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ABSTRACT. The jellyfish Craspedacusta sowerbii (Lankester, 1880) is known to be an invasive species
in freshwater worldwide, except in Antarctica. In Belgium, C. sowerbii was first recorded in 1939 by
Damas in the River Meuse. Since then, few further Belgian observations of this species have been made.
Here, we report the presence and determine the gender of C. sowerbii medusae in an artificial pond in
Forrieres, in southern Belgium. This is the first record of this species in the province of Luxembourg. Our
findings suggest that the population consists exclusively of females.
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1. Introduction

Craspedacusta  sowerbii  (Lankester, 1880)
(Cnidaria: Limnomedusae: Olindiidae) is a freshwater
jellyfish considered to be an invasive species. Native
to the Yangtze valley in China, C. sowerbii is now
found on every continent except Antarctica (Dumont,
1994; Oualid et al., 2019). The life cycle of C. sowerbii
includes both an attached polyp and swimming medusa
(jellyfish) stage. However, most of the studies provided
observations of the medusa form only. The polyp form
is much more difficult to observe because it is only
about a millimetre in size. In Belgium, C. sowerbii was
first recorded in 1939 by Damas in the River Meuse.
In his work, Damas reported finding numerous polyps
of C. sowerbii attached to stones at the riverbed. He
observed the jellyfish only in June and noted that the
specimens were exclusively young, non-sexual speci-
mens not exceeding 1.5 mm in size. Since then, there
have been few scientific publications mentioning the
presence of C. sowerbii in Belgium, though specific loca-
tions were not always provided (Parent, 1982; Dumont,
1994). Additionally, three sightings have been reported
by naturalist groups and in local magazines targeted at
the general public. The first concerns an artificial pond
located in Anderlecht, a municipality in the city of
Brussels (Symoens, 1953). The other two were reported
in artificial environments: Lake Eau d’Heure in 2012 in

the province of Hainaut and, a year later in 2013, in the
Kelchterhoef pond in the province of Limburg (Notre
Nature, 2021).

In this work, a new record of C. sowerbii from
an artificial pond in Southern Belgium is reported.
Morphological methods were used to identify and sex
the jellyfish.

2. Material and methods
2.1. Study area

During July of 2024, C. sowerbii medusae were
observed in a small artificial pond constructed in 2006
in the Luxembourg Province. The pond is located in
the village of Forriéres at 202 m a.s.l. (50°07°58.81”N;
5°16’48.26”E), has a maximum depth of about 1 m
and covers an area of around 3,000 square meters
(Fig 1A, B). The water temperature, pH and conduc-
tivity were measured using a Flintronic multiparame-
ter probe (EZ9908). NO*, NO*, GH, KH and Cl, values
were roughly estimated using JBL test strips for water
analysis.

2.2. Observation of live jellyfish

The high turbidity of the water limited visibility
to just a few centimetres below the surface, allowing
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observation only of jellyfish near the water’s surface
(Fig. 1C). A visual inspection of the jellyfish distribu-
tion was undertaken throughout the pond. On July 11,
four specimens were collected and placed in a 20-litre
aquarium for 10 days to photograph and record vid-
eos using a Canon M50 digital camera. The aquarium
was maintained at room temperature, with no artifi-
cial lighting or filtration. Daily, one litre of water was
replaced with fresh pond water to provide the neces-
sary plankton for feeding the jellyfish. On the tenth
day, the jellyfish were fixed in a 4% formalin solution.
A further 17 specimens were then captured and imme-
diately fixed in the same solution.

2.3. Microscopic investigations

One specimen was dissected to isolate the tenta-
cles and gonads. Tentacles were placed on a glass slide,
stained for 5 minutes with haematoxylin and washed
with fresh water. Gonads were also placed on a glass
slide, stained for 5 minutes with haematoxylin, washed
with fresh water, stained for 5 minutes with 2% eosin
and washed again with fresh water. The tissues were
covered with a coverslip and gently squashed so that
they could be observed under the light microscope
Swift SW380T equipped with a Canon M50 camera.
The twenty other specimens were observed without
staining under a Bresser Analyth STR stereomicroscope
used with transmitted light and equipped with the same
camera. The diameter of the jellyfish was measured on
individuals fixed in formalin.

3. Results
3.1. Observation of live jellyfish

The jellyfish were observed in situ for a period of
three weeks. They were visible only on the surface of
the water. Nevertheless, we were able to collect them
on the bottom of the pond using a net in places where
they were not visible on the surface. Their location var-
ied from day to day, but they were observed in all parts
of the pond during this period. The high turbidity of the
water made it impossible to assess the density of the
populations, but we never saw more than three jellyfish
per square metre. The average temperature of the pond
was 23.5°C, pH 8.2, conductivity was 451 pS. Nitrite,
nitrate and chloride ions were undetectable, hardness
(GH) was between 125 and 250 ppm and alkalinity
(KH) was around 250 ppm. In the aquarium, the jel-
lyfish were active day and night, swimming actively
towards the surface and dropping slowly to the bottom.

3.2. Morphology and sex determination

The average diameter of fixed specimens was 15
+ /- 3 mm, ranging from 10 to 20 mm. Boothroyd et al.
(2002) report that the average shrinkage due to 4% for-
malin is more or less 10%.

The taxonomic status of the jellyfish was deter-
mined according to the descriptions of Jankowski
(2001) and Liiskow et al. (2021). The manubrium
extends onto the subumbrella (Fig. 2A), four gonads
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Fig.1. a) Location of Forriéres on the map of Belgium.
Blue dots : naturalist publications, red dots : scientific sight-
ings. b) General aspect of the pond. ¢) Mature medusa video-
taped during an observation on 25 July 2024.

are suspended along the radial canals (Fig. 2A, B), and
four long perradial tentacles are visible in the extension
of the radial canals (Fig. 2B). On the surface of the ten-
tacles, the nematocysts are grouped together in plates
(papillae), arranged in more or less complete parallel
rings (Fig 2C, D).

The gonads of the 20 jellyfish were examined
under the transmitted light stereomicroscope to detect
oocytes. The gonads are elongated and flattened lat-
erally. They are larger near the edge of the umbrella
and smaller near the stomach (Fig. 2E). All gonads of
the 20 jellyfish contain oocytes between 50 and 150
um in size (Fig. 2F). They appear dark and are clearly
visible inside the gonad (Fig. 2E). All the jellyfish sam-
pled were therefore female. The ovaries of the smallest
jellyfish (10 mm in diameter) contain far fewer oocytes
(Fig. 2G). In larger individuals, the number of oocytes
appears to be highly variable (from 10 to more than
300 oocytes per gonad, Fig. 2H).
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4. Discussion and conclusion

There is very few scientific literature document-
ing sightings of C. sowerbii. in Belgium. This is the first
time this jellyfish has been found in Forriéres and even
in the province of Luxembourg. The origin of this pop-
ulation is unclear, but it is likely related to the intro-
duction of polyps or resistant forms known as podo-
cysts. Under adverse conditions, C. sowerbii polyps can
encyst, forming a chitinous shell. This podocyst stage
can endure complete desiccation for up to 40 years
(Bouillon and Boero, 2000). Podocysts can be carried
by plants or animals, such as birds or fish (El Mousaoui,
2015). This may explain the presence of C. sowerbii in
Forriéres, where ornamental water lilies are present
and where ducks, geese and grey cranes (Grus grus) are
frequently observed. Additionally, local fishermen reg-
ularly bring in fish.

In temperate zones, the jellyfish occurrence
generally coincides with the warmest temperatures
(DeVries, 1992; Purcell, 2005).The Forriéres pond is
very shallow and its temperature can easily rise in sum-
mer, even in depth. This could explain the appearance
of jellyfish. Some researchers therefore suggest that
the increase in the number of sightings of the jellyfish
form is due to recent climate change (Lundberg and
Svensson, 2003; Marchessaux et al., 2022). However,
there is currently no evidence of this.

The jellyfish collected in Belgium measured
10-20 mm in diameter (fixed specimens). Considering
an estimated 10% shrinkage in 4% formalin, their in
vivo size would range from approximately 11 to 22
mm. These dimensions are fully consistent with the
typical size range reported for Craspedacusta sowerbii,
whose medusae generally reach 5-25 mm and occasion-
ally up to 25-30 mm under warm conditions (25-30
°C) (Liiskow et al., 2021). Therefore, the Belgian spec-
imens fall within the expected range for this species
and correspond to the medium-sized, sexually mature
individuals frequently recorded in lentic environments
of temperate regions.

Determining the sex of Craspedacusta sowerbii
fixed in formalin requires microscope examination of
the gonads in sexually mature individuals. All speci-
mens examined from the pond in Forriéres were avail-
able for sex determination and were of the same sex:
female. Our observations are consistent with other stud-
ies (Boothroyd et al., 2002). Outside of China, very few
reports have documented populations with medusae
of both sexes, e.g.: a pond in Southampton Quarry at
Richmond, USA (Rice, 1958), Lake Mead, Nevada, USA
(Deacon and Haskell, 1967), Haruta-ike, an artificial
pond in Chikuma City, Nagano, Japan (Peterson et al.,
2022), Lake Santo of Monte Terlago, Italy (Morpurgo
et al., 2024).

Several hypotheses may explain the unisexual
character of the population observed at Forriéres. It
may result from a founder effect, where genetic fac-
tors determine sex, and a single polyp or podocyst
gives rise to medusae of only one sex. In 1924, Payne
proposed parthenogenetic development of the eggs
of Craspedacusta ryderi, but true parthenogenesis, i.e.
the development of unfertilized eggs, has never been
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Fig.2. A-B. Side view (A) and top view (B) of the C. sow-
erbii medusae observed in aquarium. C. Tentacle showing the
circular arrangement of the nematocyte plates or papillae (p).
D. High magnification of papillae (p) showing cnidocytes (c).
E. General view of the gonads: ovary (ova) showing oocytes
(00). rc = radial canal. F. High magnification of a large
oocyte stained with hematoxylin/eosin. G. Ovary of small
individual (10 mm in diameter) with few, sparsely distributed
oocytes. H. Ovary of large individual (20 mm in diameter)
with numerous oocytes at various stages of maturation.

\

demonstrated in C. sowerbii. In 2000, Carré and Carré
reported that the sex of medusae in the genus Clytia is
temperature-dependent, suggesting that environmental
factors can influence sex determination in some hydro-
zoans. Recent molecular analyses revealed the exis-
tence of distinct genetic lineages within the C. sower-
bii species complex, some of which appear to correlate
with the sex of medusae (Schachtl, 2019; Wang, 2022).
While environmental factors may modulate the timing
and maturation of gonads, they do not satisfactorily
explain the widespread unisexual swarms, which are
best interpreted as the result of an underlying genetic
mechanism; genome-based sex markers are still needed
to confirm the exact pathway.
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Our report indicates the presence of C. sowerbii
in a Belgian region where it has not yet been described.
It is the first report in Belgium that specify the sex of
the C. sowerbii jellyfish population observed. It would
be useful to survey other ponds in the region to assess
the extent of the invaded areas. To do this, polyp forms
should be detected.
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Assessing the effects of dietary and
waterborne commercial salt on the
performance and welfare of common carp
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2College of Veterinary Medicine, University of Sulaimani, Sulaymaniyah, Iraq
3 Municipality of Sulaimani, directorate of gardeners, Sulaymaniyah, Iraq

ABSTRACT. This study investigated the effects of salt additives in water and diet on the physiological
and health parameters of common carp (Cyprinus carpio L.). Fingerlings (—~50 g) were divided into seven
groups: a control group (G1), three water treatment groups (G2,—; 4, 8, and 12 g L salt), and three diet
treatment groups (G3,—.; 5, 10, and 15 g kg™ dietary salt). All fish were fed a standard diet containing
28% crude protein at 3% body weight per day. Results revealed that G1 had the highest values for lym-
phocyte and monocyte counts, mean corpuscular hemoglobin (MCH), mean corpuscular volume (MCV),
cholesterol, triglycerides, low-density lipoprotein cholesterol (LDL), albumin, total protein, and several
somatic indices. G2, exhibited significantly higher potassium and sodium levels, while G3, showed ele-
vated white blood cell (WBC), granulocytes, liver enzyme activities (Alanine aminotransferase activity
(ALT), aspartate aminotransferase activity (AST)), creatinine, glucose, chloride, and various somatic
indices. G2, and G2, groups had increased red blood cells (RBC), hemoglobin, hematocrit, and body
weight index. The findings indicate that using 12 g L salt in rearing water and 15 g kg™ salt in the diet
can enhance growth and health performance in Cyprinus carpio. This study provides important insights
into salt-induced physiological responses in carp and offers practical recommendations for aquaculture

practices.

Keywords: dietary salt, adding to rearing water, Cyprinus carpio, health, blood
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1. Introduction mental conditions, and promote the welfare of breed-

ing fish throughout and following the spawning period
(Kubitza, 2016).

The bulk of aquaculture farmers do not consider
the use of salt to reduce fish losses. In fact, salt is fre-
quently overused, administered too late, or used during
very small periods or at extremely low and useless dos-
ages. Furthermore, many fish farms lack proper facili-
ties for timely fish handling and treatment. In addition
to being a reliable and secure medication for con-
trolling some external parasites, salt was also reported

The aquaculture and fisheries sectors play a cru-
cial role in ensuring global food security and nutrition.
Further improvement of this contribution requires faster
implementation of key reforms in policy, management,
innovation, and investment (FAO, 2022). Common salt
(NaCl) is readily accessible and safe for humans and
fish. It leaves no residue on the flesh of fish, making it a
popular choice for aquaculture in many countries. Salt
is a basic and economical material frequently used in

handling freshwater fish. Its numerous beneficial appli-
cations and advantages include the capacity to mitigate
handling stress, support osmoregulatory function, and
contribute to the prevention and control of diseases,
enhance fish health and survival both before and after
transportation, reduce the effects of adverse environ-

to lower the incidence of bacterial and fungal infections
following fish handling by mitigating associated stress
responses (Kubitza, 2016).

Due to increased GRs or shortened culture peri-
ods, adding growth-inducing chemicals to meals has
the potential to be lucrative (Abdel-Tawwab et al.,
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2022; Abdulrahman, 2022; Abedalhammed et al.,
2017; Nader and Abdulrahman, 2017). Supplementary
additives such as sodium chloride are almost perfect
for promoting growth when added to artificial feed.
Using salt is not a recent development. Salt is one of
the essential mineral elements needed by both animal
and plant bodies for normal functioning. It improves
the taste of food, controls the body’s osmotic pressure,
forms acid in the stomach mucous membrane (activat-
ing pepsin and salivary gland enzymes), and maintains
normal digestive processes (Debnath et al., 2017).

Juvenile common carp reared in freshwater for
fish farming may benefit from the addition of sodium
chloride to the meal, since it affects body composition.
Common carp juveniles raised in freshwater can greatly
benefit from increased food consumption and growth
performance when 1.5% salt is added to their diet. For
young common carp raised in freshwater, the 1.5% diet
had the best growth and biological performance (Nasir
and Qusey, 2016).

This study aims to investigate the effect of salt
addition in common carp as a way of precaution and
treatment. This will be achieved by measuring certain
physiological and health indices in six experimental
groups, one control group, and three groups receiv-
ing different levels of salt added to the rearing water
and mixed into their diets. There are three main objec-
tives in this article: (a) to determine the effects of salt
diets on some physiological aspects; (b) to determine if
salt treatment can prolong the health indices; and (c)
to examine the effect of salt additives in fish diets on
health indices.

2. Material and methods

Fingerlings of common carp were obtained from
a fish farm in Hilla, Iraq, and acclimatized to labora-
tory conditions for 21 days. During this period, the fish
were fed a commercial diet with a 28% crude protein
content. After acclimation, fish averaging ~51.9 g were
separated into seven groups, with each group replicated
three times, and placed in 21 tanks, each containing 70
liters (10 fish per tank). All tanks were equipped with
air stones connected to an air pump for aeration. Fish
were fed the control diet twice per day, with an amount
equivalent to 3% of their body weight, and the tank’s
water was changed daily.

Each tank was fitted with air stones connected to
an air pump for aeration. Fish were fed the control diet
twice daily. Fish were reared for 10 weeks to study the
effect of daily use of normal salt in rearing tanks with
the following levels:

G1: the control group without salt;

G2,: daily adding of 4 g L' rearing water;

: daily adding of 8 g L! rearing water;

: daily adding of 12 g L! rearing water;
: daily adding of 5 g kg! diet;

: daily adding of 10 g kg diet;

: daily adding of 15 g kg diet.

Table 1 summarizes the chemical composition of
aquarium water (including temperature, pH, dissolved
oxygen (DO), total dissolved solids (TDS), and total
alkalinity), which was assessed at the start, mid-point,
and end of the trial under the protocols established by
APHA (2017). All parameters remained within accept-
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Table 1. The chemical composition of aquarium water (mg L?)

Water Time Control 4 gsalt 1L | 8 gsalt 1L 12 g salt 5 gsaltkg | 10 g salt kg | 15 g salt kg
parameters rearing rearing 1L rearing diet diet diet
water water water
Temperature | Start 25+0.35 25+0.35 25+0.35 25+0.35 25+0.35 25+0.35 25+0.35
Mid | 24.37+0.34 | 25.05+0.35 | 24.95+0.35 | 25.27+0.36 | 25.17+0.35 | 25.04+0.35 | 24.83+0.35
End | 24.18%+0.33 | 24.99+0.35 | 25.94+0.36 | 25.92+0.36 | 24.91+0.35 | 24.87+0.35 | 25.18 +0.35
DO Start | 4.23=0.05 | 4.54=0.06 | 4.31+0.06 | 4.44+0.06 | 4.05x0.05 | 4.93+0.07 | 4.59+0.06
Mid 4.33+0.06 | 3.19+0.04 | 3.88+0.05 | 4.07*=0.05 | 4.13*+0.05 | 4.05*£0.05 | 3.87x0.05
End | 4.27+0.06 | 4.12+0.05 | 4.23+0.05 | 3.99+0.05 | 4.17+0.05 | 4.28+0.06 | 3.23+0.04
pH Start 7.1+0.09 7.11+0.09 | 7.18+0.09 | 7.94+0.11 7.92+0.11 7.17+0.09 | 7.11+0.09
Mid 7.65x0.1 8.62+0.12 | 8.07+0.11 7.99+0.11 7.23+0.09 | 7.19+0.09 7.2x0.09
End 7.67+0.1 8.26+0.12 | 8.26*+0.12 | 8.27+0.12 7.27+0.1 7.79+0.11 7.87+0.11
TDS Start [212.18+2.99(215.27 +3.04(211.15+2.98|213.21 +3.01 | 216.3*+3.06 |218.36+3.09(214.24+3.02
Mid 206+2.91 209+2.95 205+2.89 207 £2.92 210+2.96 212+2.99 208+2.94
End |214.24+3.02(217.36+3.07| 213.2+3.01 |215.28 +3.04| 218.4+3.09 [220.48+3.11|216.32+3.06
Total Start | 188.9+2.67 | 195.7+£2.76 |189.82+2.68| 191.58+2.7 | 197.76 2.8 |196.83+2.78|193.84+2.74
Hardness Mid | 183.4+259 | 190+2.68 | 184.3+2.6 | 186*2.63 192+2.71 191.1+2.7 | 188.2+2.65
End |190.73+2.69| 197.6+2.79 | 191.67 2.7 |193.44+2.73|199.68 +2.82|198.74+2.81|195.72+2.77
Total Start 133+1.88 | 144.2+2.03 | 140.1+1.97 | 140*+1.97 | 128.2+1.81 | 127.3+1.8 | 127.9+1.81
Alkalinity Mid |136.99+1.93|148.52+2.09| 144.3+2.03 | 144.2+2.03 |132.04+1.86(131.11+1.85|131.73+1.86
End [142.46%+2.01|154.46+2.18(150.07 £2.12|149.96+2.11|137.32+1.94|136.36 =1.92| 137*1.93
Turbidity Start | 0.51+0.01 | 1.23+0.01 | 2.47+0.03 | 2.78+0.03 | 1.13+0.01 | 1.44+0.02 | 1.64+0.01
Mid | 0.5+0.01 | 1.2+0.01 | 24+003 | 27+0.03 | 1.1+0.01 | 1.4+0.02 | 1.6+0.02
End | 0.52+0.01 | 1.26+0.02 | 2.52+0.03 | 2.83+0.03 | 1.15+0.01 | 1.47+0.02 | 1.68+0.02
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able thresholds for carp culture, indicating stable envi-
ronmental conditions throughout the experiment. All
physicochemical properties of water were assessed at
the Environment Directorate laboratory in Sulaimani.

Physiological and health indicators were assessed
to investigate the impact of daily salt usage. At the
end of the experiment, three fish per tank were ran-
domly selected, sedated using buffered clove powder
(2.5 g L'Y), and sampled to take blood from the cau-
dal vein. Fish weight and length were measured, and
the fish were subsequently dissected. The liver, spleen,
gills, kidney, and viscera were removed and weighed.

Condition factor (CF), hepatosomatic index
(HSI), gill somatic index (GSI), visceral somatic index
(VSD), spleen somatic index (SSI), and kidney somatic
index (KSI) were calculated according to (Hama et al.,
2025).

The blood samples obtained were divided into
two sets of Eppendorf tubes. The first set contained
sodium heparin at a concentration of 20 U L' as an
anticoagulant. It was used to measure various blood
parameters, including white blood cells (WBCs), gran-
ulocytes (%), lymphocytes (%), monocytes (%), RBCs
(counted as 102 L), hemoglobin (HGB) (g dL!), hema-
tocrit test (HCT), MCH, mean corpuscular hemoglobin
concentration (MCHC) (g dL"), and platelets (counted
as 10® uL?). The second set was not treated with any
coagulant and was kept at 4°C until it clotted. After
clotting, the second set was centrifuged at room tem-
perature at 5,000 RPM for 20 minutes to obtain serum
for measuring biochemical parameters.

Serum biochemical analyses were performed
using an automatic chemical analyzer with commercial
kits from Spinreact, S.A. (Gerona, Spain). The parame-
ters measured included glucose (GL) (mmol L*), total
protein (TP) (g dL), albumin (ALB) (g dL), total cho-
lesterol (mmol L), low-density lipoprotein cholesterol
(LDL, mmol L), high-density lipoprotein cholesterol
(HDL, mmol L1), triglycerides (mmol L), creatinine
(umol L1), aspartate aminotransferase (AST, U L),
alanine aminotransferase (ALT, U L), creatine kinase
isoenzyme (CKI, U L), C-reactive protein (CRP), and
electrolytes (sodium (Na), potassium (K), calcium (Ca),
and chloride (Cl)). Scheme 1 summarizes the experi-
mental design and different measurements.

Water Time Control 4 gsalt 1L | 8 gsalt 1L 12 g salt 5 gsaltkg | 10 g salt kg | 15 g salt kg
parameters rearing rearing 1L rearing diet diet diet
water water water
Sulphates Start 15.4+0.21 15.8+0.22 16.3+0.23 16.1+0.22 15.9+0.22 17.1+0.24 16+0.22
(504-) Mid 15.86+0.22 | 16.27+0.22 | 16.78+0.23 | 16.58+0.23 | 16.37+0.23 | 17.61*+0.24 | 16.48+0.23
End 16.01+0.22 | 16.43+0.23 | 16.95+0.24 | 16.74*+0.23 | 16.53+0.23 | 17.78+0.25 | 16.64+0.23
Nitrates (NO,)| Start 33+0.46 41.9+0.59 44.11+0.62 45.5+0.64 42.1+0.59 44.15+0.62 46.5+0.65
Mid 34.65+0.48 | 43.99+0.61 | 46.31+0.65 | 47.77+0.67 44.2+0.62 46.35+0.65 | 48.82+0.68
End 33.99+0.48 | 43.15+0.61 | 45.43+0.64 | 46.86+0.66 | 43.36*+0.61 | 45.47+0.63 | 47.89+0.67
Phosphates Start 0.3%+0.01 0.37x0.01 0.38+0.01 0.36+0.01 0.32+0.01 0.35+0.01 0.36+0.01
?O,) Mid | 0.3+0.01 | 0.36+0.01 | 0.37+0.01 | 0.35+0.01 | 0.32+£0.01 | 0.34+0.01 | 0.35+0.01
End 0.31+0.01 0.37+0.01 0.38+0.01 0.36+0.01 0.33+0.01 0.35+0.01 0.36+0.01
Chlorides (Cl)| Start 20=*+0.28 22.3x0.31 23.5+0.33 24+0.33 22.8+0.32 24.2+0.33 23.8+0.33
Mid 20.6+0.28 22.96+0.32 24.2+0.34 24.72+0.34 | 23.48+0.33 | 24.92+0.35 | 24.51+0.34
End 21+0.29 23.41+0.32 | 24.67+0.35 25.2+0.35 23.94+0.33 | 25.41+0.36 | 24.99+0.35
3. Results

Fig. 1a shows no significant differences in the
initial weight of common carp. However, by the end
of the study, the G2,, G2, G3,, and G3, groups had
significantly higher weights compared to the other
groups. Furthermore, the daily growth rate (GR) and
feed efficiency ratio (FER) were significantly higher in
all groups compared to the control (G1) and G2, groups
(Fig. 1g and Fig. le, respectively). No significant vari-
ations were noted in specific GR (Fig. 1f). The data in
(Fig. 1h) indicate a clear and statistically significant
drop in feed conversion ratio (FCR) (p<0.05) for the
G2,, G2, G3,, G3,, and G3_ groups compared to the
control (G1) and low-salt water group (G2,). This sug-
gests that adding salt, whether through water or diet, at
moderate levels can enhance how efficiently common
carp convert feed into body mass.

There are significant differences in the RBC,
HGB, and HCT levels of the G2A and G2B groups com-
pared to the other groups (Fig. 2a, Fig. 2b, and Fig. 2c,
respectively). Notably, the G1 demonstrated signifi-
cantly higher MCH, MCHC, and MCV levels than the
treatment groups (Fig. 2d, Fig. 2e, and Fig. 2f, respec-
tively). Moreover, the platelet levels displayed a signif-
icant increase in the treatment groups that received salt
additives in their fish diets.

Data in Fig. 3a and Fig. 3b revealed a significant
increase in the WBC levels and granulocytes in the G3,
group after adding 15 g kg?! diet. The lymphocyte and
monocyte levels in the G1 increased significantly com-
pared to other groups (Fig. 3c and Fig. 3d).

Cholesterol, triglyceride, and LDL levels in the
G1 group increased significantly compared to the addi-
tive groups (Fig. 4a, Fig. 4b, and Fig. 4c, respectively).
Additionally, the HDL level was significantly higher
in the G3_ group when salt was added to the diets
(Fig. 4d).

According to Fig. 5, the results indicated a sig-
nificant increase in ALT, AST, and CKI levels in the G3,
group that received a 15 g kg! diet compared to other
groups (Fig. 5c, Fig. 5d, and Fig. 5e, respectively).
The addition of salt to water in the G4,, G4,, and G4,
groups led to a significant increase in globulin levels
(Fig. 5a). However, only the G1 group showed a con-
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1. Fish Acquisition & Acclimatization

2. Experimental Setup

Fish: Comon Carp

Duration: 21 Days 8

Diet: 28% crude protein

4. Sampling & Measurements

Measurements: Weight & length.

—* Weight: ~51.9 g

N s

Dissection: Liver, spleen, kidney, gills, viscera weighed

=3
i
Grouping: 7

.
L pud
AL

Replicates: 3 tanks per group E‘ l <

. Feeding: Control diet, 3% body weight, twice daily

v

G1: Control (no salt).

G2 Series (Salt in Water):
G2A: 4 g-L" salt/day.
G2B: 8 g'L' salt/day.
G2C: 12 g-L " salt/day.

YV VYV

G3 Series (Salt in Feed):
G3A: 5 g-kg' saltin diet.
G3B: 10 g-kg* salt in diet.
G3C: 15 g-kg ' saltin diet.

YV VY

5. Blood Collection

Set 1 (with heparin): For hematology
‘WBCs, Granulocytes %, Lymphocytes %, Monocytes %

RBCs, HGB, HCT, MCH, MCHC, Platelets

Set 2 (no coagulant): For serum biochemistry
Clotted & centrifuged at 5000 RPM, 20 min, RT

Serum Biochemical Analysis (Spinreact kits):
Glucose (GL), Total protein (TP), Albumin (ALB)
Total cholesterol, LDL, HDL, Triglycerides (TG)
Creatinine, AST, ALT, CKI, CRP

Electrolytes: Na*, K*, Ca*, Cl

Scheme 1. Experimental design and measurements

siderable increase in ALB levels (Fig. 5b). The level of
TP showed a significant increase in the G1 group com-
pared to other groups (Fig. 5f). GL, creatinine, and CRP
were significantly higher in the G3_ with a 15 g kg

(Fig. 5g, Fig. 5h, and Fig. 5i, respectively).

Condition factor and intestine weight index were
significantly higher in the G1 group compared to the
treatment groups (Fig. 6a and Fig. 6¢), while the intes-
tine length index increased in all treatment groups com-
pared to the G1 group (Fig. 6b), and intestine length
index (To fish length) increased in G3_ compared to
other treatments, as seen in (Fig. 6d). There is also a
significant increase in HSI of G1 compared to other
groups (Fig. 6e). The spleen somatic, kidney somatic,
and gill somatic indices were higher in G3_ (Fig. 6f,

Fig. 6g, and Fig. 6h, respectively).

The potassium (Na) level increased significantly
in G4, with 14 g L' water, as well as chloride (Cl) in
G3_, compared to other groups (Fig. 7a and Fig. 7d). K
also increased in G4, compared to different groups, as
well as Ca in the water additive’s groups G4,, G4,, and

G4, as shown in Fig. 7b and Fig. 7c.

Fig. 8 conclude that the weight level without
head index revealed a significant increase in G4, and
G4, compared to other groups (Fig. 8a), while G1 only
displayed a significant increase in the weight level
without head and visceral compared to other treatment

groups (Fig. 8b).

4. Discussion

This study examined how different concen-
trations of sodium chloride (NaCl), delivered either
through rearing water or the diet, affect the physiol-
ogy and biochemistry of common carp (Cyprinus carpio)
over 10 weeks. The results demonstrate that moderate
levels of salt, specifically 8 and 14 g L! in water and
5 and 10 g kg in the diet, can improve growth and
metabolic performance. However, high salt levels, par-
ticularly in the diet at 15 g kg, led to signs of phys-
iological stress, as reflected in blood parameters and
organ health.

Scientists cannot agree on the proper amount of
NaCl in fish diets. Identifying Cl1- and Na* deficiencies
in fish is challenging, since these ions are abundant in
food and water. Consequently, metabolic deficiencies
are rarely noticed. The study indicated that, although
the likelihood of a deficit is minimal, excessive levels
might have a detrimental impact on fish performance,
resulting in aberrant behavior and shortened lifespans
in the tanks (NRC, 2011).

This study found no significant differences in spe-
cific GR, and significant differences in FCR (p<0.05)
were observed between the control group (G1l) and
group G4, compared to the other groups. In contrast,
Labeo rohita displayed the lowest FCR and the highest
specific GR per day when supplemented with choline
(Das et al., 2022). Higher salt concentrations in salted
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Fig.1. Evaluation of the common carp performance after salt supplementation in water and diet. Columns represent mean
data, and bars above the columns represent data variability SDs (n = 9). Columns with different letters indicate statistical dif-
ferences at the p<0.05 level.
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Fig.2. Evaluation of the common carp blood profile after salt supplementation in water and diet. Columns represent mean
data, and bars above the columns represent data variability SDs (n = 9). Columns with different letters indicate statistical dif-
ferences at the p<0.05 level. Note that the y-axes for most of the panels are on a logarithmic scale, and some of the standard
deviations are not visible because of small values.



Shamal R.H. et al. / Limnology and Freshwater Biology 2026 (1): 5-15

(a)

55 3.0
a
200 b P b B a
c — b 35 2:5 -
a
180 ¢ ~ =
< 8 Q =
£ 3 ]
S160 5 3 i gs_o . b . Ez_o
bl > R=2 T ol
2 d 2 de = be be I é
= 140 2 5 ’ = E
g 25 815
<] S
e S 60 5 ]
&
120 )
¢ 20 MY ﬂ
100 40 LS 0.5
© Gl G2A G2B G2C G3A G3B G3C Gl G2A G2B G2C G3A G3B G3C Gl G2A G2B G2C G3A G3B G3C Gl G2A G2B G2C G3A G3B G3C
12 Treatments @ Treatments (© 12- (d)3_5 Treatments
a 404 2 .
10 Treatments 1
o
35 a
b 104 ° 3.0
o 8 —~ >
& 30 i) = 2
8 7 = =
g 8 b g g
56 205 E0s b £25 4
s g be = ~
& 5 =) =
5 2 . 2 2
=4 20 < <
b .
b d 06 o o2
o be - d
= d d d Z
: Hrm N 5
Gl G2A G2B G2C G3A G3B G3C Gl G2A G2B G2C G3A G3B G3C TGl GIA GoB  GoC GIA G3B  G3C Gl  G2A G2B G2C G3A G3B G3C

ability SDs (n

Treatments

Treatments

Fig.3. Evaluation of the common carp WBC counts after
salt supplementation in water and diet. Columns represent
mean data, and bars above the columns represent data vari-
9). Columns with different letters indicate
statistical differences at the p<0.05 level. Note that some

of the standard deviations are not visible because of small
values.

Fig.5. Evaluation of the common carp blood biochemical parameters after salt supplementation in water and diet. Columns
represent mean data, and bars above the columns represent data variability SDs (n =

Treatments

Treatments

Fig.4. Evaluation of the common carp lipid profile after

9). Columns wi

salt supplementation in water and diet. Columns represent
mean data, and bars above the columns represent data vari-
ability SDs (n
statistical differences at the p<0.05 level.

th different letters indicate

(@) ® ¢ ©go
a
14 i o L
. 1.2 b
18 ~60
= 25 &
a0 a a o 1.0 5 . c
=0 b =}
=0.8 0 250
% = be —— b pe be 5
=
] 206 =
5 16 40 d
0.4 .
m 30 _‘ £
14 20
Gl G2A G2B G2C G3A G3B G3C Gl G2A G2B G2C G3A G3B G3C Gl G2A G2B G2C G3A G3B G3C
Treatments Treatments Treatments
Deoo ©h000- ®,,_
ot a
500 b 8
— 3500 20
C
3400 d d & B A
e 23000 b 018+
% 300 Y, = ®
=
< @) c be be e
2500 16
2004 ¢ i c
T .
100 2000 14
G1 G2A G2B G2C G3A G3B G3C Gl G2A G2B G2C G3A G3B G3C Gl G2A G2B G2C G3A G3B G3C
Treatments Treatments . Treatments
© (b) (g5
a 18 a
12 ] 16 . a
N <144 ] =
D10 b b o 3
— S 12 :
£ g L 2301 a
g g ¢ = 10+ &
E @ c &
9 £ 8 2.5
o g -4
g6 g o] d = 2
& i g 2.0 be be
d © 44 e c c
4 D d i 1.5—r‘|

G1 G2A G2B G2C G3A G3B G3C

Treatments

statistical differences at the p<0.05 level.
Note that some of the standard deviations are not visible because of small values.

G1 G2A G2B G2C G3A G3B G3C

Treatments

10

Gl G2A G2B G2C G3A G3B G3C

Treatments

9). Columns with different letters indicate



Shamal R.H. et al. / Limnology and Freshwater Biology 2026 (1): 5-15

Condition factor
S &

o
%

o
=

0.4

C

200

%
3

160

5

120

100

%
S

Intestine length index (fish length) (cm)

o
%

=]

Kidneysomatic index
o

o o
o ES

o
=3

Gl G2A G2B G2C G3A G3B G3C
Treatments

Gl G2A G2B G2C G3A G3B G3C

Treatments

(b) (c)
50 255
a
—— i a
b ,545 = ]
be + S a =
be % a §20
< 4 a k]
40 a £
E !
¢ :ED g ¢ c
RN 5} 1 c 5
£ 215 ¢
c 2 b 7 2
i £ 1o 2
c =30 ’——‘ =
25; 1.0
Gl G2A G2B G2C G3A G3B G3C Gl G2A G2B G2C G3A G3B G3C Gl G2A G2B G2C G3A G3B G3C
Treatments Treatments Treatments
(e) "
3.5 0.5
a a
—— :
a 3.0 &
2 R 0.4 i
PR w ®
o be b _§2.5 _§ a I
220 203
c g7 E
£ g H
g1s 202 ¢ '
s g
5 < ¢
T 1.0 g, d
d 0.5 I
0.0
Gl GA G2B G2C G3A G3B G3C Gl GA G2B G2C G3A G3B G3C Gl G2A G2B G2C G3A G3B G3C
Treatments ® Treatments Treatments
a
7 8
b S b
L b
2
s
£
35
5
4
3

Fig.6. Evaluation of the common carp health indices after salt supplementation in water and diet. Columns represent mean

data, and bars above the columns represent data variability SDs (n =

9). Columns with different letters indicate statistical differ-

ences at the p<0.05 level. Note that some standard deviations are not visible because of small values.

c

160 55
- . 55.0 a
= ]
£ 140 b 45
& b £
z c ol 2
5 d 2401 b
g £ b
i d d E b
£120 E35s -
S 8 >
30 ’

100 2:5

© Gl G2A G2B G2C G3A G3B G3C Gl G2A G2B G2C G3A G3B G3C
(Y

18 Treatments (d)l 20 Treatments

a

1.6 £

L) 1160

S a a S

£ £

a

Ela l £

L ta}

b S 140

H b b < Sl
S [ £

=12 =1

£ be ] . b

g T 5 5

g
2 ¢ 2120
S 1.0 ﬂu ¢
e
0.8 100

G1

G2A G2B G2C G3A G3B G3C

Treatments

G1

G2A G2B G2C G3A G3B G3C

Treatments

Fig.7. Evaluation of the common carp alkali metal level after salt supplementation in water and diet. Columns represent
mean data, and bars above the columns represent data variability SDs (n = 9). Columns with different letters indicate statistical
differences at the p<0.05 level. Note that the y-axes for most of the panels are on a logarithmic scale, and some of the standard
deviations are not visible because of small values.

11



Shamal R.H. et al. / Limnology and Freshwater Biology 2026 (1): 5-15

viscera meal mixtures adversely affected the palatabil-
ity and digestibility of the diets, reducing fish growth
and diet utilization (He et al., 2023). This is diminished
due to reduced palatability resulting from an imbalance
of essential nutrient substances (Hasan et al., 2019;
Pratoomyot et al., 2011).

4.1. Growth and feed efficiency

Most salt-treated groups, except G4,, showed sig-
nificantly better growth compared to the control group
(G1).Fishin G4,, G4, G3,, and G3, gained more weight,
suggesting that adding moderate salt can improve
nutrient absorption and promote growth. This suggests
that the presence of potassium chloride reduced the
energy expenditures for osmotic regulation in fish that
were not fed on it, as was the case in the treatment
control (Albadran et al., 2022). Enhanced daily GR
and FER across all treated groups (except G4,) further
support the idea that salt helps reduce the energy fish
expend on osmoregulation, allowing more energy to be
directed toward growth. However, the lack of changes
in specific GR indicates that growth improvements may
not have been consistent on an individual basis, due to
differences in how fish responded to salt or absorbed
nutrients. This discrepancy might be attributed to vari-
ations in feeding behavior or metabolic partitioning (V.
Kumar et al., 2011).

According to Debnath et al. (2017), adding salt
to the feed can significantly enhance the growth of tila-
pia fry. Among the different salt levels tested, the group
with 1.5% salt showed the best performance in terms of
weight, length, specific GR, and survival rate. The opti-
mum salt level for incorporating in Oreochromis niloticus
diets is 1.5%. Both 1% and 1.5% salt inclusion levels
resulted in better feed utilization. However, increas-
ing the salt level beyond a certain optimum level can
render the feed unsuitable for consumption and nega-
tively affect growth (Mubarik et al., 2019; Muhsan and
Al-Shawi, 2017).

The daily GR and FER were significantly higher
in all groups compared to the G1 and G4, groups. The
study of Pratoomyot et al., (2011) completely disagrees
with our finding, where dietary salted viscera meal
mixtures did not significantly influence FER or PER in
Atlantic salmon. Nile tilapia fingerling PER decreased
significantly (p <0.05) with increasing NaCl levels (De
Aguiar et al., 2020). These findings were the opposite
of the results in our experiment.

4.2. Blood cell responses

Over the last century, it has been reported that
brackish water or seawater plays a significant role in
various biological and physical traits. Recent studies
show that blood parameters are reliable indicators of
fish health and welfare, and monitoring these param-
eters provides valuable insights into fish health status
(Acar et al., 2019; Fazio, 2019).

According to the present study’s findings, RBC,
HGB, and HCT in the G4, and G4, groups were sig-
nificantly increased above the other groups. Buyukates
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et al. (2023) found that acclimating fish to seawa-
ter significantly increased hematological parameters
(P<0.05). The G1 group also exhibited a markedly
higher MCH, MCHC, and MCV levels than the treat-
ment groups, Buyukates et al. (2023) showed a signif-
icant decline (P <0.05) in MCH, MCHC, and MCV of
rainbow trout during the gradual transfer from fresh-
water to seawater. Additionally, the platelet levels
showed a significant increase in the treatment groups
that received salt additives in their fish diets. Leukocyte
count (WBC) is essential for evaluating immune status
in vertebrates and is composed of different cell types,
including lymphocytes, monocytes, neutrophils, eosin-
ophils, and basophils (Fazio, 2019). The data demon-
strated an elevation in WBC and granulocyte levels
accompanied by a significant reduction in lymphocyte
and monocyte ranges in the treated groups.

The highest salt-fed group (G3_,) showed
increased WBCs and granulocytes, which often signals
an immune system response to stress or inflammation.
Meanwhile, the control group had significantly higher
lymphocyte and monocyte levels, which could indicate
a compensatory immune response in less optimal con-
ditions (Hrubec et al., 2000). These findings suggest
that salt can influence the immune system; moderate
levels may support immune function, while high lev-
els can trigger stress-related immune responses. Salt, in
moderate levels, is known to modulate immune param-
eters in freshwater fish, potentially through improved
osmoregulation and reduced cortisol levels (Emeish,
2019). The common carp can withstand salinities of
up to 6 ppt without compromising their ability to sur-
vive or their osmoregulatory, immunological, or stress
responses (Emeish, 2019).

4.3. Lipid metabolism and liver function

Salt supplementation also had a noticeable effect
on lipid metabolism. Control fish had the highest lev-
els of cholesterol, triglycerides, and LDL, which are
often associated with fat buildup and metabolic stress.
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In contrast, fish in the high-salt diet group (G3.) had
increased levels of HDL, which is generally considered
beneficial. These shifts suggest that salt can positively
influence fat metabolism when used in moderation.
Choline supplementation reduced cholesterol and tri-
glycerides in fish (He et al., 2023). The reduction in tri-
glyceride levels can be attributed to the role of choline
in preventing the accumulation of excess lipids, which
are associated with the development of fatty liver (NRC,
2011). Decreased cholesterol levels may result from a
reduction in hepatic lipid content, thereby mitigating
the risk of liver dysfunction in fish receiving choline
supplementation (Li et al., 2014; Luo et al., 2016).

Elevated liver enzymes (ALT and AST) and (CKI)
in the G3_ group point to potential liver and muscle
stress, which could reflect liver and muscle stress or
damage due to excessive dietary salt (Hoseini et al.,
2018). These enzymes are sensitive biomarkers of
hepatic and muscular injury (Palanivelu et al., 2005),
and their increase in high-salt diet groups aligns with
Nassar et al. (2021) findings in carp under osmotic
stress.

Our results indicated a significant increase in
ALT, AST, and CKI levels in the G3_ group compared
to other groups. In contrast with our finding, fish
under choline supplementation, AST, ALT, and choles-
terol displayed a drastic reduction (He et al., 2023).
The decreased levels of ALT and AST in the blood-
stream suggest the presence of a defatted liver, which
is attributed to exposure to choline chloride as well as
its associated lipotropic metabolites (Das et al., 2022).
Conversely, elevated ALT and AST activity in plasma
was observed in the common carp following treatment
with diazinon (Banaei et al., 2008; Takeuchi-Yorimoto
et al., 2013). Additionally, elevated levels of ALT
and AST were observed in the liver and muscle of L.
rohita following exposure to endosulfan. These levels
returned to normal after treatment with choline and
its metabolites (N. Kumar et al., 2012). The addition
of salt to water in the G4,, G4,, and G4 groups led to
a significant increase in globulin levels. Unexpectedly,
only the control group showed a significant increase in
ALB levels. Nevertheless, the elevation in ALB and GL
in seawater trout, in comparison with freshwater sam-
ples, was statistically significant (P <0.05). Moreover,
the rise in ALB was observed until the end of the exper-
iment (Buyukates et al., 2023).

4.4. Protein levels, inflammation, and
kidney function

The control group had the highest TP and ALB,
while fish exposed to salt, the higher TP activity was
observed during the breeding season with choline (Das
et al.,, 2022). Additionally, seawater-acclimated fish
showed higher serum TP levels than those from fresh-
water samples; however, this increase was not statis-
tically significant (P<0.05) (Buyukates et al., 2023).
It had increased globulin levels, which may relate to
enhanced immune activity. Notably, fish in the G3,
group also showed higher GL, creatinine, and CRP
levels, indicating possible kidney strain and systemic
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inflammation. As a result of increasing salinity in the
environment, an increase in plasma GL levels is antic-
ipated (Emeish, 2019), and elevated serum GL levels
were observed when fish were transferred to seawater
conditions. These results are consistent with previous
studies that linked high salt intake to stress and reduced
kidney function in freshwater species (Sampaio and
Bianchini, 2002).

4.5. Organ health and intestinal changes

The control group also had higher condition fac-
tors and liver size (HSI) due to increased fat storage
and lower feed utilization efficiency. The HSI is an
indicator of the systemic health status of fish, reflecting
hepatic energy stores and metabolic functions (Pyle et
al., 2005). In contrast, fish in the G3 group had larger
spleen somatic, kidney somatic, and gill somatic indi-
ces, potentially as a result of increased immune acti-
vation and osmoregulatory demand (Aalamifar et al.,
2020). Interestingly, all salt-treated groups exhibited
increased intestinal length, particularly in G3, indicat-
ing an adaptive response that enhances digestion and
nutrient absorption in response to the altered environ-
ment (Ural and Saglam, 2005).

4.6. Mineral balance and ion regulation

As expected, salt treatments affected the balance
of ions in the fish blood. Na levels were significantly
higher in G4, potassium levels were significantly
higher in G4,, and CI levels were the highest in G3.
These changes indicate the active regulation of ions and
mineral uptake, particularly in groups exposed to salt
through water. Katuli et al. (2014) found that exposure
to diazinon affected the regulation of plasma sodium,
chloride, and potassium in Caspian roach (Rutilus caspi-
cus) after they were exposed to saltwater. The Na+
level in plasma, muscles, and erythrocytes of goldfish
decreases in the total water content, which indicates
the development of initial signs of tissue dehydration
(Andreeva et al., 2022). The increase in calcium in
water-treated groups may be related to improved min-
eral absorption or changes in gill function (Barton and
Iwama, 1991). However, excessive ion accumulation,
especially at high salt levels, could disrupt cellular bal-
ance if not properly regulated. Fish must actively use
energy to enter ions via their gills and digestive system
against the concentration gradient in freshwater, which
is a hypotonic environment (Hallali et al., 2018). The
findings of the current experiment are consistent with
other research on euryhaline species that demonstrated
the benefits of salt-enriched diets for both food effi-
ciency and development (Salman, 2009).

Additionally, the level of K increased in G4, com-
pared to different groups, as well as Ca in the water
treated groups G4,, G4,, and G4,. L. rohita revealed the
maximum concentration of Ca among the studied spe-
cies (Das et al., 2022). Conversely, a decreasing trend
in Ca content was also observed in Anabas testudineus
following anthracene exposure, likely due to increased
Ca elimination (Dey et al., 2019). Sulfhydryl concentra-
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tion decreased at higher NaCl concentrations, possibly
due to increased protein solubility and unfolding under

elevated salt conditions (He et al., 2023).

4.7. Body composition and somatic
development

Fish in the G4, and G4, groups had higher “weight
without head” indices, indicating that moderate salt
in water may support lean body growth. Meanwhile,
the G1 only displayed a significant increase in weight
without head and visceral compared to other treatment
groups. HSI and visceral are commonly employed as
biological indicators (Ha et al., 2021). These observa-
tions support the role of controlled salinity in direct-
ing energy toward muscle development rather than fat

accumulation.

5. Conclusion

In conclusion, we studied the effects of different
salt additives in fish diets and water on the hematolog-
ical and biochemical parameters, and organ indices of
common carp in Sulaimaniyah province, Iraq. Overall,
the results of the present experiment suggested that dif-
ferent additives of salt in fish diets and water can have
significant effects on the growth, blood-related and
biochemical parameters, and organ indices of common
carp. These findings may be beneficial for fish farmers
in identifying the most suitable and effective salt addi-
tives for both fish diets and rearing water. Furthermore,
this study demonstrated that the application of 14 g
L?! of salt in rearing water and 15 g kg! of salt in the
diet represents the optimal concentrations for enhanc-
ing fish growth and health in practical applications.
Further investigation is required to elucidate the mech-
anisms behind the observed effects and to enhance the
application of salt additives in aquaculture practices.
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ABSTRACT. A total of 167 specimens of Metopograpsus frontalis (105 males and 62 females) were col-
lected monthly from intertidal mudflats in Ganh Hao, Ca Mau Province, Southern Vietnam, from July
to October 2025. Selected morphometric traits, including carapace width from left to right (CW, ),
carapace width from right to left (CW_ ), manus width (MW2, MW3), pollex width (PW5), and dactyl
width (DW7), were measured with a 0.01-mm vernier caliper. Generalized linear models were fitted
to evaluate the effects of sex and body size, using Gaussian models for CW and Gamma models with
a log link for MW, PW, and DW. We found no significant sex-related differences in CW,_, and CW_
(p > 0.05), whereas MW2, MW3, PW5, and DW7 were significantly larger in males (p<0.001). Sex
coefficients (f=0.156-0.257) corresponded to rate ratios (RR) of 1.17-1.29, indicating that male claws
were 17-29% larger after adjusting for CW,_, and CW_ . Both CW variables had strong positive effects
(B=0.054-0.070; RR=1.06-1.07; and p<0.001). All Gamma models showed y?/df<1, confirming
good model fit without overdispersion. These results provide quantitative evidence of sex-related vari-
ation in morphometric traits of M. frontalis and establish a morphometric baseline for future ecological
and evolutionary studies of mangrove crabs in the Mekong Delta.
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1. Introduction Metaplax, Neoeposesarma, and Metopograpsus

(Nhuong, 2003).

Intertidal crabs are key components of macro- Crab morphology reflects the combined effects
benthic communities in tropical and subtropical estuar- of genetic, ecological, and sexual selection pressures
ies, functioning as ecosystem engineers and major tro- (Parsons, 1992; Voje, 2016). For example, fiddler
phic intermediates. Through bioturbation and feeding, crabs (subfamily Gelasiminae), which are abundant
they modify sediment composition (Botto and Iribarne, in tropical and subtropical estuaries, rely heavily on
1999; Escapa et al., 2004), regulate ecosystem produc- visual communication strategies such as claw waving
tivity (Koch and Wolff, 2002; Werry and Lee, 2005), and body posturing (Zeil and Hemmi, 2006; How et
influence vegetation structure (Bosire et al., 2005) and al., 2008). In these species, sex-related differences are
faunal composition (Dye and Lasiak, 1986; Botto et al., extreme, with males possessing one enlarged chela
2000), and mediate energy flow across trophic levels while females have two smaller claws of similar size.
(Wolff et al.,' 2000). Among estuarine br'achyuran§, Such morphological divergence has received consid-
the superfamilies Grapsoidea and Ocypodoidea domi- erable attention in behavioral and ecological studies

nate tropice'll mudflats (Lee_, 2008; Nagelkerlfen et al, (Valiela et al., 1974; Oliveira and Custodio, 1998; Allen
2008). In Vietnam, the family Grapsidae is diverse and and Levinton, 2007).

widespread, encompassing genera such as Sesarma,
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Within the family Grapsidae, Metopograpsus fron-
talis (Miers, 1880) is an ecologically important man-
grove crab species. It is an opportunistic omnivore
with strong predatory capabilities and plays a cru-
cial role in estuarine food webs (Poon et al., 2010).
Morphologically, the chelae and walking legs of M. fron-
talis contain low calcium levels but are enriched with
halogens such as chlorine and bromine, while the car-
apace is highly calcified (Cribb et al., 2009). Previous
research has addressed various aspects of this species,
including taxonomy and phylogenetic relationships
(Guan et al., 2018), molecular identification (Paransa
et al., 2024), feeding ecology (Poon et al., 2010), and
population structure (Poon, 2004; Vermeiren et al.,
2021).

However, in the Mekong Delta, particularly in Ca
Mau Province, information on M. frontalis remains lim-
ited, especially regarding its morphological character-
istics and how these vary with sex and body size. The
findings of this study provide baseline morphometric
data that may support future ecological, evolutionary,
and population-level assessments in the mangrove eco-
systems of Southern Vietnam.

2. Materials and methods
2.1. Sample collection and analysis

Specimens of Metopograpsus frontalis (Fig. 1)
were collected manually during daylight hours from
intertidal mudflats along riverbanks at low tide.
Sampling was conducted monthly from July to October
2025 in the Ganh Hao area, Ca Mau Province, Southern
Vietnam (Fig. 2). Approximately 30 individuals were
collected per month. Crabs were captured by hand or
using baited traps and fixed in 70% ethanol for trans-
port to the laboratory.

In the laboratory, specimens were identified
based on morphological descriptions provided by Miers
(1880). The following morphometric parameters were
measured using a vernier caliper with a precision of
0.01 mm: carapace width from left to right (CW,_)),
carapace width from right to left (CW_ ), manus width
(MW2 and MW3), pollex width (PW5), and dactyl
width (DW?7) (Fig. 3).

Each specimen was sexed by examination of
abdominal morphology: males possess a narrow, tri-
angular abdomen, whereas females have a broader,

rounded abdomen. Morphological features characteris-
tic of M. frontalis include a smooth and glossy carapace,
dark brown coloration, and two chelae of similar size,
with males typically having larger and more robust
claws than females.

2.2. Data analysis

Before model fitting, the normality of each mor-
phometric variable was assessed using the Shapiro-
Wilk test. CW, . and CW, , were normally distributed
(p>0.05), whereas MW2, MW3, PW5, and DW7 devi-
ated from normality (p <0.05). Consequently, CW vari-
ables were analyzed using generalized linear models
(GLMs) with a Gaussian distribution, while MW, PW,
and DW variables were analyzed using GLMs with a
Gamma distribution and a log-link function.

Separate models were fitted for each dependent
variable using the general structure: Y~Sex+CW, ./
CW, ,, where Y represents MW2, MW3, PW5, or
DW?7, and Sex is a categorical factor (male or female).
Covariates were mean-centered before analysis. Model
outputs included: regression coefficients (3 + SE), Wald
z-values, p-values, rate ratios (RR=ef), and fit indi-
ces (AIC, BIC, Deviance, x2/df). Significant p-values
(<0.05) for Sex indicated sex-related differences in
trait size. Positive B(CW) values signified that the trait
increased with body size. For Gamma models, x?/df <1
denotes adequate fit and no overdispersion.

Statistical analyses were performed using
jamovi v2.6.44 (The jamovi project, 2024), with the
GAMLj module. Descriptive values (Mean +SE) were
obtained from the Estimated Marginal Means (EMMSs)
derived from GLMs rather than raw data averages for
interpretability.

3. Resulits

Descriptive statistics and normality

The Shapiro-Wilk test indicated that both car-
apace-width variables, CW . and CW_, followed a
normal distribution (p=0.517 and p=0.854, respec-
tively), whereas MW2, MW3, PW5, and DW7 deviated
significantly from normality (p<0.01). Accordingly,
Gaussian GLMs were applied for CW,_, and CW__, and
Gamma-log GLMs were used for MW2, MW3, PWS5,
and DW7 (measurement scheme in Fig. 3).

Fig.1. Metopograpsus frontalis (A: Dorsal view; B:
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Fig.2. Sampling map in Ca Mau, Vietnam (e Sampling sites: Ganh Hao, Ca Mau; source: Dinh (2018)).

Carapace width (CW,_, and CW,_)

No significant sex-related differences were
detected in either CW _, (=0.280%0.526, p=0.594)
or CW,, p=0.175%0.515, p=0.734). Estimated mar-
ginal means (EMMs) were nearly identical between
males and females (Table 1), indicating comparable
overall body size. The overlapping confidence intervals
and p-values>0.05 confirm the absence of sex effects
on carapace width.

Functional morphometric traits (MW2, MW3, PW5,
and DW7)

Gamma-log GLMs showed strong effects of sex
on all cheliped-related traits after accounting for car-
apace width. We fitted two models for each trait with
CW, . and CW,_ entered separately as covariates; con-
clusions were consistent (Table 2).

Sex coefficients varied, (=0.156-0.257 (all
p<0.001), corresponding to RR=1.17-1.29, i.e,,
male traits were 17-29% larger than female traits at
a given carapace width. Both CW covariates positively
affected all traits (=0.054-0.070; RR=1.06-1.07,
and p<0.001), indicating a ~6-7% increase in trait

size per 1-mm increase in CW,_, and CW_ . All Gamma
models showed y?/df <1, indicating a good fit without
overdispersion.

Mean =+ SE values (EMMs) for each sex and trait
are summarized below (Table 3). These results demon-
strate a clear and consistent pattern of sexual differenti-
ation in chela components, whereas the carapace width
remains similar between sexes.

Table 1. Estimated marginal means of carapace width
(mm) by sex from Gaussian GLMs

Parameter Sex n Mean =+ SE P

CW,_, (mm) Female 62 22.10+0.38 | 0.594
Male 105 | 22.38%0.35

CW, , (mm) Female 62 22.04+0.38 | 0.734
Male 105 | 22.22+0.33

Note: Carapace width from left to right (CW, ), carapace

width from right to left (CW

rt)

Fig.3. Illustration of morphological measurement parameters of Metopograpsus frontalis (A: carapace width from left to right
(CW_ ), carapace width from right to left (CW,_,); B: manus width (MW2, MW3), pollex width (PW5), and dactyl width (DW?7).
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Table 2. Gamma-log GLM results for effects of sex and carapace width on functional traits

Parameter | Controlled | f3 (sex)=SE z p RR Sex effect B p AIC BIC
variable
MwW2 CW,_, 0.156+0.039 | 3.99 [ <0.001| 1.17 | & 17 % larger | 0.054 | <0.001 | 550.98 | 563.45
CW, . 0.162+0.039 | 4.12 [ <0.001 | 1.18 | & 18 % larger 0.055 | <0.001 | 551.26 | 563.74
MW3 CW, . 0.230+0.031 | 7.44 | <0.001 | 1.26 | & 26 % larger 0.065 | <0.001 | 557.52 | 569.99
CW, . 0.237 +0.031 | 7.69 | <0.001 | 1.27 | & 27 % larger 0.067 | <0.001 | 554.38 | 566.85
PW5 CW, . 0.251+0.035 | 7.27 | <0.001 | 1.29 | & 29 % larger 0.059 | <0.001 | 312.35 | 324.82
CW, 0.257+0.034 | 7.49 | <0.001 | 1.29 | & 29 % larger 0.060 | <0.001 | 309.86 | 322.33
DW7 CW, . 0.203+0.038 | 5.34 | <0.001 | 1.23 | & 23 % larger 0.068 | <0.001 | 312.19 | 324.67
CW,_ 0.211+0.038 | 5.62 | <0.001 | 1.24 | & 24 % larger 0.070 | <0.001 | 308.41 | 320.89

Note: Carapace width from left to right (CW
width (PW5), and dactyl width (DW7)

)

4. Discussion

The present analysis provides quantitative
evidence of sex-related morphometric differences
in Metopograpsus frontalis from Southern Vietnam.
Although overall body size (CW _, and CW_ ) did not
differ significantly between sexes, all functional claw
components (MW2, MW3, PW5, and DW7) were mark-
edly larger in males. The rate ratios (RR=1.17-1.29)
demonstrate that, after controlling for carapace width,
males possess 17-29% larger claw dimensions than
females. This pattern remained consistent regardless
of the carapace-width covariate used (CW,_, or CW_ ),
confirming the robustness of the observed sex effect.

The strong positive allometric slopes for both
CW variables (3=0.054-0.070; RR=1.06-1.07) indi-
cate that each 1-mm increase in the carapace width
corresponds to a proportional 6-7% increase in claw
trait size, emphasizing the importance of size scaling
in the species. However, the absence of a sexual differ-
ence in the carapace width suggests that dimorphism
is localized to the chelae rather than generalized body
enlargement. This pattern of functional rather than
overall dimorphism was reported in several grapsoid
and ocypodoid crabs (Chatterjee and Chakraborty,
2015; Vermeiren et al., 2021).

In M. frontalis, enlarged male claws likely pro-
vide advantages during courtship, territorial defense,
and intraspecific competition, consistent with find-
ings in other species (Aldea et al., 2025). Females, by
contrast, display smaller, more slender claws, possibly
reflecting an energetic trade-off favoring reproduction,
feeding efficiency, and burrow maintenance. The mag-
nitude of sexual disparity (17-29%) observed here par-
allels reports for M. latifrons and Parasesarma longicri-
statum, where male chelae exceeded those of females
by approximately 15-33% (Vermeiren et al., 2021;
Aldea et al., 2025).

Overall, the results confirm that M. frontalis
exhibits sex-linked allometric differentiation, char-
acterized by disproportionate investment in cheliped
growth relative to carapace size. Such differentiation
likely reflects the combined influence of sexual selec-
tion and functional specialization, allowing males to
enhance their signaling and competitive performance,
while females prioritize their reproductive roles. This
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carapace width from right to left (CW,_ ,); manus width (MW2, MW3), pollex

Table 3. Estimated marginal means of functional traits
(mm) by sex from Gamma-log GLMs

Parameter Sex Mean + SE
MWwW2 Female 4.57+0.14
Male 5.34+0.13

MW3 Female 5.66+0.14
Male 7.13+0.13

PW5 Female 2.45+0.07
Male 3.16 £0.07

DW7 Female 2.23+0.07
Male 2.75*0.06

Note: Manus width (MW2, MW3), pollex width (PW5),
and dactyl width (DW7)

adaptive divergence highlights the ecological and evo-
lutionary significance of claw morphology in mangrove
crabs inhabiting dynamic estuarine environments.

5. Conclusion

This study provides quantitative evidence of
sex-related differences in Metopograpsus frontalis from
the Ganh Hao estuary, Ca Mau Province. Although males
and females exhibit similar carapace widths, males pos-
sess significantly larger functional morphometric traits
(MW2, MW3, PW5, and DW7), being 17-29% greater
after controlling for body size. The positive effect of
CW, . and CW_, on all traits confirms that growth scal-
ing influences these differences but does not entirely
explain. The results provide baseline morphometric
data that will support future ecological and evolution-
ary studies on sex-related variation in mangrove crabs
of Southern Vietnam.
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ABSTRACT. Zinc oxide nanoparticles (ZnONP) are among the most widely produced nanomaterials
worldwide given their unique properties, despite their nanotoxicity has been poorly addressed. In paral-
lel, environmental concern has risen because of increasing amounts of them reaching the environmental
matrices, whereas the aquatic ones are one of the main final sinks. As key non-target species, we aimed
to expose the invasive freshwater bivalve Limnoperna fortunei to sublethal concentrations of ZnONP (O,
0.025, 0.25, and 2.5 mg/L) to evaluate tissue damage and oxidative stress-related markers in the soft
tissue. After a 96 h-exposure, the alkaline phosphatase enzyme activity increased after 0.025 mg/L, and
the alanine aminotransferase activity decreased at 2.5 mg/L. Aspartate aminotransferase enzyme activ-
ity also decreased at 0.25 and 2.5 mg/L. In terms of oxidative stress, only superoxide dismutase activity
increased after exposure to the lowest nanozinc concentration. We concluded that nanozinc may pose a
threat to the aquatic biota in a context that lacks proper regulation and control for nanopollutants, and
that the toxicity mechanisms in this species are mainly related to tissue damage, even at environmen-
tally relevant concentrations, as the lowest one tested.
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1. Introduction therefore, rising concern about their environmental

fate, and interaction with non-target biota is in need to
be addressed (Santos-Rasera et al., 2022). Particularly,
when reaching the aquatic environments, ZnONP suf-
fer from multiple transformations, which will depend
on other factors (e.g., temperature, UV irradiation, or
presence of organic matter), such as dissolution (and Zn
ion release), agglomeration, and further sedimentation.
The latter may enhance the bioavailability for benthic
organisms; however, only a few studies were conducted
on this animal group (Yung et al., 2014).

Nanotechnology is a field of study under expan-
sion that involves the synthesis and manipulation of
materials (nanomaterials, NM) at a scale of 1 to 100
nm. Among the wide variety of NM, metallic-based
ones have been of particular interest due to their unique
properties in terms of catalysis, optics, and antimicro-
bial action (Pal and Pareek, 2025). Zinc oxide nanopar-
ticles (ZnONP) are one of the most applied NM world-
wide, after silica- and titanium-based NM. For example,
they are extensively used in solar cells, optoelectronic There is some robust evidence that ZnONP exert
devices, biomedicine, antibacterial materials, and per-  geleterious effects on aquatic biota (Abdel-Halim et al.,
sonal care products (Wu et al., 2025). Their global 2020; Marisa et al., 2016a; Saidani et al., 2019; Zhao

annual production reaches up to 36,000 tons, and the et al., 2016); however, these particles were studied to a
predicted environmental concentrations are in the low lesser extent in terms of ecotoxicology (in comparison

range of 0.17 ug/L (Ale et al., 2024). However, through with, for example, Ag- or Ti-based NM) (Gutierrez et
their multiple applications, the NM are released into the al., 2021). Mollusks were considered particularly sen-
environment in increasing amounts. In this sense, it was  gjtjve to nanopollutants given both their filter-feeding
proven that NM are released during all their life cycle;  5nq sessile habits (Skawina et al., 2024). Furthermore,
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according to the available bibliography, freshwater
mollusks were even less studied in comparison with
the marine ones, altough the toxicity mechanisms of
any NM were proved to differ according to the ionic
strength of the media. In other words, among other
environmental factors, the ultimate nanotoxicity of
freshwater environments differs extensively from the
marine ones (Petosa et al., 2010; Yung et al., 2014).
Therefore, there is currently a need for further research
on the ecotoxicology of nanozinc, with emphasis on
freshwater biota.

Oxidative stress is the most reported toxicity
mechanism from nanozinc (and most NM) exposure.
For example, the freshwater mussel Elliptio complanata
showed altered antioxidant enzyme activities and lipid
peroxidation in the soft tissue (apart from weight loss)
after exposure to ZnONP (Gagné et al., 2013). Similarly,
the freshwater snail Lymnaea luteola showed altered
antioxidant enzyme activities and DNA damage in the
digestive gland (Ali et al., 2012). Finaly, DNA damage,
altered antioxidant enzyme activities, oxidative dam-
age in lipids and proteins, and bioaccumulation were
evidenced in the Limnoperna fortunei bivalve exposed to
high concentrations of ZnONP (Girardello et al., 2021).
Other less-studied biomarkers in the nanotoxicology
field are tissue damage-related enzymes. For example,
serum from fish exposed to ZnONP had low transami-
nase activity (Rasheed et al., 2023), but the tissue of
the freshwater snail Biomphalaria alexandrina showed
increased activity (Fahmy et al., 2014).

The golden mussel Limnoperna fortunei (Dunker,
1857) is native to Southeast Asia, being highly recog-
nized for invading the aquatic ecosystems worldwide
(Barbosa, 2014). Their wide availability, easy adapta-
tion to laboratory conditions, and sensitivity have made
them promising sentinel species for assessing early
warning responses (Vereycken and Aldridge, 2023).
This work includes an independent preliminary study
that was conducted prior to another recently published
work that has also employed L. fortunei as test species
and nanozinc exposures (Ale et al., 2025). In order to
deepen the understanding of this emerging nanopollut-
ant, the present study aims to evaluate the sublethal
effects of ZnONP in terms of oxidative stress and tissue
damage in this freshwater bivalve species.

2. Materials and methods
2.1. Zinc oxide nanoparticles (ZnONP)

The particles were purchased from Sigma-
Aldrich® (Product number 721077), guaranteeing
their purity and stability. According to the Certificate
of Analysis, the particles resulted correctly dispersed in
the media (H,0), pH 8.9, and their size was reported as
40 nm. The stock concentration was 19% wt.

The complete particle characterization has been
reported in Ale et al. (2025). The transmission electron
microscopy (TEM) analysis revealed that the ZnONP
had an average primary diameter of approximately 27
nm with some degree of agglomeration. On the other
hand, analysis by dynamic light scattering (DLS) con-
firmed the ZnONP aggregation in aqueous suspension
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by showing large agglomerates (630 = 207 nm). Finally,
the zeta potential was reported as —26.09 = 0.79 mV,
suggesting moderate colloidal stability.

2.2. Bivalves and exposure conditions

In March 2024 (summer season), the bivalves
(adults, n=25) were manually collected from a dock
on the shore of Rio Santa Fe (a secondary channel of
the Middle Parana River, 31°38’34.90” S; 60°41’6.22”
W). This bioassay was conducted independently and in
parallel to the study reported in Ale et al. (2025), using
organisms collected at different time points. All exper-
imental procedures, from bivalve collection to bio-
marker determination, were performed separately. The
acclimatation procedure was described by Cazenave et
al. (2025). After the bivalves were transferred to the
laboratory (in plastic containers with natural river
water), they were carefully separated and brushed to
remove the biofilm. For the first 24 h, they were kept
in a medium composed of half natural river water and
the other half with dechlorinated tap water, always
with oxygenation, at 27 = 1°C by employing incubators.
The temperature was based on the mean temperature
in their habitat in summer (Iriondo and Paira, 2007).
Then, the bivalves were kept in dechlorinated tap
water for 48 h, with a 16/8 h photoperiod (light/dark-
ness) and algae-based food (Tetradesmus obliquus algae
culture) ad libitum until 24 h before starting the final
experiments. When an individual was attached and
showed signs of valve activity in response to physical
stimuli, it was considered healthy. At the beginning of
the experiment, the organisms’ mean length and weight
were 29.33+2.31 mm and 1.83+0.42 g, respectively
(and they were also weighed at the end of it).

2.3. Experimental design

The lowest concentration of ZnONP tested was
chosen based on the previously reported Zn environ-
mental concentration for urban surface and munici-
pal effluents (0.010-0.050 mg/L) (Clara et al., 2012;
Gagnon et al., 2014). For the higher concentrations, it
was contemplated that non-lethal nanozinc concentra-
tions for the test species (L. fortunei) were in the range
of 1-50 mg/L (Girardello et al., 2021).

The experiment involved 250 mL aquaria with O
(control), 0.025, 0.25, or 2.5 mg/L of ZnONP, and the
exposure period was 96 hours. The conditions remained
similar to the acclimatation procedure (dechlorinated
tap water with constant aeration, 27 +1°C, and a 16/8
h light/darkness photoperiod). The experimental unit
was defined as an aquarium with five organisms, which
was replicated three times per treatment. The particle
administration was performed directly into the aquar-
ium, before the corresponding dissolution with ultra-
pure water. Treatments were renewed every 24 hours,
so ZnONP dissolutions were prepared daily from the
stock to avoid particle transformation and/or agglom-
eration. The bivalves were not fed during the bioas-
say. The water conditions were always monitored,
which remained similar before and after the renewal
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procedure: pH = 7.66+0.15 and conductivity =
165+ 10 puS/cm. No mortality was recorded during the
trial, except for the highest ZnONP concentration (2.5
mg/L), which was <10%. At the end, the soft tissue of
each organism was extracted and stored at -80°C until
the biomarker determinations.

2.4. Sublethal biomarker assessment

The soft tissue of each bivalve was homoge-
nized to determine enzyme tissue damage according to
Bacchetta et al. (2011) and oxidative stress markers fol-
lowing the technique proposed by Reglero et al. (2009)
(n=5 per biomarker type). Enzyme activities of alanine
aminotransferase (ALT), aspartate aminotransferase
(AST), and alkaline phosphatase (ALP) were measured
through the methodology proposed by Reitman and
Frankel (1957) with commercial kits (Wiener Lab®).

Oxidative stress was determined by measur-
ing the antioxidant activities of superoxide dismutase
(SOD) by the technique proposed by Misra and
Fridovich (1972); catalase (CAT)-by following the pro-
cedure according to Beutler (1982), and glutathione
S-transferase-by employing the technique suggested
by Habig et al. (1974). Finally, lipid peroxidation lev-
els (LPO) were calculated by the thiobarbituric acid
reactive substances (TBARS) assay according to Yagi
(1976). Each sample was measured in triplicate, and all
the results were expressed in terms of protein content
(Bradford, 1976).

2.5. Statistics

Data are reported as mean * standard error. The
Shapiro-Wilks and Levene’s tests were applied to eval-
uate normality and homogeneity of variance, respec-
tively. Variables without a normal distribution were
transformed using 1og10 and tested again before para-
metric analysis. For statistical data comparisons among
the treatments, 1-way ANOVA followed by Tukey
post-test was used for normally distributed data, and
the Kruskal-Wallis test—for non-normally distributed
data. All statistical analysis was performed using the
InfoStat software (Universidad Nacional de Cérdoba,
Argentina).

3. Results and discussion

At the end of the experiment (after 96 h), the
bivalves were weighed again, and at the highest ZnONP
concentration (2.5 mg/L), a significant increase in the
weight was evidenced in comparison with the remain-
ing treatments (p=0.0388) (Table 1). Furthermore,
at dissection time (when the mollusk valves were
removed), the soft tissue of them was found to be light
white compared to the other treatments (observational
feature).

Additionally, we observed a white mucus secre-
tion in the case of the highest exposure, which started
after 48 h of exposure and became more obvious after
72 h (observational feature) (Fig. 1).

Interestingly, similar visualizations were made
in this species but with exposure to titanium dioxide
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nanoparticles (TiO,NP) (Manske Nunes et al., 2018).
After microscopy analysis, the authors corroborated
the presence of Ti in the mucus and explained that its
production is a defense mechanism against the toxic
effects caused by the nanopollutant. The white mucus
secretion observed and the augmented weight of the
exposed bivalves at 2.5 mg/L could confirm that the
particles were actually captured by the organisms and
potentially accumulated in the tissue. In this regard,
Rojas Molina et al. (2010) explained that L. fortunei is
capable of selectively ingest and retain particles span-
ning a broad size range (approximately 1-1000 um),
while smaller particles (=1 um) are typically aggre-
gated and expelled as pseudofeces (Frau et al., 2016).
However, when the particles lose stability and suffer
from physical and chemical transformations such as ion
dissolution, the released Zn ions may play a crucial role
in metal bioaccumulation, as there is robust evidence
that nanozinc can bioaccumulate in the tissue of fresh-
water and marine bivalves. For example, high levels of
total Zn were found in Dreissena bugensis exposed to 50
ug ZnONP/L for 96 h (Auclair et al., 2020), and similar
results were obtained for the Unio tumidus, Xenostrobus
secures, and Mytilus galloprovincialis marine mussels
exposed to ZnONP (Falfushynska et al., 2015; Hanna et
al., 2013; Lai et al., 2023).

Table 1. Final weight of L. fortunei (whole organism)
exposed to 0, 0.025, 0.25, and 2.5 mg ZnONP/L. The values
are expressed as means * SE. Means not sharing the same
superscript (A or B) are significantly different at p<0.05.

Treatment Final weight (t=96 h)
(mg ZnONP/L) (8
Control 1.48 = 0.094
0.025 1.87 = 0.13 48
0.25 1.82 £ 0.20 48
2.5 2.15 £ 0.16 B

y \ P s
Fig.1. Individuals of L. fortunei belonging to (a) the con-
trol group (after 72 h) and exposed to 2.5 mg ZnONP/L for
(b) 48 h and (c, d) 72 h. White arrows show the light white
mucus secretion of the bivalves (the remaining treatments are
not shown, as they visually resembled the control group).

a
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Fig. 2 shows the tissue-damage-related enzyme
activities in the soft tissue of L. fortunei exposed
to ZnONP. Both ALT and AST enzyme activities
decreased after the highest ZnONP exposure (2.5 mg/L)
(p=0.0409 and p=0.0295, respectively), meanwhile
ALP increased after the lowest concentration tested
(0.025 mg/L) (p=0.0331).

Enzyme tissue damage-related biomarkers
showed to be particularly sensitive to nanozinc expo-
sure. However, it is challenging to discuss our findings,
as, to the best of our knowledge, ZnONP-related ecotox-
icity has not been addressed in the soft tissue of bivalves.
Our recent study (Ale et al., 2025) reported comparative
nanozinc toxicity in terms of different temperatures,
and for the one similar to the employed in this study
(27 °C), similar tendencies for AST decreased enzyme
activity were also evidenced at all the concentrations
tested. Conversely, discrepant results were found with
ALT activity; while no effects were observed in the
other study, which employed a lower ZnONP concen-
tration. Here, we evidence an inhibition of the enzyme
activity in soft tissue of bivalves exposed to the highest
concentration (2.5 mg ZnONP/L). In this regard, the
augmented particle (and metal) concentration could
have exceeded the enzyme capacity to avoid tissue
damage, or even the active site of the enzyme could
also have been affected, causing its activity inhibition.
For ALP, here we evidence an increased enzyme activ-
ity at the lowest concentration tested (0.025 mg/L);
however, in Ale et al. (2025) its activity has been found
to be decreased, suggesting that ecotoxicity of ZnONP
is clearly affected by the biological responses of the test
organisms. Although all organisms were collected from
the same sampling site (but during different collection
events, specifically in different months during the sum-
mer of 2024), complex variations in their habitat could
be attributed to their discrepant sensitivity, as these
organisms are considered tolerant to changes in river
flow- and climate-related variables. In this regard, fur-
ther studies of nanopollutant exposures to freshwater
bivalves are highly necessary.

Other studies of mollusks exposed to different
stressors like metals and even nanoplastics identi-
fied alterations of these enzyme activities (Brandts et
al., 2022; Kokhan et al., 2024; Li et al., 2012; Narvia
and Rantamadki, 1997). In case of freshwater species,
increased enzyme activities of transaminases (ALT and

ALT
25 -

20 A

mU/mg protein
mU/mg protein

AST

IR

AST) and ALP were found in serum of Cyprinus carpio
injected with ZnONP, and it was explained that the par-
ticles caused dysfunction in the kidney of fish (Rasheed
et al., 2023). In terms of mollusks, an interesting study
made on the freshwater snail Biomphalaria alexandrina
exposed to 7.35 mg ZnONP/L evidenced transaminases
and ALP increased both in hemolymph and soft tissue
of the organisms. Such results were related to muscle
damage, intestinal and hepatopancreatic injuries, and
toxic hepatitis in the snail (Fahmy et al., 2014). This
study clearly indicates damage in the soft tissue of L.
fortunei after the highest nanozinc concentrations tested
(0.25 and 2.5 mg/L).

Table 2 shows oxidative stress-related biomark-
ers. Only SOD activity was increased with exposure
to the lowest ZnONP concentration (0.025 mg/L)
(p=0.0394), while no differences were found for the
remaining treatments, neither for the other antiox-
idant enzymes nor peroxidation levels in comparison
with the control group. In this context, we highlight
the need for studies under realistic conditions, as the
actual nanotoxicity could be underestimated.

Nanoparticles were closely associated with cyto-
toxicity by increasing intracellular reactive oxygen
species (ROS) and the levels of the proinflammatory
mediator; thus, the homeostatic redox state of the test
organism becomes disrupted upon ROS induction by
NP (Khanna et al.,, 2015). Their related biomarkers
were widely reported throughout the available litera-
ture in terms of nanotoxicity in aquatic organisms (Ale
et al., 2024; 2021; Cazenave et al., 2019; Gutierrez et
al., 2021). In the case of ZnONP, it was explained that
their metabolisms in cells generate ROS overproduc-
tion, leading to oxidative damage (Zhao et al., 2016).
However, the LPO levels analyzed in soft tissue of L.
fortunei showed no changes in comparison with the
control group. Among the available literature, aug-
mented LPO levels with ZnONP exposure were found
at much higher concentrations than those tested in
this study. For example, in a tissue of the freshwater
snails Lymnaea luteola and Biomphalaria alexandrina,
increased LPO levels (measured by malondialdehyde
content, MDA) were evidenced at 7-32 mg ZnONP/L
(Ali et al., 2012; Fahmy et al., 2014). Accordingly, Zhao
et al. (2016) exposed the Danio rerio fish to increasing
ZnONP concentration and found increased MDA levels
only at higher concentrations (from 10 mg/L onwards,

ALP
200 -

160
120 A

80

B
A A
| i
A
0 - I

mU/mg protein

Control  0.025mg/L  0.25mg/L  2.5mg/L Control

0.025 mg/L  0.25 mg/L

40
2.5mg/L Control  0.025 mg/L 0.25mg/L 2.5 mg/L

Fig.2. Tissue damage-related enzyme activities: alanine aminotransferase (ALT), aspartate aminotransferase (AST), and
alkaline phosphatase (ALP) in soft tissue of L. fortunei exposed to 0, 0.025, 0.25, and 2.5 mg ZnONP/L for 96 h. The values are
expressed as means = SE. Means not sharing the same superscript (A or B) are significantly different at p<0.05.
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Table 2. Oxidative stress-related enzyme activities: superoxide dismutase (SOD), catalase (CAT), and glutathione S-transferase
(GST), and lipid peroxidation levels (LPO) in soft tissue of L. fortunei exposed to 0, 0.025, 0.25, and 2.5 mg ZnONP/L for 96 h.
The values are expressed as means = SE. Means not sharing the same superscript (A or B) are significantly different at p <0.05.

Treatment SOD CAT GST LPO
(mg ZnONP/L) (U/mg protein) (U/mg protein) (mU/mg protein) (nmol TBARS/mg protein)
Control 348.3 = 54.44 6.7 = 0.7 72.0 = 134 0.6 = 0.2
0.025 608.3 + 62.8 B 6.6 = 0.9 98.3 + 15.6 1.0 £ 0.1
0.25 446.1 * 48.6 18 6.6 = 0.9 89.9 + 8.9 0.9 = 0.2
2.5 551.9 + 32.7 4B 7.0 £ 0.7 90.3 = 6.0 0.9 = 0.1

up to 120 mg/L). Therefore, our tested concentrations
may not generate enough oxidative damage to be evi-
denced after 96 h of exposure.

Concerning the measured antioxidant enzyme
activities, only SOD was evidenced to differ from the
control values (Table 2). Interestingly, the increase in
its activity was only at the lowest ZnONP concentra-
tion assayed (0.025 mg/L), suggesting that the exerted
nanotoxicity may not be concentration-dependent in
this case. Therefore, studies that employ only high NP
concentrations and do not consider environmentally
relevant exposure conditions may underestimate the
actual ecotoxicological scenario. In our previous work,
we have also observed SOD activation with L. fortu-
nei exposure to low ZnONP concentrations (Ale et al.,
2025). One explanation for this result could be related
to the lower dispersion of the NP at higher concentra-
tions (and reduced bioavailability), as it was already
proved for AgNP in the marine mussel Saccostrea glom-
erata (Carrazco-Quevedo et al., 2019). The importance
of SOD in maintaining the homeostatic redox state lies
in being the first one to handle oxyradicals, particularly,
for catalyzing the dismutation of the superoxide radi-
cal O* to hydrogen peroxide (Zhao et al., 2016). Other
studies of mussels also found increased SOD activities.
In this regard, Falfushynska et al. (2015) exposed the
freshwater mussel Unio tumidus to ZnONP for 14 days
(concentration reported as 3.1 uM) and explained that
SOD augmented activity was due to the ROS overpro-
duction. Furthermore, under environmentally relevant
nanozinc concentrations (1 and 10 pg/L), SOD activity
increase was evidenced in gills and digestive gland of
marine mussels Ruditapes philippinarum and Xenostrobus
secures (Lai et al., 2023; Marisa et al., 2016b).

4. Conclusions

Nanotoxicity is induced in complex ways that are
in urgent need of further investigation. The ultimate
toxicology on test organisms will depend on the particle
type, poorly assessed ZnONP (when compared to others
like Ag- and Ti-based), the released media (freshwater
or marine), intrinsic properties, and biology of the test
organism, among others. The latter results are particu-
larly important, as bivalves are not only filtering-feed-
ing organisms but also vulnerable to further agglomer-
ation and sedimentation of the NM due to their sessile
habits. We conclude that L. fortunei was sensitive to
the tested ZnONP, which could be considered low (in
comparison to the available bibliography), even at the
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lowest concentration that is regarded as environmen-
tally relevant. Finally, we highlight the urgent need for
further studies assessing the toxicological implications
associated with this nanopollutant, with emphasis on
freshwater mollusks and realistic exposure conditions.
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ABSTRACT. A total of 233 specimens of the fiddler crab Tubuca forcipata (189 males and 44 females)
were collected monthly from intertidal mudflats in Dam Doi and Hoa Binh, Ca Mau Province, Southern
Vietnam, from July to October 2025. Selected morphometric traits, comprising the carapace width left-
to-right (CW,_,), the carapace width right-to-left (CW,_,), the manus widths (MW2 and MW3), the pollex
width (PW5), and the dactyl width (DW7), were measured to 0.01 mm. Generalized linear models with
a gamma distribution and log link were used for trait comparisons; cheliped traits were analyzed with
sex and the carapace width (CW,_, or CW, ) as predictors. The carapace width did not differ by sex (p
> 0.05), whereas MW2, MW3, PW5, and DW7 were significantly larger in males after adjusting for the
carapace width (3_ = 0.156-0.257; rate ratios (RR) = 1.17-1.29; p < 0.001). The carapace width had
strong positive effects on all cheliped traits (B, = 0.054-0.070; RR = 1.06-1.07; p < 0.001). Model
diagnostics showed y2/df < 1, indicating no overdispersion. These results demonstrate pronounced sex-
linked functional dimorphism in the chelae of T. forcipata despite similar overall body size, providing
a quantitative morphometric baseline for ecological and evolutionary studies of mangrove crabs in the
Mekong Delta.
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1. Introduction faunas throughout Southeast Asia (Auliaputri et al.,

2023). Accurate identification of this species, previously
classified within the genus Uca, often requires a combi-
nation of morphological and molecular approaches to
resolve its phylogenetic relationships (Andriyono et al.,
2019). Fiddler crabs, in general, have a complex and
dynamic taxonomic history that continues to be revised
through modern morphometric and phylogenetic anal-
yses (Rosenberg, 2001). Recent systematic updates

Fiddler crabs (family Ocypodidae) are among
the most ecologically influential organisms in trop-
ical and subtropical intertidal ecosystems, acting as
key bioturbators and bioindicators of habitat condi-
tion (Rosenberg, 2020). They typically occupy dis-
tinct intertidal zones within mangrove forests, exhib-
iting strong habitat preferences and high adaptability
to microenyironmental .varigtions (Z'olk‘hiﬂ<.3e et a}l., have reclassified several species from Uca (sensu lato)
2021). In Vietnam, the diversity and distribution of fid- into Tubuca, reflecting clearer evolutionary lineages
dler crabs, including species of the genus Tubuca, were (Rosenberg, 2019).
extensively recorded along coastal regions (Shih et al.,
2022). Within this context, the Mekong Delta, partic-
ularly Ca Mau Province, represents an ecologically
important area where populations of Tubuca species
have recently attracted increasing scientific interest
(Tran et al., 2025b).

The species Tubuca forcipata (Adam & White,
1849) constitutes an integral component of mangrove

A defining feature of Tubuca species is their
marked sexual dimorphism, first described in classical
works (Crane, 1975). Males possess a characteristically
enlarged major claw, while females have two smaller
symmetrical claws (Tran and Dinh, 2025). The male
claw, a hallmark of sexual selection, exhibits substan-
tial variation in shape and mechanical structure among
species (Swanson et al., 2013). Even subtle differences
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in claw morphology can serve as diagnostic features for
distinguishing closely related or cryptic taxa within the
genus (Shih et al., 2018).

Ecologically, fiddler crabs contribute to sed-
iment aeration, nutrient cycling, and overall man-
grove ecosystem functioning through their burrowing
and mound-building activities (Pardo et al., 2020).
Consequently, the composition and diversity of fid-
dler crab assemblages, including T. forcipata, are often
regarded as reliable indicators of mangrove ecosystem
health and resilience (Ashton and Macintosh, 2024).

Most previous studies on fiddler crabs focused on
aspects of reproductive biology, population dynamics,
and environmental influences, including gonadal devel-
opment (Castiglioni et al., 2007), breeding seasons
(Andriyono et al.,, 2019; Cobo and Fransozo, 2003),
sex ratios, and maturity sizes (Oshiro, 1999; Silva and
Oshiro, 2002). Furthermore, recent phylogeographic
analyses have enhanced understanding of the histor-
ical dispersal and isolation of Tubuca species across
Southeast Asia (Shih et al., 2022).

In Vietnam, emerging research has begun to doc-
ument morphological variations among Tubuca species
in the Mekong Delta, for instance, interprovincial dif-
ferences in T. paradussumieri (Tran et al., 2025a) and
claw and leg morphometrics in T. rhizophorae (Tran and
Dinh, 2025). Dao et al. (2024) further reported signifi-
cant sexual and spatial differences in T. rhizophorae pop-
ulations from Bac Lieu and Ca Mau. However, detailed
morphometric data for T. forcipata in Ca Mau remain
scarce, creating a critical knowledge gap regarding its
sexual dimorphism, allometric scaling, and ecological
role within mangrove ecosystems of the Mekong Delta.

In this study, we test the hypothesis that males of
T. forcipata possess disproportionately larger cheliped
components (manus, pollex, and dactyl) than females
of equivalent body size. Specifically, we predict that:
(i) the carapace width left-to-right (CW, ), the cara-
pace width right-to-left (CW, ) (does not differ signifi-
cantly between sexes, indicating comparable overall
body size; and (ii) functional claw traits (MW2, MW3,
PW5, and DW7) are significantly larger in males after
accounting for the carapace width, reflecting sex-linked
allometric investment in chela development. By quanti-
tatively assessing these relationships using generalized
linear models (GLMs), this study aims to clarify the
extent and scaling of sexual dimorphism in T. forcipata,

providing essential baseline data for future ecological
and evolutionary investigations of mangrove crabs in
Southern Vietnam.

2. Materials and methods
2.1. Sample collection and morphometric
measurements

Specimens of T. forcipata (Fig. 1) were collected
manually from intertidal mudflats along the Dam Doi
and Hoa Binh coastlines, Ca Mau Province, Southern
Vietnam, during low tide from July to October 2025
(Fig. 2). Sampling was conducted monthly, yielding a
total of 233 individuals (189 males and 44 females).
Crabs were captured by hand or using baited traps,
then preserved in 70% ethanol for transport to the
laboratory.

In the laboratory, individuals were identified
based on external morphological characteristics consis-
tent with the descriptions of Tubuca species in the Indo-
Pacific region. Each specimen was sexed by observing
the abdominal shape—males possess a narrow, triangu-
lar abdomen, whereas females have a broad, rounded
one.

Morphometric characteristics were analyzed fol-
lowing the procedures described by Dao et al. (2024),
including the carapace width from left to right (CW,_ ),
the carapace width from right to left (CW,_, the manus
width (MW2 and MW3), the pollex width (PW5), and
the dactyl width (DW7) (Fig. 3). All measurements
were taken using a digital caliper (Model: MOORMW-
110-15DIP) with a precision of 0.01 mm.

2.2. Data analysis

All statistical analyses were conducted using
jamovi v2.6.44 (the jamovi project, 2024) with the
GAMLj module. Prior to model fitting, the normality of
each variable was assessed using the Shapiro-Wilk test.
Results indicated that both CW, , and CW, , slightly
deviated from normality (p<0.05), whereas all other
variables (MW2, MW3, PW5, and DW7) were strongly
right-skewed. Consequently, all variables were analyzed
using generalized linear models (GLMs) with a gamma
distribution and log-link function, which appropriately
handle skewed continuous data.
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Fig.2. Sampling sites map in Cau Mau (modified from Dinh (2018)).

Separate GLMs were fitted for each response
variable following the general structure: Y ~ Sex +
CwW, ./CW, , where Y denotes each morphometric trait
(MW2, MW3, PW5, and DW7), and Sex is a categorical
factor with two levels (male and female). Carapace-
width covariates were mean-centered before analysis
to enhance model interpretability. For each model,
parameter estimates (3 +SE), Wald z-values, p-values,
and rate ratios (RR=eP) were extracted. Significance
was set at p<0.05. Positive B(CW) coefficients indicate
that the trait increases with body size. To assess model
adequacy, the Akaike information criterion (AIC), the
Bayesian information criterion (BIC), deviance, and
the chi-squared-to-df ratio (?/df) were examined; val-
ues of y2/df<1 were interpreted as evidence of good
model fit without overdispersion. Estimated marginal
means (EMMs) for each sex were obtained from the fit-
ted GLMs to provide adjusted means and confidence
intervals on the response scale. These adjusted val-
ues are reported in tables and figures of the Results to
facilitate interpretation of sex-related differences while
accounting for variation in body size.

5mm

3. Resulits

Descriptive statistics and normality

A total of 233 individuals of T. forcipata (189
males and 44 females) were analyzed. Descriptive sta-
tistics for all morphometric variables are summarized
in Table 1. Mean carapace widths were 18.74+0.22
mm (CW, ) and 18.44+0.22 mm (CW,_ ). The
Shapiro-Wilk test indicated significant deviations
from normality for most variables (p<0.05), except
for MW(3) (p=0.0844). Because both carapace-width
variables also deviated slightly from normality (CW,_,,
p=0.0179; CW, ,, p=0.0441), all traits were analyzed
using gamma-log GLMs to ensure consistent treatment
of skewed data.

Carapace width (CW, ., and CW, )

No significant sex-related differences were
detected for either CW, , or CW, , (p > 0.05). Estimated
marginal means (EMMs) were nearly identical between
males and females (Table 1), confirming the first
hypothesis that overall body size does not differ signifi-
cantly between sexes.

| mm

Fig.3. Illustration of morphometric measurements in Tubuca forcipata (carapace width (CW), manus width (MW2, MW3),

pollex length (PW5), and dactyl length (DW?7)).
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Functional morphometric traits (MW2, MW3, PW5,
and DW7)

When the carapace width was included as a
covariate, all cheliped traits (MW2, MW3, PW5, and
DW?7) were significantly affected by sex (all p<0.001),
supporting the second hypothesis. Males exhibited
markedly larger adjusted means for each trait com-
pared with females (Table 3).

Across all gamma-log models, sex coefficients
ranged from 3=0.156 to 0.257, corresponding to rate
ratios (RR)=1.17-1.29, which indicated that male
chela components were 17-29% larger than those of
females at equivalent carapace widths. Both CW covari-
ates had significant positive effects (3 =0.054-0.070;
p<0.001; RR=1.06-1.07), indicating that a 1-mm
increase in the carapace width resulted in an approxi-
mately 6-7% increase in cheliped size.

Model diagnostics confirmed a good fit, with
all ¢?/df<1 and no indication of overdispersion. The
inclusion of CW(,_,) or CW(, ) as covariates yielded
consistent results, demonstrating the robustness of
these effects (Table 2).

The adjusted means (EMMs) for each trait by
sex (Table 3) clearly illustrate the magnitude of sexual
dimorphism. Males averaged 5.34+0.13 mm for MW2,
7.13+0.13 mm for MW3, 3.16 = 0.07 mm for PW5, and
2.75+0.06 mm for DW7. Corresponding female means
were 4.57+0.14 mm, 5.66*+0.14 mm, 2.45*+0.07
mm, and 2.23+0.07 mm, respectively. These results
confirm a consistent pattern of functional dimorphism
in chela components, while overall body size (as mea-
sured by carapace width) remains statistically equiv-
alent between sexes. These findings demonstrate that
T. forcipata exhibits sex-linked functional dimorphism
localized to the chelae, rather than generalized body
enlargement.

4. Discussion

This study provides quantitative evidence of
sex-related morphometric differentiation in T. forci-
pata from the Dam Doi and Hoa Binh estuaries, Ca Mau
Province. The two tested hypotheses were fully sup-
ported: the carapace width did not differ significantly
between sexes, whereas all functional cheliped traits,

Table 1. Estimated marginal means of carapace width
(mm) by sex from GLMs

Parameter Sex n Mean + SE p

CW,_, (mm) |Female 44 18.10+0.48 0.155
Male 189 18.89+0.24

CW, , (mm) |Female 44 17.89+0.50 0.233
Male 189 18.57+0.25

Note: Carapace width from left to right (CW, ,); carapace
width from right to left (CW_ ).

including the manus width (MW2 and MW3), the pollex
width (PW5), and the dactyl width (DW7), were sig-
nificantly larger in males after adjusting for body size.
These findings confirm that sexual dimorphism in T.
forcipata is primarily functional rather than structural,
reflecting differential allocation of growth to the claws
rather than general body enlargement.

The present analysis also revealed that neither
the carapace width nor the morphometric traits of the
minor chela (MW2, MW3, PW5, and DW7) differed sig-
nificantly between males and females, even after con-
trolling for body size. This outcome indicates that the
minor chela in both sexes develops proportionally, con-
sistent with its shared role in sediment manipulation
and feeding rather than in reproductive signaling or
territorial competition (Crane, 1975; Zeil and Hemmi,
2006).

In most fiddler crabs, the major chela, which is
found only in males, is highly exaggerated and acts as
a sexually selected structure for waving displays, visual
communication, and combat (Crane, 1975; Swanson et
al., 2013). In contrast, the minor chela serves as the
principal feeding appendage and remains morphologi-
cally similar between sexes. The morphological stabil-
ity of this structure in T. forcipata supports its interpre-
tation as a functional trait that is shaped predominantly
by natural rather than sexual selection. Comparable
results were reported for other Tubuca species, such as
T. rhizophorae and T. paradussumieri, in which the minor
chela shows minimal sexual variation, whereas the
major claw exhibits marked dimorphism under strong
sexual selection (Dao et al., 2024; Tran and Dinh, 2025;
Tran et al., 2025a).

Table 2. Gamma-log GLM results for effects of sex and carapace width on functional traits

Parameter Controlled B (sex) = SE z p RR Sex effect B p AIC
variable

Mw2 CW, 4 -0.049+0.038 | -1.28 | 0.2003 [ 0.95 & 5% smaller | 0.041 | <0.001 | 219.47
CW, -0.057+0.039 | -1.46 | 0.1442 | 0.94 | & 6% smaller [ 0.036 |< 0.001| 233.84

MW3 CW, 4 -0.030+0.023 | -1.30 [ 0.1936 | 0.97 | & 3% smaller | 0.052 | <0.001| 95.15
CW,, -0.038+0.027 | -1.40 | 0.1601 | 0.96 | & 4% smaller | 0.045 |< 0.001| 150.93

PW5 CW,_, -0.014+0.121 | -0.11 | 0.910 | 0.99 3=9 0.060 | <0.001 | 185.50
CW, -0.009+0.124 | -0.07 | 0.944 | 0.99 3=Q 0.045 | 0.0015 | 202.78

DW7 CW, -0.062+0.045 | -1.38 | 0.167 | 0.94 | & 6% smaller [ 0.059 | <0.001| -75.49
CW,, -0.067+0.048 | -1.41 | 0.158 | 0.94 | & 6% smaller [ 0.050 | <0.001| -53.52

Note: Carapace width from left to right (CW, ) and carapace width from right to left (CW, ,); manus width (MW2 and MW3),

pollex width (PW5), and dactyl width (DW?7).
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The strong positive association between car-
apace width and all minor-chela dimensions in this
study reflects isometric to slightly positive allometric
growth, indicating that as individuals grow, the feed-
ing appendages scale proportionally with body size.
Such relationships are typical of Tubuca species and
are linked to their benthic lifestyle, where coordinated
development of the body and appendages facilitates
sediment processing and burrow maintenance (Pardo
et al., 2020; Zolkhiflee et al., 2021).

Overall, the results suggest that sexual dimor-
phism in T. forcipata is localized to the major chela
and is absent in the minor chela, which remains func-
tionally conserved across sexes. This pattern reflects
an evolutionary trade-off between maintaining feeding
efficiency and developing energetically costly display
structures. The minor chela thus represents a morpho-
logically stable component, which is constrained by
ecological function, while the major claw evolves more
dynamically under the pressures of sexual selection.
These findings add new quantitative insight into struc-
ture-specific sexual dimorphism within Tubuca, empha-
sizing that morphological divergence in fiddler crabs
arises from a balance between sexual and ecological
selection forces.

5. Conclusion

This study on T. forcipata from Ca Mau Province,
Mekong Delta, found no significant sex-related differ-
ences in the carapace width (CW,_,, CW, ) or in minor
chela traits (MW2, MW3, PW5, and DW?7) after account-
ing for body size, with male characteristics only slightly
larger (3-6%, p=0.14-0.91). The carapace width
strongly predicted chela trait sizes (3 =0.036-0.060;
p<0.001), indicating proportional scaling between
body and appendage growth. Sexual dimorphism in
this species is thus limited to the major chela, while
the minor chela remains functionally conserved across
sexes. These findings provide essential morphometric
data for future ecological and evolutionary studies of
fiddler crabs in the Mekong Delta.
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ABSTRACT. The peled, Coregonus peled, is a widespread species of the Coregonidae in Northern Eurasia.
Its numbers remain relatively high throughout the Ob River basin. This species is environmentally
plastic. Its fecundity varies widely, both across different water bodies and within the same water body
during different observation periods. Hydrological conditions influence the reproductive capacity of
peled, with higher fecundity in high-water years. This study aimed to analyze the fecundity of peled
migrating upstream to the middle part of the Ob River for natural reproduction and detection the
relationship between its fluctuations and environmental temperature. We identified that peled, which
comes to spawn in the middle part of the Ob River, reaches sexual maturity at the age of three years.
However, individuals aged five to six years form the basis of the spawning stock, comprising up to 70%
of the total. The reproductive capacity of peled is highly variable. Individual absolute fecundity ranges
from 11.3 to 58.0 thousand eggs, increasing with age, standard length, total weight, body weight, and
Fulton and Clark indexes. Individual absolute fecundity ranges from 36 to 103 eggs per gram of body
weight and correlates with total weight and Fulton indexes. Peled reproductive capacity indicators vary
significantly between years. Overall, the individual relative fecundity of this species in age groups of 5+
years and older has decreased by 41-47% compared to the mid-20th century. There was a relationship
between the reproductive capacity of peled migrating to the middle part of the Ob River for spawning
and the environmental temperature in the lower part of the Ob River, where fish were feeding before
the spawning migration begins: relatively high July temperatures are associated with lower individual
absolute fecundity indicators for the most numerous age groups. Thus, global warming may have a neg-
ative impact on the reproductive capacity of peled in the Ob River basin.

Keywords: Peled, Coregonus peled, fecundity, climate change, Ob River, Western Siberia
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1. Introduction 2014; Tunev, 2015; Babkin et al., 2018; Tsapenkov
The peled, Coregonus peled, is a widespread spe- et al.,, 2023). Peled is an object of commercial fish-
cies of the Coregonidae family in Northern Eurasia ery, including aquaculture purposes: juveniles of the

(Reshetnikov et al., 1989; Froese and Pauly, 2025). It is species that were obtaiped from Wi_ld fish are inde%y
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The peled inhabiting the Ob River has a complex
life cycle. After wintering in the Gulf of Ob, it migrates
upstream to the lower part of the Ob River, where it
feeds in shallow and warm floodplain areas (sors).
In autumn, mature individuals migrate to spawning
grounds in the Ural tributaries of the Ob (the Severnaya
Sosva, Voikar, and Shchuchya) and in the middle part
of the Ob River. After spawning, the peled migrate back
to the lower part of the Ob River (Popov, 2007).

This species is environmentally plastic
(Krokhalevsky, 1981; Reshetnikov et al.,, 1989;
Matkovsky and Krokhalevsky, 2010). This also applies
to fecundity, which varies widely: the minimum value
of absolute individual fecundity of the species in natu-
ral waters is more than 51 times lower than the maxi-
mum (Reshetnikov et al., 1989). Moreover, this indica-
tor varies greatly not only in different water bodies but
also from year to year in the same section of the basin
(Togansen and Petkevich, 1958; Krokhalevsky, 1980;
Tunev, 2016). Hydrological regime is known to influ-
ence the reproductive capacity of peled: in high-water
years it is higher (Moskalenko, 1956; Krokhalevsky,
1980; Bogdanov and Agafonov, 2001; Tunev, 2016;
Bogdanov et al.,, 2024). At the same time, climate
change was hypothesized to impact the natural repro-
duction of whitefish species (Matkovsky, 2019; Kirpotin
et al., 2021; Matkovskii and Krasnoperova, 2022), as
excessive water warming and decreased oxygen con-
centrations in summer may worsen feeding conditions
for spawners in the Lower Ob floodplain system during
the period of trophoplasmic growth of oocytes. This
study aimed to analyze the fecundity of peled ascend-
ing to the middle part of the Ob River for reproduction
and to detection the relationship between its fluctua-
tions and environmental temperature.

2. Materials and methods

For this study, we used data from capturing peled
spawners during their spawning migration in the mid-
dle part of the Ob River in the Aleksandrovsky District
of Tomsk Oblast in September 2019 and 2020 (Fig. 1).

Fish were caught using 100-meter-long drift nets
with a mesh size of 40-50 mm. Egg samples weighing
2.5-3.0 g were collected from females of various ages at
maturity stage IV, and the samples were fixed in a 2%
formalin solution. The standard length and weight of
the fish were measured. The gonads were weighed, and
scales were collected for age detection. Sample process-
ing and age detection were performed in the labora-
tory by a single operator. The total number of samples
was 45 in 2019 and 49 in 2020. According to generally
accepted methods (Pravdin, 1966; Petlina, 1987), indi-
vidual absolute (IAF) and relative (IRF) fecundity were
assessed, and gonadosomatic index (GSI) reflecting the
ratio of gonad weight to body weight without entrails
was expressed as a percentage. To assess the influence
of environmental temperature of the lower part of the
Ob River before the start of the spawning migration
on the fecundity of peled ascending to the spawning
grounds within the middle part of the Ob River for
reproduction, air temperature data in the Salekhard
area from open sources were used (Reference and infor-
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Fig.1. Material collection area (indicated by the dotted line).

mation portal..., 2025). Air temperature was chosen for
analysis as an indicator that more accurately reflects
the environmental temperature in floodplain shallows
(feeding grounds of peled) than water temperature
according to data from Roshydromet (Russian Federal
Service for Hydrometeorology and Environmental
Monitoring) gauging stations, since the latter is mea-
sured in the riverbed, along the current.

To identify differences in the peled reproduc-
tive capacity and size characteristics across the years
of observation, a t-test was used. The normality of the
distribution was assessed using the Shapiro-Wilk test.
Pearson correlation coefficients (r) were detected to
assess the relationship between IAF, IRF, and GSI of
peled with age and size characteristics. Regression
equations were calculated to analyze the relationship
between IAF and environmental temperature. The sta-
tistical significance of differences and relationships was
assessed at a=0.05. All calculations were performed
using Past software (Hammer et al., 2001).

3. Results and discussion

Ten-year-old fish are currently known among
peled spawners that migrate upstream to the middle
part of the Ob River to spawn, with the bulk of catches
(approximately 70%) comprising fish aged 4+ to 5+
(Tsapenkov et al., 2023). Our samples included females
aged 2+ to 7+, which may be due to the selectivity of
the net fishing gear used for this study. However, fish
aged 4+ to 5+ also predominated, comprising 60.0-
69.4% of the sample (Fig. 2).

The size characteristics of female peled of dif-
ferent ages differed little in 2019 and 2020, while the
Clark indexes were generally statistically significantly
(t-test: t=5.28, p<0.001) higher in 2020 (Table 1).

According to our data, IAF of peled varied from
11.3 to 58.0 thousand eggs (in 2019 it averaged 24.4,
and in 2020-31.4 thousand). IRF ranged from 36 to
103 eggs per gram of body weight (in 2019 it averaged
68, and in 2020-84). GSI ranged from 14.7 to 35.1 (in
2019 it averaged 22.2, and in 2020-24.6) (Table 2).
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Table 1. Size characteristics of female peled in the middle part of the Ob River.

Age 2019 2020
Standard length, Total Clark indexes, % |Standard length, Total Clark indexes, %
cm weight, g cm weight, g

2+ 29.5+0.9 337+12.9 1.04+0.07 28.2+0.9 305+28.0 1.07+0.02
27.7-30.4 311-353 0.97-1.18 26.8-29.8 253-349 1.04-1.10
3+ 30.4+0.3 374+3.3 1.05+0.03 29.8+0.9 391 +£40.5 1.15+0.04
29.3-31.4 355-386 0.95-1.20 27.5-32.4 292-498 1.06-1.24
4+ 31.5+0.5 415+9.4 1.06+0.03 30.9+0.3 455+16.0 1.21+0.02
29.4-35.8 339-484 0.83-1.20 27.9-34.8 331-648 1.02-1.36
5+ 32.2+0.2 469+8.3 1.12+0.02 32.1+0.4 503+13.1 1.21+0.03
30.7-33.8 402-514 0.93-1.26 30.1-34.4 437-552 1.01-1.40
6+ 34.2+0.4 581+11.6 1.27+0.13 33.4+0.5 549+25.2 1.16+0.04
32.4-35.6 543-612 1.06-2.04 32.3-34.5 504-621 1.08-1.25
7+ - - - 35.6+0.6 720+9.7 1.26 +0.05
34.5-36.5 709-739 1.20-1.37

In 2020, all analyzed peled reproductive capac-
ity indicators were statistically significantly (p <0.001)
higher than in 2019 (t-test: IAF t=4.31; IRF t=6.57;
and GSI t=3.81).

Overall, according to our data, IAF of peled statis-
tically significantly (p <0.001) increases with standard
length (r=0.63), total weight (r=0.83), body weight
(r=0.78), age (r=0.63), Fulton indexes (r=0.50), and
Clark indexes (r=0.44) (Fig. 3).

IRF and GSI correlate with the total weight
(r=0.24, p=0.021 and r=0.21, p=0.043, respec-
tively) and with Fulton indexes (r=0.37, p<0.001 and
r=0.39, p<0.001, respectively). At the same time, IAF
is interconnected with IRF and GSI (r=0.71, p<0.001
and r=0.55, p<0.001). The dependence of IAF on the
total weight of female peled from the middle part of the
Ob River is expressed by the following regression equa-
tion: y=0.0959x — 6.8404 (R>=0.69). A slightly higher
angular coefficient of the equation is noteworthy com-
pared to that for peled in the Taz River (Tunev, 2016),
which may indicate a closer relationship between

fecundity and weight of fish in the middle part of the
Ob River. The body weight of female peled, both total
and without entrails, depends on age (r=0.81 and
r=0.80, respectively, in both cases p<0.001) (Fig. 4).

50
40

30

20
o 1
2+ 3+ 4+ 5+ 6+ 7+

m2019 2020 age

Fig.2. Age composition of female peled in the middle
part of the Ob River.

Proportion of age group, %

Table 2. Reproductive capacity indicators of peled in the middle part of the Ob River.

Age 2019 2020
IAF, IRF, GSI, % IAF, IRF, GSI, %
thousand eggs eggs/g thousand eggs eggs/g

2+ 17.6+3.3 66=+11 22.7+2.6 19.4+3.0 79+6 21.5+1.2
12.7-24.0 51-88 17.5-26.0 14.8-25.0 72-91 19.5-23.6
3+ 19.0+1.0 64+3 21.6+0.5 26.2+3.1 84+6 25.0*+2.1
15.6-24.8 56-81 19.6-23.4 14.8-31.7 65-97 18.3-29.8
4+ 21.5+1.4 65+3 20.9+0.8 30.0+1.4 84+3 24.7+0.6
11.3-26.4 36-80 16.4-26.2 19.1-44.7 64-108 20.4-30.3
5+ 26.2+1.3 70+2 22.3+1.1 33.4+1.6 84+4 24.5+0.7
15.3-33.8 45-88 14.7-30.6 22.7-41.9 66-105 21.1-28.3
6+ 34.8+1.6 76+5 24.7+1.8 35.5+2.6 82+5 249+1.9
27.2-39.1 56-88 16.4-31.3 29.5-40.5 74-95 21.6-29.7
7+ - - - 49.8+4.8 88+9 26.7+4.2
41.3-58.0 71-103 22.1-35.1
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Fig.3. The dependence of individual absolute fecundity of the peled in the middle part of the Ob River on the standard length
(A), total weight (B), body weight (C), age (D), Fulton indexes (E), and Clark indexes (F).

A comparison of our data on peled fecundity
and information from the mid-20th century (Iogansen
and Petkevich, 1958) demonstrated that currently the
average IAF of older age groups (5+ and older) has
decreased by 41-47%. However, even in the mid-20th
century, there were years when IAF was relatively low
(Fig. 5).

An analysis of the relationship between IAF of
peled ascending for reproduction to the middle part
of the Ob River and the environmental temperature in

8
7 e
6 oo ou”
=4 ol
:%)D 3 o.i-
2 e o @
1 y=0.0114x - 0.8408
0
0 200 400 600 800
A Total weight, g

the lower part of the Ob River, where fish was feeding
before the start of the spawning migration, reveals a
negative effect of high temperature on fecundity. The
average IAF of the most numerous age groups in years
when the environmental temperature in July exceeded
the long-term average (for the period 1950 and 2025)
was 43-52% lower than in years when the environ-
mental temperature was below the long-term average
(Table 3).
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Fig.4. Dependence of total weight (A) and body weight (B) of female peled in the middle part of the Ob River on age.

37



Mishakin A.V. et al. / Limnology and Freshwater Biology 2026 (1): 34-45

Table 3. Individual absolute fecundity of peled in the middle part of the Ob River in different years.

Year Data source IAF at age, thousand eggs Average Average
temperature temperature
4+ S5+ 6+ in June, °C in July, °C
2019 Our data 21.47 26.20 34.79 8.1 16.9
2020 Our data 30.03 33.37 35.54 9.9 15.5
1947 Iogansen and Petkevich (1958) 46.39 65.66 91.37 8.0 11.0
1952 Iogansen and Petkevich (1958) 29.24 35.05 64.36 7.6 15.2
1953 Iogansen and Petkevich (1958) 30.10 - 41.74 10.8 16.3
The dependence of IAF of the peled in the middle g 100
part of the Ob River on the environmental tempera- é 20
ture in July in the lower part of the Ob River can be g
described by the following equations: y =-0.25x+ 22.72 i Zg
(R2=0.93) for five-year-olds; y=-0.15x+20.46 2 .
(R*=0.99) for six-year-olds; and y=-0.09x+19.72 2 .
(R2=0.86) for seven-year-olds fish. Taking into account ER
that the environmental temperature in summer tends )
to increase (Fig. 6), a decrease in the reproductive per- Z 00 I I
formance of female peled in the spawning stock that =0
2+ 3+ 4+ 5+ 6+ 7+

migrates to the middle part of the Ob River for repro-

duction can be expected.

4. Conclusions

Peled that are spawning in the middle part of the
ODb River begin to reach sexual maturity at three years
old. However, most of the spawning stock consists of
five- to six-year-old fish, which together account for up
to 70% of the spawners. The reproductive capacity of
peled in the middle part of the Ob River is highly vari-
able. Individual absolute fecundity ranges from 11.3 to
58.0 thousand eggs, increasing with standard length,
total weight, body weight, age, and Fulton and Clark
indexes. Individual relative fecundity and gonado-
somatic index correlate with total weight and Fulton
indexes. The reproductive capacity of peled varies sig-
nificantly from year to year. Overall, the individual
absolute fecundity of this species in age groups 5+ and
older has currently decreased by 41-47% compared to
the mid-20th century. There is a relationship observed
between the reproductive capacity of peled migrating
to the middle part of the Ob River for spawning and
the environmental temperature in the lower part of the
Ob River, where fish were feeding before the spawning
migration begins: relatively high July temperatures are
associated with lower individual absolute fecundity for
the most numerous age groups of peled. Thus, global
warming may have a negative impact on the reproduc-

tive capacity of peled in the Ob River basin.
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dle part of the Ob River at different observation periods.
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Fig.6. Long-term dynamics of average air temperature in
June and July in Salekhard (according to the reference and
information portal “Weather and climate”).
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OpuruHanbHan craTbf

N3MeHYHBOCTb NNOAOBUTOCTH NEARAH

- - LIMNOLOGY
Coregonus peled (Gmelin, 1789) Cpeaneu O6u FRESETWATER
(3anapnan Cubupb) M BAMAHKE Ha Hee BIOLOGY
TemnepaTtypbl OKpy)Xalowen cpeabl ———————

MumakuH A.B.!, Xakumos P.M.2, 3aBropoanss O.A.3, UHTepecoBa E.A.3**

I Xanmei-Marcutickuii omoent TromeHckoeo ¢puwriuana FHI] PO ®I'BHY «Bcepoccutickuli Hay4HO-UCCIe008amesTbCKULl UHCmumym
PblOHOC20 X03ATicmaa u okeaHoepaguu», yi. I'aeapuna, 1908, Xanmsi-MaHcuiick, 628012, Poccua

2000 HIIO «Tomck—3komoeus», yi1. Ceemutaa, 12, 0. KydpuHckuii yuacmok, 634515, Poccusa

3 HayuoHasteHwll uccredogamertsckuti Tomekuii eocydapcmaeHHslil yHugepcumem, np. JleHuHa, 36, Tomck, 634050, Poccus

4 Hosocubupckuti ¢puruan T'HI] PO ®I'BHY «BHHUPO» («3anCub6HHUPO»), y. ITucapeaa, 1, Hogocubupck, 630091, Poccua

AHHOTAILIUSL. Tlensans Coregonus peled — mupoko pacnpocTpaHEHHBIH mpeacTaButeib ceM. Coregonidae B
CeBepHoil EBpa3uu, 4rcJIEHHOCTh KOTOPOTO 10 CHX IIOP OTHOCUTEJIHO BBICOKA Ha BCeX ydyacTkax OacceiiHa
O6u. Buj oTImM4aeTcs 5K0JI0rMYeCcKo JIACTUYHOCTHIO, €ro IJI0J0BUTOCT BapbUpyeT B OYeHb MINPOKUX Ipe-
Jejiax, pa3jnyasch Kak B pa3HBIX BOJHBIX 00bEKTaX, TaK U B OOHOM U TOM Xe B pa3Hble epuoAsl HabJIo-
neHuil. 3BeCTHO, YTO HAa BOCIIPOM3BOJUTEIBHYI0 CIIOCOOHOCTh JAHHOIO BUA OKA3bIBAeT BJIMSAHUE T'HMIPO-
JIOTUYECKUII peXuM — B MHOTOBOJHBIE TOJbI OHA BhilIe. I{es1pi0 JaHHOI paboTH OBLUI aHAIU3 IJIOAOBUTOCTU
neJiAAun, MoJHMUMARIeNcsA AJIA eCTECTBEHHOr0 BOCIIPOU3BOACTBA B npefesisl CpeaHeir O0Ou, U IIOMCK CBA3U ee
KoJie0aHMI € TeMIepaTypoil cpefnl. BEIABIIEHO, YTO MOJIOBas 3peJIOCTh CPeAHEOOCKOro cTafa Nneadaad Hayu-
HaeT HaCTynaTh B TpeXJIeTHEM BO3pacTe, OHAKO €ro OCHOBY COCTABJIAIT MATU-IIEeCTUIETHHE SK3eMILIADEI,
CyMMapHO cocTaBiigomue o 70 % mpousBogutesieli. IlokazaTesan BOCIPOM3BOAUTEBHON CIOCOOHOCTH
BH/Ja BecbMa M3MeHUYUBH. MHOUBUAyasibHasA abCoOJIIOTHAA IJIOJOBUTOCThH cocTasiiieT oT 11,3 mo 58,0 Thic.
HMKPUHOK, YBEJINYMBAasACh C BO3PACTOM, POMBICJIOBOM AJIMHON, 0Omiell Maccoli, Maccoi Teja 6e3 BHyTpeH-
HOCTeH, YyIUTaHHOCTHI0 1o DyspTOoHY U no Kiapk. MHAMBHOyalbHAsA OTHOCUTEJIbHASA IJIOOBUTOCTh KOJIe-
6s1etcs ot 36 o 103 MKPUHOK Ha TpaMM MacCCHI TeJjla ¥ KOppeJupyeT ¢ o0Iell Maccoi peid ¥ YIUTAaHHOCTHIO
no ®ynbpToHy. [Ipy 5TOM IOKa3aTeJsi BOCIPOU3BOAUTEIIBHON CIIOCOOHOCTH eSO CyIlecTBEHHO pas3jinya-
I0TCA B pa3Hble rofbl. B 11ejioM B HacTosllee BpeMA WHAWBUAyaJIbHAsA aOCOJIIOTHAA IJIOAOBUTOCTD JAaHHOTO
BH/Jla B BO3PACTHHIX rpynmnax 5+ U cTapllie 0 CPaBHEHUIO C cepequHON XX Beka CHU3UJIOCh Ha 41-47 %.
OTMmedeHa CBA3b BOCIIPOU3BOAUTEIIBHON CIOCOOHOCTH MeJIAAu, NogHUMaloIelicsa Ha HepecT B CpejHI010 OOb,
c TemmepaTypou cpeasl B HikHeit O0u, rjie MPOUCXOAUT HaryJl MpOU3BOAWTENIEN Nepe] HauyaJoM HepecTo-
BOM MUTpaliil — OTHOCUTEJIBHO BBICOKHE TeMIIEpPaTyphl HIOJIA acCOLMUPOBaHHI ¢ 60Jjiee HU3KUMU ITOKa3aTe-
Jamu UAIT HanboJiee MHOTOYMCIIEHHBIX BO3PACTHBIX Ipynm. TakuMm o6pa3oM, NOTeIlJieHue KiIMMaTa MoXeT
OTpUILIATEJIBHO CKa3aThCA Ha BOCIPOM3BOAUTEIBHON CIIOCOOHOCTH NesiAau B 6acceiiHe O6mH.

Kitioueawie ctosa: nessanb, Coregonus peled, miogoBUTOCTb, U3MeHeHUs KiamMaTta, O6b, 3anagHas Cubupb

Jia nutupoBanusa: MuwakuH A.B., Xakumos P.M., 3asropoansas O.A., UHTepecosa E.A. I3MeHUYMBOCTH IIJIOAOBUTOCTY IeJIAAN
Coregonus peled (Gmelin, 1789) Cpenueit O6u (3anagHas CubHph) M BJINSHUE Ha Hee TeMIEPATYPhl OKpYXKaroliel cpeabl //
Limnology and Freshwater Biology. 2026. - No 1. - C. 34-45. DOI: 10.31951/2658-3518-2026-A-1-34

1. Beepenne lannenkoB u Ap., 2023). Ilenagp cayXuT oOBEKTOM

IIPOMBICJIA, B TOM 4YMCJIe JJIA IleJiell aKBaKyJIbTYpHl —
MOJIO[Ib BUQ, IOJIy4aeMyl0 OT OUKUX IPOH3BOJAUTE-
Jieli, IINPOKO HCIOJIb3YIOT [Jisi MacTOMIIHOTO PhIbO-

Mensanpb Coregonus peled (Gmelin, 1788) — mmipoko
pacrnpocTpaHeHHBIN npecTaBuTes b ceM. Coregonidae

B CeBepHoti EBpazuu (PemetHukos u ap., 1989; Froese BoACTBa B 3amajHoil Cubupy (3710ka308 u Ap., 1983;

and Pauly, 2025). OTo OogWH M3 HEMHOTHX CUTOBBIX Myxaues, 2008; UnTepecosa u ap., 2014; Eropos u ap.,
BUJIOB PhIO, YKMCJIEHHOCTh KOTOPOIrO [I0 CUX IOP OTHO- 2020).

CUTEJIbHO BhICOKAa Ha Bcex yyacTkax OacceiiHa O6u
(MatkoBckuii u Kpoxanesckuii, 2010; KpoxaseBckuii
u Tyués, 2014; Tynes, 2015; badbkun u gp., 2018;

Y nensagu, obutarmell B O6M, CJIOXHBIN KH3-
HeHHbIN UK. [locsie 3uMmoBku B O6ckoil rybe, oHa
nogHMMaeTcA B mpedesisl HikHelr O6H, re HaryJMBa-

*ABTOp [J1A nepenucky. Anpec e-mail: interesovaea@yandex.ru (E.A. IHTepecoBa)

INocmynwna: 09 oktAGps 2025; © ABrop(s1) 2026. JTa paboTa pacnpocTpaHsi-
ITpunama nocsie dopabomxu: 28 suBaps 2026; eTcs o MexIyHapoJHo! jiutieH3uel Creative BY N
Ony6tukogana online: 19 deppans 2026 Commons Attribution-NonCommercial 4.0.

40


https://www.doi.org/10.31951/2658-3518-2026-A-1-34
mailto:interesovaea@yandex.ru

MuwakuH A.B. u dp. / Limnology and Freshwater Biology 2026 (1): 34-45

eTcs Ha MeJIKOBOAHBIX MMPOrpeBaeMbIX y4acTKaX MOUMBI
(copax). OceHbl0 MOJIOBO3pEJIbie 0COOUM COBEpIIAIOT
MHUTrpalii0 Ha HepecTWIMINA B ypajibCKue MPUTOKU
O6u (CeBepnyio CoceBy, Boiikap, lllyusio) 1 B ee cpen-
Hee TeueHue. [locsie HepecTa mesisiAb BHOBb CKaThIBa-
etcsa B Huxwioro O6p (ITommos, 2007).

[lenanp oT/iMyaeTCs SKOJIOTMUECKON MJIaCTUYHO-
ctbio (Kpoxanesckuii, 1981; PemeTHukoB u fp., 1989;
MartkoBckuii u Kpoxasesckuii, 2010). 3To oTHOCUTCA
U K IUIOJOBUTOCTH, BapbUpyIOIlell B OYeHb LIHUPO-
KUX TpefejiaX: MUHMMAaJIbHOe 3HaueHue abCOJTI0THOM
VHAUBU/IyaIbHOM IJIOJJOBUTOCTU BUA B €CTECTBEHHBIX
BOJIOeMax MeHbllle MaKCMaJIbHOTro OoJiee yeM B 51 pa3
(PemeTtHukoB u Ap., 1989). Bojiee Toro, s3ToT nokasa-
TeJIb CUJIBHO pa3jInyaeTcs He TOJIBKO B Pa3HBIX BOJAHBIX
o6beKTax, HO 4 IO/ OT Io/ia Ha OJHOM U TOM e yyacTKe
bacceitHa (MorauseH u IletkeBuu, 1958; KpoxaeBckuii,
1980; Tyues, 2016). 3BecTHO, 4TO Ha BOCIPOU3BOIU-
TEeJIbHYI0 CIIOCOOHOCTh MeJIAAN OKa3blBaeT BJIMAHUE
TUIPOJIOTUYECKUI peXUM — B MHOTOBOLHBIE TOJIbI
oHa Bbille (MockasieHko, 1956; Kpoxasnesckuii, 1980;
borpanos u Aradonos, 2001; Tynes, 2016; borgaHos u
ap., 2024). Bmecre ¢ TeM, BhICKa3aHbI IIPeINOJIOKEHN
O BJIUSTHUM Ha COCTOsIHVE eCTeCTBEHHOT0 BOCIIPOU3BO-
CTBa CUTOBHIX BUJOB PbIO NMPOUCXOAAIIET0 M3MeHEeHNA
kiuMata (MartkoBckui, 2019; Kirpotin et al., 2021;
MartkoBckuii u KpacHonepoBa, 2024), NOCKOJIbKY
U3JIMIIHUMI NPOrpeB BOJBI U CHIDKEHMe KOHIIeHTpaluu
KHCJIOpOJila B JieTHee BpeMsA MOTYT YXyAIlaTb yCJIO-
BUsA HaryJjia IpoOM3BOAUTEJIell B NMONMEHHOI cucTeMe
Hixuett O6u B mepuo TpodoriasMaTUyeckoro pocra
oouuToB. llenpio qaHHON paboTHl OBUT aHAIU3 IJIOO-
BUTOCTH TEJIAIU, TOHUMAIOIIEHNCA 111 eCTECTBEHHOTO
BOCIIPOU3BO/ICTBA B mnpefdesibl CpenHelr O6u, M MOMCK
CBs3U ee KOJIeOaHUI ¢ TeMIlepaTypoil Cpefibl.

2. MaTtepuanbl U MEeTOAbI MCCAEAOBAHUA

MatepuajsioM A HCCJIeIOBaHUA IOCIIYXUJIN
JaHHble, coOpaHHbBle BO BpeMsA OTJIOBA NPOU3BOAUTE-
Jlell meJsisiay AJ1A Lesiell BOCIIPOM3BOJCTBA BO BpeMs ee
HepecTOBOH Murpanuu Ha p. O6u B AjleKCaHPOBCKOM
patione Tomckoit obaactu (Puc. 1) B cenTsa6pe 2019 u
2020 rr.

JIoB pEIO TpOBOANIN IIJIABHBIMU CETAMU JJIMHOMN
100 M ¢ pasmepowm sAden 40-50 mMm. HaBecky nKpsI Mac-
cont 2,5-3,0 r 6pasu y pa3HOBO3paCTHHIX caMOK Ha IV
CTaauu 3pesioCcTH, NpoOsl pukcupoBanu 2%-HBIM pac-
TBOopoM (dopManuHa. Vizmepsanu MpoMBICTIOBYIO JJIUHY
PpbIO, IPOBOAMIIN B3BellIMBaHUe PhIO 1 TOHAJ, COOUpAIIU
yelly AJiA onpefesieHus Bo3dpacra. Ob6paboTka npod
U oIpejejieHHe Bo3pacTra IpoBefleHb B JaboparTop-
HBIX YCJIOBUSAX OOHUM oleparopoM. OOmiee Kojuue-
ctBo npob coctraBuiio B 2019 r. 45, a B 2020 r. — 49
5k3. CorjyiacHO oOmenpuHATHIM MeToaukam (IIpaBauH,
1966; IletnuHa, 1987), oleHnBaIu MHAUBUAYAJIBHYIO
abcomoTtHyo (MAIT) u otHocutensHyto (MOII) niofo-
BUTOCTH, a TaKXe roHajjocomaTnyeckuii naaekc (I'CH)
Kak OTHOIIeHNe Macchl 'OHaJ K Macce TeJia phlObl 6e3
BHYTpPEHHOCTeH, BEIpakeHHOe B IIpOolieHTax. [1714 OLleHK!
BJIMAAHUA TeMIlepaTyphl cpeJibl B MecTax HaryJia Ipous-
BoauTesiel B HukHelt O6u nepef HauajoM HEPECTOBOL
MUTIpalyu Ha IUI0JJOBUTOCTD MeJIAad, IoJHUMAaIIelics
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Kapckoe
mope

Puc.1. Paiion cbopa maTepuasa (0603HaueH ITyHKTUPHOHN
JIMHUEN).

JUIA BOCIPOM3BOJICTBA Ha HepecTWIWIIA B IpefeJsibl
Cpeaneri O6u, UCNOJIb30BAJIM AaHHBEIE O TeMIlepaTrype
BO3[yXa B paiioHe I. CajexapJ U3 OTKPBITBIX HCTOUYHU-
koB (CrpaBo4yHO-MHGOPMAI[MOHHBIN MOpTa..., 2025).
Temneparypa Bo3ayxa BbOpaHa [UIg aHaju3a Kak
[oKasareyb, 60Jjiee TOUHO OTPaXawUUi TeMIepaTrypy
cpefbl B MEJIKOBOAHBIX copax (MecTax HaryJia Ipou3Bo-
auTesiedl eyisAau), yeM TeMIepaTrypa BOABI 10 JaHHBIM
rUAponocToB Pocrugpomer, MOCKOJBKY IOCJIEAHIOI
HU3MepAIT B pycjle peKH, Ha Te4eHUHU.

J71A BBIABJIEHUA pa3/IMuKii ToKa3aTesiell BOCIpo-
M3BOAUTEJIBHON CIOCOOHOCTH MeJIAON B rofbl HabJIIo-
JIeHnll 1 ee pa3MepHbIX XapaKTepHUCTUK IPUMEHAIN
t-kputepuii (t-test). HopmasibHOCTBH pacripeneseHNsA
IIPU 3TOM OIl€HMBAaJIM C MCIOJIb30BaHHEM KpUTepU:
MTamupo-Yusnka (Shapiro-Wilk W). i oueHKH cBA3U
HAII, NOIT u I'CHU nesiaau ¢ BO3pacTOM U pa3MepHEIMU
XapaKTepucTUKaMy, ObUIM oIpefeseHb Ko3dduru-
eHTHl KoppesAauuu Iupcona (r). [yia aHanusa cBA3U
HWAII u TeMnepaTyphl cpefibl pacCUUTaHbl perpeccroH-
Hble ypaBHeHHs. CTaTUCTUYECKYI0 3HAYMMOCTD pasJiu-
Yuii ¥ B3aNMOCBs3el olleHMBaiud Ha ypoBHe a=0,05.
Bce pacueTnl mpoBeleHBI C HcHoJjib3oBaHueM I[lakeTa
mporpaMmm Past (Hammer et al., 2001).

3. Pe3yAabTathbl M 06Ccy)xpeHue

B cocraBe mnopgHuUMAawIUXCA Ha HepecT B
CpenHiolo O6b pOM3BOAUTENIEH MeJIsIAU B HacTosllee
BpeMs U3BECTHBI JleCATUIeTHYE 9K3EeMILIAPSI, IPU 3TOM
OCHOBY yJI0BOB (0k0510 70 %) cOCTaBJIAIOT PhIOLI B BO3-
pacre 4+-5+ (Llamenkos u fp., 2023). B Hamux c6o-
pax oTMeYeHBl caMKHU B Bo3pacrte 2+—-7 +, 4TO MOXeT
OBITH CBSA3AHO C CEJIEKTUBHOCTHIO MCIOJIb30BAHHBIX IJIA
IjeJiefl JaHHON paboThl CeTHBIMHU OPYIAUSMM JIOBA, HO
npeobyajaloT Takxe pHIOH B Bo3pacrte 4 +-5 +, cocTas-
Jnsomue 60,0-69,4 % Beibopku (Puc. 2).

Pa3zmepHble XapaKTEpPUCTUKU Pa3HOBO3PACTHHIX
caMoOK mejsaau majo orjmuyaauchk B 2019 u 2020 rr.,
MIpU 3TOM yIUTaHHOCTH 1o Kitapk B 11es10M Obli1a CTaTu-
cTuvecku 3HauuMmo (t-test: t=5,28, p<0,001) BrimIe B
2020 r. (Tabsuna 1).
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Ta6suna 1. PazmepHble XxapakTepUCTUKU caMok nesiaau B Cpeaneit O6u.

Bo3spacr, 2019r 2020 r

Jer IIpomMeicioBas Maceca, r YnuraHHOCTh IIpomsiciioBas Macca, r YuraHHOCTH

IUIMHA, CM no Kiapk OJINHa, CM no Kiapk

2+ 29,5+09 337+129 1,04+0,07 28,2+0,9 305+28.,0 1,07+0,02

27,7-30,4 311-353 0,97-1,18 26,8-29,8 253-349 1,04-1,10

3+ 30,4+0,3 374+3,3 1,05+0,03 29,8+0,9 391 +40,5 1,15+0,04

29,3-31,4 355-386 0,95-1,20 27,5-32,4 292-498 1,06-1,24

4+ 31,5+0,5 415+9.4 1,06+0,03 30,9+0,3 455+16,0 1,21+0,02

29,4-35,8 339-484 0,83-1,20 27,9-34,8 331-648 1,02-1,36

5+ 32,2+0,2 469+8.3 1,12+0,02 32,1+0.4 503+13.1 1,21+0,03

30,7-33,8 402-514 0,93-1,26 30,1-34,4 437-552 1,01-1,40

6+ 34,2+0.4 581+11.6 1,27+0,13 33.4+0.,5 549+25,2 1,16+0,04

32,4-35,6 543-612 1,06-2,04 32,3-34,5 504-621 1,08-1,25

7+ - - - 35.6+0,6 720+9,7 1,26+0,05

34,5-36,5 709-739 1,20-1,37

HAII nenAaau mo HallMM AaHHBIM BapbupoOBasia
ot 11,3 mo 58,0 Thic. uKpUHOK (B cpegHem B 2019 1.
24,4, a B 2020 r. — 31,4 ThIC.). UOII KONI€OaIachk ot 36
no 103 uKpUHOK Ha rpaMM Macchl Tejia (B cpeHeM B
2019 1. 68, a B 2020 r. — 84). I'CU cocrasisii ot 14,7
no 35,1 (B cpegrem B 2019 1. 22,2, a B 2020 1. — 24,6)
(Tabsmna 2).

B 2020 r. Bce aHajm3upyeMble MokKasaTeand BOC-
MPOU3BOJIUTEJIBHON CIIOCOOHOCTU MesAnu ObUTd CTa-
TucTUYecku 3Hauumo (p <0,001) Beime, yvem B 2019 .
(t-test: UAIT t=4,31; UOIl t=6,57; I'CH t=3,81).

B niestom nmo HammMm gauHeIM UAIT nesisagu ctaTu-
crudecku 3Hauumo (p<0,001) yBenuuuBaercsi C IMpo-
MBbIcJIOBOM gymmHoI (r = 0,63), obmeit maccoi (r=0,83),
Maccoli Tesia 6e3 BHyTpeHHocTel (r=0,78), Bo3pacToMm
(r=0,63), ynutanHocTtbio o dynastony (r=0,50) u 1o
Kiapk (r=0,44) poi6 (Puc. 3).

HOII u I'CU xoppenupyeT c 0611eii Maccoil peib
(r=0,24,p=0,021;r=0,21, p=0,043 cOOTBETCTBEHHO)
U ynutaHHocTeio 1o dynerony (r=0,37, p<0,001;
r=0,39, p<0,001 coorBercTBeHHO). [Ipn 3TOM mMOKa-
satenu HWAII, UOIl u I'CH cBsA3aHbl MeXxAy COOOM
(r=0,71, p<0,001; r=0,55, p<0,001). 3aBUCUMOCTH
HAII ot maccsl Tesia camok nesisau CpeanHeit O6u Beipa-

J)KaeTcsa perpecCMoHHbIM ypaBHeHueMm y=0,10x-6,84
(R2=0,69). OGpamaer Ha cebd BHUMaHUE HECKOJIBKO
6ojiee BBICOKHMII YTJIOBOM KO3(hUIMEHT ypaBHEHU:A
[0 CPaBHEHMIO C TakoBbIM i nessaau p. Tas (Tynes,
2016), 4TO MOXeT CBUAETEJIbCTBOBATbh O 0OoJjiee Tec-
HOU CBA3U IUJIONOBUTOCTH C MaccoH Teja y cpeHeo0-
cKux npousBoauTesieil. Macca Tesa caMoOK IeJsiaau Kak
ob1as, Tak u 6e3 BHyTpeHHOCTel, 3aBUCUT OT BO3pacTa
(r=0,81 u r=0,80 cooTBeTCTBEHHO, B 000OUX CJIy4asx
p<0,001) (Puc. 4).

50
< 40
5
r-éj 30
-
-]
£ 20
e
=10 I

, 1

2+ 3+ 4+ 5+ 6+ 7+
m2019 2020 BO3pacT

Puc.2. Bo3pactHoii cocTtaB camok mesisau B CpenHeit O6u.

Ta6suna 2. [TokazaTesyn BOCIPOM3BOAUTEIbHOM criocobHocTH nessau Cpeaneit O6u.

Bospacr. 2019r 2020 r

JIET HAIL Tthic. mT. | UOII, mT./r T'CH, % HAIL Ttoic. mT. |HAOI, mT./T I'CH, %
24 17,6+3,3 6611 22.7+26 19,4+3.,0 79+6 21,5+1,2
12,7-24,0 51-88 17,5-26,0 14,8-25,0 72-91 19,5-23,6
3+ 19,0+1,0 64+3 21,6+0,5 26,2+3,1 84+6 25.0+2,1
15,6-24,8 56-81 19,6-23,4 14,8-31,7 65-97 18,3-29,8
4+ 21,5+1,4 65+ 3 20,9+0,8 30,0+1,4 84+3 24,7+0,6
11,3-26,4 36-80 16,4-26,2 19,1-44,7 64-108 20,4-30,3
5+ 26,2+1,3 70+2 22.3+1,1 33,4+1,6 84+4 24,5+0,7
15,3-33,8 45-88 14,7-30,6 22,7-41,9 66-105 21,1-28,3
6+ 34,8+1,6 76+5 247+1,8 35,5+2.,6 82+5 24,9+1,9
27,2-39,1 56-88 16,4-31,3 29,5-40,5 74-95 21,6-29,7
7+ - - - 49.8+4,8 88+9 26,7+4,2
41,3-58,0 71-103 22,1-35,1
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VYnurannocts no Knapx

Puc.3. 3aBUCHUMOCTh MHAVBUAYAJIBHON abCOJMIOTHON miomoBuToCcTH mnessiqu CpenHein O6U OT MPOMBICJIOBOM AJIUHEL (A),
obmiet macchl (B), macchl 6e3 BHyTpeHHOCcTel (B), Bo3pacra (I'), ynuranHoctu no ®@ysbsronHy () u mo Knapk (E).

CpaBHeHMEe HAIIMX NAHHBIX IO IJIOLOBUTOCTU
nejsAau U cBefeHuil cepeauHbl XX Beka (MoraHseH u
ITetkeBuy, 1958) mokaszajio, YTO B CTAPIIUX BO3PACT-
HBIX I'pymnmnax, ot 5+, B cpegqueM HWAII Buja B HacTos-
1fee BpeMsa cHu3MIach Ha 41-47 %. OgHako Ipu 3TOM
U B cepefiiHe IIPOILIOro BeKa ObLIY rofbl, KOraa rnoka-
satesiu MAII ObUIH oTHOCUTEIbHO HU3KU (Puc. 5).

Anamu3 cesasu WALl mensau, nmogHHUMAOIIEHCs
AnA BocnpousBojcTBa B CpemHioro O0b, ¢ Temnepa-
Typol cpensl B HikHeli O6u, rie IpONCXOOUT HaryJl

8
7 e
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1 y=10.0114x - 0.8408
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MpOU3BOAUTEJIeN Mepe]] HayaJoM HepecTOBOM MUIpa-
U1, 0OHapyX1BaeT OTpHULlaTeJIbHOE BJIMAHLE BEICOKOM
TeMIepaTrypbl Ha IuiofoBuTtocTtb. Cpeansas WAIL nau-
0oJilee MHOT'OUMCJIEHHBIX BO3PACTHBIX I'PYNI HEpecTo-
BOIr'o cTaja nejasau B 1947 rogy, korga temrieparypa
cpeJibl B HioJie, HauboJiee )XapKoM Mecslle, OblIa HIXe
cpenHeMHorosieTHUX 3HaveHud (14,6°C 3a mepuop
1940-2025 rr.), Ha 43-52 % BBIIIE YeM B I'OfbI, KOTAa
TeMIiepaTypa cpelbl Obljia BhIIle CpeJHEMHOT0JIeTHEeH
(Tabsmmuma 3).
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Puc.4. 3aBucumocTs o61eii Macchl (A) 1 Macchl Tesia 6e3 BHyTpeHHocTel (B) camok nensimu B CpefiHeit O6u oT Bo3pacra.
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Ta6suna 3. MHauBuyasbHas abcosloTHAA IJIOAOBUTOCTS Nesisaau CpenHeli O6u B pasHble TOMbI.

T'og HcTOYHUK JaHHBIX HAII B Bo3pacTte, ThIC. IIT. CpenHasa Cpenusasa
4+ 5.4 6+ TeMIeparypa TeMIeparypa
B UIoOHe, °C B uioJie, °C
2019 Hamwm gaHHbIe 21,47 26,20 34,79 8,1 16,9
2020 Hamwu gaHHbIe 30,03 33,37 35,54 9,9 15,5
1947 HorauzeH u ITetkeBuu (1958) 46,39 65,66 91,37 8,0 11,0
1952 HoranzeH u IletkeBud (1958) 29,24 35,05 64,36 7,6 15,2
1953 HoranzeH u ITetkeBud (1958) 30,10 - 41,74 10,8 16,3
3aBucumocts HAIl mensgu CpepgHeir O6u ot 100
TeMIlepaTyphl Cpefbl B MI0JIe MOXHO OIMKCATh ypaBHe- g 9%
& &
Huem y=-0,25x+ 22,72 (R*=0,93) 1/ NATWIECTHUX, g8 80
y=-0,15x+20,46 (R?=0,99) s IIeCTUIETHUX, U g g 70
y=-0,09x+19,72 (R?=0,86) [/11 cCeMUJIETHUX OCOBeii. 5 60
o z 3
YuuTeiBas, yTo HAOGJIIOJAETCSA YCTOMYMBOE MOBBIIIEHTE £ g S0
TeMIlepaTyphl cpefsl B JeTHui nepuon (Puc. 6), MOXHO g g 90
- 1)
OXHUJATh CHIDKEHUE PENPOAYKTUBHBIX ITOKa3aTesen =5 Al
CaMOK MeJISIAU B HEPECTOBOM CTafe, IMOJHUMAIOIIEMCS £ 2
a7 BocnpoussofcTBa B CpesiHio0 O6b. 12
2+ 3+ 4+ 5+ 6+ 7+
4. 3axniouenne 2019 ®2020 =1947 w1951 =1952 w1953 ~  Bo3pact

[TosioBas 3pesiocTb CaMOK IeJiAaY, INOJHUMAI-
melicsi Ha HepecT B npefesibl CpenHelt O6u, HaUNMHaeT
HacTymaTb B TpexJIeTHEM BO3pacTe, OQHAKO OCHOBY
HepecToBOI'O CTafa COCTAaBJIAIOT MATH-IIeCTHUJIeTHHe
3K3eMIULAPE, CyMMapHO cocTrasJswomue 1o 70 % mnpo-
uszpoauTesnei. Ilokazaresn BOCHPOU3BOAUTEIIBHOM
crmocoOHOCTH BUJa BecbMa usMeHuuBH. WAII yBenu-
YHBaeTCs C BO3PAaCTOM, IPOMBICJIOBOY JIJIMHOM, 0Ob1eit
Maccoi, Maccoil Tejia 6e3 BHYTpeHHOCTel, yIuTaH-
HoCThI0 10 ®dynbTOoHY U 1o Kiapk. MOIT u I'CH kop-
penupyioT ¢ obIieil Maccoi peid U YNUTAHHOCTHIO IO
®ysibTOHY. IIpy 5TOM nokasaTesi BOCIIPOU3BOAUTEIIb-
HOU CIOCOOHOCTU MeJISIAU CYIIeCTBEHHO pa3/INyaloTcs
B pasHble rognl. B mesnom B Hacrosmee Bpemsa HAII
JaHHOIO BUJAA B BO3PaCTHBHIX Ipynmax 5+ U cTapliie
10 CpaBHEHMIO C cepefuHON XX Beka CHU3UJIOCH.
OTMeueHa CBsI3b BOCHPOU3BOAUTEIBHOU CIIOCOOHOCTU
nejsAaY, MogHUMAlOIIecsa Ha HepecT B CpenHioio O6b,
¢ Temneparypoii cpeasl B HuxHelt Obu, riie mpoucxo-
JUT HaryJl Ipou3BoAuTesIell NepeJ] Ha4aJoM HepecTo-
BOM MUI'palli — OTHOCHUTEJIbHO BBICOKHE TeMIlepaTyphl
WIOJI acCOLMUPOBaHBL ¢ 0OoJiee HU3KMMU IOKasaTe-
namvu ATl Hanbosiee MHOTOYUCJIEHHBIX BO3PACTHBIX
rpynn. Takum obpa3oM, moTeieHHe KjinMaTa MOXeT
OTpULIaTeJIbHO CKa3aTbCsA Ha BOCIPOU3BOAUTEIbHOM
cnocobHoOCTH Iesiaau B 6bacceriHe O6w.

bAaaropapHoCTH

PaGoTa BHINOJIHEHA MpU MOAAEPXKKE TpaHTa
Poccutickoro HayuHoro donga (PH®) Ne 24-26-00101,
https://rscf.ru/project/24-26-00101/.

KoH)AUKT UHTEpecoB

ABTOpBL 3asABAIOT 00 OTCYTCTBUM KOH(DIIUKTA
WHTEpecoB.
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Puc.5. WupuBupayanbHasg abcoyioTHass IUJIOAOBUTOCTH
nesiiau B CpefHeil O6U B pa3Hble T'OJibL.

y=0.01x+14.3
R*=0.02

y=0.05x + 7.41
R2=0.18

Cpennsist Temmeparypa mecsiua, °C

1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025

——CpeyHsis TeMIIepaTypa HIOHs ——Cpe/Hsis TeMIeparypa Hiois

Puc.6. MHorojleTHsiA [AUHaAMHKa CpefHell TeMIiepa-
Typbl BO3fyxa B MioHe U uioje B r. Canexapn (mo naH-
HelM CnpaBouHo-uHGOpMaIMOHHOrO mnoprana «[loroga u
Kinumar»).
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ABSTRACT. Aquatic macroinvertebrates play crucial roles in ecosystem processes such as graz-
ing, decomposition, and mineralization. Classifying these organisms into functional feeding groups
(FEGs) enables a more comprehensive understanding of energy and matter flow through trait-based
approaches, complementing traditional taxonomic methods. The study analyzed the trophic structure
and FFG variation of aquatic macroinvertebrates in a section of a tropical stream, located in the munic-
ipality of Aguachica, Colombia. Sampling was carried out during the rainy season in May and the dry
season in July 2024, during which the composition and abundance of macroinvertebrate feeding groups
were analyzed. Physical and chemical parameters were measured both in situ and ex situ at strategi-
cally selected stations based on accessibility and location. Macroinvertebrates were collected using
Surber and D-type nets and identified to the family level. They were then assigned to functional feed-
ing groups. Ecological indices and multivariate statistical analyses were applied to evaluate ecosystem
attributes. Results revealed seasonal variations in water parameters, including lower dissolved oxygen
and higher chemical oxygen demand during the dry season, suggesting potential organic pollution.
Macroinvertebrate richness was higher during the dry season, with Caenis sp. and Tanypodinae sp. being
dominant, while Drepanotrema sp. and Physa sp. were more abundant during the rainy season, reflecting
eutrophic conditions. The P/R index indicated heterotrophic dominance, and low CPOM/FPOM ratios
pointed to limited riparian cover. These findings underscore the importance of implementing conserva-
tion strategies to mitigate anthropogenic pressures and preserve the ecological integrity of freshwater
ecosystems.

Keywords: neotropical streams, predators, FFG, trophic guilds, disturbance, shredders
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1. Introduction land-use changes driven by urban development and

agricultural expansion (Forrest et al., 2015; Pascual
et al., 2022). Numerous studies have documented the
effects of such disturbances on the structural integ-

Aquatic ecosystems are essential to the socioeco-
nomic development of human populations, as commu-

nities rely on the ecological health and services pro- rity of aquatic ecosystems, particularly in relation to
vided by these systems (Nufiez and Fragoso-Castilla, changes in biological communities (Beckmann et al.,
2019; Cabrera et al.,, 2021). Freshwater ecosystems, 2019; Li et al., 2019; Reid et al., 2019).

in particular, are among the most exploited globally
due to their high functionality and their direct inter-
action with anthropogenic activities (Reid et al., 2019;
Banaduc et al., 2024). However, the ecological condi-
tion of these water bodies is increasingly affected by

The use of biological communities to assess the
health of freshwater systems has gained reliability in
recent decades, as these organisms integrate the cumu-
lative effects of anthropogenic disturbances (Rizo-
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Patrén et al., 2013; Ding et al., 2017; Fierro et al.,
2017). Aquatic macroinvertebrates are particularly use-
ful bioindicators due to their varying tolerance levels to
environmental stressors and their ability to respond to
a wide range of physical and chemical changes in water
bodies (Ertas and Yorulmaz, 2022; Assie et al., 2025),
Additionally, their cost-effective sampling methods
make them ideal for long-term ecological monitoring
(Agboola et al., 2020; Ko et al., 2020). Nevertheless,
the taxonomic approach has limitations, especially in
regions with high species diversity, as identification
to the species level can be challenging and time-con-
suming (Juvigny-Khenafou et al., 2021). For more than
30 years, multiple studies have addressed this limita-
tion by shifting the focus to food functional ranges of
groups, as they reduce the taxonomic effort required
for comparison with other methods (Cummins et al.,
2005; Ndatimana et al., 2023).

Accurate determination of ecosystem attributes
is a complex process that requires extensive data col-
lection along spatial and temporal gradients (Merritt
et al., 2002). It is, therefore, that the functional anal-
ysis of communities, in particular through FFGs, rep-
resents a key tool in community ecology, allowing us
to understand how species mediate fundamental eco-
logical processes such as nutrient cycling, primary pro-
ductivity, and decomposition (Abdul and Rawi, 2019;
Doong et al., 2021). The FFG approach requires less
taxonomic effort while providing information on the
functional structure of macroinvertebrate commu-
nities, thus aligning with the principles of functional
ecology, which seeks to identify general patterns and
mechanisms applicable to multiple ecosystems (Assie
et al., 2025). Thus, the aim of this study was to analyse
the trophic structure and variation of aquatic macroin-
vertebrate FFGs in a section of a tropical stream. The
study of FFGs not only allows us to assess the ecolog-
ical integrity of specific systems such as the Gallinazo
stream but also contributes to the understanding of the
functional responses of tropical lotic ecosystems to gra-
dients of anthropogenic disturbance.

2. Material and methods
2.1. Study area

The present study was carried out in the munic-
ipality of Aguachica, located in the department of
Cesar, Colombia, at coordinates 8.30667° latitude and
-73.6153° longitude, at an altitude of 179 meters above
sea level. This region has a mean annual temperature
of 28 °C and an average annual rainfall of 1687.13 mm
(Alcaldia de Aguachica, 2024). The study focused on
a 546.63-meter-long section of the Gallinazo stream,
located downstream from the nearest urban settlement,
approximately 260 meters away (Fig. 1A). The area
has two types of vegetation cover: weedy grasslands
(27.29%) and secondary vegetation (72.71%), as well
as hydrological soil groups, sandy soils (15.1%), mod-
erately coarse-to-fine textures (56.6%), and moderately
fine textures (28.3%) (Saldafa-Escorcia et al., 2022).
This area was selected because it receives point source
discharges of domestic wastewater, as well as diffuse
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Fig.1. A. Location of the Gallinazo stream section and
sampling sites. B-D Display a representative image of each
sampled site type.

inputs from agricultural activities (Saldafia-Escorcia et
al., 2024). Likewise, this section of the stream receives
water inputs from a marshy wetland on the left bank,
which is directly influenced by livestock farming, fac-
tors that are relevant for evaluating changes in water
quality and the structure of functional trophic groups.

2.2. Sampling design

Sampling was performed during two distinct cli-
matic periods, with one sampling campaign conducted
in each: the rainy season in May and the dry season
in July 2024. Three sampling stations were established
along the selected stretch in order to capture spatial
variability associated with the disturbance gradient. The
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first station (E1, Fig. 1B) is at an altitude of 160.7 m;
the second (E2, Fig. 1C) is at an altitude of 152.6 m;
and the third station (E3, Fig. 1D) is at an altitude of
149.8 m. At E1, the riparian vegetation is moderately
preserved, dominated by medium and large trees that
provide shade to the stream section, with low human
activity. E2 shows high human intervention, with the
presence of livestock (cattle, horses, and buffalo) as
well as corn crops (Saldafia-Escorcia et al., 2024). The
riparian vegetation at this station consists mainly of
shrubs, due to human-induced deforestation. At the
last station, medium and low-height trees predominate,
forming a low canopy over the stream section; this sta-
tion has high anthropic activity due to its proximity to
farm properties. The coordinates of the sampling sites,
as well as some environmental and structural charac-
teristics, are presented in Table 1.

2.3. Physical and chemical parameters

A range of physical and chemical parameters
(each measured in triplicate) was assessed in situ using
specialized field equipment. Temperature (°C) and dis-
solved oxygen (DO) levels were measured using the
HI 98193 probe, while electrical conductivity (uS/
cm) was determined using the HI 9835 probe. The pH
was recorded using the HI 98191 field meter. For ex
situ analysis, water samples were collected in 1000
mL polyethylene bottles and stored at approximately
+ 4 °C until further laboratory analysis, following the
guidelines of the IDEAM (2020), manual for the col-
lection and preservation of water and sediment sam-
ples for water quality monitoring, using standard
methods established for the analysis of drinking water
and wastewater, according to the recommendations
of APHA, AWWA and WEF (Ann and Franson, 1992).
In this context, the standard method 2130 B was used
to measure turbidity (NTU), the SM 4500-PE method-
for the determination of phosphates (mg PO4’3/ L),
and the SM 4500-NO, B method-to quantify nitrates
(mg N- NO}, /L). Moreover, the SM 2540 D method
was applied to measure total suspended solids (mg/L),
while chemical oxygen demand (COD) was determined
by the SM 5220 method. Finally, the five-day biochem-
ical oxygen demand (BOD;) was assessed by the SM
5219 standard method.

2.4. Sampling and identification of
macroinvertebrates

Macroinvertebrates were collected using a
Surber sampler (500 um mesh) for stony substrates and
a D-frame net (500 pum mesh) for marginal vegetation.
The D-net was used to sweep against the current for
five minutes at each station, repeated ten times per site
(Mena-Rivera et al., 2018; Vargas-Tierras et al., 2023).
Samples were transferred to plastic trays, then to ster-
ile, airtight bags, and preserved in 96% ethanol. In the
Water Laboratory at Universidad Popular del Cesar,
Aguachica campus, organisms were sorted, counted,
and identified under a stereoscope. Taxonomic identi-
fication was carried out to the genus level using stan-
dard keys for Neotropical macroinvertebrates devel-
oped by Bejarano (2006), De Carvalho et al. (2005),
Dominguez and Ferndndez (2010), Heckman (2006),
Neiss et al. (2018), Passos et al. (2018), Roldan (1988)
and Ronderos et al. (2018). Identification to family
was deemed sufficient based on literature suggesting
that family-level identification provides robust data for
water quality assessments (Chara-Serna et al., 2015;
Goncharov et al., 2020; Hotor and Kwaku Atsu, 2021;
Mendoza-Ramirez et al., 2022), especially in regions
lacking species-level taxonomic keys (Cabrera et al.,
2021).

2.5. Assignment of traits according to
feeding habits

Functional traits were assigned according to
Ramirez and Gutiérrez-Fonseca (2014), Damanik-
Ambarita et al. (2016), Wehrtmann et al. (2019),
and Yang et al. (2020). Taxa were grouped into
functional feeding groups following Ramirez and
Gutiérrez-Fonseca (2014) and Coccia et al. (2022);
these being Pr=Predators, CG = Collector-collectors,
CG-Ft=Collector-filtrators, Collector-detritivores (CG-
Hb), Sh=Shredders, and SC=Scrapers. Some families
were assigned to multiple FFGs to reflect feeding ver-
satility (Cabrera-Garcia et al., 2023). Functional group
assignment was not possible for four taxa (Thaumasia,
Heleobia, Aropyrgus, and Chlamydotheca) due to lim-
ited ecological information.

Table 1. Environmental and structural characteristics recorded at the sampling sites.

Variable El E2 E3
Coordinates (Lat, Long) 8°17’59.60”N — 8°17’56.10”N — 8°17’52.10”N -
73°36’19.30”70 73°36726.40”70 73°36’33.5070
Altitude (m above sea level) 160.7 152.6 149.8
Flow velocity (m/s) 0.18£0.06 0.22+0.01 0.10x£0.05
Average depth (cm) 21+0.01 36+0.05 51+0.03
Channel width (m) 1.8+0.5 2.4+1.2 3.1+0.3
Structural substrate (available habitat) Little leaf litter and Abundant leaf litter, frag- Scattered leaf litter and
exposed roots ments of thin branches, exposed roots
and exposed roots
Presence of logs or submerged wood Low Moderate Moderate
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2.6. Indicators of stream ecosystem
attributes

FFG-based indices were used to characterize
ecosystem attributes following criteria established by
Cummins et al. (2005) and Yaagoubi et al. (2023), as
presented in Table 2.

2.7. Data treatment

For the analysis of the physical and chemical data,
descriptive statistics were used to calculate the mean
and standard deviations (SD +mean) for each parame-
ter and at each sampling station. Additionally, a prin-
cipal component analysis (PCA) under the Bray-Curtis
index was performed to identify distribution patterns
and key variables influencing the results. Hierarchical
clustering was performed based on Euclidean distance
complemented with the Simproff test (p<0.05), and
differences between stations, as well as between sam-
pling periods, were evaluated using a permuted multi-
variate analysis of variance (PERMANOVA) with 9999
permutations, using Euclidean distance for environ-
mental variables; Rv4 software was used. For macro-
invertebrate structure, genus richness was estimated,
and graphical analyses were performed to determine
the relative abundance and percentage proportion of
biomass by taxon and period, taking into account the
classification of functional groups.

3. Results
3.1. Physical and chemical parameters

Analysis of the water’s physical and chemical
parameters revealed notable seasonal variations, indi-
cating shifts in environmental conditions between the
rainy and dry seasons (Table 3). Dissolved oxygen (DO)
ranged from 3.3 to 6.08 mg/L, with a mean of 5.07 =+
1.03 mg/L. The lowest value was recorded during the
dry season (station E1M2), falling below the seasonal

average, while all rainy season measurements exceeded
this average.

Turbidity ranged from 6 to 10.5 NTU, with a
mean of 8.56+1.75 NTU. The lowest turbidity was
observed at station E2M2 during the dry season, and the
same station also recorded the minimum in the rainy
season. The maximum value occurred at station E1M1.
A coefficient of variation of 20.14% indicated moder-
ate variability. A negative correlation was observed
between turbidity and DO (Fig. 2), suggesting that
higher turbidity can reduce sunlight penetration, impair
aquatic photosynthesis, and reduce oxygen production.
Turbidity may also signal the presence of organic pol-
lutants consuming oxygen during decomposition.

oD
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Turbidity
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Fig.2. Correlation analysis based on chemical and phys-
ical parameters.

Table 2. Functional feeding group ratios as indicators of stream ecosystem attributes.
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Table 3. Chemical and physical parameters.

Station Period | Turb OD T °C pH Cond BOD, COD TSS |Nitrates| Phosphates
El Wet 10.5 5.32 29 7.2 249 2.00 32 22 31.24 0.53
Dry 9.26 3.3 29.9 7.11 126.3 2.00 37 14 21.12 0.9
E2 Wet 6.94 6.07 29.4 7.6 252 1.00 10 17 23.76 0.26
Dry 6.00 4.95 33.5 7.24 201 2.00 31 6.0 8.36 0.42
E3 Wet 9.67 6.08 29.6 7.35 248.5 1.00 6 25 24.2 0.35
Dry 9.04 4.75 32 7.3 195.3 2.00 24 12 17.16 0.48

Water temperature varied from 29 to 33.5 °C
(mean = 30.56 +1.78 °C), with higher readings at E2M2
and E3M2. E1M1 recorded the lowest temperature. The
coefficient of variation was low (5.82%), indicating
relative temperature stability. A moderate negative
correlation (-0.62) was found between temperature
and turbidity, possibly due to temperature-dependent
changes in solubility and particle dispersion. However,
this relationship is not very strong, so other factors
could influence turbidity.

The pH levels ranged from 7.11 to 7.6
(mean=7.3%=0.17). Slight variation was observed,
with a low coefficient of variation (2.31%). Electrical
conductivity varied significantly, ranging from 126.3
to 252 puS/cm (mean=212+49.08 puS/cm), with the
lowest value at E1IM1 and the highest at E2M1. A mod-
erate positive correlation between pH and conductivity
suggests a link to dissolved ion concentrations, such as
bicarbonates.

Chemical oxygen demand (COD) ranged from
6 to 37 mg/L (mean=23.33+12.64), with the lowest
and highest values at E3M1 and E1M2, respectively.
BOD; averaged 1.66 +0.52 mg/L, indicating relatively
low biodegradable organic matter. COD and BODq
showed high variability (CV=54.18% and 30.98%,
respectively) and a strong positive correlation (0.93),
reflecting a shared response to organic content in
water. Both COD and BOD; were negatively correlated
with pH (-0.82 and -0.80, respectively), indicating that
acidic conditions may elevate oxygen demand due to
decreased microbial activity and enhanced resistance
of organic matter to degradation.

TSS ranged from 6 to 25 mg/L with an average
of 16 +6.89 mg/L, a relatively low value, suggesting
a potentially low amount of suspended particles in
the water. Moreover, the coefficient of variation was
43.12%, indicating significant variability in the num-
ber of suspended solids. Similarly, nitrates ranged from
8.36 to 31.24 mg/L, with an average of 20.97 mg/L,
implying a moderate concentration of nitrates; the
minimum value was at E2M2, while E1M1 showed the
maximum value. Additionally, the standard deviation
was *=7.710 mg/L, reflecting considerable variability
in nitrate levels.

A strong positive correlation (0.74) was observed
between TSS and nitrates, suggesting that the presence
of organic or inorganic material retains or transports
nitrates in the water, which may be indicative of con-
tamination from agricultural or industrial sources. This
parameter also showed a strong negative correlation
with temperature (-0.95), indicating that temperature
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affects certain biochemical processes that facilitate the
conversion of nitrates to more complex forms or their
uptake by aquatic organisms. However, the inverse
relationship may also reflect seasonality or variation
in the source of nitrate. Finally, phosphates averaged
0.49 mg/L, a relatively low value, indicating a low con-
centration of phosphates in the water. However, the
CV was 45.37%, demonstrating significant variability
in the number of phosphates in the water. The ratio
of phosphate to nitrate was low (0.03), implying that
these two compounds are not strongly correlated in the
water samples. Although both are important nutrients
that contribute to the eutrophication of water bodies,
their behaviour in water may depend on other factors,
such as pollution sources and biological interactions in
the aquatic ecosystem.

The cluster analysis showed three groups, con-
sisting of stations EIM1 and E1M2, E2M2 and E3M2,
as well as E2M1 and E3M1 (Fig. 3A). In the principal
component analysis, the first two principal components
explain more than 87% of the variability in the data
(Fig. 3B), meaning that these components capture most
of the underlying structure of the system. Additionally,
BOD, (0.3756), COD (0.3830), and phosphates (0.3372)
have high positive loadings, indicating that they have a
major influence on PC1 being relevant in defining the
variability in this component; while DO (-0.3952) and
Conductivity (-0.3763) have high negative loadings.
PERMANOVA revealed no statistically significant dif-
ferences between stations (F=1.0655; p=0.4667) or
between seasons (F=3.6966; p=0.1).

3.2. Biological variables

According to the climatic periods (Fig. 4), the
most abundant taxa during the rainy season were
Drepanotrema sp. (55 individuals) and Physa sp. (33
individuals), as they are associated with environments
more degraded towards eutrophic conditions. In con-
trast, during the dry season the most abundant taxa
were Caenis sp. (261 individuals) and Tanypodinae sp.
(70 individuals), as they are found in conditions with
less sedimentation or greater availability of food in the
form of detritus.

The presence of taxa indicative of environmen-
tal stress, such as Tubifex sp., Physa sp. and Pomacea
sp., indicates alterations derived from excessive sedi-
mentation or zones rich in organic matter, suggesting
eutrophication. Similarly, species such as Acanthagrion
sp. and Neurocordulia sp., commonly associated with
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Fig.3. (A) Cluster dendrogram based on chemical and physical parameters of the sampling stations. (B) Principal component
analysis (PCA) of the chemical and physical parameters of the sampling sites.

well-oxygenated environments, present a higher bio-
mass in the blue zone, which could suggest better con-
ditions in terms of environmental quality. In contrast,
taxa such as Chironomus sp. or Tubifex sp., which usu-
ally thrive in eutrophic or low water quality conditions,
have higher biomass in the red zone, which could be an
indicator of degradation in certain microhabitats.

In general, among the orders recorded (Fig. 5),
Ephemeroptera (297 individuals) was the most abun-
dant, followed by Basommatophora (216 individu-
als) and Diptera (107 individuals), while Araneae,
Trombidiformes and Lepidoptera were the least
abundant. However, for the rainy season, the order
Basommatophora had the highest abundance with 115
individuals, followed by Odonata with 25 individu-
als, while for the dry season, the order Ephemeroptera
was the most abundant (283 individuals), followed
by Basommatophora (101 individuals). Likewise, the
orders recorded showed no significant differences in
species abundance between sampling stations, except
E1M1 and E1M2 (p=0.0001).

Tubifex

Tanypodinae

Physa

Neurocordulia

Leptophlebia

Drepanotrema

Caenis

Biompbhalaria

Argia

Acanthagrion

"

The estimated composition and richness of the
macroinvertebrate community in the stream section
are shown in Table 4. The highest richness occurred in
the dry season (46 taxa) compared to the rainy season
(28 taxa). This pattern is due to several ecological fac-
tors, such as changes in habitat availability, alterations
in water conditions, or variations in food resources.
Aquatic insects obtained from the three stations were
classified as Collector-collectors (n=18), Collector-
filtrators (n=13), Collector-detritivores (n=128),
Predators (n=124), Thrashers (n=32), Scrapers, and
Detritivores (n=228). The difference in taxonomic
composition between the epochs suggests that aquatic
insect communities are subject to strong seasonal con-
trol, where species adapt to or tolerate changing water
conditions. Moreover, a value of 0.35 is relatively low,
implying that the communities of taxa in rain and
drought are quite different, i.e., there is a low overlap
between species from both epochs. This pattern may
reflect a high specialization of species according to the
seasonal conditions of the environment.

Period

Moy
H wet

o
5.
N
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~
[44]

Abundance Log + 1

Fig.4. Abundance of taxa (Log+ 1) detected in the Gallinazo stream section.
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Table 4. Macroinvertebrate community structure with its functional feeding group of the Gallinazo stream section.

Family Subfamily or genus Functional Groups Period
Wet Dry
Dytiscidae Dytiscius sp. Predator Pr 0 1
Hydrovatus sp. Predator Pr 1 1
Scraptiidae Tolmetes sp. Predator Pr 1 0
Elmidae Neocylloepus sp. Collector-collectors | CG 0 1
Heterelmis sp. Collector-collectors | CG 1 1
Noelmis sp. Collector-collectors | CG 1 0
Hydraenidae Hydraena sp. Predator Pr 0 1
Chrysomelidae Bruchia sp. Shredder-Herbivore | Sh-Hb 0 1
Staphylinidae Scaphium sp. Predator Pr 0 1
Hydrophylidae Derallus sp. Predator Pr 1 0]
Hydrochus sp. Predator Pr 1 0
Staphylinidae Codonfomyia sp. Collector-collectors | CG (0] 1
Ephydridae Ephydridae sp. Collector-collectors | CG 0 1
Culicidae Aedes sp. Collector-filters CF 0 1
Chironomidae Tanypodinae sp. Detritivore-collectors| CG-Hb 1
Chironomus sp. Detritivore-collectors| CG-Hb 0 1
Ablabesmyia sp. Detritivore-collectors| CG-Hb 0] 1
Ceratopogonidae Bezzia sp. Predator Pr 1 1
Belostomatidae Belostoma sp Predator Pr 1 1
Pleidae Neoplea sp. Predator Pr 1 1
Nepidae Ranatra sp. Predator Pr 1 0
Veliidae Rhagovelia sp. Predator Pr 1 0
(Perforator-
carnivore)
Pyralidae Pyralidae sp. Shredder-Herbivore | Sh-Hb 1 0
Leptoceridae Nectophyche sp. Shredders Sh 0 1
Oecetis sp. Shredders Sh 0 1
Leptophlebiidae Leptophlebia sp. Collector-collectors | CG 0 1
Leptohyphidae Leptohyphes sp. Collector-collectors | CG 0 1
Vacupernius sp. Collector-collectors | CG (0] 1
Caenidae Caenis sp. Collector-collectors | CG 1 1
Ephemerelloidae Ephemerella sp. Collector-collectors | CG 0 1
Gomphidae Phanogomphus sp. Predator Pr 0 1
Gomphidae sp. Predator Pr 1 0
Coenagrionidae Acanthagrion sp. Predator Pr 1 1
Argia sp. Predator Pr 1 1
Libellulidae Planiplax sp. Predator Pr 0 1
Celithemis sp. Predator Pr 1 0
Brachymesia sp. Predator Pr 0 1
Brechmorhoga sp. Predator Pr 1 1
Cordullidae Neurocordulia sp. Predator Pr 1 1
Macromidae Macromia sp. Predator Pr 0 1
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Family Subfamily or genus Functional Groups Period
Wet Dry
Caloterygidae Hetaerina sp. Predator Pr 0 1
Trichodactylidae Valdivia sp. Shredders Sh 0 1
Trichodactylus sp. Shredders Sh 1 1
Hydrachnidae Hydrachna sp. Predator Pr 0 1
Arrenuridae sp. Predator Pr 0 1
(Perforator-
carnivore)
Ancylidae Ferrissia sp. Scrapers Sc 0 1
Physidae Physa sp. Scrapers Sc 1 1
Planorbidae Biomphalaria sp. Scrapers Sc 1 1
Drepanotrema sp. Scrapers Sc 1 1
Helisoma sp. Scrapers Sc 1 1
Ampullariidae Pomacea sp. Scrapers Sc 1 1
Sphaeriidae Eupera sp. Collector-filters CF 0 1
Lumbriculidae Lumbriculus sp. Collector-detritivores| CG-Hb 0 1
Tubificidae Tubifex sp. Collector-detritivores| CG-Hb 1 1
Naididae Stylaria sp. Collector-collectors | CG 0 1
Naididae sp. Collector-collectors | CG 1 (0]
Total 28 46
Jaccard Similarity Index (similarity coefficient) 0.35
As shown in Table 5, ecosys- 100
tem attribute indicators revealed con-
sistent heterotrophic conditions

(P/R <0.75) across all stations, except E2M1
(P/R =0.95). The predator/prey ratio reflected
values above 0.15 (high trophic pressure),
excluding E2 and E1 during M2 (indicating
a normal predator/prey ratio). Similarly, low
CPOM/FPOM values (<0.25 at all stations)
reflect a weak contribution of shredders, due
to the loss or degradation of riparian vegeta-
tion. This coincides with visual observations
that showed a reduced strip of riparian veg-
etation (trees, shrubs, and leaf litter), with
eroded banks, sparse herbaceous cover, and
no accumulated leaf litter on the shore, which
reduces the available substrate. Furthermore,
TFPOM/BFPOM is very low at all stations,
indicating a predominance of benthic stor-
age rather than transport of organic particles.
Finally, E2M1 is the only station that showed
channel stability (0.90>0.50).
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Table 5. Aquatic ecosystem attributes of the Gallinazo stream section.

stations in the Gallinazo stream section.

Attribute E1M1 E2M1 E3M1 E1M2 E2M2 E3M2
P/R 0.10 0.95 0.30 0.25 0.19 0.24
P/P 0.42 0.15 0.33 0.12 0.22 0.25
CPOM/FPOM 0.00 0.00 0.11 0.01 0.04 0.08
TFPOM/BFPOM 0.00 0.00 0.00 0.03 0.00 0.00
Substrate stability 0.17 0.90 0.42 0.44 0.00 0.31
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4. Discussion

While some physical and chemical parame-
ters such as turbidity, BOD,, and COD are in accept-
able ranges (Ortiz et al., 2024; Saldafia-Escorcia et al.,
2024), low DO concentration may be a consequence of
organic decomposition processes in combination with
relatively low temperature conditions, which favour
oxygen solubility but, in turn, demonstrate excessive
organic input or accelerated consumption by micro-
fauna in the water (Nufiez and Fragoso-Castilla, 2019;
Kengne Fotsing et al., 2022). Likewise, high nutrient
levels represent critical challenges, as these high lev-
els can promote eutrophication processes, which in the
long term could lead to algal blooms and episodes of
hypoxia (Li and Dudgeon, 2008; Aguiar et al., 2017,
Cortés-Guzman et al., 2021), negatively affecting the
biodiversity of the aquatic ecosystem.

Quantitative analyses of richness and abundance
revealed greater diversity, more equal distribution, and
less dominance in E1 and E3, while E2 showed lower
relative richness. Likewise, the presence of taxonomic
groups such as Basommatophora, Architaenioglossa,
Coleoptera, and Diptera, which showed moderate to
high diversity and an even distribution of individuals,
demonstrated an ecosystem with good resilience and
functionality (Zhao et al., 2017; Addo-Bediako, 2021;
Cortés-Guzman et al., 2021; Doong et al., 2021). In con-
trast, other taxonomic groups such as Trombidiformes,
Araneae, Sphaeriida and Hemiptera showed low diver-
sity and high dominance, reflecting stressful conditions
or alterations in water quality in this section of the
stream (Rizo-Patrén et al., 2013; Pallottini et al., 2017;
Zaghloul et al., 2020; Cortés-Guzman et al., 2021,
Coccia et al., 2022; Fentaw et al., 2024).

The analysis of the functional groups of macroin-
vertebrates highlights a clear structural and functional
response of the ecosystem to the change in hydrologi-
cal conditions, since for the dry season characterized
by a reduction in the flow velocity of the riverbed and
accumulation of organic matter, there is a partial func-
tional simplification, with a significant predominance
of the Collector-detritivores (CG-Hb) and Collector-
filters (CG-Ft) (Abdul and Rawi, 2019). In the rain, on
the contrary, there are better oxygenation and water
renewal conditions, as well as greater habitat hetero-
geneity; which promotes greater functional diversity,
especially of sensitive groups such as scrapers, shred-
ders and certain collectors (Motta Diaz et al., 2016).

The balance between autotrophy and heterot-
rophy is one of the most important attributes in the
analysis of aquatic ecosystems (Cummins et al., 2005;
Addo-Bediako, 2021). The P/R ratio reflected a pref-
erence for heterotrophy, excluding E2 during M1
(P/R=0.95), and indicated optimal DO levels for aquatic
life (6.07 mg/L) (Yaagoubi et al., 2023). Moreover, the
high P/P ratio (<0.15) found in this study showed
signs of high trophic pressure in the stream section,
excluding E2 and E1 during M2 with a normal preda-
tor/prey ratio. The low abundance of shredders relative
to foragers observed in most research suggests a weak
CPOM contribution to the system (Cummins et al.,
2005; Yaagoubi et al., 2023). Because of the scarcity of
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leaf litter (Eyes et al., 2012; Aguiar et al., 2017), they
are already non-functional riparian zones.

5. Conclusions

The present study allowed us to explore the
structural and functional characteristics of aquatic
macroinvertebrates and to indicate the relevance of the
functional food group method for assessing the general
conditions of the Gallinazo stream section at any cli-
matic time. The data obtained and its analysis allowed
us to identify signs of both physicochemical and eco-
logical pressure, with significant spatial and tempo-
ral variability. This research, in turn, contributes key
information for ecological monitoring processes, water
quality assessment, and the design of conservation
strategies, especially in areas where climate variability,
water scarcity, lack of information, and public policies
significantly affect the integrity of aquatic ecosystems.
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ABSTRACT. This review aims to provide an overview of the biological activities of freshwater sponges
and their microbes associated with them. Freshwater sponges, despite their ecological significance and
potential as reservoirs of bioactive compounds, remain underexplored compared to their marine coun-
terparts. This review highlights the bioactivities of eight freshwater sponge extracts, among them being
Ochridaspongia rotunda (Arndt,1937), Ephydatia fluviatilis (Linnaeus,1759), Oncosclera asiatica (Manconi
& Ruengsawan,2012), Metania reticulata (Bowerbank,1863), Drulia browni (Bowerbank,1863), Drulia
cristata (Weltner,1895), Drulia uruguayensis (Bonetto & Ezcurra de Drago,1969), and Eunapius carteri
(Bowerbank,1863).Various extracts, including those obtained using methanol, acetone, aqueous, ethyl
acetate, and methylene chloride, were employed in previous studies to evaluate a range of bioactivi-
ties. Observed bioactivities include antibacterial, antifungal, anti-quorum sensing, antiplasmodial, ace-
tylcholinesterase inhibition, and anticancer properties, which are determined either from the crude
extracts of the sponges themselves or by their associated microbes.

Keywords: freshwater sponges, biological activities, bioprospecting, microbial symbionts, anticancer activity,
antiplasmodial activity
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1. Introduction studies of freshwater sponges remain limited due to
. various challenges and constraints. Freshwater sponges,
~ The urgent need to find new drugs to combat belonging to the phylum Porifera, are classified into 45
existing resistant strains is driven by the increasing genera across six families, encompassing a total of 219
prevalence of antibiotic-resistant bacteria, which sig- species that represent a largely untapped resource of
nificantly limits the effectiveness of current treatments. bioactive compounds with significant potential in phar-
This 're51stance lead‘s to higher medlgal costs, prolongfad maceutical and biotechnological applications (Manconi
hospital stays, and increased mortality rates, emphasiz- and Pronzato, 2008). They are less diverse compared
ing the critical necessity for novel antibiotics and alter- to their marine counterparts, reducing the likelihood
native therapies to address this global health threat. of discovering unique bioactive compounds. These
The development of anti-cancer drugs is crucial due to searches for new drugs from freshwater sponges are
the limitations and drawbacks of current treatments, more challenging.
such as severe side effects, resistance to chemotherapy, Sponges are abundant in bioactive molecules due
and the inability to effectively target all cancer types. to their high exposure to biotic and abiotic stress. This
. Extensive regearch has been conducted to iden- environmental pressure forces them to develop a wide
tify effective bioactive molecules from natural sources. array of chemical defenses to survive. The need to deter
Marine sponges have particularly emerged as a prolific predators has driven sponges to produce various bio-
source of such compounds (Anbarasu, 2024). However, active compounds, ensuring their survival by making
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them less palatable or even toxic to potential threats
(Thoms et al., 2007). The symbiotic lifestyle of sponges
with numerous microorganisms leads to the production
of unique bioactive molecules, resulting from com-
plex interactions and mutualistic relationships with
their microbial partners (Taylor et al., 2007). Their fil-
ter-feeding behavior increases sponge exposure to haz-
ardous particles, prompting the evolution of a diverse
arsenal of bioactive compounds to neutralize poten-
tial threats and maintain their health (Webster and
Thomas, 2016).

2. Reported bioactivities of freshwater
sponges

Freshwater sponges were identified as potential
sources of bioactive compounds, exhibiting a range of
pharmacological and ecological activities. These bio-
activities include antimicrobial, antiquorum sensing,
cytotoxic, mutagenic, antiplasmodial, and ecological

defense mechanisms such as immobility induction
and antipredation effects. Table 1 summarizes these
bioactivities from different freshwater sponges. The
following subsections provide an overview of these
activities, highlighting their significance and potential
applications.

2.1. Antimicrobial activity

1. The freshwater sponge, Ephydatia fluviatilis, from
Vinkeveense Plassen lake in the Netherlands was
found to harbor Pseudomonas species. In the
study, 90 isolates of Pseudomonas were screened
for biofilm production, antimicrobial activity,
and protozoan grazing resistance. The E. fluviati-
lis sponge revealed 15 fingerprint clusters (BOX
I-XV), containing 2 to 17 isolates after BOX-PCR
genotyping. Each cluster was checked against R.
solani, F. moniliforme, P. ultimum, or B. subtilis. Box
1 represents the P. protegens-like isolates, while

Table 1. Summary of reported bioactivities of freshwater sponges, their associated species, mechanisms, and references

. The methanolic extract exhibited the

strongest antibacterial activity with MIC
values of 7.5-15 pg/mL and MBC values
of 15-30 pg/mL.

. The acetone extract exhibited maximum

antifungal activity with MIC of 7.5-45
ug/mL and MFC of 15-60 ug/mL.

Bioactivity Freshwater Properties/mechanism Microbes associated | References
sponge with sponge activity
Antimicrobial **Ephydatia . The sponges harbor Pseudomonas species | Pseudomonas species | (Keller-Costa et
fluviatilis that exhibit antibacterial, antifungal, and |1. P. protegens as al., 2014)
(Linnaeus,1759) anti-oomycetal activities. isolates
. In-vitro antagonistic activity was 2. P. jessenii as isolates
observed against Rhizoctonia solani, 3. P. oryzihabitans as
Fusarium moniliforme, Pythium ultimum, isolates
and Bacillus subtilis in 68 out of 90
Pseudomonas isolates.
. A positive relationship exists between
biofilm production capacity and the
detection of antagonistic activities in
these species.
*Qchridaspongia (1. Five crude extracts showed antimicrobial (Pejin et al.,
rotunda activity against eight bacterial and eight 2014b)
(Arndt,1937) fungal strains.

**Oncosclera . The sponge symbiont bacterium, Pseudomonas (Wulandari et
asiatica Pseudomonas moraviensis, exhibited anti- moraviensis al., 2023)
(Manconi & bacterial activity.
Ruengsawan,2012)|2. It was effective against Escherichia coli
(E. Coli) and Staphylococcus aureus (S.
Aureus).
**Metania . Two bacterial strains, MERETb.761 and MERETDb.761 (Rozas et al.,
reticulata MERETb.762, and one fungal strain, (Genbank accession 2016)
(Bowerbank,1863)| MERET{.010, were associated with number KF305316)
sponge antimicrobial activity.
. Both bacterial strains inhibited Aspergillus MERETDb.762
sp. (Genbank accession
. Fractions from fungus MERETb.762 and number KF305317)
MERET.010 inhibited S. Aureus
. HPLC fractions of MERETb.762 inhibited MERETf.010
the release of beta-hexosaminidase in the | (Genbank accession
RBL-2H3 degranulation assay. number KF305318)
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Bioactivity Freshwater Properties/mechanism Microbes associated | References
sponge with sponge activity
Immobility and **Ephydatia The sponge harbors Pseudomonas spp., Pseudomonas species | (Keller-Costa et
anti-predation fluviatilis which shows the immotility effect on the C. |1. P. oryzihabitans as al., 2014)
(anti protozoan) (Linnaeus,1759) steinii ciliate. isolates
1. Between 5 and 15 minutes, cells became |2. P. protegens as
immotile. After 2 hours, cell lysis of isolates
C. steinii was initiated. After 24 hours,
nearly all C. steinii were a broken
structure.
2. 35% of isolates resisted to the C. steinii
ciliate predation.
Anti-quorum *Ochridaspongia |1. The methanolic extract of the sponge (Pejin et al.,
sensing activity rotunda showed more pyocyanin inhibitory activ- 2014a)
(Arndt,1937) ity than its acetone extract.
2. The acetone extract reduced more biofilm
production than the methanolic extract
towards P. aeruginosa.
3. Both methanolic and acetone extracts
reduced the flagellar motility and twitch-
ing ability of P. aeruginosa.
Acetylcholinesterase| *Ochridaspongia The acetone extract of sponge inhibited (Talevska et al.,
inhibitory activity rotunda acetylcholinesterase under both liquid and 2017)
(Arndt,1937) solid conditions.
*Drulia browni The methanolic extract inhibited (Manco da
(Bowerbank,1863) acetylcholinesterase. Costa Bolson et
al., 2019)
*Drulia cristata The methanolic extract inhibited (Manco da
(Weltner,1895) acetylcholinesterase. Costa Bolson et
al., 2019)
*Drulia The methanolic extract strongly inhibited (Manco da
uruguayensis acetylcholinesterase. Costa Bolson et
(Bonetto & Ezcurra al., 2019)
de Drago,1969)
*Metania reticulata The methanolic extract inhibited (Manco da
(Bowerbank,1863) acetylcholinesterase. Costa Bolson et
al., 2019)
Anti plasmodial | *Metania reticulata | The methanolic extract of the sponge inhib- (Manco da
activity (Bowerbank,1863) | ited the P. falciparum (FCR3) parasite with Costa Bolson et
IC50 of 2.7 ug/mL. al., 2019)
*Drulia browni | The methanolic extract of the sponge inhib- (Manco da
(Bowerbank,1863) | ited the P. falciparum (FCR3) parasite with Costa Bolson et
IC50 of 9.9 pg/mL. al., 2019)
Cytotoxicity *Ochridaspongia |1. The methanolic extract exhibited cytotox- (Pejin et al.,
rotunda icity towards the malignant brain U-251 2021)
(Arndt,1937) MG tumor cell line with IC 50 of 1.87 *

0.09 pg/mL at 96h.

. The micronucleus test revealed that the
genotoxicity of the methanolic extract
at the chromosomal level was over 4.5
times lower than that of doxorubicin.

**Drulia cristata
(Weltner,1895)

1. Crude extract showed no cytotoxic
activity against the colorectal cell line
(HCT-116).

. Ethyl acetate extracts of bacterial strains
DTR1 and DTR2 isolated from sponges
exhibited the MTT assay with >50%
inhibition.

DTR1 and DTR2 bacte-
rial strains

(da Costa et al.,
2019)
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Freshwater
sponge

Bioactivity

Properties/mechanism

Microbes associated References

with sponge activity

Free radical

generation (Bowerbank,1863)

oxide ions.

*Eunapius carteri |1. Some fractions (F4) of the sponge iso-
lated by density gradient centrifugation
and flow cytometry generated a signifi-
cant amount of superoxide anions than
other fractions (F1, F2, and F3).

2. Fractions P2 and P3 generated nitric

(Mukherjee et
al., 2015)

Note: * Indicates crude extract of the sponge used.

** Indicates extracts of bacterial/fungal isolates from the sponge used.

Box 6 represents the P. jessenii-like isolate species
of Pseudomonas. Of the seven isolates antagonistic
to F. moniliforme, six belonged to BOX PCR clus-
ter VI (P. jessenii), and all P. protegens-like isolates
showed strong inhibition towards B. subtilis. P.
umsongensis type isolates, biofilm formers, showed
moderate antagonism and resistance against B.
subtilis. P. oryzihabitans showed antagonistic activ-
ity towards B. subtilis. Biofilm production was
observed in 58% of the isolates, dominated by
mucilaginous biofilms. Antagonism against phy-
topathogenic fungi (Rhizoctonia solani, Fusarium
moniliforme, and Pythium ultimum) and the Bacillus
subtilis bacterium was observed in 75% of isolates,
with maximum inhibition against P. ultimum and
B. subtilis. Additionally, 35% of the isolates were
also resistant to predation by the Colpoda steinii
protozoan. A principal component analysis (PCA)
revealed a co-variation between biofilm produc-
tion and antagonism, with Pseudomonas prote-
gens-like isolates demonstrating high antagonism,
particularly against B. subtilis and C. steinii. (Keller-
Costa et al., 2014).

. Five O. rotunda crude extracts were screened for
their antibacterial and antifungal activities against
eight bacterial strains and eight fungal species by
the microdilution method. The methanolic extract
of O. rotunda displayed the strongest antibacte-
rial activity, with a MIC (Minimum Inhibitory
Concentration) of 7.5 to 15 pg/mL and an MBC
(Minimum Bactericidal Concentration) of 15 to 30
ug/mL, which was greater than that of the positive
control antibiotics streptomycin and ampicillin.
Bacillus cereus was the most susceptible organism,
and Listeria monocytogenes was the most resistant
to the antibacterial activity of the extracts. The
acetone extract of O. rotunda was the most active
antifungal, with MIC of 7.5 to 45 ug/mL and MFC
of 15 to 60 pug/ml. Trichoderma viride was the most
sensitive fungus, whereas Candida albicans was
the most resistant to the antifungal action of the
extracts (Pejin et al., 2014b).

. Seventeen bacterial isolates were recovered from
Oncosclera asiatica from Kali Porong, East Java.
Paper disc inhibition assay exhibited isolate 2
with effective antibacterial against E. coli and iso-
late 14-against S. aureus. Sequence relationships
revealed that isolate 2 had the highest relationship
with Pseudomonas moraviensis strain 3N. Isolate 2
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also had the NRPS gene that encodes antibacterial
compounds (Wulandari et al., 2023).

. Sometimes, symbionts together with sponges pro-

duce immunomodulators to interact with the host
immune system. Such studies were performed on
bacterial and fungal strains that were cultured from
the freshwater sponge, Metania reticulata, from the
Negro River of the Amazon central basin region. Two
bacillus strains, MERETb.761(Genbank accession
number KF305316) and MERETb.762 (Genbank
accession number KF305317), and one fungal
strain MERETf.010 (Genbank accession number
KF305318) were selected of these MERETb.762
and MERETf.010 exhibited potent antibacterial
activity against Staphylococcus aureus, while both
bacillus strains inhibited Aspergillus sp. Two of its
extracts from MERETDb.762, containing nitroaro-
matic compounds, exhibited inhibition to degranu-
lation of RBL-2H3 cells (Rozas et al., 2016).

2.2. Anticancer activity

1. The methanolic extract of O. rotunda sponge col-

lected from Lake Ohrid was evaluated for its
anticancer activity against brain tumor cell lines
(Neuro-2A, U- 251MG, and U-87 MG). MTT assay
revealed that the extract was most effective against
U-251 MG (IC50 1.87 =0.09 pg/mL) and was five
times more selective to the U-251 MG than the
U-87 MG cell line. At the same time, it was less
cytotoxic to normal cells when doxorubicin was
used as a control. For assessing its genotoxicity, the
micronucleus test was performed, which indicated
that the methanolic extract lacks genotoxicity at
the chromosomal level (Pejin et al., 2021).

. The freshwater sponge, Drulia cristata, collected

from Maracana beach, on the banks of the Tapajos
River, the State of Para, was evaluated for its cyto-
toxic activity. Bacterial strains associated with the
sponge were cultured and named DTR-1 and DTR-
2. The ethyl acetate extracts of both strains were
assessed with the MTT assay against the HCT-116
cell line. Crude extract of Drulia did not exhibit
any cytotoxic activity, while extracts of bacterial
strains showed moderate cytotoxic activity. DTR2
strains showed more potent cytotoxic activity than
DTR1 (da Costa et al., 2019).
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2.3. Acetylcholinesterase inhibitor activity

1. The Ellman method showed that O. rotunda ace-
tone extract in liquid exhibited potent acetylcho-
linesterase activity with an IC_, of 23.07 ug/mL.
The Marston method revealed stronger activity in
solid form with an IC_; of 1.5 ug/mL. (Talevska et
al., 2017)

2. Metania reticulata, Drulia uruguayensis, Drulia
browni, and Drulia cristata collected from the
Amazonian water were assessed for their acetyl-
cholinesterase inhibitor activity by the Ellman
method. Methanolic extracts of all sponges inhib-
ited the acetylcholinesterase enzyme (AChE from
electric eel), while none of them inhibited the
butyrylcholinesterase enzyme (BChE from Equine
serum). Drulia uruguavensis showed the most potent
acetylcholinesterase inhibitory activity with 52
percent of enzyme inhibition. The percent inhi-
bition was found as follows in increasing order:
Drulia cristata < Drulia browni < Metania reticulata
< Drulia uruguayensis. 1C,; of Drulia uruguayensis
was 1.04+0.01 mg/mL (Manco da Costa Bolson
et al., 2019).

2.4. Anti-quorum sensing activity

The anti-quorum sensing activities of the fresh-
water sponge, Ochridospongia rotunda, were assessed
towards Pseudomonas aeruginosa (PAO1). Since twitch-
ing and flagella motility are critical for the forma-
tion of biofilms, and the ability to form a biofilm is a
major Quorum Sensing-controlled virulence trait, the
ability of an extract to effectively reduce these motil-
ities is considered a mechanism of anti-QS activity.
Methanolic and acetone extracts were used to study
pyocynin production, biofilm production, and twitch-
ing and motility of the bacterium. Pyocynin is essen-
tial for up-regulation of QS genes in stationary phase
growth of Pseudomonas. Both extracts inhibited pyocy-
anin production by 49.9% and 42.44%, respectively.
Methanolic and acetone extracts exhibited anti-biofilm
activity by 48.29 and 53.99, respectively, compared to
that of ampicillin (30.84). Pseudomonas colonies that
were grown in the control group had larger diameters
than those grown in methanolic and acetone extracts,
suggesting that flagellar motility was reduced, and the
twitching ability of Pseudomonas was compromised
(Pejin et al., 2014a).

2.5. Anti-protozoan activity

Pseudomonas sp. were isolated from Ephydatia
fluviatilis that showed predation resistance and tox-
icity towards Colpoda steinii strain Spl, which was
assessed by microtiter plate assay adapted from pre-
dation resistance strains in Jousset et al. They were
defined as bacteria with <40 reductions of initial opti-
cal density after 22h of exposure to protozoa. These
strains were assessed further for toxicity. Dried bac-
terial extracts were introduced to the C. steinii strain.
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Extracts of Pseudomonas proteogens as isolates, P. jessenii
as isolates SF-2-02 and SF-3-03 (BOX VI), and isolates
SG-1-02, SH-1-17, and SH-2-01 demonstrated toxicity
towards protozoa. Within 5-15 minutes, all protozoan
motility stopped, and after two hours of exposure, pro-
tozoans started to lyse. After 24 hours, all protozoan
cells became broken (deformed with broken structures)
(Keller-Costa et al., 2014).

2.6. Antiplasmodial activity

FCR3, a chloroquine-resistant strain of P. falci-
parum, was used to assess anti-plasmodial activity by
extracts of M. reticulata and Drulia browni. The evalu-
ation of antiplasmodial activity was assessed accord-
ing to Rabelo et al. Among all extracts, the methanolic
extract of Metania reticulata showed IC50 of 2.7pug/mlL,
while Drulia browni showed IC50 of 9.9ug/mL (Mango
da Costa Bolson et al., 2019).

2.7. Free radical generation

E. carteri cells were separated into four fractions
(F1-F4, top to bottom) using a discontinuous Ficoll
gradient (5-25%) as outlined by De Sutter and Van de
Vyver (1977) and Zhang et al. (2003) for subsequent
analyses. Freshly dissociated sponge cells were filtered
through a 35 um nylon mesh and sorted with a BD FACS
Aria III flow cytometer. Cell morphotypes were identi-
fied based on size (forward scatter, FSC) and granular-
ity (side scatter, SSC) at 140V and 406V, respectively.
Dot plots captured 50,000 events per sample, with three
fractions (P1, P2, and P3) gated to exclude debris and
cell doublets. Intracellular superoxide anion production
in fractions from density gradient centrifugation (F1-
F4) and flow cytometry (P1-P3) was quantified spec-
trophotometrically via the Nitroblue tetrazolium (NBT)
reduction method. Fraction F4 produced significantly
more superoxide anions than fractions F1, F2, and F3.
Nitric oxide production was measured as nitrite release
using Griess reagent (Green et al., 1982; Aktas et al.,
2013), with fractions P2 and P3 showing nitric oxide
generation (Mukherjee et al., 2015).

3. Conclusion

This review emphasizes the diverse bioactivi-
ties of freshwater sponges and their associated bac-
teria, underlining their potential as sources of novel
therapeutic agents. The antimicrobial, anticancer, and
anti-quorum sensing, as well as anti-plasmodial and
acetylcholinesterase inhibitory activities, highlight the
medicinal value of these organisms.

Notably, Ephydatia fluviatilis and Ochridaspongia
rotunda with Pseudomonas species have very good anti-
microbial and anti-quorum sensing activities, while
others, such as Metania reticulata and Drulia browni,
have good anti-plasmodial and acetylcholinester-
ase inhibitory activities. Ochridaspongia rotunda and
Eunapius carteri also exhibit good cytotoxic and nitric
oxide production activities, which can be used for can-
cer and inflammatory disease research. Furthermore,
mutagenicity and cytotoxicity assays indicate that
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some extracts, such as those of Ochridaspongia rotunda,
have low genotoxic activity, making them promising
candidates for drug development research.

Further exploration of the chemical and micro-
bial diversity within freshwater sponges could uncover
new bioactive compounds to combat antimicrobial
resistance and neurodegenerative diseases, underscor-
ing the importance of conserving freshwater ecosys-
tems for future bioprospecting efforts.
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