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Abstract. One of the most widespread commercial crayfish species in world’s aquaculture is
the red swamp crayfish Procambarus clarkii. The aim of this work was to analyse the effect of
temperature on growth parameters of Procambarus clarkii grown in the water temperature range
from 22.0 to 32.0°C with a temperature step of 2.0°C (6 experimental groups in total). During the
experiment, theoretical (analysis, systematisation, comparison), experimental (laboratory) and
generally accepted research methods were used. The results clearly demonstrated the inhibitive
effect of high water temperatures — 30.0°C (Group 5) and 32.0°C (Group 6) — on the growth and
development (Iength and weight gain, survival rate) of crayfish, while the lowest water temperature
in this experiment (Group 1, 22.0°C) contributed to more efficient growth and supported survival
of crayfish. For example, the final average weight of crayfish in Group 1 (22.0°C) was 15.20+1.97 g,
in Group 2 (24.0°C) the average weight was 13.71 #1.35 g, crayfish of Group 3 (26.0°C) reached
an average weight of 14.85+1.75 g, Group 4 (28.0°C) — 14.08 £2.25 g, and in Group 5 (30.0°C) and
Group 6 (32.0°C) the average weight was 9.75+2.33 g and 6.60*0.36 g, respectively, which was 1.5
and 2.3 times less than in Group 1. At the same time, the linear growth was more homogeneous and
amounted to 8.00+0.29 cm in Group 1, an average of 7.38£0.29 cm in Group 2, individuals of Group
3 had an average length of 7.66+0.22 c¢cm, in Group 4 — 7.42 £ 0.33 cm, and in high-temperature
Groups 5 and 6 the average length was 6.80+0.50 cm and 6.04 £0.26 cm, respectively. A tendency
to decrease the survival rate of crayfish with increasing water temperature in the groups was
established. The survival rate in Group 1 at the end of the study was 58.82%, in Group 2 — 41.18%,
Group 3 — 47.06%, Group 4 — 41.18%, Groups 5 and 6 experienced the greatest pressure of the
temperature on survival — 35.29% and 29.41%, respectively

Keywords: aquaculture; Procambarus clarkii; weight; length; survival; thermoregulation;
metabolism

Introduction

Considering the difficult situation in which
natural crayfish populations are currently in
Ukrainian water bodies, it is becoming increas-
ingly important to breed these species in con-
trolled conditions, thereby reducing pressure
on natural populations. However, the biological
characteristics (slow growth, demanding water
quality, etc.) of native crayfish species limit the
possibilities for their effective industrial culti-
vation. Therefore, in terms of researching new
highly productive objects of aquaculture among
crustaceans, promising is red swamp crayfish
Procambarus clarkii (Girard, 1852). The pros-
pects for its cultivation are due to its high ad-
aptability to various environmental conditions
(in particular, controlled ones), omnivorous-
ness, rapid growth rate, and flexible life cycle,
which allows it to survive in various physical

and chemical conditions, etc. In addition, given
the trends in the development of aquaculture
and its potential in Ukrainian water bodies,
this species could ideally fit into the structure
of multi-trophic aquaculture, the importance
of which is underestimated in Ukraine but de-
serves attention, given the efficiency of its pro-
cesses and the high potential for commercial
yield per unit area (Honcharova et al., 2024).
The natural distribution range of Procam-
barus clarkii is the south-eastern United States,
but due to human economic activity, this species
has significantly expanded its natural range.
A. Ballinger (2022) draws attention to the wide
range of introduction of this species outside its
natural range — all continents except Australia
and Antarctica, which was facilitated, firstly, by
the widespread popularity of Procambarus clarkii
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as a species of ornamental aquaculture during
the 20" century (Oficialdegui et al., 2025). Only
recently, it was recognised as a potential aq-
uaculture species, being included in the list of
the 25 most important aquatic alien species in-
troduced into European freshwater and coastal
marine waters (Savini et al., 2010). At the same
time, according to A. Nota et al. (2024), this inva-
siveness has its advantages, primarily due to the
fact that P. clarkii, as a more adaptable species,
replaces populations of local crayfish that have
been lost for certain reasons, which does not al-
ways have a positive effect on local ecosystems.
As a farmed species, P. clarkii is also extremely
popular in global aquaculture. It is successful-
ly used commercially in countries where it has
developed a significant population of harvest-
able crayfish. According to FAO (2021), the vast
majority of P. clarkii production in aquaculture,
which is over 2 million tons per year, is current-
ly in China. The same source indicates that P,
clarkii is the second most cultivated crustacean
species in the world.

However, such rapid and intensive devel-
opment of red swamp crayfish populations in
water bodies around the world is still a cause
for concern in terms of the impossibility of fully
assessing the impact of its populations on local
water bodies. Therefore, potential ways to re-
duce its possible destructive impact or negative
pressure on local water bodies are being stud-
ied. It is known that P. clarkii, as ectotherms, are
not capable of independent thermoregulation,
and the determining factor for their successful
reproduction and development is precisely the
water temperature, and its decrease or increase
beyond the species optimum causes enormous
stress in their organism. It is low water temper-
atures, especially during wintering, that inhibit
the spread of P. clarkii in northern latitudes. Fur-
thermore, it has been established that cold stress
affects almost all biochemical and physiological
processes in crustaceans, including their behav-
iour, growth and development, reproduction,
metabolism, and immunity (and, accordingly,
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resistance to disease) (Ren et al., 2021).

The only monitoring study conducted so far
by L. Peruzza et al. (2015) found that populations
of P. clarkii populations inhabiting the cold-wa-
ter Brancolo canal (northern Italy) have unique
biological characteristics that allow them to
complete their life cycle at temperatures that,
according to other studies, should inhibit their
growth and development and prevent repro-
duction (Jiang et al., 2024). The results clearly
confirm the adaptation of this population to an
atypical temperature environment, character-
ised by an average annual water temperature
of 13.32%0.0°C. However, the fertility of females
from the cold-water Brancolo canal was 35.0£7.0
eggs compared to 285.0-995.0 eggs in females
that reproduce at optimal water temperatures.
It is also interesting that in high latitudes, Pro-
cambarus clarkii reproduces once a year (at the
end of summer) and can carry eggs throughout
the winter, while in lower latitudes, the species’
life cycle includes year-round reproduction with
several peaks per year (Chucholl, 2011; Slusar et
al., 2023). The results presented indicate that P.
clarkii is capable of adapting well to new, cold
habitats by changing its life cycle.

Regarding the effect of high temperatures
on the cultivation of Procambarus clarkii, an
interesting study by X. Chen et al. (2024) found
that groups of crayfish kept at a higher wa-
ter temperature (30.0°C) had correspondingly
higher levels of astaxanthin, which developed a
rich bright red colouration of the crayfish shell.
Thus, the vast majority of studies are aimed at
investigating the characteristics of this species’
adaptation to water temperature, but they do
not answer the question of whether there is an
optimal temperature for rapid linear growth and
weight gain, sexual maturation, and high sur-
vival under controlled industrial farming condi-
tions, or whether it is possible to influence the
productivity of P. clarkii using this parameter.
In addition, the issue of the invasiveness of this
species should not be ignored, as against the
backdrop of climate change and reduced biotic
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stability of water bodies, including in Ukraine,
it may create conditions that will disrupt the
stability of freshwater ecosystems and create
conditions for the ideal adaptation of this spe-
cies. Therefore, it is necessary to understand in
more detail the mechanism of adaptation of the
red swamp crayfish to the environment and the
possible ecological barriers to their successful
development in natural ecosystems.

For this reason, the objective of this study
was to analyse the impact of different temper-
ature regimes on the growth of Procambarus
clarki on changes in their growth and survival
rates. The study was conducted in accordance
with Agreement No. BF/37-2021 (state registra-
tion number 0121U113569) within the priority
thematic area “Innovative solutions for ensur-
ing the sustainable development of agriculture,
forestry, and veterinary medicine in conditions
of martial law”, applied research “River basin
management in the context of climate change”.

Materials and Methods
To understand the impact of the aquatic envi-
ronment on the growth characteristics of the
red California crayfish, it was important to study
the organism’s response not only to tempera-
tures within the species’ optimal range, but also
to temperatures exceeding its tolerance limit.
For this study, young Procambarus clarkii aged
20-25 days were used. The study was conduct-
ed between June and August 2024 at the Aqua-
culture Technology Laboratory (V. Kondratyuk
Laboratory of Aquatic Bioresources and Aqua-
culture). The crayfish juveniles for the study was
obtained from own broodstock of red swamp
crayfish kept in the same laboratory. Six groups
were formed for the study in the temperature
range from 22.0°C to 32.0°C: Group 1 — grown at
a water temperature of 22.0°C, Group 2 — 24.0°C,
Group 3 - 26.0°C, Group 4 - 28.0°C, Group 5 -
30.0°C, and Group 6 — 32.0°C. These tempera-
tures were partly within the species optimum
range and partly outside the tolerance limits
of the organisms, creating extreme conditions

(>29.0-30.0°C). A total amount of Procambarus
clarkii which were used in the experiment, were
102 individuals, 17 in each group. The groups
were formed by randomly selecting individuals
for each group. The initial weight of the cray-
fish was 0.2+0.05 g on average, with an average
length of 0.2+0.05 g. The crayfish were kept
in a freshwater model aquarium system con-
sisting of six 100 L tanks with identical water
treatment and cultivation conditions (with an
equal number of shelters). Water temperature
and dissolved oxygen levels were monitored
daily at three measurement points: two station-
ary points using a JBL Thermometer Premium
thermometer and an Aqua-Tech HT-1 electron-
ic thermometer with a remote sensor, and the
third using a portable AZ-86021 oximeter.

For feeding at different stages of develop-
ment, following high-protein compound feeds
were used: Alltech Coppens TOP, 0.5-0.8 mm
(protein: 60.0%, fat: 16.0%, fibre: 0.3%, ash:
10.7%), Alltech Coppens Vital, 0.5-1.2 mm
(protein: 46.%, fat: 10.0%, fibre: 0.09%, ash:
11.9%), Alltech Coppens Advance, 1.5 mm (pro-
tein: 54.0%, fat: 15.0%, fibre: 0.3%, ash: 12.0%),
Aller Aqua Futura, 0.5-1.0 mm (protein: 64.0%,
fat: 9.0%, fibre: 0.5%, ash: 13.0%), Aller Aqua
Futura, 0.9-2.0 mm (protein: 64.0%, fat: 9.0%,
fibre: 0.5%, ash: 13.0%). At the beginning of the
third month of rearing, to increase the content
of plant components, the daily diet included
Zolotaya Rybka (Gold Fish) Flora feed, 1.7-2.5
mm (protein: 30.0%, fat: 5.5%, fibre: 5.0%, ash:
7.0%) in an amount of 20.0% of the daily feed
dose, while Coppens accounted for 50.0% and
Aller aqua for 30.0% of the daily feed amount.
The daily feed ration was determined based on
the total weight of the crayfish and varied from
10.0 to 5.0% depending on age, with the feed
fraction increasing according to the size of the
individuals. In the daily diet, the weight of Cop-
pens and Aller aqua feed had a 1:1 ratio.

The experimental groups were fed twice a
day: the specified feed dose was divided into
two parts in a ratio of 30:70 — the first part was
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administered in the morning, and the second
part was administered in the evening. This took
into account the natural behaviour of crayfish,
which search for food at dusk. The feed was
administered at two feeding points located on
opposite sides of the aquarium in order to avoid
competition or aggressive behaviour by dom-
inant individuals. In general, the same opti-
mal growing conditions (aquarium equipment,
feeding, shelter) were created for all six groups,
so that only the water temperature differed be-
tween the experimental groups.

Intermediate measurements of the length
and weight of crayfish were carried out every
10 days. At this time, the number of individ-
uals was also counted to assess their survival
rate. Based on the data obtained, the daily feed
dose was adjusted. Body weight and length
were measured in accordance with general fish
biology recommendations using a vernier cal-
liper and measuring tape, as well as TBE-0.21
laboratory scales with a minimum increment of
0.02 g. The conditions for keeping, feeding, and
caring for crayfish complied with the require-
ments of the European Convention for the Pro-
tection of Vertebrate Animals used for Exper-
imental and Other Scientific Purposes (1986);

Regulation (EU) No. 1143/2014 of the European
Parliament and of the Council “On the Pre-
vention and Management of the Introduction
and Spread of Invasive Alien Species” (2014),
in compliance with the bioethical standards of
proper treatment of animals enshrined in the
Regulation “On the Protection of Animals Used
for Scientific or Educational Purposes at the
National University of Life and Environmental
Sciences of Ukraine” (2023). The research was
carried out with basic funding (contract BF/37-
2021 dated 02.08.2021) as part of the applied
research project “River Basin Management in
the Context of Climate Change”.

Results and Discussion
According to the results of daily monitoring of
the aquatic environment, the actual water tem-
perature in each experimental group differed
from the set experimental temperature, often
exceeding the studied level, which was primar-
ily due to weather conditions in the middle and
end of the hot summer when the study was con-
ducted. All experimental groups were simulta-
neously exposed to this influence. The actual
temperature regime of all experimental groups
is presented in Table 1.

Table 1. Temperature conditions for the experimental groups of Procambarus clarkii

Group Groupl Group2 Group3 Group4 Group5 Group 6
(experimental, t, °C) (22.0°C) (24.0°C) (26.0°C) (28.0°C) (30.0°C) (32.0°C)
Lowest water temperature 21.3°C 23.8°C 25.8°C 27.1°C 29.7°C 30.9°C
Highest water temperature 24.0°C 26.5°C 28.0°C 30.0°C 32.0°C 34.0°C
Average water temperature during ° ° ° o o o
the first month 08.06-30.06 22.2°C 24.5°C 26.5°C 28.9°C 30.8°C 32.4°C
Average water temperature during o o o o o o
the second month 01.07-31.07 23.3°C 25.7°C 26.7°C 28.8°C 30.6°C 32.8°C
Average water temperature during o o o o o o
the third month 01.08-31.08 23.0°C 25.6°C 26.4°C 29.1°C 30.5°C 32.9°C
Average water temperature during 5, 9o, 24.2°C 26.5°C 28.4°C 30.0°C 31.8°C

the fourth month 01.09-16.09

Source: authors’ development

Based on the data of Table 1, each group
experienced slight temperature fluctuations
(%2.0°C) during the study period. For example, the
highest daily water temperatures were recorded

Animal Science and Food Technology. 2025. Vol. 16, No. 3

during the second and third months of cultiva-
tion, while the lowest water temperatures were
recorded in the last weeks of the study (Septem-
ber). As for other important parameters of the
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aquatic environment, the content of dissolved
oxygen throughout the study period fluctuated
within the optimal range for this species: from
5.4 mgO,/L to 7.7 mg0,/L; pH - 7.0-8.0. At the
beginning of the study, the average weight in all

groups was the same and amounted to 0.2%0.05
g, the average body length was 1.5%0.2 cm. The
results of the first and all subsequent measure-
ments of the weight of Procambarus clarkii car-
ried out every 10 days are presented in Table 2.

Table 2. Weights of Procambarus clarkii during the study period

Average M, g (M*m)

Group 1 Group 2 Group 3 Group 4 Group 5 Group 6
Date (22.0°C) (24.0°C) (26.0°C) (28.0°C) (30.0°C) (32.0°C)
min/max* min/max* min/max* min/max* min/max* min/max*
u* * u:::* u::: * u* * u*:}: u*:::
18.06 0.25/2.0 0.4/1.9 0.5/1.6 0.3/1.7 0.3/1.5 0.25/0.4
0.77+0.11 1.02+0.11 1.01£0.09 0.64%0.09 0.58+0.08 0.3+0.01
28.06 0.5/4.6 0.3/3.4 0.6/2.7 0.4/5.1 0.4/2.6 0.3/1
1.48+0.24 1.61+0.21 1.74%0.16 1.50%0.33 0.89+0.16 0.50+0.07
08.07 1.0/9.8 1.0/5.3 1.5/4.6 1.0/8.1 0.5/4.5 0.3/1.4
2.68+0.53 2.65%0.33 2.84%0.25 2.15+0.51 1.56%0.31 0.67+0.12
18.07 1.8/14.5 1.0/8.3 1.9/7.5 1.3/13 1.1/7.7 0.5/3.0
4.07+0.81 3.81%0.55 4.37+0.51 3.37+0.99 2.46+0.71 1.18%0.27
28.07 2.7/15.3 2.2/13.5 2.4/12.5 1.7/14.6 1.4/12.4 1.1/3.2
5.27+0.88 5.49+0.87 6.08+1.01 4.29+1.19 3.46*1.19 2.07%0.25
07.08 3.4/15.5 2.9/9.6 3.8/18.5 1.9/19.7 1.8/14.4 1.6/4.7
6.96+1.07 6.53%0.76 8.33%1.6 5.87+1.66 5.78+1.89 3.24+0.38
17.08 4.3/15.9 3.8/14.8 4.3/20.0 2.2/20.5 2.6/20.0 1.6/5.3
8.45+1.17 8.84+1.48 10.61+1.84 8.01+2.09 6.34+2.33 3.64%0.51
97.08 5.1/19.1 4.2/15.7 5.2/20.8 2.4/20.5 2.6/20 3.0/5.9
10.55+1.43 9.57+1.25 11.72%1.7 8.25+1.92 7.21+1.95 4.35+0.42
06.09 6.2/19.9 4.9/16.0 6.8/22.0 2.7/20.8 4.1/20.4 3.5/7.1
12.09%1.5 10.71+1.46 14.06%1.99 9.78+2.64 8.08+2.54 5.61+0.56
16.09 9.3/29.7 6.5/16.6 7.2/21 9.9/22.8 5.7/20.6 5.4/7.4
15.20%£1.97 13.71%1.35 14.85%1.75 14.08+2.25 9.75+2.33 6.60%0.36
Note: * - maximum and minimum values; ** — average value; highest and lowest values are highlighted in bold

Source: authors’ development

The first measurement of the length and
weight of crayfish in the experimental groups
10 days after they were placed in the grow-
ing conditions showed a trend of intensive
growth in individuals in experimental Groups
1-4 (t range 22.0-28.0°C) (Fig. 1). At the same
time, individuals from experimental Group
5 (30.0°C) and especially Group 6 (32.0°C)
showed a lag in weight gain. This trend was
observed during the first month of cultivation.
Thus, at the end of the first month of culti-
vation, the average recorded weight of indi-
viduals in Group 1 (22.0°C) was 4.07 £0.81 g,

which was 3.86 g more than the initial weight
(0.2%0.05 g). The average weight of individu-
als in experimental Group 2 (24.0°C) increased
by 3.61 g relative to the initial weight and was
3.81%0.55 g. The weight of individuals in exper-
imental Group 3 (26.0°C) reached 4.37+0.51 g,
which was 4.17 g more than the initial weight
and was the largest increase among the ex-
perimental groups during the first month of
the experiment. In experimental Group 4
(28.0°C), the average weight was 3.37 £ 0.99
g, with an increase of 3.17 g, respectively.
Group 5 (30.0°C) reached an average weight of

Animal Science and Food Technology. 2025. Vol. 16, No. 3




60

Effect of water temperature on growth...

2.46%0.71 g, and the increase relative to the
initial weight was only 2.26 g. Group 6 (32.0°C)
was characterised by the lowest average weight
among all experimental groups for the first

month - 1.18£0.27 g, and accordingly has the
smallest increase in average weight relative to
the initial weight — only 0.98 g, which was 4.25
times less than the increase in Group 3.

16
15
14
13 ™ 18.06.2024
12 m 28.06.2024
° i (1) 08.07.2024
59 18.07.2024
g8 m 28.07.2024
o Z m07.08.2024
g s 17.08.2024
% 4 27.08.2024
g ‘ | | 06.09.2024
16.09.2024
1 il il | il il
Groupl Group2 Group3 Group4 Group5 Group 6
(22.0°C)  (24.0°C) (26.0°C) (28.0°C) (30.0°C) (32.0°C)

Figure 1. Weight growth of crayfish during the study period

Source: authors’ development

The results of the second month of cultiva-
tion were also characterised by a rapid increase
in body weight in Groups 1-4 (22.0-28.0°C) and
moderate growth in Groups 5 (30.0°C) and the
smallest in Group 6 (32.0°C). For example, indi-
viduals in Group 1 (22.0°C) were characterised
by an average increase of 4.39 g during the sec-
ond month of cultivation. Crayfish in Group 2
(24.0°C) had an average increase of 5.03 g, and
Group 3 (26.0°C) again had the largest increase
in average weight — 6.24 g. The average weight
gain in individuals of Group 4 (28.0°C) during
the second month was 4.64 g. Groups 5 (30.0°C)
and 6 (32.0°C), which were grown at extreme-
ly high temperatures, had an increase of 3.88 g
and 2.46 g, respectively, which were the lowest
among the experimental groups.

The results of the last month of the study
showed that the highest average weight was
recorded in Group 1 (22.0°C) and amounted to
15.2+1.97 g with an increase in average weight
of 15.0 g relative to the initial average weight.
Thus, at the end of the study, Group 1 surpassed
Group 3 (26.0°C) in terms of average weight,
which had the highest average weight during

Animal Science and Food Technology. 2025. Vol. 16, No. 3

the first and second months of cultivation. In-
dividuals in Group 2 (24.0°C) reached an aver-
age weight of 13.71+1.35 g with an increase of
13.51 g. Crayfish in Group 3 (26.0°C) reached an
average weight of 14.85 % 1.75 g at the end of
the study, with a weight gain of 14.65 g. In ex-
perimental Group 4 (28.0°C), the final average
weight was 14.08 £ 2.25 g with a gain relative
to the initial weight of 13.88 g. As for Group
5 (30.0°C), the average weight of its individu-
als was 9.75*2.33 g with an increase of 9.55 g.
Crayfish in Group 6, which were grown at the
highest experimental temperature of 32.0°C,
had an average weight of 6.6+0.36 g at the end
of the study, with an increase of 6.2 g, which
was the lowest among all studied groups.

In general, during the study period, sig-
nificant growth asynchrony was observed in
all groups, which is typical for crustaceans.
In particular, Figure 2 shows individuals from
experimental Group 3 (28.0°C) during the in-
termediate measurement on August 7, which
most clearly demonstrated the variability
of linear growth and weight gain within the
group: the minimum weight was 3.80 g, and
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the maximum was 18.50 g (Fig. 2). A similar
pattern was observed in each group, which is

a natural feature of crayfish growth and is not
related to study conditions.

} LTI I il | i TV T[T
3
EETTT

L S B O N TN OBE N T B R TR TR PR IR DR L R

Figure 2. Asynchronous growth of individuals
in Group 3 (28.0°C) during intermediate measurement

Source: authors’ photo

Assessment of the nature of linear growth
changes in Procambarus clarkii during the study
also showed a relationship between water tem-
perature and crayfish body length: in Groups
1-4 (22.0-28.0°C), where cultivation took place
within the optimal temperature range, there

was intense linear growth, while in Group 5
(30.0°C) and especially in Group 6 (32.0°C),
where temperatures were extremely high, mod-
erate linear growth was recorded. The results of
linear growth measurements for all six groups
during the study period are shown in Table 3.

Table 3. Linear growth of Procambarus clarkii during the study period

Average L, cm (M £ m)

Group 1 Group 2 Group 3 Group 4 Group 5 Group 6
Date (22.0°C) (24.0°C) (26.0°C) (28.0°C) (30.0°C) (32.0°C)
min/max* min/max* min/max* min/max* min/max* min/max*
pr* pr* pr* pr* pr* pr*
18.06 2.0/4.0 2.0/3.8 2.3/4.0 2.0/4.0 2.0/4.0 1.8/2.3
2.94%0.14 3.08+0.15 3.02+0.11 2.67%0.13 2.49+0.15 2.03%0.03
28.06 2.5/5.2 2.2/4.7 2.7/4.5 2.5/5.2 2.5/4.6 2.0/3.1
3.53+0.17 3.58+0.16 3.82+0.15 3.35+0.20 3.06+0.17 2.78%0.13
08.07 3.0/6.8 3.2/5.5 3.9/5.5 3.0/6.0 2.7/5.0 2.2/3.5
4.35+£0.23 4.26%0.16 4.31%0.12 3.74+0.23 3.57+0.19 2.77+0.14
18.07 4.0/7.6 3.2/6.5 4.2/6.0 3.5/7.5 3.0/6.0 2.5/4.5
4.85+0.24 4.70%0.26 4.99%0.18 4.52+0.33 4.08+0.31 3.17£0.25
28.07 4.0/8.0 4.0/7.2 4.2/1.2 3.5/15 3.5/15 3.0/4.8
5.36%0.28 5.30%0.26 5.57+0.33 4.83%0.35 4.57+0.42 3.97+0.19
07.08 4.8/7.5 4.5/7.0 5.0/8.0 4.0/8.0 4.0/7.8 3.6/5.8
6.04£0.25 5.94+0.28 6.21+0.38 5.50+0.37 5.11+0.42 4.80%0.27
17.08 5.2/8.0 5.1/8.0 5.5/8.5 4.5/8.3 4.8/8.0 3.6/5.8
6.50+0.30 6.61%0.40 6.87%0.36 6.16%0.46 5.56+0.46 4.95%0.30
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Average L, cm (M £+m)

Group 1 Group 2 Group 3 Group 4 Group 5 Group 6
Date (22.0°C) (24.0°C) (26.0°C) (28.0°C) (30.0°C) (32.0°C)
min/max* min/max* min/max* min/max* min/max* min/max*
u*::: ]J** ]J** ]J** IJ** u**
27.08 5.8/8.8 5.4/7.7 5.8/8.2 4.5/8.5 4.0/8.0 4.2/5.8
7.13+0.30 6.80+0.27 7.06+0.27 6.02+0.45 5.56+0.41 4.98+0.23
06.09 6.0/9.0 5.5/8.0 6.2/8.4 4.6/8.5 5.1/8.0 4.9/6.2
7.41+0.31 6.97+0.32 7.46%0.27 6.37%0.59 5.85+0.45 5.56+0.21
16.09 7.0/10.0 6.2/8.1 6.5/8.3 6.5/8.7 5.8/9.0 5.3/6.7
8.00+0.29 7.38+0.29 7.66*0.22 7.42%0.33 6.80=0.50 6.04+0.26
Note: * — maximum and minimum values of; ** — average value; highest and lowest values are highlighted in bold

Source: authors’ development

The fastest linear growth was observed in
individuals in experimental Group 1 (22.0°C),
which reached 8.00+0.29 cm over three months
of the study, increasing their body length
by 6.50 cm compared to the initial length
(1.5+0.3 cm). The average length of crayfish in
Group 2 (24.0°C) increased by 5.88 cm and at the
end of the study averaged 7.38%0.29 cm. At the
end of the study, individuals in Group 3 (26.0°C)
had an average body length of 7.66 +0.22 cm,
with an increase of 6.16 cm relative to the

initial value. In Group 4 (28.0°C), individuals
reached an average length of 7.42 = 0.33 cm
with an increase of 5.92 cm. Crayfish in Group 5
(30.0°C) increased their body length by an av-
erage of 5.30 cm and reached an average length
of 6.80+0.50 cm. The lowest linear growth re-
sults were observed in crayfish from Group 6
(32.0°C): the body length of individuals in this
group increased by 4.54 cm, reaching 6.04+0.26
cm at the end of the study period, which was 1.3
times less than in Group 1 (Fig. 3).

z m 18.06.2024
s = 28.06.2024
S 7 08.07.2024
£ 6 18.07.2024
£5 m 28.07.2024
o 4 = 07.08.2024
i 17.08.2024
g, “ 27.08.2024
<] I 06.09.2024

0 16.09.2024

Group 1 Group2 Group3 Group4 Group5 Group 6

(22.0°C) (24.0°C) (26.0°C) (28.0°C) (30.0°C) (32.0°C)

Figure 3. Linear growth of crayfish during the study period

Source: authors’ development

Observation of the behavioural reactions
of P. clarkii during the experimental period
showed a typical phenomenon of the cultiva-
tion technology of any object in controlled or
natural conditions, namely a decrease in the
number of individuals, while revealing a direct
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relationship between water temperature and
the number of crayfish in the experimental
groups. In this study, the reduction in numbers
in some groups was caused by intense cannibal-
ism as a behavioural response to elevated (ex-
tremely high) water temperatures (Groups 4-6).
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However, it cannot be ruled out that the decline
in number could also have been the result of
the low vitality of crayfish grown at high tem-
peratures (28.0-30.0°C), since the organism’s
main resource could have been directed to-
ward thermoregulation, namely cooling the
organism, rather than maintaining optimal vi-
tal functions. In particular, observations have

shown that the highest intensity of mortality
and cannibalism was in Groups 5 and 6, which
were grown at temperatures beyond the toler-
ance limits of the organism - 30.0 and 32.0°C,
respectively. Table 4 shows general data on
changes in the number of Procambarus clarkii
in six experimental groups throughout the en-
tire study period.

Table 4. Dynamics of the number of Procambarus clarkii individuals during the study period

Number of individuals, n*

Date Group 1 Group 2 Group 3 Group 4 Group 5 Group 6
(22.0°C) (24.0°C) (26.0°C) (28.0°C) (30.0°C) (32.0°C)
18.06 17.0 17.0 16.0 16.0 16.0 16.0
28.06 17.0 17.0 15.0 14.0 15.0 11.0
08.07 16.0 13.0 13.0 13.0 12.0 10.0
18.07 15.0 13.0 11.0 11.0 9.0 9.0
28.07 14.0 12.0 10.0 10.0 9.0 8.0
07.08 13.0 9.0 9.0 10.0 9.0 7.0
17.08 12.0 7.0 8.0 8.0 7.0 7.0
27.08 11.0 7.0 8.0 7.0 6.0 6.0
06.09 10.0 7.0 8.0 7.0 6.0 6.0
16.09 10.0 7.0 8.0 7.0 6.0 5.0
% survival 58.82 41.18 47.06 41.18 35.29 29.41

Note: * - initial number in all groups - 17
Source: authors’ development

It was found that the greatest losses in
numbers were observed during the first two
months of cultivation, when the juveniles reg-
ularly, but asynchronously, moulted (ecdysis),
after which, under optimal conditions, the juve-
niles remained in the metecdysis stage for 1-2
days — a period of formation and strengthening
of the new exoskeleton, during which individ-
uals are most vulnerable to cannibalism. How-
ever, the experimental groups that were grown
at elevated temperatures (Groups 5 and 6) were
characterised by a longer period of metecdy-
sis — 2-3 days, remaining vulnerable to envi-
ronmental factors, primarily cannibalism, for a
longer period of time. Thus, survival at the end
of the second month of the study underwent
significant changes relative to the initial num-
ber and amounted to 70.59% in Group 1,47.06%
in Groups 3 and 4, and 41.18% in Groups 2, 5,
and 6. The third month of cultivation was

characterised by fewer moults (which is a typ-
ical feature of crayfish of this age), so survival
during the third month remained satisfactory.
In particular, in Groups 2, 3, 4, and 5, it was
100% (compared to the second month of cul-
tivation), in Group 1 - 83.3%, and in Group 6 —
71.43%, which indicates a decrease in the in-
tensity of cannibalism due to a decrease in the
number of moults in crayfish.

Analysis of the final results of the study
showed that the survival rate of crayfish in
Group 1 with the lowest cultivation tempera-
ture (22.0°C) was 2 times higher than in Group
6 with the highest water temperature (32.0°C)
and 1.7 times higher than in Group 5 (30.0°C).
At the same time, Groups 2-4 were character-
ised by approximately the same survival rates
of individuals — 41.18-47.06%. This result may
indicate an increase in the level of cannibalism
and mortality in proportion to the increase in
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the cultivation temperature. In general, can-
nibalism, especially during the moulting peri-
od of crayfish, is one of the most acute prob-
lems in the artificial cultivation of crustaceans
(crayfish, shrimp). Special measures, such as
placing shelters or coverings, structuring the
space, etc., significantly reduce the intensity of
its manifestation, but cannot completely elim-
inate it (Fedorovych et al., 2022a; Ishchuk et
al., 2024), so this aspect of crayfish farming
technology needs to be studied in more detail.
Thus, the studies conducted have examined
and established the influence of a wide range
of water temperatures on the growth, devel-
opment, and behavioural responses of the red
swamp crayfish under controlled conditions,
and it has been established that the optimal
temperature range for P. clarkii is 22.0 * 2.0°C.
Water temperatures above 28.0°C had a nega-
tive inhibitory and, in some cases, lethal effect
on crayfish. According to a study by X. Ren et
al. (2021), as water temperature rises, ecto-
thermic animals need to obtain more energy
to maintain an increased metabolism, which
leads to a decrease in food consumption rate (in
the current experiment, uneaten feed residues
were observed precisely in high-temperature
groups). However, as the water temperature ris-
es, the rate of catabolism (energy metabolism)
in animals exceeds the rate of anabolism (plastic
metabolism). This process can be explained in
more detail by analysing the work of H. Jiang et
al. (2024), which studied the effect of different
water temperatures (20.0°C — control, 10.0°C
and 30.0°C - experimental) on the activity of
enzymes (pyruvate kinase (PK), hexokinase (HK)
and phosphoenolpyruvate carboxykinase (PEP-
CK)) in the muscles and hepatopancreas of P.
clarkii, and changes in the activity of a-amylase
(a-AMY) and lipase (LPS) in the intestine and
hepatopancreas. Analysing the activity of diges-
tive and metabolic enzymes, H. Jiang et al. (2024)
found that extremely low (10.0°C) and high
(30.0°C) temperatures inhibited their activity
levels compared to the control group (20.0°C).
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It is obvious that the metabolic and diges-
tive activity of crayfish in the study directly de-
pended on water temperature: extremely high
values (above 28.0°C and above, Groups 4, 5, and
6) caused thermal stress, inhibiting the secretion
and activity of digestive enzymes and causing
metabolic disorders. It is likely that the main ex-
penditure of energy reserves in individuals from
high-temperature groups was directed toward
thermoregulation, and the activity of digestive
enzymes depended on water temperature, affect-
ing the absorption of nutrients from compound
feed through various aspects of metabolism,
which scaled differently with water temperature.

The optimal water temperature, which was
22.0°C according to the experiment, had a posi-
tive effect on the activity of digestive and meta-
bolic enzymes, which manifested itself in the in-
tensive linear-weight growth of individuals, high
survival rate, and the appearance of the first fe-
males with eggs in this group. At the same time,
due to changes in metabolic processes and sup-
pression of digestive enzyme activity, high-tem-
perature Groups 5 (30.0°C) and 6 (32.0°C) were
characterised by the lowest linear growth and
weight gain and critically low survival rates. The
results obtained also coincide with the data of
E. Fedorovych et al. (2022a), who, having con-
ducted research on the cultivation of various
species of crayfish under different temperature
and oxygen conditions, found that the best tem-
perature for keeping all the studied species is in
the range of 23.0-25.0°C. The negative effect of
high temperatures on P. clarkii is also described
in the work of K. Guo et al. (2020), which ana-
lysed the intestinal immune response of P. clarkii
individuals at a temperature of 25.0°C (control)
and a stressful temperature of 35.0°C. Based on
biochemical analysis of oxidative stress param-
eters and immune indicators in the intestine, a
negative reaction to temperature stress (35.0°C)
was established, which manifested itself through
increased oxidative stress in the intestine and
decreased activity of antioxidant and immune
enzymes, which together caused mortality.
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An explanation for this result can be found
in the work of B. Carreira et al. (2017), which
studied the feeding of crayfish with different
feeds at different temperatures. The results of
the studies indicate a decrease in the efficiency
of animal feed consumption at higher temper-
atures, since juveniles fed an animal diet were
unable to maintain high growth rates during
a prolonged heat wave; and a decrease in the
efficiency of plant diets at low temperatures,
since juveniles accumulated fewer reserves at
lower temperatures when fed a plant-based
diet. Similar results regarding an increase in
herbivory with increasing water temperature
were also investigated by P. Zhang et al. (2020),
who proved that an increase in temperature
increases the herbivory of ectothermic hydro-
bionts. Along with this, a study of other crusta-
cean species conducted by P. Kovtun & S. Mer-
zlov (2023) demonstrated a significant impact
of diet composition, in particular the inclusion
of vermiculture biomass, on their productivity.

In the study conducted by the authors of
this paper, compound feed with a high protein
content (46.0-64.0%) was used to feed crayfish
of all groups, including high-temperature ones,
and only at the beginning of the third month of
cultivation was compound feed with a high fi-
bre content (5.0%) introduced into the crayfish
diet in an amount of 20.0% of the daily ration,
which was obviously insufficient to maintain
normal metabolic processes in individuals from
high-temperature Groups (5 and 6). However,
this study did not consider the aspect of food
selectivity in favour of animal or plant feed for
feeding P, clarkii at different water temperatures,
but the data presented may be useful in future
studies for compiling a daily diet for crayfish.

All of the above-mentioned studies lead to
one common conclusion: high water temper-
atures have an undeniable negative impact on
crayfish survival, which is also confirmed by this
study. It has been found that in juvenile crayfish
from high-temperature groups, the metecdy-
sis period (the period after moulting until the

formation of a new exoskeleton, which, accord-
ingto S. Galib et al. (2022), is a period of defence-
lessness for crayfish) lasted 2-3 days, compared
to 1-2 days in crayfish at temperatures of 22.0-
26.0°C. Thus, individuals from Groups 5 and 6
remained more vulnerable to environmental
factors for a longer period of time, primarily to
cannibalism, which actively progressed due to
the asynchrony of the moulting process itself.
The longer period of metecdysis is associated
with the functioning of the endocrine system,
which regulates the secretion of the substance
chitin synthase, which is used to form a new ex-
oskeleton, which was apparently suppressed by
high water temperatures. At the same time, the
neuroendocrine system of crayfish and related
molecules regulate the behaviour of crayfish and
physiological processes, including the percep-
tion of environmental factors, which could affect
the thermotolerance and aggressive behaviour
of individuals from high-temperature groups
(Ren et al., 2021; Fedorovych et al., 2022b). As
crayfish grow, the problem of cannibalism de-
creases as the frequency of moulting decreases.
As follows, the undoubted advantage of
temperature conditions formed in Group 1,
which demonstrates the highest percentage
of survival and the highest linear growth and
weight gain of experimental crayfish, was es-
tablished. Groups 2-4 are also characterised by
satisfactory growth rate, but demonstrate low-
er survival rates. Also, according to the results
of study and analysis of available literature, it
was proved inexpedient to grow P. clarkii at the
temperature conditions formed in Groups 5 and
6, which showed the lowest linear growth and
weight gain and the lowest survival rates.

Conclusions
According to the results of the study, the low-
est temperatures among the studied ones had a
positive effect on the growth and development
of Procambarus clarkii, while the highest tem-
perature regimes studied, which went beyond
the tolerance of the crayfish, showed the lowest
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efficiency. So, comparing the results obtained,
it was found that the highest growth and sur-
vival rates were observed in Group 1, which
was grown at the lowest temperature among
the studied, namely 22.0°C. Groups 2-4 (24.0-
28.0°C) showed slightly lower but satisfacto-
ry growth and survival rates, but compared to
Group 1, these groups were characterised by a
lower survival rate. High-temperature Groups 5
(30.0°C) and 6 (32.0°C) were unable to maintain
high growth and survival rates.

The influence of high temperatures was
also revealed by the results of the assessment
of death and cannibalism as a behavioural re-
sponse of the organism to factors of the external
(high temperature) and internal (metabolic pro-
cesses, activity of the endocrine and neuroen-
docrine systems) environment. So, the survival
rate of individuals in Group 1 (22.0°C) was 2
times higher than in Group 6 (32.0°C). In addi-
tion, to the disadvantages of high-temperature
cultivation regimes, one can also add naturally

higher energy consumption for water heating,
which, with large volumes of cultivation, can be
high, and most importantly, unnecessary costs.
The results obtained have significant potential
for the development of an optimised and scien-
tifically sound technology for the cultivation of
Procambarus clarkii, and can also serve as a basis
for further, more in-depth research. In particular,
a promising area for further research is to study
the effect of the combination of parameters and
growing conditions on the physiological param-
eters and productivity of Procambarus clarkii at
different stages of ontogenesis.
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AHoTauis. B ranysi akBaky/lIbTypy OLHUM 3 HaitpO3MOBCIOIKEHIIINX Y CBiTi KOMepLilfiHUM BULOM
pakiB € yepBoHMii KanidopHilicbkuit pak Procambarus clarkii. MeTowo naHoi pob6oTu 6yB aHasi3
BIUIMBY TEMIIEPATYPHOTO PEKMMY Ha rapameTpu pocty Procambarus clarkii pu BUpPOILyBaHHI B
IiamasoHi Temmepatyp Boay Bim 22,0 go 32,0°C 3 kpokoMm Temrmepatyp 2,0°C (BCbOro 6 OCTiTHIX
rpym). Ilig yac mpoBefeHHS eKCIIepYMEeHTyY BUMKOPUCTaHO TeOpeTMYHi (aHasli3, cucTemMaTu3allis,
MOPiBHSIHHS), eKCIIepYMeHTalbHi (JJaGopaTOpHi) Ta 3araJbHOMPUITHATI Yy PUOHUIITBI MeTOmU
Joctimkenb. OTpuMaHi pe3ylabTaTU YiTKO MPOAEMOHCTPYBaJIM MPUTHIUYIOUMIA BIUIMB BUCOKUX
TemIiepatyp BomHoro cepemosuiia — 30,0°C (I'pyma 5) ta 32,0°C (Ipyma 6) — Ha picT Ta pO3BUTOK
(miHiftHO-BaroBMit TMpUpIcT, BMKMBAHICTb) OCOOMH, TOAi K HaiHWK4YA B JAHOMY [OCTiAi
temneparypa Bogu (I'pyma 1, 22,0°C) cnpusia 6inbir eheKTMBHOMY POCTY Ta MiATpUMMyBaJia
BIDKMBAHICTD pakiB. Tak, KiHIeBa cepemHs Maca ocoouH I'pymm 1 (22,0°C) cranoBwia 15,201,971,
y I'pymi 2 (24,0°C) cepennst maca ckiagana 13,71+1,35 r, paku I'pyrnin 3 (26,0°C) mocsiriu cepeiHbOi
Macu B 14,85+1,75 r, I'pyna 4 (28,0°C) — 14,08+2,25 1, a B I'pymax 5 (30,0°C) i 6 (32,0°C) orpmaHa
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cepenHsl Maca ckiagana 9,75+ 2,33 r i 6,60 0,36 r BigmoBigHo, mo B 1,5 Ta 2,3 pasa MeHIe
nopiBHSAHO 3 I'pymoio 1. BomHOUac MOKAa3HMKYU CEPeAHBbOTO JIHITHOTO MPUPOCTY Mayu GiJbIn
OIHOPIIHMI XapaKTep i CTAaHOBWIN Ha KiHelb focimkenHs y Ipymi 1 - 8,00+0,29 cm, y ['pymi 2 — B
cepenHbomy 7,38+0,29 cMm, ocobuum I'pynu 3 manu cepemHio JOBXKMHY 7,66 = 0,22 cM, y I'pyri 4 —
7,42 0,33 cM, a y BUCOKOTeMIlepaTypHux I'pymax 5 i 6 cepemHst qoBxuHa ckiaagana 6,80 = 0,50
cM i 6,04+ 0,26 cM BifoOBimHO. BCTAHOBIEHO TEHIEHIII0 3HMKEHHS BUKMBAHOCTI OCOOMH MpU
36i7bIIeHI TeMIiepaTypu Boau y rpymax. Tak, BukuBaHicTh y I'pymi 1 Ha KiHelp JOCTiAKeHb
cra”oBwia 58,82 %,y I'pymi 2 — 41,18 %, y I'pymi 3 — 47,06 %, I'pymi 4 — 41,18 %, a 'pynu 5 i 6 3a3Hamm
HAaii6i/IbIIIOr0 TUCKY TEMIIEPATYPHOTO ITOKAa3HMKA Ha BUKMBAHICTD — 35,29 % i 29,41 % BimmoBigHO

KniouoBi cimoBa: akBakynbTypa; Procambarus clarkii; wmaca; m[OBXMHA; BUKUBAHICTb;
TepMOpETYJISIist; MeTabosi3M
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