ecosystems 

 

Large numbers of industrial chemicals and heavy metals are entering the natural 

environment (e. g. Nriagu and Pacyna, 1988; Faria et al., 2010; Strickman and Mitchell, 

2017). Increasing agricultural, industrial, and urban use of water bodies lead to elevated 

contamination of the aquatic environment (Coimbra et al., 1996; Faria et al., 2010). 

Degradation of aquatic ecosystem health, caused by anthropogenic activities and 

naturally occurring events, made water quality necessary to monitor (Loeb, 1994).  

Pharmaceuticals, veterinary and illicit drugs and personal care products (food 

supplements, the ingredients in cosmetics) pass through sewage treatment plants into the 

aquatic environment because of their partial elimination during the cleaning process. 

These substances are more regularly infused into water bodies than industrial chemicals 

(Daughton and Ternes, 1999).  

Increasing production of different anthropogenic chemicals has a negative effect on 

water conditions and organisms (Connon et al., 2012). Ecosystems are mainly polluted 

by atrazine, simazine, persistent organic pollutants (POPs) such as polycyclic aromatic 

hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), 

dichlorodiphenyltrichloroethane (DDT), dichlorodiphenyldichloroethylene (DDE) and 

other pesticides (Comber, 1999; Fernandes et al., 2002; Holmqvist et al., 2007).  

Metal contaminants, such as copper, zink, cadmium, lead, chromium, mercury, are 

widespread pollutants in the surface water (Taylor et al., 1995; Soedarini et al., 2012;). 

Because of industrial human activity, concentrations of heavy metals in the aquatic 

ecosystems are elevated (Graedel et al., 2004). Also, biodiesel and crude oil in the 

environment of streams, rivers, oceans negatively affect water organisms (Bucas and 

Saliot, 2002; Khan et al., 2007).  

For sensitive species, which are already damaged by sublethal effects, different 

additional stressors (supplemental pollution, increasing temperature) can lead to mortality 

(Triebskorn et al., 2002). Generally, the effects of the usual environmentally toxicant are 

depending on concentration levels, time exposure and species responses to contaminants: 

in one case affected animal has physiological destruction (Bollinger et al., 1997; 

https://www.google.cz/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&cad=rja&uact=8&ved=0ahUKEwjEqNqBr8nQAhWKWCwKHcJkDpsQFggoMAE&url=https%3A%2F%2Fwww.ncbi.nlm.nih.gov%2Fpubmed%2F17329927&usg=AFQjCNESZjZPoN4b-9Urv0_lUUIPbmboBQ&bvm=bv.139782543,d.bGg
http://www.sciencedirect.com/science/article/pii/S0269749116315263
http://www.sciencedirect.com/science/article/pii/S0269749116315263
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Nathaniel et al., 2012) and in another situation, pollute substances impact causes even 

mortality (Naqvi and Howell, 1993; Barbee et al., 2010).  

Therefore, quality of water is deteriorating and has an influence on aquatic 

inhabitants (Bowen and Depledge, 2006). Directly or through the food chain these toxic 

substances accumulate in tissues of living aquatic organisms (McIntyre and Beauchamp, 

2007). Pollutants influence on their ability of reproduction and grow and affect stress 

response (Waye and Trudeau, 2011). Many industrial and agricultural contaminants exert 

the impact on the immune system of aquatic organisms and elevate sensitivity to different 

diseases (Luebke et al., 1997). Chemical contaminants presented in an aquatic 

environment potentially could negatively affect neuroendocrine control mechanisms of 

hydrobionts (Gore, 2010). In addition, pollutants are dangerous because of their 

continuous entry into water bodies, which may cause chronic effects on living organisms 

(Daughton and Ternes, 1999).  

 

2.2. Aquatic organisms as indicators of environmental changes 

 

Due to permanent environmental pollution many methods for detection of water 

quality were developed (Hirsch et al., 1991). Using toxicity tests and chemical-specific 

sensors could not provide sufficient information about the toxicity in aquatic habitat (Van 

der Schalie et al., 2001). Living organisms may display the contamination history of a 

specific place, when they have been exposed to chemicals during a long period of their 

life (Kraak et al., 1991). 

The most common, accurate and important approach to study environmental 

pollutants is the use of bioindicators (e. g. Füreder and Reynolds, 2003; Hodkinson and 

Jackson, 2005). Aquatic organisms at different trophic levels could indicate changes in 

the ecosystem (e. g. Kholodkevich et al, 2008; Rahmanpour et al., 2016). Often these 

changes affect population numbers and ecological distribution that allow them to be used 

as bioindicators (Luebke et al., 1997). Hydrobionts, that bioaccumulate contaminants 

from water bodies can transfer them to other (mainly higher) trophic levels of the food 

chain (Maeda et al., 1990). 

Fish are often used as biological indicators of environment changes in the aquatic 

ecosystems (e. g. Fernandes et al., 2002; Birungi et al., 2007). They can demonstrate 

different levels of pollutant accumulation depended on various contamination degrees. 
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Analyzing fish tissues allow determining contaminant substances in investigated 

individuals (Aguilar-Betancourt et al., 2016). The most common species used in pollution 

research are: Perca flavescens, Cyprinus carpio, Oreochromis niloticus and other fish 

species (Parks et al., 1991; Rice et al., 1996; Fernandes et al., 2002; Berglund, 2003; 

Birungi et al., 2007). 

Invertebrates, which represent 95v% of all animal abundance in the world (Depledge 

and Fossi, 1994), are performing as common indicators of organic and inorganic pollution 

through their reactions at different levels of organization. Demographic features, such as 

wide spreading in the environment, availability and abundance, make them suitable 

candidates for the role of an indicator (Schilderman et al., 1999; Hodkinson and Jackson, 

2005).  

Decapods, such as crayfish, are known to be sensitive to contamination in freshwater. 

Also, they demonstrate a high response to changes in aquatic ecosystems because of their 

sensitivity to water quality. Crayfish can reflect on water pollution during a long-term 

period. As polytrophic organisms, they could hold a predator position and at the same 

time be a prey for different levels of the freshwater food chain (Schilderman et al., 1999; 

Soedarini et al., 2012; Kuklina et al., 2014). They are characterized by high abilities to 

accumulate various pollutants in their tissues and display disorders in the body functions 

as reaction on environmental contaminants (Reddy et al., 1997; Pennuto et al., 2005; 

Alcorlo et al., 2006; Holmqvist et al., 2007). 

In comparison with fish, crayfish have a relatively primitive circulatory and vascular 

system (Randall, 1970; Vogt, 2002). Such a simple organization makes the cardiac 

activity monitoring process clearer and easier (Bojsen et al., 1998; Pautsina et al., 2014). 

Crayfish heart rate and locomotor activity under natural living conditions are increasing 

during night time because of their nocturnal activity and this physiological feature was 

observed under the influence of various factors (Styrishave et al., 1995; Bojsen et al., 

1998; Udalova et al., 2009). Also, several studies have described the response of the 

cardiac system on different chemical stimuli as ammonia, chlorine organic compound (e. 

g. Bloxham et al., 1999; Kholodkevich et al., 2008).  

Different crayfish species are used with the aim of scientific research: Astacus 

astacus, Pacifastacus leniusculus, Procambarus clarkii and many other species of diverse 

genuses: Austropotamobius, Cherax, Euastacus, Orconectes, Astacopsis (Styrishave et 
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al., 1995; Bloxham et al., 1999; Listerman et al., 2000; Bergman and Moore, 2003; 

Goudkamp et al., 2004; Kozák and Kuklina, 2016).  

 

2.3. The effects of pollutants on the crayfish organism  
 

2.3.1. Heavy metals 

The result of metal contaminant water exposure to crayfish is a significant 

bioaccumulation of these substances in animal tissues. The highest concentration of 

metals was foundeded in the crayfish hepatopancreas, then in exoskeleton and muscles 

(Alcorlo et al., 2006).  

Copper is an essential element for functioning of all living organisms (Linder, 1991), 

but when its level exceeds the required norm of the physiological requirements, this metal 

becomes toxic (Taylor et al., 1995; Bini and Chelazzi, 2006; Lahman et al., 2015). Copper 

gets to crayfish haemocyanin through respiration and circulates with haemolymph to all 

organs (Soedarini et al., 2012). Its higher concentration decreases the cardiac and 

ventilatory rates (Bini and Chelazzi, 2006). Also, this metal reduces an animal’s ability 

to detect a food odor source, restraining walking speeds toward it and impairing 

orientation pathways (Sherba et al., 2000; Lahman et al., 2015). Styrishave et al., 1995 

found that because of the impact of copper the crayfish heart rate increased in day period 

and decreased at night. Taylor et al. (1995) observed the reaction of crayfish from both 

metal-contaminated and uncontaminated nature habitat on different copper levels. The 

group of animals, which already were exposed earlier to copper, did not exhibit any 

disturbances in the behavior during a short time period (24 hours) of copper contact, 

unlike the second group. But after long term exposure, the behavior of the first crayfish 

group changed and they could not withstand further impact of this metal. It may be caused 

by the breakdown of copper regulatory mechanisms. However, it was proved, that 

crayfish can survive when copper concentrations in their environments significantly 

exceed their physiological needs. 

Mercury is also present in water ecosystems and the major step of its cycling is 

methylation (Gilmour and Henry, 1991). Methylmercury, formed both in biotic and 

abiotic processes, is accumulated and transported in food chains effectively (Simon and 

Boudou, 2001). It represents 88% of total mercury, accumulated in crayfish body 

(Pennuto et al., 2005). Mercury and methylmercury enters the crayfish from food or water 
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pathways (Simon and Boudou, 2001). The amount of mercury in the organism can be due 

to various factors such as habitat type or animal size. For example, crayfish from rivers 

or streams have more mercury then crayfish from natural ponds and the smaller 

individuals have less mercury then the largest individuals (Pennuto et al., 2005). 

Styrishave et al. (1995) described the effect of mercury on the crayfish heart rates, which 

increased in day time to levels characteristic of night time. It led to loss of circadian 

rhythmicity and the subsequent death.  

Cadmium is a non-essential element, which may negatively influence on aquatic 

living organisms (Reddy et al., 1997). Because of high concentration exposure of this 

metal protein level and caloric content in crayfish gill tissue decreased. Also, it induces 

to decline of lipid and protein concentration in hepatopancreas and glucose levels and 

caloric content both in hepatopancreas and in muscle (Torreblanca et al., 1991). Cadmium 

chloride affects the level of glucose in the blood of crayfish, thus causing hyperglycemia 

(Reddy et al., 1994). Naqvi and Howell (1993) founded, that cadmium affect crayfish egg 

laying and hatching. While the control crayfish laid 203 eggs, treated animals laid only 

48 eggs. Moreover, in the control group 95v% of the eggs hatched in opposite to exposed 

group, where it was only 17v% of the eggs.  

Both cadmium and mercury restrain crayfish ovarian maturation. Particularly, these 

metals inhibit the stimulatory action of neurotransmitter 5-Hydroxytrypta-mine (5-HT), 

which induces ovarian maturation in vivo. In addition, in this case mercury had  the 

highest toxic effect, then cadmium. Similar events in nature may cause significant 

negative effect on the crayfish reproduction (Reddy et al., 1997). 

Uranium is a non-essential inorganic element, which as other trace metals has 

accumulative and toxic effects (WHO, 2001). The concentration of uranium in the 

crayfish gills is higher than in the hepatopancreas (Kaddissi et al., 2012). As several 

studies have shown, the impact of uranium does not induce crayfish mortality (Kaddissi 

et al., 2012; Simon et al., 2013). But after long period of influence this metal lead to 

oxidative stress and to decrease in antioxidant response in animal organism (Kaddissi et 

al., 2012).  

Chromium compounds are entering to water bodies from metal and leather industries 

(Armienta et al., 1996). Chromium is accumulating in crayfish gills and haemolymph, but 

not in muscle and digestive glands.  It does not cause animal mortality, but it impairs 

haemolymph cells of the crayfish (De la Sienra et al., 2003). This metal destructs the 
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tubules of the hepatopancreas and disrupts the epithelial cells of gills (Bollinger et al., 

1997). 

Investigation, carried out with lead, demonstrated decrease of heart rate of crayfish 

after 24 hours of exposure, but then, after 21 days of contact with lead, it was recovered 

(Ahern and Morris, 1999). Lead accumulated in all the crayfish tissues after 14 days of 

exposure. The order of tissues, where lead was presented, was the following: gill > 

exoskeleton > mid-gut gland > muscle > haemolymph (Morris et al., 2005). But this order 

can vary depending on the dose and time metal bioaccumulation (Anderson et al., 1997). 

And Naqvi and Howell (1993) researched lead toxicity to juvenile crayfish and found, 

that with lead addition in the water mortality elevated respectively and after 96 hours with 

peak of metal concentration mortality was 92 %.  

Zink, as well as cadmium and copper, is an essential element necessary for biological 

activity, but it could affect negatively on water organisms in higher concentration 

(Brinkman and Johnston, 2012). Mirenda (1986) found, that this metal is accumulate in 

crayfish tissues in the next order: gill > hepatopancreas > abdominal muscle > carapace 

> intestine. Zink significantly influence crayfish oocytes development. The 

gonadosomatic index (GSI) decreased with elevated metal concentration (Martin-Diaz et 

al., 2005).  

 

2.3.2. Pesticides and fuel 

Herbicides, one of the groups of pesticides, are widely used in agricultural activities 

and they are entering aquatic organisms through inhalation, consumption or through 

epithelium (Helfrich et al., 1996).  

Browne and Moore (2014) investigated the effect of 2,4-Dichlorophenoxyacetic Acid 

Herbicide (2,4-D) on crayfish behavior. It was observed, that treated animals need more 

time to find a food and their walking speed was increased. Also, they did not stay long in 

the labyrinth part with food, spending most of the time in the neutral part. 

Atrazine is a synthetic herbicide, which commonly used by humans (Comber, 1999). 

Under atrazine exposure the crayfish lost an ability to locate the odor source, but 

simultaneously it does not affect walked velocity (Belanger et al., 2015).  

Velisek et al. (2013) studied the effect of six triazine pesticides (atrazine, hexazinone, 

metribuzine, prometryne, simazine, terbutryne) on juvenile crayfish. Higher 

concentration of these substances induces difficulties in animal walking. They 



16 
 

demonstrated a rocking motion. Some crayfish tried to climb the walls, further individuals 

were in the middle of the chamber. Backward movement increased simultaneously with 

loss of walking legs and claws. Eventually, crayfish lost balance, overturned on the back 

and died.  

Another herbicide, metolachlor, in higher concentration decrease animal aggression 

and aspiration to dominate (Cook and Moore, 2008). Also, crayfish showed a weakened 

reaction to the food odor. It was suggested that behavior changes could be due to odor 

masking by the chemical substance, physiological deterioration, which can affect the 

motor abilities of the animal or disturbance of external chemosensory receptors (Wolf 

and Moore, 2002). 

Crayfish are the most sensitive freshwater species to insecticides, another group of 

pesticides (Paul and Simonin, 2006). However, its continuous influence does not lead to 

significant animal mortality (Barbee et al., 2010). 

The presence of biodiesel and crude oil in water ecosystems also impairs 

physiological processes of crayfish. Both fuels negatively affect the chemosensory 

behavior. Exposed animals choose the right side of maze with food less successfully then 

control individuals (Jurcak et al., 2015).  

 

2.3.3. Drugs 

 Different types of drugs are known to contribute to unconditional behavioral 

reactions in living organisms (Panksepp and Huber, 2004; Imeh-Nathaniel et al., 2014).   

Cocaine has a significant influence on each locomotion sub-component. Crayfish 

exposed to this substance had increase in velocity, traveled distance, mobility and 

immobility (Nathaniel et al., 2012).  

Panksepp and Huber (2004) described different behavior changes as responses to 

cocaine and amphetamine exposures.  Intramuscular injections of cocaine induced 

abdomen flexion, quick backwards walking and claw waving. Similar injections of 

amphetamine led to crayfish positioning themselves in the corner of the aquarium and to 

subsequent exploration of walls by their antennae.  

Morphine injections into the brain intensified a strong excitation followed by 

elevated locomotion and surround investigation. Then, when morphine exposures were 

terminated, exploratory a behavior was elevated (Imeh-Nathaniel et al., 2014).  
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2.3.4. Disinfectants  

Kouba et al. (2012) investigated the effect of peracetic acid on crayfish. High 

tolerance was observed to this product in adult animals, exposed 96 hours, and total 

mortality in 9 months old juveniles exposure to peracetic acid concentrations from 250 to 

350 mg·l-1. Also, mortality occurred after use of concentrations higher than 20 mg·l-1 for 

10 days old juveniles. 

The crayfish gills are the main organ affected by sub-acute peracetic acid toxicity. 

Crayfish, exposure to peracetic acid for 7 days, have disorganization of epithelial cell in 

gills, infiltration of hemocytes in antennal gland tissue (Chupani et al., 2015).  

 

2.4. Physiology of crayfish heart 

 

Decapoda which includes crayfish have open circulatory system (McMahon and 

Burnett, 1990; McMahon, 2012), containing the heart, arteries and sinuses (Vogt, 2002).  

The circulation fluid of the open system, haemolymph, consists of blood and lymph, 

which are often contiguous, while in closed system blood is always separated from lymph. 

In opposite to a closed system, where fluid returns via finite tubes connected to heart, 

tubular connection in an open system of the arthropods is absent and haemolymph goes 

directly through arteries to the open body cavity. Then blood circulates back through 

sinuses to the pericardium, where the heart is placed, and penetrates the heart via the three 

paired ostia (Fig. 1), which are located dorsally, laterally and ventrally (Vogt, 2002; 

McMahon, 2012). The haemolymph is transported by the heart to seven main arteries and 

then, through smaller vessels, it gets to all organs. The oxygen, nutrients and hormones 

are spread throughout the body via the circulatory system (Vogt, 2002).  

The crayfish have a neurogenic heart (Maynard, 1960), which is situated on the dorsal 

side under the carapace in the pericardial cavity (Vogt, 2002). It has three levels of cardiac 

regulation, which is common for many crustaceans: cardioacceleratory and 

cardioinhibitory nerves, neurohormones from the pericardial organs and the cardiac 

ganglion (Maynard, 1960; Cooke, 2002). The cardiac ganglion is situated along a median 

line of the inner dorsal wall and constitutes of eight large cells of the neurons, which drive 

contractions of crustacean heart muscle (Kuramoto and Yamagishi, 1990).  

Also, crayfish have a second organ, which serves as a pump, an auxiliary heart or, 

another designation, the cor frontale (Vogt, 2002). The heart and auxiliary heart are 
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connected by median artery. Three blood vessels are extending from auxiliary heart: one 

branch is directed to the brain and two branches go to the eyes (Ache and Sandeman, 

1980; Sandeman and Sandeman, 1998).  

 

 
Figure 1. Diagrammatic astacidean crayfish with gills and musculature removed to show 

major organ system. Obtained from (McLaughlin, 1983). 

 

The haemolymph, containing the haemocytes and the plasma, occupies about 27 % 

of a crayfish body volume. The most prevailing protein in the haemolymph is the 

haemocyanin, which contains copper and acts as oxygen carrier (Vogt, 2002; Lee et al., 

2004; Hagner-Holler et al., 2005). This respiratory protein pertains to the most 

complicated molecules in the animal kingdom. The haemolymph has a bluish color 

because of the copper-oxygen molecular complex (Terwilliger and Ryan, 2001; Vogt, 

2002). 

Cardiac system passes a series of changes during crayfish growth and development. 

Heart rate declines until hatching, then it increases until a juvenile stage and, finally, when 

the animal mass grows, heart rate decreases simultaneously (Reiber, 1997). Early function 

of the heart presents commonly as insensitive to the environmental factors such as 

pollutants or temperature. However, adult crayfish are more sensitive toward these factors 

(Spicer, 2001). 
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2.5. Methods for observing crayfish behavior and measuring cardiac activity 

 

Demonstration of crayfish circadian rhythms is an essential part of behavioral 

response to environmental changes (Styrishave et al., 1995). The cardiovascular system 

performs the important vital function for survival of an organism (Reiber, 1997; Harper 

and Reiber, 2006).  

 

2.5.1. Invasive methods for cardiac activity recording 

Invasive methods of crayfish physiological activity recording accompanied with 

damage of the exoskeleton cuticle due to injection or implantation. There are several 

invasive methods for measuring cardiac activity. All of them use special wires, which are 

connected directly by electrodes to the crayfish. The crayfish perform a kind of gauge 

during these processes (Kozák and Kuklina, 2016). Monitoring heart rate allow to obtain 

information about the animal's response to different stimuli, even if the external behavior 

does not change (Listerman et al., 2000).  

In the study of Tsuchida et al. (2004) was used both dual and quad channel 

transmitters regarding recording of electromyogram and neural activity. A pair of Teflon 

coated wires connected with transmitters was used for recording electromyograms 

(EMGs). Registration of spike activities from the circumesophageal connective was more 

complicated. To place the electrode in this area it was necessary to make a small hole (5 

mm × 5 mm) in cuticle on the dorsal side of the cephalothorax. Then, a visually monitored 

electrode was inserted into the body cavity. After the electrode was installed, the removed 

part of cephalothorax was placed back on the hole and fixed by adhesive. This technique 

was specially adapted for applying to crayfish. That is why the weight of transmitters was 

about 20 % of total animal body (9 and 6.2 g for each of two transmitters). The lithium 

battery of transmitter remains active for 4 hours. It is also possible to use a smaller battery 

to reduce the weight of the transmitter, but the operating time of battery will also decrease. 

The signal could be obtained at a 50cm distance from the transmitter. 

Applications of this method allow animals to move freely. Thereby, recording was 

possible even from resting animals that could move. 

It is also possible to obtain electromyograms (EMGs) of the four crayfish leg muscles 

during reflexively or spontaneously walking and simultaneously to video-record the leg 

motions. Each leg muscle is extracellular recorded by mounting a pair of silver wires 
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interposed against a relatively immobile area of the muscle. Two holes are drilled in the 

cuticle and after the fixing wires they are sealed with glue. Crayfish can initiate 

movements not only as response on the external changes, but also in the absence of any 

impacts. This method could provide electrical signals from activated and non-activated 

leg muscles of crayfish (Chikamoto et al., 2008; Kozák and Kuklina, 2016).  

Another invasive method is obtaining electrocardiograms (ECGs). Stainless steel 

electrodes are placed under the dorsal carapace on either side of the heart. Small holes are 

punctured in the carapace. These procedures are done 3 days before the experiment, 

because all manipulations lead to animal stress and after this period the heart rate is 

stabilized.  Then, after inserting of wires, holes are sealed with instant cyanoacrylate glue. 

Cardiac signals are taped with a computerized recording system. Determination of the 

heart rate is obtained by direct measurement with a window discriminator of an 

instantaneous measure with next converting to beats per minute. For recording the 

crayfish physiological responses under controlled condition heart rate could be 

determined both out of and in water (Listerman et al., 2000; Goudkamp et al., 2004).  

Invasive methods traumatize the animals. Consequently, often it leads to annulment 

of measurement within 24 hours after implantation or injection (Depledge, 1984). 

 

2.5.2. Non-invasive methods for cardiac activity recording 

New opportunities for more realistic measurements of cardiac activity were detected 

after the appearance of non-invasive techniques, which allow to measure heart rate both 

in the laboratory and the field (Depledge et al., 1996; Bloxham et al., 1999). Non-invasive 

biomonitoring systems decrease animal disturbance and time manipulation. As a result, 

theoretically it provides to the investigation the most actual physiological data (Kozák 

and Kuklina, 2016). Numerous techniques are applying for monitoring cardiac activity in 

decapods crustaceans (Depledge, 1984).  

Photoplethysmography (PPG) which allows monitoring heart rate both in air and 

water was described by Depledge (1984) as a cheap and available technique with 

potentially widespread use. This device consisted of two small bulbs and a highly 

sensitive photosensor, which is fixed to the carapace cardiac area by momentary and 

water-resistant glue. Each of the two bulbs transmitted low intensity light, which came 

through the carapace directly into the pericardium. When the heart muscle contracted 

certain amounts of light were reflected by the pericardium and fell on the photosensor, 
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which transformed this light into a proportional voltage change for the further work of 

the oscilloscope. After the recording was finished, the device could be easily separated, 

and this allowed minimizing disturbance to the animal.  

The next stage in the development of non-invasive techniques was a computer-aided 

physiological monitoring system (CAPMON). The equipment described above has been 

improved by using a special transducer, which comprised phototransistor detector and 

infrared light emitting diode operating in the near range. These components were placed 

parallel and towards one side. The phototransistor identified changes in infrared light 

intensity and generated a current, which was reflected by light and then was amplified 

and filtered before computer registration. A plastic ring of the transducer was attached to 

the animal carapace over the heart using by quick-drying and non-toxic glue. A flexible 

wire, which connected transducer with computer interface, allowed the observing 

organism to move freely. Direct heart beat monitoring using by ECG showed that beating 

was equivalent to the peaks received by PPG, but it is necessary that transducers should 

be correctly installed to avoid its loose during operation. With using of CAPMON system, 

monitoring of circadian rhythmicity in heart rates of 8 individuals simultaneously, 24 

hours per day for long periods became possible. Moreover, the system is versatile and 

could be used in researches of contamination (Depledge and Andersen, 1990). The data 

were continuously recorded on a personal computer in the form of beats per minute 

(Styrishave et al., 1995). 

Although the CAPMON system was demonstrated as functional and adaptable 

(Styrishave et al., 1995; Bojsen et al., 1998), but it could not supply the data regarding 

means of rate functions (for example, mean heart rates). The beating may be regular in 

some time intervals and contrariwise it may become irregular in another time intervals, 

but obtaining mean heart rates may be the same for both these periods. An Automated 

Interpulse Duration Assessment system (AIDA), the next modified technique, allowed 

conducting more detailed measurement of variability and disturbances of heart rate. This 

system gave opportunity for continuous interpulse intervals recording (the time interval 

between heart beats), beat regularity estimation and determination reasons which cause 

irregularities. Animals used in the experiment were not overly disrupted during the 

transducer affixing. It leads only to short-lived changes in interpulse durations and the 

mean heart rate was not changed (Depledge et al., 1996).  
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In addition, the CAPMON system was modified and enabled monitoring of several 

physiological and behavioral parameters such as heart and ventilatory rate and locomotor 

activity (Aagaard, 1996; Bojsen et al., 1998; Bloxham et al., 1999). 

Measurement of the scattered and reflected infrared light variation was conducted 

with several changes. Photoplethysmograph was improved by low-power semiconductor 

laser, which produced infrared light and fibre-optic cables, which transmitted this light to 

the animal heart region through the sensor affixed to the carapace, thus providing 

scattered laser light. The send back signal provide data about regular changes in the heart 

size and shape. During systole, the optical signal is modulated. The identical electric 

signal is transformed to digital after appropriate amplification and filtration. Then it is 

registered in a computer (Fedotov et al., 2000). Recorded cardiogram can be analyzed 

using by diverse mathematical and statistical methods (Fedotov et al., 2009; 

Kholodkevich et al., 2008). 

Pautsina et al. (2014) used a crayfish cardiac activity monitoring (NICCAM) system, 

which allow continuous cardiac activity observing of 16 animals simultaneously during 

to a long period of time. This system includes 16 IR optical sensors for crayfish, a 

multichannel analog-to-digital converter (ADC) with USB interface, and a personal 

computer with information processing software. Sensors are connected to the ADC with 

flexible 2m wires. Sensors is functioned on the photoplethysmography principle 

described above (Depledge and Andersen, 1990). The NICCAM system permits 

measuring and recording of heart rate chronotropic and inotropic parameters together with 

raw cardiac data. Further obtained information could be manual or semiautomatic 

analyzed. This improved system allows to carry out investigation in pollution and 

ecological area. Also, it is a cheap system with low number of required components and 

opportunity to monitoring a cardiac signal shape.  

Contactless crayfish cardiac activity monitoring (COLECCAM) system was 

introduced by Cisar et al. (2018). The system consists of near infra-red (NIR) illuminator, 

NIR camera, computer, the software for data processing and two NIR light reflecting 

markers fixed by glue to the carapace of crayfish. A simple setup allows repeating 

observations in any laboratory. The COLECCAM system made possible simultaneous 

monitoring of more animals in one aquarium.  
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Obviously non-invasive methods have more advantages in contrast to invasive 

techniques including its reliability of the recorded data and this leads to an increase in 

their use (Fedotov et al., 2009). 

 

2.5.3. Methods of behavioral observation 

A variety of information about aquatic ecological status and environmental changes 

can be obtained using by different methods of animal behavioral tracking (e. g. Schapker 

et al., 2002; Kane et al., 2004; Panksepp and Huber, 2004).  

One of the ways used to study behavior of aquatic organisms is radio-telemetry. 

Single stage radio-transmitters, fitted with whip antennas, have a suitable size for large 

macroinvertebrates (Robinson et al., 2000) and its weight is not more than 5 % of the total 

animal body mass, for example, of adult crayfish (Lowe et al., 2010). Fixed to the crayfish 

carapace with instant epoxy adhesive, the radio-transmitter does not limit free animal 

movement. The locations are obtained by a radio receiver and a special monitor with wide 

range (Webb and Richardson, 2004; Lowe et al., 2010). Radio-telemetry makes available 

information about movement patterns in natural surroundings, daily activity, habitat 

selection as response to different environmental changes, but it cannot be use during long 

periods in natural conditions, because crayfish lose the radio-tags after moult (Robinson 

et al., 2000). 

For detection crayfish locomotion, Bojsen et al. (1998) used two sensors with 

holders, fixed to the aquarium transparent floor so that every even slight movement was 

detected. The beam of infrared light was reflected from the crayfish to one of positioned 

sensors and thus the motion event was registered. This method allowed obtaining of a 

semiquantitative measure of locomotor activity.  

Another method is acoustic behavior monitoring. It means that the acoustic signals 

are emitted by the crustacean and recorded with the aid of a calibrated hydrophone. 

Further a digital acquisition card, connected with device, is calibrated using pure tone 

sine waves with frequency and intensity variations, produced by a signal generator. At 

the same time, another hydrophone and two cameras produce the signals that are 

synchronized, digitized and saved. Then these two parts (audio-video system and a system 

with acoustic signals) are synchronized. Thus, it is possible to investigate the response, 

for example, to a predator, individual of the same species or another external factor. All 

acoustic signals have a relationship with movement or behavioral events. It is possible to 
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conduct a research in an experimental tank and natural environment (Buscaino et al., 

2011; Buscaino et al., 2012). 

Denissenko et al. (2007) described monitoring of crayfish olfactory system using 

Particle Image Velocimetry (PIV).  The flow, produced by crayfish as reaction on odour 

stimulation, induces influx, that involves smells to the anterior chemoreceptors. A two-

dimensional PIV system was applied, which consist of a double-frame video camera with 

high resolution and a double pulse laser and it allow measurements in horizontal and 

vertical positions. The fan organs, swimmerets and antennules were observed by a 

discrete video camera. In additional, the special treadmill, performed natural crayfish 

walking movements, was used to increase an animal stress. 

Applying a separately video analysis procedure can also provide an animal reaction 

to different stress factors (Basil and Sandeman, 2000; Schapker et al., 2002). Also, this 

method allows to observe the various locomotion patterns, even a trajectory of the 

crayfish four pairs of legs (Jamon and Clarac, 1995). 

Basil and Sandeman (2000) studied crayfish locomotor activity using a video camera, 

which was placed over the experimental tank, and a video recorder. The animal position 

was registered by the digitized paths and thus the distance, covered by crayfish, and its 

velocity were available. Obtained data were digitized and analyzed by a tracking device. 

It is well known, that crayfish are active at night period and to do observation during 

this time it is possible to use a video camera, that are illuminated by white lights mounted 

on an underwater housing, where the camera is kept. But this method is accompanied by 

some difficulties in observation process. Crayfish often try to escape from the observed 

area because of camera light, which is recognized as a threat. It means that such 

interactions could not be used for analysis (Bergman and Moore, 2003). 

Analyzing crayfish movement patterns in reaction to drugs, Panksepp and Huber 

(2004) used an aquarium with lighting system, placed under it, which improved the video 

tracking resolution. Additional traction for crayfish walking was applied by a sand blaster 

for floor roughening. An adjustable video camera was positioned above the aquarium. 

Analyzing of video tracking were performed using specially written Java-based software 

and a program allowed to extract the crayfish coordinates from a single video frame.  
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2.6. Chlorine dioxide as water disinfectant 

 

Several compounds could be used for water purification. Nevertheless, the most 

effective oxidant is chlorine dioxide (Lalezary et al., 1986).  

Chlorine dioxide is a powerful oxidant among chlorine compounds and it is applied 

in surface water disinfection. Chlorine dioxide use for the drinking water purification 

became possible after the commercial availability of sodium chlorite, from which all 

chlorine dioxide is currently produced for purification of drinking water. Generally, 

treatment levels of concentrated chlorine dioxide solution range from 0.1 to 5.0 mg·l-1. 

There are a few reactions, that produce chlorine dioxide, and one of them is the 

hydrochloric-acid-sodium-chlorite reaction (Aieta and Berg, 1986): 

5NaC1O2 + 4HC1 = 4C1O2 + 5NaCl + 2H2O 

Chlorine dioxide acts as a manganese oxidant, although in the presence of organic 

substances and at low temperatures the reactions are partly slowed. Also, chlorine dioxide 

is used for iron oxidation. It could be applied even at 2 ºC and pH 5.5 (Knocke et al., 

1991). Moreover, chlorine dioxide shows efficient removal of tastes and odors (Lalezary 

et al., 1986).  
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3    Materials and methods 
 

3.1. Experimental animals 

 

Adult male and female of signal crayfish Pacifastacus leniusculus were obtained 

from ponds near Velké Meziříčí, Czech Republic. More than two weeks before beginning 

of experiment crayfish were acclimated in laboratory conditions. They were held 

individually in aquariums. Feeding and fresh water was provided two times per week. No 

mortality was observed during the acclimation period. 

Each crayfish was measured before the experiment. Biometrical parameters were: 

Carapace length: 43.8±0.77 mm; Total weight: 33.68±2.03 g; Body length: 90.13±1.6 

mm. In the experiment crayfish were held separately in 10 L aquariums under constant 

photoperiod 12:12 light-to-dark cycle and water temperature of 10 ºC. Each aquarium had 

an artificial shelter (a half of a flower pot) where individuals were able to hide. A 

longitudinal hole made on the superior surface of the shelter allowed to record cardiac 

activity even when crayfish with the attached sensor were inside the shelter. According 

to experimental design five crayfish were monitored simultaneously and in case of death 

an individual had to be replaced by new one. Thus, twenty-five animals were used in total. 

The near infrared (NIR) optical sensor had been attached using epoxide glue to carapace 

of each monitored individual (Appendix 1). Animals were fed on commercial pellets 

daily. Only crayfish with non-damaged appendages (e.g. antennae, chelae, walking legs) 

were used in the experiment. 

 

3.2. Description of the monitoring system 

 

The non-invasive crayfish cardiac and behavioral activities monitoring system 

(NICCBAM) described in Pautsina (2015) was used. The NICCBAM system is consisted 

of: a multichannel 14 bit analog-to-digital converter (ADC) with USB interface; crayfish 

motion detection module; personal computer with software for processing a raw obtaining 

data; near infrared (NIR) optical sensors.  

The equipment allowed to monitor, record and analyze not only crayfish cardiac 

activity, but also animal locomotor activity and store the data to local hard drive. The 

software graphical user interface displayed raw cardiac activity signals of five crayfish 
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simultaneously and motion detection module indicated animal movements. Motion 

detection module included wide field of view NIR camera and external NIR illuminator. 

The system is represented schematically in Fig. 2. 

 

 
Figure 2. Overview of the NICCBAM system. Obtained from (Pautsina, 2015). 

 

All cardiac activity signals of monitored crayfish were recorded and displayed on the 

software’s graphical user interface in real-time. The NIR optical sensor included light-

emitted diode (LED) coupled with a phototransistor and placed in the waterproof 

package. It was connected to ADC by flexible wire. The sensor was fixed with non-toxic 

two-component epoxy adhesive on the dorsal side of crayfish carapace above the heart. 

The sensor was attached to the carapace on the place where the clearest heart rate signal 

was found. Glue hardening time was about 10 minutes. Crayfish with the attached sensor 

could freely move around the aquarium.   

 

3.3. Description of the monitoring process 

 

Monitoring was conducted from February to August 2017 under conditions of private 

enterprise in Protivin, Czech Republic, where beer is made commercially. This company 
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has a water-treatment facility for drinking water, where chlorine dioxide (ClO2) was used 

for water purification. Thus, it was a practical investigation using a patented non-invasive 

monitoring system. The system with crayfish has been used since April 2016, and exact 

data tracking has been started since February 2017. Chlorine dioxide was produced by 

hydrochloric-acid-sodium-chlorite reaction. In this reaction chlorine dioxide yield, and 

conversion had different values, where maximum yield is 100 % and maximum 

conversion is 80 % (Aieta and Berg, 1986). 

Chlorine dioxide concentrations in water, in which crayfish were kept, were varied 

every day. Animals were in individual aquariums with a flow-through system which 

means pumping water disinfected by chlorine dioxide into aquariums and the flushing out 

of effluent (Appendix 2). Five crayfish were monitored simultaneously and the data about 

cardiac activity and motion were continuously logged onto a personal computer and then 

processed using a program MS Excel for further analyzing from created diagrams. Water 

characteristics such as pH, concentrations of ClO2, Fe, Mn were measured daily.  

 

3.4. Statistical analysis 
 

The data recorded from treated individuals has been divided for observation on three 

experimental sets in accordance to time when crayfish were exposed to maximum 

concentration (MC) of disinfectant (MC; ClO2 > 0.2 mg·l-1): Group 1 got MC on days 1 

to 6; Group 2 on days 11 to 15; and Group 3 was exposed by MC on days 30 to 43 after 

stocking to experimental aquarium system (Table 1). Grouping of the obtained data 

allowed their further statistical analysis. 

All data presented as means ± standard deviation. Data were tested for normality 

using Shapiro-Wilk’s test. One-way analysis of variance (ANOVA, Statistica 13, 

StatSoft, Inc.) with subsequent Tukey’s post-hoc test was used to estimate differences 

between tested groups. Kruskal-Wallis non-parametric ANOVA was used for evaluation 

of the mortality latency between groups exposed by different level of contamination. The 

level of significance was set at p < 0.05. 
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4    Results 
 

4.1. Pre-ecdysis period 
 

One crayfish molted during the present study. The increasing of heart rate has been 

observed four hours before the molting up to 60 beats per minute (bpm) with the peak of 

72 bpm (Fig. 3). The decline of heart rate was observed 35 min before molting with a few 

leaps. Increased locomotor activity was found four hours before molting, as well. It was 

a series of periodic movements with short duration. 

 

 
Figure 3. Heart rate and movement activity of crayfish Pacifastacus leniusculus four and half 

hours before the molting (     - heart rate, beats/min, ▪ - movement activity (on the upper side of 

the graph). 
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4.2. Diurnal rhythm 
 

Crayfish were exposed to levels of chlorine dioxide concentrations which ranged 

from 0.01 to 0.29 mg·l-1.  First 3 months (February-April) high concentration of ClO2 

(0.2-0.29) was occurred 4.6 times less than during the next 4 months (May-August), when 

this concentration was presented more often. 

Day and night activity was different for each exposed crayfish. The daily cycle of 

animal heart rate was disturbed already in a lower level of chlorine dioxide concentration 

(less than 0.2 mg·l-1). There was a prevalence of disrupted heart rate with chaotic increase 

and decrease regardless of the time of day. Diurnal rhythm was disrupted, and rhythmicity 

was lost. It expressed in different heart rate fluctuations of animals exposed to the same 

concentration of ClO2 (Fig. 4).  

The locomotor activity was different for each crayfish individual. Some of them did 

not move around the aquarium for most of the twenty-for-hours period, while others were 

active at night and almost did not change a position during the day time. In general, 

cardiac and movement activity were disordered for all animals. 
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Figure 4. Examples of heart rate and movement activity of 5 crayfish Pacifastacus 

leniusculus during day and night period, 5th and 6th of June with ClO2 concentrations 0.25 mg·l-1 

and 0.19 mg·l-1, respectively (     - heart rate, beats/min, ▪ - movement activity (on the upper side 

of the graph). Two vertical lines separate night time from day time. 
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4.3. Mortality 
 

Presence of high concentration of chlorine dioxide (0.2-0.29 mg·l-1) resulted in 

disturbed diurnal rhythm for all individuals with rhythmicity loss and consequently led to 

death (Fig. 5). Mortality rose with an increasing number of ClO2 high concentrations. In 

the period (89 days), when high ClO2 concentration (up to 0.2 mg·l-1) was found 5 times, 

4 crayfish died. In the second period (113 days), when high ClO2 concentration occurred 

23 times, 21 crayfish died. Thus, in first period mortality was 5.3 times less than in 

second. No individual has survived the experiment. 

 

4.3.1. Mortality latency 

 Mortality latency (duration of life after exposure to MC) and ClO2 cumulative 

concentration for each crayfish were determined (Table 1). Cumulative concentration was 

individual for each animal during its life period because of different living duration. 

There was a significant difference in mortality latency between groups: individuals 

from Group 2 in general lived after exposure to MC more than twice longer (16±8 days 

after MC) compared to crayfish from Group 1 and Group 3, who died in 9±7 and 5±2 

days respectively (Fig. 6). The cumulative concentration was: Group 1 - 1.58±0.76 mg; 

Group 2 - 3.91±0.62 mg; Group 3 - 6.07±1.16 mg. There were significant differences in 

cumulative concentration of ClO2 between all tested groups (Fig. 7). 

 
Table 1. Division of crayfish into 3 groups based on the ordinal day of exposure to maximum 

concentration (MC); mortality latency after MC treat and animal ClO2 cumulative concentration 

over the entire exposure period; n – number of crayfish in each group. Mean ± SD. 

Crayfish 
group 

(n) 

MC of 
ClO2, 
mg·l-1 

Ordinal day, 
when MC 

was 
occurred 

Exposure 
period 
before 

death, days 

Mortality 
latency, 

days 

Cumulative 
concentration, 

mg 

1 (13) 0.21±0.04 4±2 13±8 9±7 1.58±0.76 

2 (6) 0.26±0.02 13±1 29±8 16±8 3.91±0.62 

3 (6) 0.29±0.01 38±6 43±7 5±2 6.07±1.16 
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Figure 5. Examples of heart rate and movement activity of crayfish Pacifastacus leniusculus 

two days before death (    - heart rate, beats per min (bpm), ▪ - movement activity (on the upper 

side of the graph). Concentrations of ClO2 (mg·l-1) per day are above the graphs, time of death is 

marked on each graph with vertical arrow. 
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Figure 6. Mortality latency (duration of life after exposure to maximum concentration (MC)) 

of crayfish three experimental groups: Group 1 got MC on day 4±2; Group 2 on day 13±1; and 

Group 3 was exposed by MC on day 38±6 after stocking to experimental aquarium system. 

Mortality latency was: 9±7 days, 16±8 days and 5±2 days respectively. There was a significant 

difference in mortality latency between groups: individuals from Group 2 in general lived more 

than twice longer after exposure to MC compare to crayfish from Group 1 and Group 3. 
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Figure 7. Cumulative concentration of crayfish three experimental groups: Group 1 - 

1.58±0.76 mg; Group 2 - 3.91±0.62 mg; Group 3 - 6.07±1.16 mg. There were significant 

differences in cumulative concentration of ClO2 between all tested groups. 
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5    Discussion 
 

In the present study the effect of long-term exposure of chlorine dioxide 

concentration on signal crayfish has been investigated and evaluated through the 

observation of heart rate, diurnal rhythm and locomotor activity, which were the main 

point of monitoring. 

Insignificant differences were found between heart rate of none-treated spiny lobster 

described in Kuramoto (1993) and chlorine dioxide exposed signal crayfish in premolting 

period. In a study by Kuramoto (1993) it was noted that the heart rate rises and falls during 

molting of lobster in the same way as in crayfish. The heart rate of an unaffected animal 

increased 1-2 hours before ecdysis to peak of 80-120 bpm and declined about 15 minutes 

before the beginning of molting. In this study during ClO2 treatment the heat rate increase 

observed four hours before the molting up to 60 beats per minute (bpm) with the peak of 

72 bpm and the heart rate decline detected 35 min before molting. For successful molting 

crayfish flips on its side and moves its limbs. Increased motion activity could be one of 

the reasons of heart rate rise. Kuklina et al. (2018) noticed, that crayfish heart rate 

disturbance was often simultaneously with initiated locomotion under chloramine-T 

impact.  

The heart rate of crayfish in the natural condition is higher at night time and lower at 

day time, which explained by animal typical nocturnal activity (Fig. 8). Several studies 

were devoted to influence of different factors on crayfish circadian cardiac rhythm (e. g. 

Styrishave et al., 1995; Bojsen et al., 1998; Udalova et al., 2009; Kuznetsova et al., 2010).  

 

 
Figure 8. Dynamics of HR (beats/min) in the crayfish. Vertical bars in graphs indicate the 

beginning of the nocturnal and diurnal periods. Obtained from (Udalova et al., 2009). 
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A present study showed a possible impact of chlorine dioxide on crayfish heart rate 

and nocturnal behavior.  A disturbance of the circadian cardiac rhythm was observed in 

all individuals, expressed in random decline and rise of heart rate. Typical increased 

nocturnal locomotor activity almost was not noticed in lowest ClO2 concentration, while 

in high concentrations it was completely disrupted for all animals. Therefore, diurnal 

rhythm was disturbed, a circadian rhythmicity was lost, and animals died (Fig. 6). Similar 

observation was described in Kuznetsova et al. (2010) as a reaction on hydroquinone 

solution, where crayfish before death had circadian rhythm disruption. In Styrishave et 

al. (1995) increase of heart rate at the day time and decrease at night was noticed as a 

response on copper and mercury exposure. In that case mortality was also detected. 

Not only is the loss of circadian rhythmicity, but also changes in animal organs 

suspected to be the reason for crayfish mortality. Chupani et al. (2015) described effect 

of sub-acute peracetic acid exposure on crayfish. Animals had epithelial cell 

disorganization in gill tissues after 7 days of 2 mg·l-1 treat. In higher concentration (10 

mg·l-1) of disinfectant hemocyte aggregation in vessels, infiltration of granular 

hemocytes, malformations of lamella tips were additionally detected. Also, the pathology 

of hepatopancreas and antennal gland was observed. In experiments, conducted with 

grass carp juveniles, peracetic acid induced pathological alterations in gill tissue of 

exposed fish. Mortality (71.5%) was observed only in the fish group with highly peracetic 

acid concentration, which was 3 mg·l-1 (Chupani et al., 2014). Straus et al. (2012) also 

found degeneration of the gill epithelium as result of fish fry exposure to 2.2 mg·l-1 

peracetic acid. Furthermore, gill pathology was observed in 80% of the fish treated by 

0.13 mg·l-1 of ClO2 concentration. Epithelial damage expressed in epithelial lifting, 

hypertrophy, hyperplasia, and necrosis (Yonkos et al., 2000). The next confirmation of 

the destructive effect of the disinfectant is detected necrosis in gills, hepatopancreas and 

the antennal gland of the shrimp exposed to formalin. Reduction in the total number of 

haemocytes in haemolymph was noticed as well (Lamela et al., 2008). 

Chlorine dioxide could cause changes in cardio-respiratory responses and affect 

growth of fish. This disinfectant induced decline of respiration and heart rate frequency 

of rainbow trout larvae even at lower concentrations (0.3-.06 mg·l-1) and reduced growth 

of their body weight. 96-hours exposure of adult fish led to their consequently mortality 
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(Svecevicius et al., 2005). Oxidative damage and antioxidant defenses changes were 

observed in the heart tissue of ClO2 treated rainbow trout (Tkachenko et al., 2015). 

Chlorine compounds affect the physiological condition of organisms more than 

peracetic acid. Elia et al. (2006) studied the influence of three disinfectants (chlorine 

dioxide, sodium hypochlorite, peracetic acid) on carp, which was expressed in obvious 

biochemical changes in the liver of treated animals. But it was noticed that antioxidant 

responses of fish to peracetic acid were slight in comparison with reaction to chlorine 

compounds. Moreover, chlorine dioxide is more toxic to aquatic organisms than chlorite. 

It was found, that it is 18 times more harmful to adult fish, which resulted in their higher 

mortality, and larvae are 3.8 times more sensitive to the chlorine dioxide acute impact 

than adult fish (Svecevicius et al., 2005).  

In our study changes in heart rate and typical diurnal rhythm of treated animals and 

their locomotor activity were various for each organism which could be caused by their 

different functional state and individual physiological response to chlorine dioxide 

concentrations.  

In Kuklina et al. (2018) male and female crayfish have approximately equal reaction, 

expressed in heart rate changes, on various stressors such as chloramine-T, food odor, 

predatory fish and conspecific crayfish. Obtained average heart rate of both sexes in the 

posttreatment state does not have significant difference between each other. Therefore, 

during the experiment, the data were recorded regardless of the animal sex.  

In the present study crayfish were continuously exposed to ClO2, which led to 

disturbance of circadian rhythmicity and consequently to mortality. Level of disruption 

of physiological parameters is depending on treatment duration. According to Kuklina et 

al. (2014) mean heart rate of crayfish, exposed to 50 mg·l-1 of chloramine-T during 1-24 

h was 89 bpm in comparison with mean heart rate of animals, treated during 1 h, which 

was 68 bpm. Also, repeatedly exposed crayfish to physical and chemical stress had 

exhaustion of energy, which expressed in the lack of ability to increase heart rate as 

response on influencing stimuli. Treatment with progressive increase in the concentration 

of chloramine-T could lead to a detrimental influence on animal chemoreceptors, mainly 

respond to external stimuli. 

Peak concentrations of ClO2 (0.2-0.29 mg·l-1) observed during our experiment 

significantly influenced the life duration of animals. When crayfish got the maximum 

concentration, death was noticed after a certain number of days in each group. Crayfish 
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mortality in Group 1 already occurred during exposure to MC 0.21 mg·l-1. Crayfish from 

Group 3 had short mortality latency, which could be caused by longest exposure period 

before that, already disturbed cardiac and physiological processes in lowest ClO2 

concentrations and the largest MC. Crayfish from Group 2 had the longest mortality 

latency, which could be related to individual reaction on substance and function state. 

Cumulative concentrations were significantly differenced in all groups. It was noted 

that the cumulative concentration was higher for animals that were exposed longer. 

The evidence of crayfish tolerance to the exposure by various substances was found 

in several studies. Kouba et al. (2012) assumed that the crayfish tolerance to highly toxic 

to aquatic organisms Persteril 36 could be induced by calcium carbonate and calcium 

phosphate, partially formed a carapace, which help to withstand the effects of acidic and 

oxidizing compounds. Also, crayfish demonstrate high tolerance to chloride 

concentration, which express in heart rate normalization after a few minutes or hours of 

NaCl exposure (Kozák et al., 2009). Svecevicius et al. (2005) found, that cardio-

respiratory responses of rainbow trout return to a normal state after increase during 

treatment period of chlorite. Thus, crayfish could tolerate certain lower concentration of 

used substances. In the present study high ClO2 concentrations (0.2-0.29 mg·l-1) led to 

crayfish mortality. The more this acute concentration was present in the water, the higher 

was the mortality of crayfish. 

Changes in heart rate and circadian rhythmicity could provide information about the 

functional state of crayfish and its reaction on changes in environment quality (Udalova 

et al. 2009). The presence of chlorine dioxide concentration in water, obviously, affects 

the expression of circadian rhythm in the heart rate. However, further work is needed to 

investigate whether chlorine dioxide exposure could influence internal organs of crayfish. 
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6    Conclusion 
 

Changes of crayfish typical circadian cardiac rhythm may indicate a deterioration of 

the animal functional state. In the present study we have analyzed the data of continuous 

exposure by chlorine dioxide on heart rate and locomotor activity of signal crayfish 

(Pacifastacus leniusculus). This practical investigation was conducted under brewery 

conditions which has a water-treatment facility for drinking water, where chlorine dioxide 

was used for water purification. A patented non-invasive monitoring system was used for 

observation of crayfish cardiac and locomotor activity. Typical diurnal rhythm with 

increased night activity was almost not noticed in the lowest ClO2 concentration, while in 

high concentrations it completely disturbed all animals. A possible lethal concentration 

(˃ 0.2 mg·l-1) of this disinfectant, which caused animal mortality, was determined. 

Crayfish mortality occurred on average up to three-four weeks. An increase in mortality 

was observed after more frequent presence of high levels of chlorine dioxide in water. 

Observed crayfish response to the disinfectant varied among individuals, which could be 

explained by a different functional state and individual reaction on stimuli.  

This study provides useful information for further investigations, which should be 

done in future to examine the effect of chlorine dioxide on internal organs of crayfish. In 

addition, present work can serve as a basis for the effective use of crayfish as bioindicators 

in disinfected water and, in particular, for rationalizing the parameters of chlorine dioxide. 
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8    Appendixes  
 
Appendix 1: Crayfish Pacifastacus leniusculus with attached sensor on the carapace. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



55 
 

Appendix 2: Five crayfish Pacifastacus leniusculus with attached sensors in water-flow 

aquariums with ClO2 concentrations during monitoring process. The motion detection module 

is located at the lower part of the picture. 
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9    Abstract 
 

Effect of hygienically treated water on crayfish heart rate and their subsequent 

mortality 

The study is focused on the evaluation of crayfish physiological reaction on 

hygienically treated water with chlorine dioxide (ClO2). A patented non-invasive 

monitoring system was used for observation of crayfish cardiac and locomotor activity. 

Monitoring was conducted from February to August 2017 under conditions of private 

commercial enterprise “Pivovar Protivín” in Czech Republic. Adult individuals of signal 

crayfish, Pacifastacus leniusculus, were kept separately in water-flow aquariums directly 

after the water treatment device producing ClO2 in concentration from 0.01 to 0.29 mg·l-

1. Observed crayfish response to the disinfectant varied among individuals which could 

be explained by a different functional state and individual reaction on stimuli. Diurnal 

rhythm of some crayfish was disturbed even at a lower concentrations of chlorine dioxide 

(0.01-0.2 mg·l-1), while higher concentrations affected all animals. In addition to that, 

higher levels of chlorine dioxide (˃ 0.2 mg·l-1) significantly increased mortality. 

Maximum concentrations (0.2-0.29 mg·l-1) were observed 28 times in total during 202 

days of monitoring, which resulted in 25 mortality cases occurred several days after 

exposure. In average, mortality of crayfish occurred three-four weeks after stocking to 

the experimental system. Possible lethal concentration of ClO2, which caused animal 

mortality, is ˃ 0.2 mg·l-1. Results suggested that crayfish exposure to ClO2, obviously, 

negatively affect their physiological processes; however, further studies are needed to 

examine specific effects of chlorine dioxide on internal organs of crayfish. 

Key words: cardiac activity, signal crayfish, chlorine dioxide, Pacifastacus 

leniusculus, disinfection, circadian rhythm, water treatment 

 

 

 

 

 

 



57 
 

10  Abstract in Czech 
 

Vliv hygienicky ošetřené vody na srdeční frekvenci raka a jejich následnou 

mortalitu 

Cílem této práce bylo vyhodnocení fyziologické odezvy u raků nacházejících se ve 

vodě bezprostředně po hygienickém ošetření pomocí oxidu chloričitého (ClO2). 

K zaznamenání pohybové a srdeční aktivity byl použit patentovaný neinvazivní 

monitorovací systém. Monitorování probíhalo od února do srpna 2017 v provozních 

podmínkách soukromého podniku "Pivovar Protivín, a.s." v České republice. Dospělí 

jedinci raka signálního Pacifastacus leniusculus, byli individuálně drženi v průtočných 

akváriích nacházejících se za vyústěním ze zařízení k hygienickému ošetření vody 

produkujícím ClO2 v koncentraci od 0,01 do 0,29 mg·l-1. Pozorovaná reakce raků na 

dezinfekční prostředek se u jednotlivců lišila, což lze vysvětlit odlišným funkčním stavem 

a individuální reakcí na podněty. Denní rytmus některých raků byl narušen i při nejnižších 

koncentracích ClO2 (0,01-0,2 mg·l-1), zatímco vyšší koncentrace (˃ 0,2 mg·l-1) ovlivnila 

všechny jedince a výrazně zvýšila mortalitu. V průběhu celého sledování byli raci 

vystaveni maximálním koncentracím (0,2-0,29 mg·l-1) dvacet osmkrát, kdy došlo po 

několika dnech k úmrtí celkově u 25 jedinců. V průměru raci uhynuli 3-4 týdny po 

umístění do experimentálního systému. Výsledky naznačují, že vystavení raků oxidu 

chloričitému ovlivňuje jejich fyziologii, nicméně je zapotřebí dalšího studia ke zjištění 

vlivu oxidu chloričitého na vnitřní orgány raků. 

Klíčová slova: srdeční aktivita, signální rak, oxid chloričitý, Pacifastacus 

leniusculus, dezinfekce, cirkadiánní rytmus, úprava vody 
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