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The approach described in manuscript has good utility for water quality assessment and for
laboratory etho-physiological studies. The biomonitoring system is inexpensive, has relatively
few components and allows long-term continuous simultaneous monitoring of cardiac and
behavioral activities of multiple crayfish. The method we proposed is now applied at the local
brewery for controlling quality of water used for beverage production, we therefore believe
that our method could be of interest not just for biologists or adjacent fields who could apply it
for various laboratory investigations of large invertebrates, but for people dealing with

industrial water quality issue too.
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SUMMARY:
This article presents a noninvasive biomonitoring system for the continuous recording and
analyses of crayfish cardiac and locomotor activities. This system consists of a near-infrared
optical sensor, a video-tracking module, and software for evaluating crayfish heartbeats that
reflects its physiological condition and characterizes crayfish behavior during heartbeat
fluctuations.

ABSTRACT:

A crayfish is a pivotal aquatic organism that serves both as a practical biological model for
behavioral and physiological studies of invertebrates and as a useful biological indicator of water
quality. Even though crayfish cannot directly specify the substances that cause water quality
deterioration, they can immediately (within a few seconds) warn humans of water quality
deterioration via acute changes in their cardiac and behavioral activities.

In this study, we present a noninvasive method that is simple enough to be implemented under
various conditions due to a combination of simplicity and reliability in one model.
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This approach, in which the biological organisms are implemented into environmental evaluation
processes, provides a reliable and timely alarm for warning of and preventing acute water
deterioration in an ambient environment. Therefore, this noninvasive system based on crayfish
physiological and ethological parameter recordings was investigated for the detection of changes
in an aquatic environment. This system is now applied at a local brewery for controlling the water
quality of the water used for beverage production, but it can be used at any water treatment and
supply facility for continuous, real-time water quality evaluation and for regular laboratory
investigations of crayfish cardiac physiology and behavior.

INTRODUCTION:

The subject of aquatic organisms’ applications, both as model organisms for various laboratory
investigations? and as tools for monitoring industrial and natural/environmental water
quality®>#, appears to be well studied. Nevertheless, this topic is still of noteworthy interest for
humans, irrespective of whether they belong to the scientific community or to other occupations.
In spite of the existence of a number of advanced methods for monitoring certain parameters
(so-called “biomarkers”)*>8, the most important requirements for selecting an indicator consist of
three simple factors: (i) simplicity, (ii) reliability, and (iii) general availability.

Crayfish, as an essential representative of freshwater fauna, distinguishes itself because it is
found worldwide, is widespread, and, in most cases®, has a sufficiently large and hard carapace
suitable for manipulation. This crustacean belongs to the group of higher invertebrates that
provide sufficient development of vital physiological systems and respective organs while, at the
same time, maintaining a relatively simple organization®®.

Methods based on the assessment of the range of crayfishes’ biological and/or behavioral
parameters, as described in the scientific literature, have significantly contributed to the
development of biomonitoring and crayfish studies in general. Most of the currently available
invasive methods for crayfish heart rate measurements are based on electrocardiogram
recordings that require a complex and precise surgical procedure!''3; such manipulations can
cause significant stress to and may require prolonged adaptation by the crayfish. Also, it is not
known how long a crayfish can carry such electrodes and whether it will successfully molt while
carrying such an attachment. The described noninvasive methods are based on plethysmographic
recordings, which are complicated by hardware complexity and require a conditioning circuit for
signal filtering'* and an amplification or precise and expensive optic components!>1®,

In this study, we described an approach that contributes to existing results and offers new
alternatives for improving current crayfish heart rate measurement procedures. Among the
advantages, there are (i) a fast and noninvasive attachment that does not require a prolonged
physiological adaptation; (ii) crayfishes’ capability to carry the sensor within a period of a few
months from molting to molting; (iii) the software capable of monitoring real-time cardiac and
behavioral activities and the evaluation of data obtained concurrently from multiple crayfish; (iv)
a low manufacturing price and simplicity. The biomonitoring system that we describe permits the
noninvasive and continuous monitoring of crayfish cardiac and locomotor activities based on
changes in crayfishes’ etho-physiological characteristics. This system can easily be applied in
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laboratory examinations of the crayfish cardiac physiology and/or ethology, in addition to
industrial implementations for controlling water quality at water treatment and supply facilities.

PROTOCOL:
1. Crayfish Selection

1.1. In order to successfully apply the current approach to crayfish, select the respective adult
specimens with sufficient carapace sizes (which is a carapace length of at least 30 mm) for sensor
attachment, visually examine it for the absence of diseases, and check whether it lifts both chelae
when it is touched. The above-mentioned parameters indicate an eligible state of crayfish health.

Note: If several crayfish are expected to be used in the trial and are exposed to the same
conditions, the experimental group should be formed based on several parameters: (i) similar
weight and length; (ii) comparable heart rate; (iii) pronounced nocturnal activity; (iv) regular food
consumption; (v) inter-molting period!’. Sometimes, it is hard to define whether a crayfish is near
to molting by the heart rate measurements or visual or tactile examinations only; therefore, the
analyses of the crayfish’s hemolymph total protein content can be helpful. Protein content is
expected to be higher when the crayfish is closer to molting than in the inter-molting state®.

2. Recording of Crayfish Cardiac Activity and Behavior

2.1. In order to noninvasively measure crayfish heart rates, preliminarily prepare the sensor for
this procedure. Before this, put a crayfish into the tank with water and let it acclimate there for
a few days as the preparation of the sensor®® will also take a few days.

2.1.1. Axially couple an IR light-emitting diode (LED) with a phototransistor. Attach the optical
sensor circuit onto a board; it will require a power supply of 5 V. For the LED connection, place a
200-Q resistor on the IR sensor board; in order to connect the phototransistor, place a 220-Q
resistor on the board.

2.1.2. When attached to the crayfish, the sensor output is modulated by the amount of
hemolymph filling the crayfish cardiac muscle and scatters an incident light from the LED. In order
to avoid reciprocal interference of the illuminated IR light by the LED and the reflected IR light
from the crayfish heart, which is received by the phototransistor, place a small wall (0.5 x 1.5 x 4
mm, thickness x height x width) made of black antistatic plastic between the LED and the
phototransistor.

2.1.3. Place the LED in a waterproof package, and cover the surface of the sensor with the
waterproof dielectric gel from the side adjacent to the carapace for the protection of the
electronic components from potential damage (Figure 1). Let the gel dry for 3 d in order to gain
its best protective properties.

2.1.4. For an analog signal, attach thin flexible cables (about 3 m long) to the sensor and connect
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to the analogue-to-digital converter (ADC); from this, a digitized signal will be transferred to a
personal computer over a USB interface, at which point the information about the crayfish
cardiac activity is saved, analyzed in real-time with special software (see Table of Materials), and
stored for further detailed analyses.

2.2. As soon as the sensor is prepared, attach it to the crayfish. In order to do this, switch the
computer on and run the software. Determine the number of crayfish to be fixed to the sensors
and displayed on the screen and set the sampling rate from 1 to 500 samples per second
(sample/s).

2.3. Remove the crayfish from the water and wipe its dorsal carapace side with a paper towel.
Wrap the chelae and abdomen of the crayfish in the paper towel in order to avoid any damages
by human hand and to eliminate additional stress on the crayfish caused by warm human hands.

Note: Do not use a previous cooling of the crayfish on ice or in the freezer for its immobilization
before manipulations with the sensor attachment. The difference in temperatures leads to
crayfish dorsal surface weeping which, in turn, leads to unreliable sensor fastening and quick
adhesive detachment from the crayfish’s carapace.

2.4. Prepare a surface (i.e., take a small flat piece of plastic or tear a piece of sticky tape and fix
it to a table) and a stick for mixing the glue. Press out two small drops (of a diameter of about 0.5
cm) from tubes A and B containing epoxy glue and quickly mix them.

2.5. Attach the sensor to the crayfish dorsal carapace and try to find the place in which the cardiac
signal amplitude would be maximal. Hold the crayfish with the sensor in one hand and, using the
other free hand, put a drop of mixed glue on each of the four auxiliary wires located on the sensor
(fix them in between steps 2.1.1 and 2.1.4.). Do not move the sensor at least 5 min until the glue
hardens (the glue hardening depends on the ambient temperature and humidity).

Note: When fixing the sensor to the crayfish carapace, examine thoroughly the whole cardiac
area from the carapace side in order to define the area with the best (maximal) cardiac signal
amplitude. That will help the software to provide more precise heart rate calculations.

2.6. Touch the glue using a free hand, and if it is not sticky, put the unwrapped crayfish with the
attached sensor (Figure 2) to the box without water for few more minutes until the glue is
completely dry.

Note: An optimal temperature for crayfish and glue manipulation varies from 18 to 22 °C. At these
temperatures, the glue hardens within 5 to 7 min and is completely dry within 8 to 10 min. At
lower temperatures, the stress in the crayfish is less pronounced; however, the glue needs more
time to harden, about 15 and 20 min under 15 °C and 10 °C, respectively. At higher temperatures,
particularly above 25 °C, the glue hardens within 3 min, but the crayfish undergoes much more
stress; therefore, try to minimize the exposure of the crustacean to extreme conditions without
water.
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2.7. Before moving the crayfish back into the tank, dip its cephalothorax into the water several
times with short intervals of a few seconds in order to allow a discharge of the air that has
accumulated in the gills. Then, put the crayfish into the water for approximately 1 h to remove
any excess chemicals. After this process is complete, release the crayfish into the water and allow
it to acclimate for one to two weeks under experimental conditions, depending on observed
physiological indices. Optimal water exchange during the acclimation periods is every other day.

Note: Characteristics of crayfish that have acclimated and are in a healthy state include
pronounced circadian cardiac and locomotor activities, regular food consumption, and spending
most daylight in a specialized shelter (if provided).

3. Camera and Software Setup
3.1. Start the video camera; the software will automatically switch on.

3.2. Select an option of movement detection and the software will start tracking the behavior
and linking it with the cardiac activity recordings.

Note: A crayfish motion detection module consists of a video camera that tracks crayfish behavior
from below the tank and the software that combines the behavior with cardiac activity. The data
from the module are used to facilitate more precise cardiac activity data processing by
eliminating periods in which the crayfish demonstrates high locomotive activity. Sudden crayfish
movements (i.e., an escape reaction or feeding initiation) can result in fluctuations or short-time
spikes in cardiac signals that may reduce the precision of cardiac interval calculations.

REPRESENTATIVE RESULTS:

As a result, we obtained a combination of crayfish cardiac and behavioral activities, recorded and
saved in a txt-format file (Figure 3). Besides the number of experimental crayfish, the date, and
the sampling rate, the file consists of three columns: (1) the continual time in hh:mm:ss format;
(2) the heart rate automatically calculated in beats per minute; (3) the locomotion registered as
absence (0) or presence (1) of any movement. When the crayfish was inactive, zero was assigned
to the cell responsible for movement, and when it moved, then number one appeared in the
respective cell. When continuously recording, the data file was automatically created every day
at 00:00 hours (12:00 AM). It was crucial to include locomotion since it could have caused changes
in the heart rate (Figure 4). After 10 s, a food odor (milled, filtered, and diluted Chironomidae
larvae) was delivered into the tank containing the crayfish, using a peristaltic pump. At 14 s, the
crayfish recognized the stimulus, and its heart rate slightly decreased due to the so-called
orienting response. After 20 s, the heart rate increased, thus resulting in a decrease in cardiac
intervals. At 26 s, the crayfish moved toward the stimulus source, and both the physiological
excitation caused by the food odor and the locomotion initiation resulted in a substantial heart
rate increase. At 37 s, there was also evidence of abrupt crayfish motion. Additionally, locomotion
could have substantially contributed to the heart rate growth during the crayfish’s reactions to
certain stimuli (Figure 5). A disturbed crayfish typically has an increase in heart rate, as seen
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during the 30- to 40-min interval with occasional locomotion. However, during the 45- to 50-min
interval, the locomotion is much more pronounced. This locomotion contributed to a heart rate
that is significantly higher than that seen during the period with decreased locomotion. If the
data from the file is transferred to another application or the above programming algorithm is
used, the data containing just the cardiac activity of the crayfish could be obtained and
subsequently processed if necessary (Figure 6). The heart rate of undisturbed crayfish is
characterized by a monotonic amplitude of the heartbeat curve and by approximately equal
cardiac intervals between each cardiac peak.

In order to analyze crayfish behavioral patterns (such as passed distance, preference of a certain
area in the tank or arena, and locomotion velocity), it would be possible to exchange the current
camera with a standard video camera with a flat wide-angle lens, as the currently used camera
does not make a recording but just tracks locomotion. Alternatively, a recording with any of the
online applications for catching a video from the screen could be used.

FIGURE AND TABLE LEGENDS:

Figure 1: Noninvasive infrared optoelectronic sensor.

Figure 2: Signal crayfish, Pacifastacus leniusculus, holding the sensor on its carapace.
Figure 3: An example of the data file.

Figure 4: Crayfish heartbeat during the change from normal to disturbed conditions when
exposed to food odors.

Figure 5: Heart rate and locomotion activities of a crayfish in undisturbed (0 - 30 min) and
disturbed (30 - 60 min) conditions.

Figure 6: Undisturbed crayfish heart rate.

DISCUSSION:

It has been widely suggested that the measurement of certain physiological parameters (such as
heart or ventilation rate or both) is a more reliable method for recording crayfish reactions than
the evaluation of behavioral responses that do not always occur immediately!!. However, it is
evident that the most efficient approach for assessing real crayfish reactions to environmental
changes is the combination of cardiac activity and behavior recordings since that makes it
possible to see the reason(s) for the crayfish heartbeat changes and whether or not they occur
as a result of chemical alterations in the ambient environment or because of locomotion
initiation. During water quality monitoring, it is crucial to eliminate all outside influences on the
changes in crayfish physiological markers, including abrupt movements that have increasing
effects on the heart rate but do not present an alarm for the biomonitoring system.

Another possibility for facilitating a more precise and informative heartbeat evaluation are the



265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308

chronotropic and inotropic parameter analyses of crayfish cardiac activities mainly related to
specific shapes in crayfish cardiac signals'®. Such analyses confirmed that even when the
heartbeat changed only a few beats per minute, some of the secondary parameters can indicate
significant changes in crayfish cardiac activities®®.

Despite the number of benefits in using the described approach, research around monitoring
crayfish has moved toward an absolute minimization of tactile crayfish manipulations. In the
recently developed contactless system?, the elimination of sensors and their respective wires
means that crayfish of any size can be used for the monitoring procedure. It is also possible to
keep multiple crayfish in one experimental area since the absence of any wires prevents wire
tangling and crayfish movement restrictions. The crayfish will carry just two tiny pieces of a highly
reflective tape that indicates its cardiac area. These pieces of tape can be attached to the crayfish
even after a few post-molting days. Crayfish cardiac activities and behaviors are recorded by the
video camera and analyzed in real-time by the coordinating software. Along with other technical
advances, the modified approach will cause a significant decrease in the price of the monitoring
system due to limited hardware.
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# Crayfish BPM (beats per minute) file
# Creator : Crayfish Water Indicator
# Aquarium No. =1
# Date : 2018-21-03
# Time : 00:00:00

Time BPM Moving
0:00:00 98 0
0:00:05 99 0
0:00:15 98 0
0:00:20 99 1
0:00:25 99 1
0:00:30 97 0
0:00:35 99 1
0:00:40 99 0
0:00:45 100 1
0:00:50 98 0
0:00:55 97 0

0

| 0:01:00 94
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ARTICLE AND VIDEO LICENSE AGREEMENT

Title of Article:

Noninvasive continuous measuring of crayfish cardiac and behavioral activity

Author(s):

Iryna Kuklina, Filip Lozek, Petr Cisar, Pavel Kozak, Aliaksandr Pautsina, Milos Bufi¢

ltem 1: The Author elects to have the Materials be made available (as described at

http://www.jove.com/publish) via:

D Standard Access

Item 2: Please select one of the following items:

D Open Access

DThe Author is NOT a United States government employee.

mThe Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

DThe Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: “Agreement” means this Article and
Video License Agreement; “Article” means the article
specified on the last page of this Agreement, including any
associated materials such as texts, figures, tables, artwork,
abstracts, or summaries contained therein; “Author”
means the author who is a signatory to this Agreement;
“Collective Work” means a work, such as a periodical issue,
anthology or encyclopedia, in which the Materials in their
entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
works in themselves, are assembled into a collective whole;
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the
terms and conditions of which can be found at:
http://creativecommons.org/licenses/by-nc-

nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version,
sound recording, art reproduction, abridgment,
condensation, or any other form in which the Materials may
be recast, transformed, or adapted; “Institution” means
the institution, listed on the last page of this Agreement, by
which the Author was employed at the time of the creation
of the Materials; “JoVE” means Mylove Corporation, a
Massachusetts corporation and the publisher of The Journal
of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JoVE;
“Video” means any video(s) made by the Author, alone or
in conjunction with any other parties, or by JoVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion

of the Article, and in which the Author may or may not
appear.

2. Background. The Author, who is the author of the
Article, in order to ensure the dissemination and protection
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video.

3. Grant of Rights in Article. In consideration of JoVE
agreeing to publish the Article, the Author hereby grants to
JoVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.

612542.6  For questions, please contact us at submissions@jove.com or +1.617.945.9051.
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4, Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

5. Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum

ARTICLE AND VIDEO LICENSE AGREEMENT

rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JoOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JOVE may, in its sole
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siscretion. elect not take anv action with respect to the
- zicie until such time as it has received complete. executed
.micle and Video License Agreements from each such
author. JOVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JOVE. JOVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessarv to make the Video,
whether actually published or not. JOVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JOVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JOVE, or publication in JOVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

ARTICLE AND VIDEO LICENSE AGREEMENT

the making of a video by JOVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shail be undertaken at the
Author’s expense. All indemnifications provided herein
shallinclude JoVE’s attornev’s fees and costs related to said
losses or damages. Such indemnification and holding
harmiless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JOVE must receive payment before production and
publication the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14, Transfer, Governing Law. This Agreement may be
assigned by JOVE and shall inure to the benefits of any of
JOVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.

CORRESPONDING AUTHOR

Name: ;
iryna Kuklina

Department: [ Research Institute of Fish Culture and Hydrobiology, Laboratory of Ethology of Fish
and Crayfish

Institution: University of South Bohemia in Ceské Budéjovice, Faculty of Fisheries and Protection
of Waters

7
Signature: (/(C/ ’% Date: 31.05.2018

Please submit a signed and dated copy of this license by one of the following three metnoas:
1. Upload an electronic version on the JoVE submission site

2. Faxthe document to +1.866.381.2236

3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140
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Rebuttal Letter Click here to access/download;Rebuttal Letter;Reply letter.doc =

Editorial comments:

Changes to be made by the Author(s):

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no
spelling or grammar issues.

2. Please revise the protocol to contain only action items that direct the reader to do something.
The actions should be described in the imperative tense in complete sentences wherever possible.
Avoid usage of phrases such as “could be,” “should be,” and “would be” throughout the Protocol.
Any text that cannot be written in the imperative tense may be added as a “Note.”

3. Please simplify the Protocol so that individual steps contain only 2-3 actions per step and a
maximum of 4 sentences per step.

4. Please add more details to your protocol steps. Please ensure you answer the “how” question,
i.e., how is the step performed? Alternatively, add references to published material specifying how
to perform the protocol action.

5. Please highlight 2.75 pages or less of the Protocol (including headings and spacing) that
identifies the essential steps of the protocol for the video, i.e., the steps that should be visualized
to tell the most cohesive story of the Protocol. Please ensure that the highlighted part of the step
includes at least one action that is written in imperative tense.

6. Figure legends: Please shorten the figure legends. The Discussion of the Figures should be placed
in the Representative Results.

7. References: Please do not abbreviate journal titles. Please include volume and issue numbers for
all references.

Answers to editorial comments:
1. We carefully went through the manuscript to ensure grammar and spelling issues, they can
be seen in tracking changes of the document.
2,3, 4. Protocol was revised, simplified and clarified.
5. Essential steps and note were highlighted.
6. Figure legends were shortened and their description moved to results.
7. References were fixed.

Reviewers' comments:

Reviewer #1:

Manuscript Summary:

This is a nice study in presenting another approach to monitor heart rate in crayfish and likely in
other crustaceans as well. | feel people will benefit from seeing this procedure implemented in
JoVE's format.

Major Concerns:
No major concerns

Minor Concerns:
Re: Continuous noninvasive measuring of crayfish cardiac and behavioral activities. JoVE58555
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This is a nice study in presenting another approach to monitor heart rate in crayfish and likely in
other crustaceans as well. | feel people will benefit from seeing this procedure implemented in
JoVE's format.

A few points | think need to be addressed for the reader's sake:

1. Attach the sensor to the crayfish dorsal carapace and try find the place in which the

Linel71- "cardiac signal amplitude would be maximal. Hold the crayfish with sensor in one hand
and put a drop of mixed glue using the other free hand to cover each of the four auxiliary wires
located on the sensor (include them between steps 2.1.1 and 2.1.4.). Do not move the sensor at
least 5 min until the glue hardens (glue hardening depends on ambient temperature and
humidity)."

Maybe it will be explained in the movie but | was not sure from the text if a small hold is made in
the cuticle for the LED to reflect off the heart or if the LED is to penetrated through the cuticle.

If a hole is made, well | assume that is stressful to the crayfish just as previous procedures to
implant 2 wires for impedance measures.

If a hole is not made, would not the penetration of the LED light depend on the color of the cuticle,
thickness, molt stage as the new underlying cuticle is forming.

2. The weight of the entire apparatus was not listed and the potential limitations such as size of
animal where the device becomes an impact on the animals ability to freely move, since the
authors mentioned this could also be used for examining animals while they are behaving. The
wires leading out of the animal and the black tube appear to be large, could they not be a thinner
and less cumbersome for the crayfish to be able to move more freely?

3. Some crayfish/crustaceans have very dark pigmentation based on diet, could this also be a
limitation?

4. Please list the weight and size (head to tail or postorbital to cephalothorax).

Answers to reviewers' comments:

1. It will definitely be demonstrated in the video, and there are no holes in the cuticle should

be made to attach the sensor, as we would like to underline that the approach in
noninvasive. Thus there is no a significant stress to crayfish from this manipulation.
No, there is no effect of the cuticle color and thickness on the near infrared light
penetration, however there could be a complication when recording a heart rate in the
crayfish in premolting stage: with forming of a new cuticle, cardiac signal amplitude will
decrease and with subsequent detachment of an old cuticle, the cardiac signal will be lost,
as the sensor will stay attached to the old cuticle.

2. The weight of the sensor is approximately 5 g, the diameter of a wider measuring part is 10
mm and the diameter of coated wires is 2 mm. It could be thinner if remove an external
coating, however, in that case it is not recommended to rely on it for a long time as crayfish
can easily bite uncoated wires and damage one of them, and the signal will produce a
significant noise or the sensor will stop working at all.

3. Color of experimental animal is not a problem for the NIR sensor as its light is strong
enough to illuminate cardiac area, but at the same time NIR light is not harmful for crayfish
or other large crustacean physiology.

4. Crayfish shown at the picture had 56.8 mm long carapace measured from the tip of the
rostrum to the posterior edge of the cephalothorax.



Reviewer #2:

Manuscript Summary:

In the present study, a sensor was used to continuous monitoring of crayfish cardiac and
locomotor activities. Method was explained about how the system work.

Major Concerns:

More info is needed about how long crayfish can carry the sensor?

How many crayfish were used to test cardiac and locomotor activities? If more than one is used, do
author test if there is any significant difference between control groups?

How long sensor can record the activities?

Is it possible to change battery of the sensor?

Does sensor have negative effect on feeding and behavioral activities of crayfish?

Minor Concerns:

Abstract: Authors did not conduct an experiment to measure behavioral activities related to water
quality deterioration. However, they studied and published it in another journal (Environmental
Science and Pollution Research 25, 8396-8403). Thus, this sentence should be deleted from the
text.

Give more information about the waterproof dielectric gel i.e. name of the producer

Answers to reviewer’s comments:

1. Theoretically, crayfish can carry the sensor if attached approximately one week post
molting and up to the next molting, i.e. several month. Practically, we observed crayfish
within 15 weeks before last of them lost the sensor, or better say glue lost its adhesive
properties. Therefore, we assume that maximal period of sensor carriage strongly depends
on the glue, as well as additional manipulations with crayfish, use of shelters and other
individual conditions that can impact glue attachment and adhesiveness.

2. We did not count number of crayfish, as we had many experiment since approach
development, but there were definitely hundreds of them.

3. The sensor can record cardiac activities as long as it attached to the crayfish. The duration
of recording can also depend from capacity of internal or external hard disk where data are
recorded and stored and number of crayfish as space of the disk decreases with number of
experimental animals.

4. It is not possible change the battery as the sensor does not contain it, instead it is directly
connected to analog-to-digital converter and needs continuous electrical supply.

5. According to our experience, the sensor does not negatively impact feeding or behavioral
activities of crayfish. It can have minor effect during first day post attachment, but then
crayfish is getting adapted very fast without any subsequent physiological or ethological
disturbances.

6. In this manuscript, there is no data on crayfish ethological reactions during the water
guality deterioration included, as it primarily presents an approach how to evaluate those
parameters, regardless of ambient conditions. The results reporting crayfish reactions and
behavior to water quality deterioration have been previously published by Pautsina et al.,
2014 and Kuklina et al., 2018.

7. Krayden, Sylgard 535 waterproof dielectric gel.



Reviewer #3:

Manuscript Summary:

A noninvasive measuring system was developed for continuous recording and analyses of crayfish
cardiac and locomotor activities. This system consisted of a near infrared optical sensor, a video
tracking module, and software for evaluating crayfish heartbeats that reflected its physiological
condition and for characterization of crayfish behavior during heartbeat fluctuations. This
approach, in which the biological organisms are implemented into environmental evaluation
processes, provides a reliable and timely alarm for warning of and preventing acute water
deterioration in an ambient environment.

Minor Concerns:

What camera and special software is used for recording and analyses of crayfish cardiac and
locomotor activities?

Lines 248-255. Figure 4. What kind of food is meant?

Answers to reviewer’s comments:

1. There was used Kinect video camera for behavioral tracking.

2. Software provides calculation of the heartbeat frequency via analysis of cardiac signal
based on detection of its minimums and maximums and on analysis of the signal frequency
spectrum via Fourier analysis. For detection of locomotion, the method of dynamic
background detection is used. Both methods are coupled in such way, that the system for
locomotion detection provides the system for cardiac activity analysis with information on
individual crayfish movements. Such combination enable to eliminate impact of crayfish
locomotion on analysis of its cardiac activity in relation to environmental changes.

3. Odor of milled chironomidae larvae filtered through the filtration paper and diluted with
water.

Reviewer #4:

Manuscript Summary:

This is a well-written paper containing very interesting results which merit publication. The data
provided are very important for toxicology and aquaculture. It is demonstrated that signal crayfish
can use as a bioindicator of water quality. Moreover, in addition to providing a better
understanding of stereotypic crayfish behaviors induced by common and chemical stressors, the
results of this study may serve as reference data for the evaluation of crayfish suitability for water
quality tests.

For the benefit of the reader, however, a number of points need clarifying and certain statements
require further justification. There are given below.

| made some comments regarding things | believe you could do to improve your work. It does not
mean that you have to agree or rewrite in the same way. It is only a suggestion and different view,
with the objective to contribute.

1) The reason for choosing signal crayfish, Pacifastacus leniusculus, as a model object in this study?
Did other species, i.e. narrow-clawed crayfish Astacus leptodactylus, European crayfish Astacus
astacus, etc., use in this study?



2) Which weight and length of signal crayfish, Pacifastacus leniusculus, are adequate and
appropriate to use in this model test?

3) Which food odors were used in this model? What was the relationship between the intensity of
food odor stimuli and the cardiovascular system responses?

4) Which any changes were observed in other systems and organs?

5) Were similar results obtained in the peculiarities of crayfish heartbeat using an
electrocardiography approach and noninvasive biomonitoring system (a near infrared optical
sensor, a video tracking module, and software for evaluating crayfish heartbeats)?

The manuscript is well written, objectives are clear, and discussion is properly addressed. The
paper could be accepted after minor revisions.

Answers to reviewer’s comments:

1. Noninvasive crayfish, Pacifastacus leniusculus, was chosen for this study due to its wide
availability in Czech waters, while native crayfish (Astacus astacus, Astacus leptodactylus)
are generally forbidden for using in such types of experiments because of their endangered
status.

2. Crayfish of any species with sufficient carapace size (at least 30 mm CL) are appropriate for
this type of study. However, it is evidently, that bigger crayfish is better to manipulate with.

3. There were used odor of chironomidae larvae in this model. We show here a reaction of
crayfish to the very low food odor concentration, to see whether experimental animal
would be able to immediately detect its entrance to water. Generally, crayfish reacted
more intensively to higher food odor concentrations that reflected in higher heart rates
increase. Intensity of cardiac reactions was also pronounced in prolonged maintenance of
the heart rate at a high level, while at the low food concentration the heart rate stabilized
to normal within shorter time.

4. Only effect on heart rate and locomotory activity were not tested in this study.

5. Depending on the intensity of the stimulus, crayfish demonstrated a decreasing heartbeat
within approximately 60 s followed by the slightly delayed HR increase. Such peculiarity of
crayfish cardiac reaction in presence of disturbance has been previously reported from
analysis of electro-cardiograms.



