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Abstract

The use of biofloc technology (BFT) in narrow-clawed crayfish (Astacus leptodactylus) culture for 45 days was evaluated
by production performance and physiological status of crayfish. Four different stocking densities of crayfish were tested in
BFT (20, 41.66, 62.5, and 83.33 individuals m?). Water quality parameters were monitored to sustain desired levels for
crayfish and biofloc management. The growth performance of narrow-clawed crayfish did not show any significant
differences among the groups. However, the survival rate changed by the stocking density. Hemolymph indices represented
by total hemocyte counts and relative abundance of hyalinocyte, semi-granulocyte, and granulocyte were not affected by
different stocking densities. Overall hemolymph glucose and lactate levels of narrow-clawed crayfish reflected mild stress in
response to BFT conditions. Hemolymph protein concentrations did not change by the stocking ratio in BFT. Hemolymph
protein levels were in the normal range, indicating the healthy status of the individuals. The hepatopancreas histology was
observed as a typical morphology for healthy crayfish in all stocking densities in BFT. Notwithstanding the relatively lower
survival rate in higher stocking density of narrow-clawed crayfish, the results of the present research revealed that the
adaptation of narrow-clawed crayfish to BFT conditions is promising for the crayfish culture.
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Astacus leptodactylus i¢in Biyoyumak Teknolojisinin Degerlendirilmesi: Farkh Stoklama Yogunluklarinmn Uretim
Performansi ve Fizyolojik Tepkileri Uzerine Etkisi

Ozet

Biyoyumak teknolojisinin (BFT) Astacus leptodactylus yetistiriciliginde tiretim performansi ve fizyolojik durumuna
etkileri 45 giin siireyle degerlendirilmistir. Kerevitler dort farkli stoklama yogunlugunda (20, 41.66, 62.5 ve 83.33 adet m™)
BFT ortaminda test edilmistir. Su kalitesi parametreleri kerevit ve biyoyumak ortami igin istenen seviyeleri siirdirmek
amaciyla takip edilmistir. Caligmanin sonunda kerevitlerin biiylime performansi gruplar arasinda 6nemli bir farklilik
gostermemistir. Bununla birlikte, farkli stoklama yogunluklarinin yasama oranlarini etkiledigi belirlenmistir (p<0.05).
Toplam hemosit sayilart ve goreceli olarak hyalinosit, yar1 graniilosit ve graniilosit bollugu ile temsil edilen hemolenf
indeksleri, farkli stoklama yogunluklarindan etkilenmemistir. Ancak kerevitin genel hemolenf glikoz ve laktat seviyeleri,
BFT kosullarina yanit olarak hafif stresi yansitmigtir. Hemolenf protein konsantrasyonlari, BFT'deki stoklama yogunluguna
gore degismemistir. Hemolimf protein seviyeleri ise kerevitlerin saglikli durumunu gosteren normal smirlar arasinda
bulunmustur. Hepatopankreas histolojisi, BFT'deki tiim stoklama yogunlugunda saglikli kerevit igin tipik bir yap1
gostermigtir. Kerevitlerin daha yliksek stoklama yogunlugundaki nispeten diigilk yasama oranina ragmen, mevcut
arastirmanin sonuglari, Kerevitlerin BFT kosullarina adaptasyonunun kerevit yetistiriciligi i¢in umut verici oldugunu ortaya
koymustur.

Anahtar Kelimeler: Biyoyumak, Astacus leptodactylus, stoklama yogunlugu, biiyiime, fizyolojik yanit

INTRODUCTION
Decapod crustaceans are represented by the second-highest market value among the world's
aquaculture production (FAO, 2018). Narrow-clawed crayfish (Astacus leptodactylus) as a decapod is
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also considered a species that has consumer demands (Farhadi and Jensen, 2016; Harlioglu and
Farhadi, 2017). This species is widely distributed in Europe, East Russia, and the Middle East and
mostly cultured in extensive and semi-intensive farms. However, intensive culture possibilities are
limited due to the absence of suitable commercial feed and the disease as well as cannibalism
problems (Nedaei et al., 2019). Moreover, late sexual maturity age, the long incubation period of the
eggs, slow growth rates, and disease problems are common disadvantages for the intensive culture of
narrow-clawed crayfish.

Stocking density is one of the most important factors affecting yield in decapod culture.
Crustaceans naturally exhibit territorial and aggressive behavior, increasing the food competition at
high stocking densities in culture systems. Therefore, determining the appropriate stocking density
specific to the species is also an indicator of culture performance (Yu et al., 2020).

Many culture techniques and feed formulations can be used to minimize disease outbreaks and
ensure the sustainability of production (Safari and Paolucci, 2017). Apart from traditional culture
applications, new practical methods such as BFT that improve the culture performance, health status,
and water quality parameters have been developed in recent years (Minaz and Kubilay, 2021). BFT
has many positive effects on the survival rate, growth, and immune system and also reduction in
cannibalism even at high stocking densities for cultured decapods (Foes et al., 2011; Liu et al., 2017,
Negrini et al., 2017; Kaya et al., 2020).

In Decapoda, hemo-cytological analysis can provide an insight into the physiological and
immunological status of the individuals (Gargioni and Barracco, 1998; Lin and Soderhill, 2011;
Hauton, 2012; Kaya et al., 2019b). Hemocytes are the cells found in the hemolymph that is in the
center of the protective system of the crayfish as in other crustaceans. Hemocytes are involved in non-
specific immune systems associated with non-self-recognition and alterations in hemocyte count may
indicate the crayfish's health directly (Soderhall et al., 1988). Hemolymph indices, representing total
hemocyte counts and relative abundance of the hyalinocytes, semi-granulocytes, and granulocytes are
a valuable tool to assess the health of crayfish. The circulating hemocytes can be affected by many
factors such as water quality, food intake, starvation, environmental conditions, grow-out methods, life
cycle, molting, diseases, etc (Winzer, 2005). Thus, BFT as a culture technique can influence the
nonspecific immune system associated with hemolymph indices (Panigrahi et al., 2019b). Hemolymph
metabolites such as protein, lactate, and glucose levels in the hemolymph of the crayfish are the
biomarkers to detect the physiological status of crayfish (Bonvillain et al., 2012). Increases in
hemolymph glucose level, under the effect of crustacean hyperglycemic hormone, has been reported to
be a secondary stress response (Jussila et al., 1998). Thus, hemolymph glucose and lactate have been
classified under the acute stress biomarkers in crayfish (Bonvillain et al., 2012). Hemolymph protein is
another biomarker that can be used in the evaluation of health status and particularly for the linkage
between food intake and the condition of the crayfish (Sladkova and Kholodkevich, 2011). The
hepatopancreas is the main organ for digestion metabolism. Due to these characteristics,
hepatopancreas tissue and cell types have been intensively investigated (Vogt, 2019). The organ is
responsible for nutrient absorption, lipid storage, and digestive enzyme synthesis (Johnson, 1980;
Genc et al., 2007). Therefore, the monitoring of hepatopancreas can be a useful indicator of decapod
metabolism.

The negative effects of increased stocking rates on narrow-clawed crayfish have been reported by
many researchers (Ulikowski and Krzywosz, 2004; Mazlum, 2007; Farhadi and Jensen, 2016), but
there is no study related to evaluation stocking densities with BFT in narrow-clawed crayfish. In our
previous study (Genc et al., 2019), narrow-clawed crayfish with an initial weight of 37,61g showed a
100% survival rate in BFT compared to the clear water conditions (77.77%) in stocking density of
28.57 crayfish m™. This result demonstrated that BFT could be directly implemented in practice for
the narrow-clawed crayfish culture instead of a clear water technique. For this reason, this study aimed
to evaluate the effects of higher stocking densities on survival, growth performance, body
composition, and physiological response of narrow-clawed crayfish in BFT conditions.

MATERIAL and METHODS
Ethical Statement

The authors declare that this study complies with the ethical policies that the scientific journal has
been adhered to. In this study, a crayfish (Decapoda) was used as an experimental animal. Regarding
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"the Scientific Purposes Used Animal Protection to the European Union Directive" (2010/63/EU
dated), and the "Republic of Turkey the Experimental and other Scientific Purposes of Animals used
for a Regulation on the Welfare and Conservation” (13.12.2011 date, 28 141 number); the crayfish as
an invertebrate organism the permission is not subjected.
Experimental Design, Water, and Growth Parameters

The experiment was carried out in recirculating aquaculture system (RAS) for 45 days at Fisheries
Research and Application Unit (Faculty of Agriculture, Ankara University), Each tank of the RAS had
a bottom area of 0.24 m? and with a volume of 40+0.5 L. Narrow-clawed crayfish at the intermolt
stage were obtained from the stock in the Unit. One hundred and fifty crayfish were randomly
distributed to each RAS tank in stocking densities of 5, 10, 15, and 20 individuals corresponding to
20.83 (Group S1), 41.66 (Group S2), 62.5 (Group S3), and 83.33 (Group S4) individuals m?
respectively. Each group was tested with three replicates. During the trial, 12 h of light and 12 h of
dark conditions were maintained. In the experiment, feed containing 38.1% protein and 9.1% fat was
used (Table 1). Feeding was started at a rate of 4.5% body weight (BW) day™ and adjusted by
reducing 1.5% every 15 days.

For biofloc production, sugar beet molasses (Beta vulgaris) (Ankara Sugar Company, Turkey) was
added after daily feeding in a C: N ratio of 15:1 according to Avnimelech (2012). During the
experiment, the addition of molasses for the daily feeding rate was adjusted by the report of Kaya et al.
(2020). The biofloc volume was measured daily for ensuring an ideal level (10-20 ml L) using the
Imhoff cone (Avnimelech, 2012).

Table 1 Ingredients of the experimental feed and proximate analysis of diet (% dry matter)

Ingredients %
Fish meal’ 30.0
Soybean meal® 12.5
Corn gluten® 13.0
Wheat flour* 36.0
Fish oil® 2.4
Soy lecithin® 2.0
Vitamins premix’ 0.8
Minerals premix’ 0.2
Vitamin C’ 0.1
Binder (guar gum)® 3.0
Proximate analysis (%) Experimental diet
Crude ash 6.0
Crude protein 38.1
Crude lipid 9.1
Crude cellulose 1.5
Total energy (MJ kg™) 19.5
Digestible energy (MJ kg™*) 15.2

Anchovy fishmeal. Sursan Feed Mill Company, Samsun, Turkey
%Kire1 Soya Company, Balikesir, Turkey

®Cargill, Istanbul, Turkey

“ipek Wheat Company, Nevsehir, Turkey

®Anchovy fish oil. Sursan Feed Mill Company, Samsun, Turkey
®Sigma Aldrich Chemicals, St. Louis, MO, USA

"DSM Nutritional Products, Turkey

8Guar gum, Kartal Chemical Company, istanbul, Turkey

The weight gain, specific growth rate, feed conversation ratio, survival rate, and the moult
frequency (percentage of moulted crayfish) in each stocking group were calculated using the following
equations:

Weight gain (WG) = Wfinal (g)*Winitial (g) /Winitial (g) x 100

Specific growth rate (SGR) = 100 (In Wrina - IN Wipigia) / Time

Feed conversation ratio (FCR) = feed intake (g) / weight gain (g)

Survival rate (SR) = (Nfinar/ Ninitiar) % 100

Moulting Frequency (MF)%= (Np, / Ng) x 100 (N, = the total number of moulted crayfish per
group during the experiment, N; = the total number of live crayfish per group).
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The proximate compositions of the narrow-clawed crayfish were determined based on the
Association of Analytical Communities (AOAC, 1997), the Kjeldahl method was used for the crude
protein (N x 6.25) and the crude ash was determined by combustion in a muffle furnace at 550 °C for
16 h. The total lipid concentration was carried out according to the method described by Bligh and
Dyer (1959).

Water Parameters

Water temperature, dissolved oxygen, saturation, and salinity levels were recorded daily using a
multi-parameter instrument (YSI® 556, YSI Inc., Yellow Springs, OH, USA). Nitrite, nitrate, and
phosphate measurements were performed every week (APHA, 1998). Daily measured water quality
parameters and nitrite, nitrate, and phosphate values of the BFT system are shown in Table 2.

Table 2 Water parameters of the RAS system

Parameter BFT N
T (°C) 22.740.9 45
DO (mg L™ 6.5£0.4 45
Saturation (%) 75+5.0 45
pH 78404 45
Salinity (ppt) 0.002 45
N-NO, (mg L™) 0.2+0.1
N-NO; (mg L™) 2.1£0.3
PO, (mg L™ 0.4+0.2

Biofloc volume (ml L) 14.2+4.5 45

N: sampling number

Hemolymph Sampling and Analysis
Hemolymph Indices

Total hemocyte counts and relative abundance of hemocyte types (hyalinocytes, semi-granulocytes,
and granulocytes) were determined to form hemolymph indices. Hemolymph sampling was carried out
at the end of the experiment. Hemolymph samples from each crayfish were withdrawn by the
pericardial cavity puncture with a hypodermic needle and transferred to Eppendorf tubes to dilute with
crustacean anticoagulant (1:2) for total and differential hemocyte counts. Collected hemolymph was
pooled to enable enough amount for the analysis. Crustacean anticoagulant was the solution of citrate
buffer and EDTA (Anderson et al., 1997). Total and differential hemocyte counts (THCs) were
established by the hemolymph in crustacean anticoagulants using a Neubauer hemocytometer (Persson
et al., 1987). In determining the differential hemocyte counts, hemolymph in the anticoagulant mixture
was dropped on a slide and smeared. In brief, air-dried smears were fixed in 70% methanol and then
stained with May-Grunwald and Giemsa (Bancroft and Stevens, 1977). Approximately 100 cells were
counted under a microscope to differentiate the hemocyte types (hyaline cells, semi-granulocytes, and
granulocytes).
Hemolymph Metabolites

Hemolymph protein, glucose, and lactate were analyzed in hemolymph samples without
anticoagulants. Hemolymph samples were allowed to clot and stored at 4 °C. Before analysis thawed
samples were centrifuged and the supernatant was collected. Commercial kits (Cayman Chemicals,
USA) were used for hemolymph metabolites: hemolymph protein, glucose, and lactate determination.
In hemolymph metabolites, the instructions of the manufacturer were followed.
Statistical Analysis

In the statistical analysis of the data obtained the package program (SPSS 17.0, Chicago, IL, USA)
was used. One-way ANOVA and Duncan multiple range tests were used for comparing different
stocking densities among the BFT groups (mean + standard deviation). The statistical significance of
the data was considered as p<0.05.
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RESULTS

S1 group clearly showed better growth performance among the groups (p<0.05) (Table 3).
Increased stocking densities negatively affected the final weight values of crayfish. Moreover, the feed
conversion ratio changed by the groups, and the best feed conversion ratio was obtained from the S1
group (p<0.05). The survival rate was the highest in the group with a minimum stocking density (S1).
Moulting frequency was not statistically affected by increased stocking rates for all groups (p>0.05).
Lipid content of tail meat did not differ among the experimental groups, however, protein amount in
tail meat increased significantly in comparison to initial values of tail meat of narrow-clawed crayfish
(Table 4). Moisture and ash amount of tail meat decreased in biofloc groups in comparison to initial
values (p>0.05).

Hemolymph indices representing the total hemocyte counts (THCs) and relative abundance of
hemocyte types (hyalinocyte, semi-granulocyte, and granulocyte) did not differ among the groups
(p>0.05) (Table 5). From the hemolymph metabolites measured, hemolymph protein and lactate did
not change by the stocking density of crayfish (p>0.05). Hemolymph glucose increased in the group of
S2 and S3 in comparison to group S1 and S4 (p>0.05) (Table 6).

The hepatopancreas sections indicated normal tissue architecture. Examined hepatopancreas tissue
was not adversely affected by different stocking applications (Figure 1). Normal histomorphology has
been observed in hepatopancreatic tubular cells and central lumens in the narrow-clawed crayfish of
all groups. There were no pathological changes in the hepatopancreas of the examined crayfish during
the experiment.

Table 3 Growth performance of crayfish, A. leptodactylus in different stocking densities with BFT

s1 S2 S3 S4
IWg 7.27+0.06% 7.28+0.09% 7.28+0.07° 7.28+0.07°
FW g 13.86+1.00° 12.25+1.88% 11.75+1.83% 12.12+2.02°
WG g 6.59+0.99° 4.97+1.89° 4.84+2.01° 4.47+1.82°
DWG g 0.07+0.01° 0.05+0.02° 0.05+0.02° 0.05+0.02°
SGR% day™  0.70+0.08" 0.55+0.18° 0.54+0.19° 0.51+0.16°
FCR 1.94+0.07° 2.60+0.36% 2.7140.54%® 2.90+0.47°
MF % 80.00+17.64*  60.86+6.49° 59.00+18.56° 57.72+16.24°
SR % 100.00+0.00°  93.33+5.77% 91.11+3.85°% 88.33+2.89°

S1: 5 crayfish 0.24m™. S2: 10 crayfish 0.24m™. S3: 15 crayfish 0.24m™. S4: 20 crayfish 0.24m™
IW: initial weight, FW: final weight, WG: weight gain, DWG: daily weight gain, SGR: specific growth rate
(% day™), FCR: feed conversion ratio, MF: moulting frequency (%), SR: survival rate (%).

Table 4 Proximate composition of tail meat (wet-weight basis) of narrow-clawed crayfish in
different stocking densities

Initial S1 S2 S3 S4
Moisture (%)  81.17£0.40°  79.07+0.57*  79.33+0.91® 79.87+1.65®  79.17+1.01%
Protein (%)  16.63+1.25%  18.28+0.42°  18.20+0.54°  18.02+0.89" 18.22+0.61°
Lipid (%) 0.80+0.10% 1.07+0.15° 1.03+0.42° 0.93+0.15% 1.17+0.312
Ash (%) 1.23+0.06°  1.16£0.03*  1.19£0.05®  1.14+0.05*  1.20+£0.02*
S1: 5 crayfish 0.24m™. S2: 10 crayfish 0.24m™. S3: 15 crayfish 0.24m™. S4: 20 crayfish 0.24m™
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Table 5 Hemolymph indices of narrow-clawed crayfish, A. leptodactylus in different stocking densities
Stocking density groups S1 S2 S3 S4
Total hemocyte Counts 5 5o 1589 51.19414.85%  49.70£17.71°  47.93£15.49°

(x10* cells mL™)
The relative abundance

of hemocyte types

Semigranulocyte (%) 1426£9.10°  14.54+9.47%  12.9548.08°  12.45+9.32°
Granulocyte (%) 19.15+12.37%  19.70£11.63%  20.60+10.25%  20.52+11.54%
Hyalinocyte (%) 66.59+14.28"°  65.76£17.08°  66.45+12.38"  67.03+16.84°

S1: 5 crayfish 0.24m™. S2: 10 crayfish 0.24m™. S3: 15 crayfish 0.24m™. S4: 20 crayfish 0.24m?

Table 6 Hemolymph metabolites of narrow-clawed crayfish, A. leptodactylus in different stocking
densities
Stocking density groups S1 S2 S3 S4
Hemolymph protein (mg mL™)  2.94+0.08%  2.82+0.05%  2.48+0.18%  2.71+0.12°
Hemolymph lactate (mg dL™®)  60.16+1.47* 61.32+1.41° 63.83+0.98® 61.16+3.54°
Hemolymph glucose (mg dL™)  54.86+0.76° 60.96+0.71®° 60.72+0.89% 55.16+1.16°
S1: 5 crayfish 0.24m™. S2: 10 crayfish 0.24m™. S3: 15 crayfish 0.24m™. S4: 20 crayfish 0.24m™
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Figure 1. Hepatopancreas of A. leptodactylus by the groups in BFT culture conditions. B-cells: large vacuoles,
R-cells: small vacuoles and F-cells: basophilic/nonvacuoles. H&E, Bar = 50 pm. S1: 5 crayfish 0.24m™. S2: 10

crayfish 0.24m™. S3: 15 crayfish 0.24m™. S4: 20 crayfish 0.24m™
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DISCUSSION

The main advantage of BFT in aquaculture is to improve water quality by removing toxic
nitrogenous compounds (Emerenciano et al., 2013). In the present study, water quality parameters
such as water temperature, dissolved oxygen, and pH were within a normal range for narrow-clawed
crayfish (Nedaei et al., 2019; Safari and Paolucci, 2017). Nitrite, nitrate, and phosphate levels were
also in the appropriate range in crayfish culture for BFT conditions (Azhar et al., 2020). In the present
study, BFT application with its unique water quality and nutritional characteristics reduced
cannibalism rates by ensuring 24 hours instant diet to this decapod. In BFT conditions, narrow-clawed
crayfish, which is naturally cannibalistic behavior, did not exhibit aggressive behavior.

Previous studies showed that narrow-clawed crayfish were affected by the increase in stocking
density, and both survival rate and growth performance decreased in clear water conditions (Mazlum,
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2007; Farhadi and Jensen, 2016). Farhadi and Jensen (2016) expressed that 10 A. leptodactylus m™
provided the best survival rate in the study where they tested three different stocking densities (10, 20,
and 40 individual m?). Mazlum (2007) reported that the stocking density of 50 A. leptodactylus m™
ensured more yield. The main difference between Mazlum (2007) and Farhadi and Jensen (2016) trials
was the initial live weights of crayfish (22.4+0.5 mg in Mazlum (2007), and 36.9—40.5 g in Farhadi
and Jensen (2016). The initial weight variation can probably explain the optimum stocking rates. Our
study demonstrated that BFT conditions had a positive effect on the overall survival rate of narrow-
clawed crayfish. By the stocking density groups, the survival rate was lower in the highest density
group of narrow-clawed crayfish. It can be considered that as the decreased stocking density had a
favorable effect on survival rate thus, the stocking densities of crayfish can be kept relatively low in
BFT. The promising results of this study proved that BFT application can be an ambient habitat for
narrow-clawed crayfish. The protein content of narrow-clawed crayfish tail meat in this study was
similar to the values reported for red claw crayfish, Cherax quadricarinatus, reared in the earthen
ponds (Thompson et al., 2005). Lipid content of tail meat of A. leptodactylus in BFT here was higher
than that of C. quadricarinatus (Thompson et al., 2005) and A. leptodactylus fed on diets containing
mannan oligosaccharide (Mazlum et al., 2010). This elevated amount of lipid content in tail meat may
be attributable to BFT conditions.

Since no data on the culture of crayfish in the BFT are available in the literature, trials with other
decapod crustaceans were taken into consideration to compare the results of our current research.
Crustaceans have an only innate immune system and hemolymph parameters are important indicators
in the evaluation of health conditions (Kaya et al., 2019). The role of BFT in improving hemolymph
parameters and maintaining appropriate culture conditions in many crustaceans has been reported in
previous studies (Xu and Pan, 2013; Li et al., 2019; Panigrahi et al., 2019; Kaya et al., 2020). In the
current study, hemolymph indices and metabolites of narrow-clawed crayfish reflect the compatibility
with the BFT conditions. The hemocyte number in the hemolymph of crustaceans is considered as the
health indicator and stress biomarker (Jussila et al., 1998; Le Moullac and Haffner, 2000). To our
knowledge there is no study on narrow-clawed crayfish with different stocking ratios in BFT,
preventing us from the comparisons of the previous hemolymph indices. THCs in the hemolymph in
the present study were not affected by the different stocking densities, showing the mean values
between 47.93+15.49 and 52.58+15.88 (x10* cells mL™). Hemolymph indices of this research showed
a decreasing tendency by increasing crayfish density however, the decreases of THCs in higher
stocking density groups were statistically insignificant. THCs were similar to the values reported for
A. leptodactylus under normal conditions (Yildiz and Benli 2004). Contrarily, THCs counted in our
study were lower than the THCs assessed in feeding experiments with A. leptodactylus fed with
different ratios of fructo- and mannan oligosaccharides (Safari et al., 2014). The hyalinocyte ratio in
our measurements was the most found hemocyte type in narrow-clawed crayfish in BFT. In the study
of Sang et al. (2009) hyaline cells of marron, Cherax tenuimanus in control groups were of the highest
ratio in all cell types, showing similarity with our findings in terms of sequencing the ratios of
hemocyte types. The protein levels in hemolymph of crayfish, in general, have been reported to be
between 20 to 75 mg mL™ as a reference interval for healthy crayfish individuals (Sladkova and
Kholodkevich, 2011). The hemolymph protein concentrations in all groups tested in the present study
fell in the range of normal protein levels. Similar hemolymph protein concentrations (24-25 g L™)
were recorded for Cherax destructor individuals in normal conditions (Stara et al., 2018). The
insignificant differences between groups show the normal physiological state of the crayfish in all
groups. However, hemolymph protein of red swamp crayfish (Procambarus clarkii) was measured
61.61 mg mL™ for normoxic conditions. (Bonvillain et al., 2012). Hemolymph protein concentrations
in this study are below the values of healthy A. leptodactylus (4.56 mg dL™) reported by Yildiz et al.
(2005). This may be related to biotic and abiotic factors of BFT for crayfish thus, the physiological
compensation mechanism associated with BFT conditions may result in alterations in hemolymph
protein concentrations. Elevated hemolymph concentrations in crayfish can be an indication of
stressful conditions (Yildiz and Benli, 2004). Glucose mobilization in crayfish has validity as a strong
biomarker of the physiological status of the animal. In particular, higher levels of hemolymph glucose
are linked to glycogenolysis hence, elevated hemolymph glucose concentrations are considered as
acute biomarkers for stress. In our study, the glucose levels in hemolymph differed among the groups
however, the changes in glucose levels were independent of the stocking density. In P. clarkii the
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hemolymph glucose was stated as 24 mg/dL for the normal physiological state of crayfish (Bonvillain
etal., 2012) and 1.36 mmol dL™ for Cherax destructor (Stara et al., 2018). Hemolymph glucose values
below 10 mg dL™* were reported in A. leptodactylus in normal conditions (Yildiz and Benli, 2004).
Based on the literature cited, the hemolymph glucose values in our groups can be categorized as
relatively high for all tested groups, corresponding to mild stress. It should be noted that elevated
glucose levels are not the biomarker of chronic stress. Thus, the recovery from acute stress in culture
conditions seems possible, demonstrating the need for more tests to measure the hemolymph glucose.
Similar to hemolymph glucose, higher lactate levels in hemolymph are acute biomarkers of stress.
Lactate is the end metabolic product of anaerobic metabolism in crustaceans and its level increases
under stressful conditions to maintain homeostasis. In our study, the lactate levels in hemolymph did
not show any significant differences among the groups. The lactate values measured here were higher
than the lactate values in unstressed P. clarkii (Bonvillain et al., 2012) and hemolymph of Cherax
destructor in the normal physiological state (Stara et al., 2018). Increases in hemolymph lactate levels
of P. clarkii and Procambarus digueti in response to altered light intensity and durations were
recorded by Fanjul-Moles et al. (1998). The increase in hemolymph lactate of P. digueti was 317 times
the control values (0.207 mmol mL™) after exposing crayfish to 1 week of LD 12:12, indicating
extreme elevations of hemolymph lactate. The hemolymph lactate concentrations in this study are
relatively higher however, the elevation in the lactate levels does not indicate higher levels of stress.
Although both hemolymph glucose and lactate levels may represent mild stress response to BFT
conditions in our study we did not observe any unhealthy individuals during the experiments. The
elevations in these acute biomarkers (hemolymph glucose/lactate) may be linked to the exertion in the
physiological response to adapt to the BFT.

It is known that the hepatopancreas with a tubular structure consisting of R-cells, B-cells, and F-
cells is a highly vital organ in the decapods for digestion, absorption of nutrients, and the storage of
lipids (Steinacker, 1981; Genc et al., 2007; Kaya et al., 2019a, 2019b). With these approaches,
hepatopancreas histology can serve the general health status and metabolism of crayfish. Examined
samples for all stocking groups in our study were found normal and healthy. The hepatopancreas
histology results of this study were coherent with the other decapod species cultured in BFT (Furtado
et al., 2015; Kaya et al., 2019a, 2019b, 2020).

CONCLUSION

BFT conditions for narrow-clawed crayfish raising may provide suitable conditions considering the
growth performance, overall survival rates, and health status of the individuals. Stocking density in
narrow-clawed crayfish culture should be kept relatively low to achieve higher survival rates under
BFT conditions although the increased stocking density of narrow-clawed crayfish did not appear a
potential risk factor for the physiological status of narrow-clawed crayfish as reflected in hemolymph
indices associated with the metabolites and hepatopancreas histology.
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