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Abstract. We review evidence for and against the use of haematological parameters as
indicators for assessing the health status in free-living anuran populations that live in
conditions of ecological stress. We focus on the use of direct measured blood parameters, such
as erythrocyte and leukocyte counts, haemoglobin concentration, haematocrit value,
leukogram and calculated haematological indexes: mean corpuscular haemoglobin, mean
corpuscular haemoglobin concentration and mean corpuscular volume. In addition, we
evaluate the possibilities for use as biomarkers of the metric parameters of erythrocytes. This
paper summarizes the results from our long-year in situ analyses of the populations of Marsh
frog P. ridibundus inhabiting freshwater ecosystems in Southern Bulgaria with different degrees
of anthropogenic transformation. It presents the results from using different haematological
indicators as markers for the assessment of changes in their organism when inhabiting areas
affected by anthropogenic stressors. Our results strongly support using blood changes in
anuran amphibians as objective indicators for assessing their health status. We believe they are
a reliable biodiagnostics instrument in modern in field ecotoxicological studies.
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Introduction
Why are the haematological parameters in anuran

(blood cells) - erythrocytes, leukocytes and
platelets (Seiverd, 1972). The formation of

amphibians’ suitable biomarkers for assessing the effects
of various anthropogenic stressors?

Blood is a highly differentiated and reactive
internal environment of the body. It is a type of
specialized connective tissue of mesenchymal
origin, consisting of blood plasma, which
includes water, nutrients, waste, enzymes,
antibodies, hormones and shaped elements
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plasma and its components is generally related
to tissue metabolism, starting with the organs of
the gastrointestinal tract. Differentiated blood
cells have a relatively short life and are formed
continuously by stem cells produced in
haematopoietic organs (Glomski et al., 1997). In
all vertebrates, the first blood cells appear during
the embryonic period, but the haematopoietic
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centers are different in different taxonomic
groups and this largely depends on the age of
the individuals (Jordan, 1933; Foxon, 1964;
Glomski et al., 1997). Although in amphibians
(including anurans) blood composition is similar
to that in other vertebrates, such as
heterothermic animals, they have developed a
number of adaptive structures and mechanisms
to deal with changes in the environment (Foxon,
1964; Wojtaszek & Adamowicz, 2003). Many of
these adaptations are the result of their
phylogenetic history, involving a transition from
water to land life (Wei et al., 2015; Franco-Belussi
et al, 2021). In all vertebrates, blood is
responsible for important bodily functions such
as immune response, transport of nutrients,
transport of gases and metabolic waste (Wells &
Baldwin, 1990; Allender & Fry, 2008; Alvarez-
Mendoza et al., 2011).

All changes in environmental factors,
including those related to anthropogenic
stress, cause changes in functional state of
the blood (Cajaraville et al., 2000; Davis et al.,
2008; Gongalves et al., 2019; Oliveira et al.,
2019). This makes it very difficult and
practically impossible to derive reliable
reference values for different haematological
parameters in different species of tailless
amphibians, although in the past many
studies have been directed at this. However,
research from the end of the past century
and the present century give clear evidence
that  setting  reference  values  for
haematological parameters in anurans
without parallel tracing and analysis of
environmental factors and the possible
presence of such with anthropogenic origin
in their habitats, does not give reliable
results (Cabagna et al., 2005; Romanova &
Egorikhina, 2006; Davis et al, 2008;
Priyadarshani et al., 2015; Pollo et al., 2016,
2017; Salinas et al., 2017; Sures et al., 2017;
Corduk et al.,, 2018; de Assis et al., 2018;
Xiong et al., 2018; Davis & Golladay, 2019;
Oliveira et al.,, 2019; Zamaletdinov et al.,
2019; Brodeur et al., 2020). Most of the above
tests with anuran amphibians include
mainly analyses wusing as biomarkers

quantitative and qualitative characteristics of
the erythrogram and leukogram, since
variations in their parameter values provide
the main volume of information about the
indication of changes in main physiological
processes such as breathing and immune
defense of the organism when inhabiting
anthropogenically transformed environment
(Venturino et al., 2004; Davis et al., 2008). In
addition, this type of research can be
performed immediately after the capture of
the animals and does not require expensive
laboratory equipment and consumables.

Changes in the erythrogram of anurans
inhabiting under conditions of anthropogenic
stress.

The erythrogram is that part of the blood
picture that quantitatively and qualitatively
evaluates erythrocytes. This is done by counting
the total number of these cells (RBCs),
measuring haemoglobin concentration (Hb) and
calculating haematocrit value (Hct) or packed
cell volume (PCV). In addition, haematological
indices (MCH: mean corpuscular haemoglobin:
MCHC: mean corpuscular haemoglobin
concentration in erythrocytes and MCV: mean
corpuscular volume) are also part of the
erythrogram. Here we explicitly clarify that
research on the values of haematological indices
in "wild populations" of amphibians is very
scarce (Johnstone et al., 2017).

The number of erythrocytes in
amphibians is the lowest compared to all
other groups of vertebrates (Hutchison &
Szarski, 1965). This is due to the
morphological features of their erythrocytes:
relatively large nuclear cells, and it is known
that the number of erythrocytes is inversely
correlated with their volume (Wintrobe, 1933;
Banerjee, 1979). Researchers believe that
animals in Dbetter physical condition
maintain higher levels of Hb and Hct, so
these indicators should be positively
correlated with body condition indexes, at
least when mobilization of metabolic energy
sources is beneficial for the body (Artacho et
al., 2007; Norte et al., 2008). The benefit of
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higher Hb or Hct is associated with a greater
ability to transport oxygen in the blood and
its faster delivery to metabolizing tissues
and therefore meeting high energy needs.
This assumption supposes that animals in
better overall physical condition have the
ability to better allocate metabolic resources
to maintain a higher "healthy" level of Hb
and Hct. This suggests that each species
should have an upper limit of Hct ("optimal
haematocrit"), beyond which increased
blood viscosity would lead to deterioration
in blood flow velocity (de Boer et al., 2006).
When in situ analyzes examine changes
in the erythrogram of anurans, in order to
obtain reliable and objective information on
the condition of individuals from
populations living under stress, it is
necessary to compare the data with those
obtained from a reference population (such
living in optimal environmental conditions,
without the presence of anthropogenic
stressors) (Pollo et al., 2016, 2017; Salinas et
al.,, 2017; Sures et al., 2017; Corduk et al.,
2018; Xiong et al., 2018; Zamaletdinov et al.,
2019; Sisman et al., 2021). The most objective
information is obtained when complex
changes in the erythrogram are monitored
and analyzed, and not its individual
components (Johnstone et al., 2017; Brodeur
et al., 2020). According to literature data,
short-term stress-induced changes in the
erythrogram affecting Hb and Hct values are
usually due to changes in plasma volume
rather than erythrocytes. Thus,
morphological variables in red blood cells,
such as mean corpuscular volume (MCV) or
MCHC, should not be altered by short-term
stress (Johnstone et al., 2017). Haemoglobin
and haematocrit values may decrease in
anemia, or increase (more pronounced Hct)
in general dehydration (Coppo et al., 2005).
In the absence of food, or in the case of
unbalanced food, as well as in the absence of
minerals such as Fe, Cu, Co and Se, the
values of haemoglobin and haematocrit may
also decrease (Jain, 1993). Johnstone et al.
(2017) generally classify anemias into two
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types: regenerative and nonregenerative.
According to Lewis et al. (2006) anemia
occurs as a result of either a reduced number
of erythrocytes or a reduced concentration of
haemoglobin in the erythrocytes [mean cell
concentration, or corpuscular concentration
of haemoglobin - MCHC (g/dl)].
Regenerative anemia occurs when an
individual responds to this condition by
releasing immature erythrocytes
(reticulocytes) from the haematopoietic
centers and / or increasing erythropoiesis.
Typically, the stimulus that triggers the
release of immature erythrocytes is mediated
by hypothalamic-pituitary-adrenal stress,
such as a hemorrhage injury or parasitic
infection (McGrath, 1993; Tyler & Cowell,
1996). Non-regenerative anemia occurs when
an individual is unable to respond and / or
compensate for the loss of red blood cells
and this condition may be the result of food
stress, certain chronic diseases or toxic
substances (McGrath, 1993; Tyler & Cowell,
1996). Regenerative anemias, as well as those
of hypoxemic type, caused by toxicants
present in the habitats of anurans (leading to
a decrease in tissue oxygen levels) are an
expression of long-term toxic (or other type)
negative effects on their organism (Johnstone
et al.,, 2017). However, in wild populations,
the differences between the two types of
anemia may not be clear, but combined
synergistic effects are possible as well, as a
result of physiological reactions caused by
short-term and long-term stress (Dhabhar et
al., 1996; Romero & Romero, 2002, Romero &
Reed, 2005). The presence of a high number
of immature erythrocytes in the peripheral
blood of tailless amphibians is considered as
an indicator of a compensatory regenerative
response caused by anemia or loss of
circulating erythrocytes (Valenzuela et al.,
2006; Prieto et al., 2008; Allender & Fry, 2008;
Briggs & Bain, 2012). This thesis is supported
by specific results obtained in in situ studies
in populations of anurans inhabiting
conditions of anthropogenic stress in
habitats heavily polluted with different
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types of xenobiotics (heavy metals, fertilizers
and pesticides) (Peskova & Zhukova, 2005;
Barni et al, 2007, Marques et al., 2008;
Spirina, 2009; Mineeva & Mineev, 2010; Pollo
etal., 2017; 2019).

One of the important but very poorly
studied morphological characteristic of the
erythrocyte cell is the changes in its size and
shape (as well as those in the nucleus) in
populations  of anuran  amphibians
inhabiting conditions of anthropogenic
stress. The ability of erythrocytes to change
the size and shape of their cell depends on

the ratio of surface to volume, the
mechanical  properties of their cell
membrane and their internal viscosity

(Chien, 1987; Baskurt & Meiselman, 2003).
According to Baskurt & Meiselman (2003),
changes in cell shape depend on the critical
ratio between cell size and volume (S/V).

When moving from an ellipse to a
sphere, due to the smaller volume of the
latter, its area increases. It should be noted
that under conditions of environmental and
physiological stress, changes in the shape of
erythrocytes are accompanied by changes in
the properties of blood flow such as osmotic
balance, viscosity, flow rate, etc. (Baskurt &
Meiselman, 2003; Allender & Fry, 2008; Kim
et al., 2015). Rounding of erythrocyte cells
(oval or spherical erythrocytes) can be
considered an adaptive response in
conditions of hypoxia, as it increases the
contact surface of the cell (Wells & Baldwin,
1990) and ensures the diffusion of more
oxygen to the tissues (Hartman & Lessler,
1964; Allender & Fry, 2008).

The opposite effects have also been
reported in literature - increase of cell size
and reducing cell contact surface leads to
difficulties in gas metabolism (Nicol et al.,
1988; Lay & Baldwin, 1999; Bondarieva et al.,
2012). However, we must clarify that
positive biological effects in tissue hypoxia
can be expected not only from the presence
of small cells with a larger relative surface,
but also from accelerated haematopoiesis,
accompanied by normal haemoglobin

synthesis. The size of erythrocyte nuclei in
tailless amphibians (and in other groups of
vertebrates with erythrocytes with nuclei)
depends on the size of the genome and the
degree  of chromatin  condensation.
(Macadangdang et al., 2014; Levy & Heald,
2016), but these are not the only factors
determining their size. According to Kim et
al. (2015) changes in the size of the nuclei
may be due to changes in the osmotic
pressure of the cytoplasm and the activity of
the motor structural elements of their
cytoskeleton. In addition, changes in nuclear
shape may be due to changes in nuclear
plate (Webster et al., 2009). It is known that
in amphibians the rate of metabolism is
inversely proportional to the size of their
genome (Gregory, 2001; Vinogradov &
Anatskaya, 2006), but in general the causes
and mechanisms leading to changes in the
size of the nuclei remain unclear and very
poorly studied (Edens & Levy, 2014; Mueller,
2015). Very little work has been devoted to
studies on the morphology of erythrocytes in
populations of anuran  amphibians
inhabiting conditions of anthropogenic
pollution (Zhelev et al., 2006; Omelykovets
& Berezyuk, 2009; Mineeva & Mineev, 2010;
Salinas et al., 2017; Donmez & Sisman, 2021).

Although the authors of these works
report changes in the size and shape of
erythrocytes in the blood of anurans
inhabiting  anthropogenically  polluted
habitats, compared to populations of frogs
inhabiting background areas, there are no
definite opinions about the causes of the
observed changes and their biological role.
In such in situ studies, it is even more
difficult to find causal relationships between
changes in erythrocyte size and specific
toxicants. One of the reasons is that toxic
agents in wastewater are usually in the
composition of complex mixtures and enter
into synergistic interactions both with each

other and with various abiotic
environmental factors such as altitude,
temperature, hydrogen index, electrical

conductivity of water, dissolved oxygen, etc.
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(Haden, 1940; Hartman & Lessler, 1964; Ruiz
et al.,, 1989; Addy et al., 2004).

Changes in the leukogram of anurans
inhabiting conditions of anthropogenic stress.

The leukogram is a study that
determines the total number of leukocytes
(WBCs) and in particular in the differential
count - the number of individual types of
leukocytes with their percentages.

Leukocytes in anurans are identical to
those in other groups of vertebrates:
agranulocyte leukocytes - lymphocytes,
monocytes and granulocyte leukocytes -
neutrophils, eosinophils and basophils
(Davis et al., 2008; Arikan & Cigek, 2014;
Zhelev et al, 2017a). Lymphocytes are
involved in immune responses and the

production of haematopoietic growth factors.

They are morphologically divided into small
and large lymphocytes, and
immunologically and functionally into B and
T cells (Campbell, 2004). Monocytes
(mononuclear phagocytes) are relatively
large cells, of different origin from
lymphocytes (myeloid stem cell line) and are
an important part of the monocyte-
macrophage system, providing non-specific
immune protection of the organism.
Together, lymphocytes and monocytes make
up 80% of the leukocytes of anuran
amphibians (Arikan & Cigek, 2014). The
functions of granulocytes in amphibians and
anurans in particular are similar to these
cells in other vertebrate species and have
been identified in terms of their
morphological characteristics (Wright, 2001).
Neutrophils (rod-nuclear and segment-
nuclear) are the largest group of
granulocytes. They are associated with
chemotaxis and are involved in the
inflammatory process (recognizing and
binding cytokines and leukotrienes released
during inflammation) and the killing of
bacteria by phagocytosis. Neutrophils carry
out the so-called "oxidative burst" (secretion
in the phagosome of toxic to pathogens
oxygen compounds, such as hydrogen
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peroxide and hypochlorous acid as well as
lysozyme and interferon), which makes
them major participants in the fight against
bacterial and fungal infections.

In birds and reptiles, neutrophil is
replaced by heterophile that performs the
same immunological function (Hawkey &
Dennett, 1989; Jain, 1993). Eusinophils are
also involved in phagocytosis, especially in
allergic-type  reactions  (they  absorb
biologically active substances such as
histamine). They are major participants in the
disposal of tumor cells and parasites (Thrall
et al., 2006). In most vertebrates, basophils are
the smallest group of granulocytes and their
functions are still unclear. However, in some
species of anurans, there is evidence of a high
percentage of basophils in peripheral blood
(Campbell, 2004). They are thought to be
involved in "delayed-type" immunobiological
reactions (releasing proteolytic enzymes,
heparin, but also histamine, which causes
blood flow to the inflamed areas). They
participate in the management of asthma
attacks and other allergic conditions. In
amphibians and anurans in particular, the
number of leukocytes in 1 mm?® of blood
varies. Variations in leukocyte count are due
to sex, age, season, diet, pregnancy in females,
environmental and pathological factors
(Thrall et al., 2006; Davis et al., 2008; Liu et al.,
2013; Arikan & Cicek, 2014; Bunjerdluk et al.,
2021; de Gregorio et al., 2021; Franco-Belussi
et al., 2021). All this makes it very difficult to
define reference ranges, both for the total
number and for the percentage ratio of
different types of leukocytes in different types
of anurans. An additional problem in this
regard is the heterothermic metabolism and
its  strong dependence on  abiotic
environmental  factors, among  which
temperature is in the first place.

Low temperatures are a major problem
for amphibians, and one strategy they use to
deal with low temperatures is thermal

acclimatization:  tuning  cellular  and
physiological processes in response to
environmental conditions (Feder, 1992;
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Greenspan et al., 2017). However, thermal
acclimatization requires time, which leads to
suboptimal levels of immunity after
temperature changes, while the immune
system undergoes adjustments (Raffel et al.,
2006, 2015). Therefore, it is always necessary
in in situ analyzes, when examining the
leukogram parameters in anurans inhabiting
conditions of anthropogenic stress, to
analyze and compare them in parallel with
data from a reference population living as
close as possible to the optimal
environmental conditions.

The WBC profile (the number of
circulating immune cells in the bloodstream)
can be wused to assess haematopoietic
productivity and the level of activation of
the immune system (Davis et al.,, 2008). In
recent years, this type of analysis has been
increasingly used in various in situ studies
in "wild" populations, including populations
of amphibians inhabiting conditions of
anthropogenic stress (Rohr et al, 2008;
Shutler & Marcogliese, 2011; Peterson et al.,
2013; Das & Mahapatra, 2014; Vallejo et al.,
2015). Lymphocytes and neutrophils usually
make up the majority of leukocytes (Davis &
Durso, 2009) and the ratio of these cells is
often used alone as a reliable indicator of the
state of the immune system (Davis et al.,
2008; Silva et al., 2021). High relative
proportions of circulating neutrophils and
low relative proportions of circulating
lymphocytes  (high N:L  ratio) are
characteristic of a haematopoietic stress
response or an activated immune system in
amphibians (Bennett & Daigle, 1983; Cooper
et al., 1992; Maniero & Carey, 1997; Davis &
Maerz, 2008a; Vallejo et al., 2015; Greenspan
et al., 2017; de Gregorio et al.,, 2021) and
other vertebrates (Davis et al., 2008). The
functional explanation for the high N:L
ratios is that they can increase immune
readiness under stressful conditions when
animals are likely to face an immune
challenge (Dhabhar et al, 1994, 1995;
Franchimont, 2004). The increase in
neutrophils in blood may intensify the

inflammatory response, while the trafficking
of lymphocytes out of circulation and into
tissues may improve immune control or
protect these cells from the inhibitory effects
of stress hormones (Dhabhar et al., 1994;
1995; Rich & Romero, 2005). Interpretation of
changes in leukocyte profiles (ie, attribution
of stress against infection) can be
problematic, especially if the state of the
infection is unknown (Davis et al., 2004).
This can be a problem in field analysis,
although the two factors (stress and
infections) are closely related and stress
usually leads to infections and diseases,
weakening the body's overall immunity. One
of the approaches to overcome this problem
is the parallel analysis of other
haematological parameters (erythrogram).

In literature there are many studies,
though unsystematized, reporting changes
in the leukogram of different groups of
vertebrates living under stress (Dhabhar et
al.,, 1994; 1995; Davis et al., 2008; Davis &
Maerz, 2008a; b) but research in populations
of anurans from anthropogenically polluted
habitats is generally very limited. There are
studies reporting high leukocyte count in
severe neutrophilia and monocytosis in the
blood of P. ridibundus inhabiting the area of a
chemical plant in Ukraine (Tarasenko, 1981),
a system of rice fields in Southern Russia
(Peskova & Zhukova, 2005) and of Rhinella
arenarum (Hensel, 1867) from rice fields in
Argentina (Pollo et al., 2017). The reverse
changes - general leukopenia in combination
with reduction of leykocyte and monocytes
count is reported in populations of P.

ridibundus inhabiting urbanized
environment - in a residential area in
Ekaterinburg  densely  built-up  with

residential buildings (Sils & Vershinin, 2005;
Sils, 2006, 2008) and Novgorod (Romanova
& Romanova, 2003; Romanova, 2005;
Romanova & Egorikhina, 2006) in the
Russian Federation. Peskova (2001) proposes
changes in the differential formula of blood
in populations of anurans inhabiting
conditions of anthropogenic stress to be
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generally referred to two types: In the "first
type of changes" (under conditions of
relatively low anthropogenic load on the
environment) the leukogram is characterized
by leukocytosis and neutrophilia (increases
of the total number of neutrophils or only
that of rod-nuclear cells accompanied by a
decrease in segment-nuclear neutrophils). In
addition, monocytosis is almost always
observed compared to controls. This general
picture of changes in the leukogram of
amphibians may show some variation with
diverse changes in the number of
lymphocytes, basophils and eosinophils.

The "second type of changes" in the
leukogram in anurans is characterized by
leukocytosis and neutropenia, which may be
accompanied by  monocytosis and

eosinophilia, or monocytosis and eosinopenia.

In the opinion of the author (Peskova, 2001),
when toxicant concentration does not exceed
any critical value, characteristic for the given
polluting agent, the leukogram of the
amphibians reacts according to the first type.
Significant neutrophilia is an expression of a
complete protective reaction of the body. In
combination with monocytosis, it provides
adaptation of amphibians to inhabiting
conditions of pollution and elimination of
toxic and / or associated bacterial agents that
have entered the body. The second type of
leukogram reaction is evidence not only of
the body's attempts to cope with high doses
of toxicants, but also a sign of depletion of its
resistance in an environment with chronic
presence  of  stressors  (anthropogenic
pollutants). However, severe neutropenia
leaves little hope for amphibians to survive in
such severe environmental conditions,
despite the appearance of immature
granulocyte forms, which is evidence of
compensatory stimulation of neutrophilic
granulocytopoiesis. The second type of
changes in the leukogram of anuran
amphibians is an indication for transition
from adaptations to pathological changes that
probably lead to the subsequent death of the
animals - third phase (exhaustion of the
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organism), according to the theory of general
adaptation syndrome (GAS) (Selye, 1956).

This paper summarizes and presents the
results from our long-term in situ analyzes
conducted in the populations of Marsh frog
Pelophylax  ridibundus ~ (Pallas,  1771)
inhabiting  freshwater  ecosystems in
Southern Bulgaria with varying degrees of
anthropogenic pollution. It covers the period
from 2001 to 2017 and includes studies on
the application of blood markers complex for
the purpose of assessment of general health
status of frogs that inhabit areas, polluted
with toxicants of different types and in
different concentrations. To achieve the
goals of research, the values of tested blood
parameters of frogs from polluted habitats
were compared with those obtained from
frogs inhabiting less disrupted habitats
(references sites). In the course of research
different and specific working hypotheses
related to the objectives of the respective
analyses were tested, but what they had in
common was the assumption of expected
differences in the values of the tested blood
markers in the populations of anurans
inhabiting conditions of anthropogenic
stress ~ when  compared  with the
corresponding values obtained for the
individuals from the reference populations.
This makes it possible to assess how
exposure to toxic agents (usually over
prolonged time) in anthropogenically
contaminated habitats affects marsh frogs P.
ridibundus and what changes are caused by
the toxicants in the body of these anurans
(indication of stress and exhaustion of the
body, or adaptation to life in a hostile
environment).

Materials and Methods

The material for the analyzes was
collected during the spring-autumn seasons
of 2001-2017 from rivers and dams (natural
and artificial water bodies) in Southern
Bulgaria with test subject - Marsh frog P.
ridibundus. This species of water frog has a
large range in Eurasia (Amphibia Web, 2021)
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and in Bulgaria it is distributed throughout
the country (Beschkov & Nanev, 2002;
Stojanov et al., 2011). The species is under
protection: BDA (IV), 92/43 (V), BERN (IlII),
IUCN (LC) (Biserkov et al., 2007). According
to Article 42, Article 41 and Appendix II of
Article 41 of BDA, permits for catching P.
ridibundus are not required when collecting
them for scientific purposes. Frogs were
caught in the evening by the light of strong
lamps placed on the shore of the waterbody,
or with the help of an electric lantern. In the
second case, areas with length of about 1-2
km and width of 4 m along the river or along
the shoreline of dams were scanned,
following Sutherland's (2000) methodology.
Adult individuals of both sexes (SVL > 60.0
mm, according to Bannikov et al., 1977) were
used for the analyses. They were separated
by  sex, using secondary  sexual
characteristics: the presence of “marital
corns” on the first finger and resonator
bubbles in the corners of the mouth of the
males (detailed physiographic maps with
exact locations where frogs were caught are
presented in Zhelev et al. (2013; 2015; 2016a;
b; 2017b; 2018; 2020; 2021).

The studies in the period 2001-2017 are
compliant and performed with basic data on
the ecological status of each of the water
bodies where frogs were caught; such data
were obtained on the basis of physio-
chemical analyzes of the water carried out on
behalf of the

, (Newsletters on the state of water in
each studied waterbody-rivers and dams, in
the period 2001-2017). Physio-chemical
analyzes measure the values of priority
substances for each of the water bodies; such
values are determined according to the
monitoring plans of the East Aegean River
Basin Directorate / Basin Directorate of
Water Management in the East Aegean Sea -
Plovdiv, in compliance with Water
Framework Directive WED 2000/60/EO (EC,
2000), Ordinance No  H-4/14.09.2012
(Ordinance, 2012) and No 256/1.11.2010

(Ordinance, 2010). Detailed data
(physicochemical analysis of water) on the
condition of each tested water body in the
period 2001-2017 are presented in Zhelev et al.
(2013; 2015; 2016a; b, 2017b; 2018; 2020; 2021).
After the catches in each of the studied
habitats, in order to reduce stress, the frogs
were transported to the laboratory in
containers with water. The frogs were
treated and the experiments were performed
within 24 h of capture. The manipulations
were carried out in compliance with ethical
standards for working with animals (Fellers
et al., 1994; Steven et al.,, 2004). The frogs
were anesthetized with ether according to
the procedure proposed by Stetter (2001). In
a living condition, a 20 mm long heparinized
needle was used to pierce the heart and
draw up to 0.20 ml of blood according to the
procedure proposed by Wright (2001). All
haematological analyzes were performed
according to standard clinical methods
(Pavlov et al., 1980). Erythrtocyte count (RBC)
and leucocyte count (WBC) were manually
quantified using Hayem and Turck’s
solution and a Burker haemocytometer
chamber. The haemoglobin concentration
(Hb) was determined by the
cyanmethaemoglobin  spectrophotometric
method and the packed cell volume (PCV),
or (Hct value) by the microhaematocrit
method. Leukograms (differential leukocyte
counts) were performed in blood smear with
Giemsa-Romanowsky staining. The
derivative haematological parameters (MCH:
mean corpuscular haemoglobin, MCHC:
mean corpuscular haemoglobin
concentration, and MCV: mean corpuscular
volume) were calculated by the Brown's
formulas (1980). MCV was calculated by
dividing haematocrit per liter of blood by
total RBC count. The erythrocyte sizes were

determined with an Olympus stereo
microscope (SZX16, resolution 900 line
pair/mm, Germany). We used the

methodology proposed by Atatiir et al. (1999)
and Arserim & Mermer (2008) for nuclear
erythrocytes: 40  randomly  selected
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erythrocytes from each individual were
measured with an ocular micrometer (MOB-
1-15x). Four basic erythrocyte sizes were
evaluated: cells length (EL) and width (EW)
and nuclear length (NL) and width (NW).
Cell and nuclear shapes were assessed with
EL/EW and NL/NW ratios, and
nucleus/cytoplasm with a NS/ES ratio. We
used the formula: [ES = EL x EW x 1 / 4 and
NS = NL x NW x i / 4] to calculate the
erythrocyte sizes (ES pm?) and their nuclear
sizes (NS pm?).

Statistical processing of the data was
performed, using the STATISTICA 7.0
Software (Statistica, 2004) or R language
(version 3.1.2, R Development Core Team,
2015). A Shapiro-Wilk test was used to
evaluate the normal distribution of data,
which proved to be statistically significant.
For differences between individuals of P.
ridibundus inhabiting habitats with different
degrees and different types of pollution and
those inhabiting relatively clean habitats
(control groups) parametric Student’s t-test
for normally distributed independent

Zhivko M. Zhelev, Georgi S. Popgeorgiev

samples and analysis of variance (one-way
ANOVA) were applied, with subsequent
verification of the statistical significance of the
differences (depending on the homogeneity
of the variances) by LSD, Tukey or Games-
Howell post-hoc tests. Results with p < 0.05 [a
= 5%] were considered significant. Data was
given as Mean + SEM and their confidence
interval - 95% (or Minimum and Maximum
values). Multivariate statistical analyses (a
principal component analysis PCA and a
standard discriminant analysis DA) were
applied as an integral assessment of the
health status of P. ridibundus from the
investigated sites in Southern Bulgaria (for
details see Zhelev et al., 2013; 2015; 2016a; b;
2017b; 2018; 2020; 2021).

Results and Discussion

The descriptive statistics and results
from the comparisons by a one-way
ANOVA analysis of the erythrogram and
leukogram parameters in P. ridibundus
individuals from investigated sites in
Southern Bulgaria are presented in Table 1
and Table 2.

Table 1. The erythrogram parameters (Mean+SEM, Minimum-Maximum, or confidence interval -
95%) used for evaluation of health status of P. ridibundus individuals from freshwater ecosystems with
different degree of anthropogenic pollution in southern Bulgaria. Legend: Sites: Site 1 (Sazliyka River
near the village Rakitnitsa), site 2 (Sazliyka River near the town of Radnevo), site 3 (Topolnitsa River
near the village Poibrene), site 4 (Studen Kladenets Dam Lake near the LZP “Kardzhali”), site 5 (Vacha
River), site 6 (Tsalapitsa Rice Fields), site 7 (Vacha River) and site 8 (Chaya River). Abbreviations:
Reference site (RS), Polluted site (PS), number of individuals (n), biological oxygen demand five days
(BODs), nitrite nitrogen (NO2-N), nitrate nitrogen (NO3-N), ammonium nitrogen (NH'+N), total
nitrogen (TN), orthophosphates (PO%3), copper (Cu), iron dissolved in water (Fe), lead (Pb), manganese
(Mn), arsenic (As), cadmium (Cd), zinc (Zn), erythrocyte count (RBC), haemoglobin concentration (Hb),
packed cell volume, or haematocrit value (PCV), mean corpuscular haemoglobin (MCH),: mean
corpuscular haemoglobin concentration (MCHC),: mean corpuscular volume (MCV). Significance

codes: *p < 0.05; **p < 0.01; **p <0.001; ns p > 0.05.

Sites Parameters Publications
RBC (x10%u]) | Hb (/dl) | PCV (i) | MCH (pg) | MCHC (/) MCV ()
Ste1(Rs) | FOFTU0AD | oo [T iogs | 153325502 | 225068528 | 6825741782
ns30 0g) | (@70000- sty | (o210 | (0517 (149.77- (517.44-
4 490.000) D77 21-0. 220.17) 298.45) 937.50)
Site 2 (PS: Zhelev et al.
BODs NO» | 482.670+12.12 16030£2.77 | 203.98+427 | 774442983 | (2013; 2015;
N, NOwN, | (380.000- (64'888;_28‘06‘*4) ?(')3;6-’_00‘055) (129.02- (152.41- (670.00 2016a)
TN, PO™) 590.000 B7-8. 30-0. 186.25) 245.12) 931.25)
(n=30, 9+3)
Site 3 (PS: | 629.670:26.84 | 8.28£1.02 | 0.370.006 | 146.08£5.00 | 221.18£3.74 | 650.91220.82
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Cu, Fe, Pb, | (400.000- (7.18-9.25) | (0.31-0.43) | (98.55- (141.72- (452.78-
Mn, As) 920.000) 191.05) 265.19) 912.50)
(n=30, 2+3)
%;e:bﬂ;) <, 571.633£10.72 716+1.83 0.34+0.005 23{1053:__2 %2 211.65+4.13 652.82+12.59
(n=30 ’Q+ 2 (480.000-690.000) | (5.21-8.97) (0.30-041) 1725';5) (157.97-254.53) (540.50-806.25)
F=3107;
Statistics _ . F=1.917; 1/2%0% F=2.607; F=2.525; F=7.072;
(one way 5;2330621/221*** 1/4%*%; 1/3" 1/2ns; 1/3ns; | 1/2***; 1/3ns; | 1/2***; 1/3ns;
ANOVA, F, 3/ 4% ! " | 2/4ns; 2/3%* 2/3%  1/4%% | 2/3%% 1/4% | 2/3**; 1/4ns;
LSD tests) 3/ 4%% 1/ 4, 2/4%+3/4ns | 2/4ns;3/4ns | 2/4%*; 3/4ns
2/4ns; 3 /47
Site5 (RS) 261072042589 | 27824198 | 2:0.35+0.01 ?’;4;_317;65 4333) 2:218.62+4.83 26444242087
Ferrele(lyn=25 (450.000-920.000) | (4.64-9.25) (0.30-042) 3 138 06+é % (157.97-254.33) (452.78-781.25)
Male @)n=25 3:616400£2213 | 3:7.61£1.99 | 3:0.35+0.01 (1'05 68— T 3:208.05+4.57 3:656.33£1643
(450.000-910.000) | (5.21-9.10) (0.30-042) 2849) (141.72-246.52) (478.39-818.75) Zhelev et al.

?elte.]. 6 (S ©:395200414.83 | 95654177 | ©:02540.01 2146764585 | 2226214550 2:635.59£17.817 (2018)

fici des;) (270.000-600.000) | (443-7.16) (022-031) (10741-19897) | (156:49-298.45) (517.44-810.34)
pesE le@n=> 3:357.600£1210 | 3:53741.34 | 3:024+001 31545385579 | 3:221.5645.13 3:689.05£1948
Male (@)n=25 (270.000-510.000) | (449-7.24) (021-0.30) (10517-2070) | (149.77-261.12) (511.31-937.50)
(St?vtcl)sms a 1/2ns; 3/4ns; ﬁ;ﬁs, 3/4ns; ﬁgﬂi’ 3/4ns; 1/2ns; 3/4ns; | 1/2ns; 3/4ns; | 1/2ns; 3/4ns;
ANOV Aw LA I B O PO 1 >4mf > 4Mf 1/3ns; 1/4ns; | 1/3ns; 1/4ns; | 1/3ns; 1/4ns,
Tukey HSD) 2>3%*%; 2>4 P S [ S 2/3ns;2/4ns 2/3ns; 2/4ns 2/3ns; 2/4ns
Site7 (RS) ©:54390042321 | 28024159 | £:03510.01 216028799 2:219.1449.38 2:71246+23.34
Ferrele (lyn=10 (497.391-596407 | (7.64-8.36) (033-0.37) (14221-17837) | (197.91-240.38) (659.65-765.25)
Male @) n=10 3:659.00044347 | 3:7924273 | 3:036+001 3:14286+1256 | 3:21625+4.92 3:647.66£31.13

(560.657-757.342) | (7.31-853) (034-0.38) (11442-17127) | (205.13-227.37) (577.22-718.09)
Site 8 (PS NH'+
N NOsN NOz | 23601001679 | 5574263 | ¢:023+0.01 215406841149 | 2:2385848.89 2: 612.65427.62 Zhelev et al.
N Pb Gd, Zn | (321.977-398003) | (4.97-617) (021-0.24) (12808-18009) | (21846-258.71) (650.17-675.14) (2020)
Cu,As) 3:355200£1424 | 3:531+203 | 3:023+001 3:14969+689 3:227.7947.68 3:651.1142942
Femadle@n=10 | (322.786-387213) | (4.84-5.76) (022-0.25) (13412-16529) | (21041-245.18) (584.53-717.67)
Male@n=10
F=40.69, F=8147,
Statistics F=30.27, 1<2™, | 1/2xs, 1/2ns, F=0.54, F=1.61, 1/2, | F=219, 1/2.,
(one way | 1>3™, 1>4™, | 1>3™, 1>3™, 1/2ns, 1/3ns, | 1/3ns,  1/4ns, | 1337, 1/4n,
ANOVA, F, | 253, 2>4™ | 1>4™, 154", 1/4s 2/30s | 2/3n0  2/4ns | 2/3n  2/4ns,
LSD tests) 3/ 4ns 2>3", 2>3™, 2/4ns, 3/ 4ns | 3/4ns 3/4ns
25473 /4y | 2547, 3/ 40

Table 2. The leukogram parameters (MeantSEM, Minimum-Maximum, or confidence interval -
95%) used for evaluation of health status of P. ridibundus individuals from freshwater ecosystems with
different degree of anthropogenic pollution in southern Bulgaria. Legend: Sites: Site 1 (Sazliyka River
near the village Rakitnitsa), site 2 (Sazliyka River near the town Radnevo), site 3 (Topolnitsa River near
the village Poibrene), site 4 (Dam Lake Studen Kladenets near the LZP “Kardzhali”), site 5 (Vacha
River), site 6 (Tsalapitsa Rice Fields), site 7 (Vacha River) and site 8 (Chaya River). Abbreviations:
Reference site (RS), Polluted site (PS), number of individuals (n), biological oxygen demand five days
(BOD:s), nitrite nitrogen (NO=2-N), nitrate nitrogen (NO3-N), ammonium nitrogen NH'4-N, total
nitrogen (TN), orthophosphates (PO4), copper (Cu), iron dissolved in water (Fe), lead (Pb), manganese
(Mn), arsenic (As), cadmium (Cd), zinc (Zn), leukocyte count (WBC), stab neutrophils (St), segmented
nuclei neutrophils, total neutrophils (Ne), basophils (Ba), eosinophils (Eo), monocytes (Mo),
lymphocytes (Ly). Significance codes: *p < 0.05; **p < 0.01; **p < 0.001; ns p > 0.05.

. Parameters o e
Sites WBC (107u) St Ss Ba o Mo Ty Publications
Site 1(RS) 2.396+0.08 2.40+0.23 7.20£0.29 2.13+0.18 | 1.83£0.14 | 3.40+0.35 83.04+0.80 Zhelev et al.
(n=30, (1.500-3.400) | (1-6) (4-10) (1-4) (1-3) (1-9) (72-90) (2013; 2015;
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+3) 2016a)
Site 2 (PS:
BODs;, NO
>N, NO3 | 3.400£0.09 3.03+0.30 11.10+0.38 | 5.60£0.52 | 4.70+0.53 | 7.17+0.49 68.40+1.03
N, TN, PO* | (2.600-4.400) | (1-8) (5-15) (2-10) (1-11) (3-13) (57-78)
4,
)
(n=30,3+3)
Site 3 (PS:
Cu, Fe, Pb, | 4.123+0.09 4.80£0.26 3.46+0.29 0.77+0.08 | 0.37£0.10 | 12.30+0.62 78.30+0.74
Mn, As) (3.100-4.850) | (3-8) (1-7) (0-3) (0-2) (6-19) (72-87)
(n=30, 2+3)
Sie 4 (PS:
Cd, Zn, Pb, | 3.647+0.06 3.43+0.21 13.47+0.32 | 2.5740.17 | 0.87+0.16 | 9.67+0.44 70.00+0.60
Cu) (@=30, | (3.200-4.300) | (2-6) (10-17) (2-6) (0-3) (5-16) (65-75)
o+3)
Statistics F=48.9989, F=73.3599, | F=92.3850, | F=7.1650, | F=4.6820, | F=13.3772, F=78.2500,
(one  way | 1/4%*%; 1/4%; 1/ 4%+ 1/4ns; 1/4% 1/4%+ 1/4%;
ANOVA, F, | 2/4ns; 2/4ns; 2/ 4%, 2/ 4%, 2/ 4%, 2/ 4%, 2/4ns;
LSD tests) 3/ 4% 3/ 4 34 3/ 4 3/4ns 3/ 4 3/ 4+
Site 5 (RS) Q:4.02840.91 | 9:2.60+021 | @:7.68+023 | 9:4.244038 | ©:1.1620.20 | 9:3.84+0.31 Q: 80.48+0.69
Ferde ) n= | (3.200-4.800) | (1-6) (6-10) (1-6) (0-3) (1-9) (71-88)
5 3:3.97240.96 | 3:220+0.15 | 3:6.48+0.23 | 34204026 | 3:1.08+0.1 | 3:3.92+0.18 3: 80.48+0.69
Male@n=2 | (3.200-4.900) | (1-4) (5-9) (1-6) (0-3) (2-5) (71-88)
Site 6 (PS:
fertilizers,
pesticides) ©:2.33240.81 | ¥:5.16£0.19 | 93124010 | ©:1.04+018 | 4724032 | 9:14.80£0.36 | 9: 71.16+0.49
Female (3) (1.600-3.400) | (4-8) (2-4) 0-3) 0-6) (12-19) (67-76)
n=025 3:2.3404£0.10 | 34961024 | 33444023 | 31324019 | 34724032 | 3:12.80+0.44 | 3:72.2840.49 | Zhelev et al.
Male  (4) (1.600-3.300) | (3-8) (2-6) 0-3) 0-6) (9-16) (68-77) (2018)
n=25
Statistics 1/2ns; 1/2ns; 1> 1/2ns; 1/2ns; 1/2ns;
(two way 3/4ns; 3/4ns; 3/4ns; 3/4ns; 3/4ns; 1/2ns; 3>4**; | 3/4ns;
ANOVA 1>3%**; 1<3*, 1>3%; 1>3%%; 137, 1<3%*, 1>3%**;
Tukey ’ 1>4%**, T<gr, 1>4% 1>4% 1<gr 1<4**, 1>4%**,
HSD) 2>3***; 2<% 23, 23, 23, PASC A il IS C i
>4+ <y 2> 2> <yt 2>
. @ ;

Elef; ZIEERZ)) 0:4.680+1.23 I;eg 10031 4504056 (% éﬁo;/.s; 0:3.60£041 | 9 81.8020.80
n=10 (4.400-4.959) (é 3'9_9_ 8.1) (3.23-5.77) 5‘: ) (2.69-4.51) (79.99-83.61)
e | g S| ey | g | e
n=10 (8.63-10.17) (254-3.85) (0.11-1.29)
Ste 8 (S
NH:N, NO
TPI;I’ a th: @:2.13040.63 I;elg 60+0.42 Q0704021 | 4404039 | 2:11.80+0.42 | 9: 63.50+0.65
Cu’, A9 (1.986-2.273) (iS 5'7_2_0 '62) 022-118) | (363-517) | (10.86-12.75) | (62.02-64.97) Zhelev et al
Female (3) 3:2.128+1.29 Py 2'0.21 i6.51 3:504017 | 3:504027 | 3:11.30+0.36 | 3:62.50+0.73 (2020) ’
n=10 (1.837-2.422) (19.04-21.35) (012-089) | (489-611) | (10.47-12.13) | (60.84-64.16)
Male (4)
n=10
Statistics F=30.27, F=145.18, 1>2", 1>3™, | F=32.11, F=63.49, F=146.21, F=257.96,
(one way | 1<2™, 1>3™, | 1>4™, 2>3", 2>4™, 3/4 | 1/2x, 1/2ns, 1/20s, 1<3™, | 1/20, 1>37,
ANOVA, 1547 253 | o 153" 1<3™ 1<4™ 2<3™ | 1547 253™
F, LSD | 2>4™,3/4ns 1>4™, 1<4™, 2<4™, 3/ 4ns 2>4", 3 /s
tests) 2>3™, 2<3™,

>4 2<4™

3/4ns 3/4ns

In the study performed in the Sazliyka and
Topolnitsa Rivers as well as of Studen
Kladenets Dam Lake, the analyses were made
with pooled samples - 30 individuals of both

sexes from each population. In this study, the
data obtained found the following statistically
significant changes in the blood of frogs from
anthropogenically contaminated sites
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compared to these inhabiting less disrupted
habitats (site 1: reference group).

* in population 2 (site 2: domestic sewage
pollution and nutrients) - erythrocytosis,
hypohromia, leukocytosis, neutrophilia (with
increasing Sg cells), basophilia, eosinophilia,
monocytosis, lymphopenia.

* in population 3 (site 3: heavy metal
pollution) - erythrocytosis, hyperchromia,
leukocytosis, neutropenia, monocytosis,
basopenia, eosinopenia, lymphopenia.

* in population 4 (site 4: heavy metal
pollution) - erythrocytosis, hyperchromia,
leukocytosis, neutrophilia (increasing St and
Sg cells), monocytosis, eozinopeniya and
lymphopenia.

Analyzing PCV (Hct) and the three
derivative parameters: MCH, MCHC and MCV,
we found increasing PCV values in each
population  that inhabit conditions of
anthropogenic pollution, decreasing MCH values
(in population 4) and MCHC (in populations 2
and 4) and an increase of MCV in population 2.

Since establishing reference values for
haematological parameters in heterothermic
animals is a difficult task, comparing the
literature data is the only way to assess the
fluctuations in their values and their
dependence on environmental factors and
anthropogenic pollutants. The most common
cause of erythrocytosis in conditions of
prolonged living in anthropogenic pollution
is tissue hypoxia (Thrall et al., 2004; Allender
& Fry, 2008). The increase in erythrocyte
count leads to an increase in the oxygen
capacity of blood and is considered a
compensatory reaction to the general
decrease of oxygen - hypoxemia (Randall,
1982; Randall & Perry, 1992; Lai et al., 2006).
There is evidence in literature that a short
stay of P. ridibundus in polluted industrial
wastewater reduces the number of
erythrocytes and the amount of haemoglobin
(Romanova & Egorikhina, 2006; Vafis &
Peskova, 2009). However, in long-term
habitation of the species of Rana (Pelophylax)
genus (F. ridibundus in particular) in an
environment with persistent toxicants, the

opposite effects are observed - increase of
RBC counts and Hb values (Tarasenko &
Tarasenko, 1988; Peskova & Zhukova, 2005;
Sedalishtev, 2005; Toktamysova, 2005). In
some anuran amphibians there is suppression
of erythropoiesis as a result of the
accumulation of heavy metals in the liver
(Egorov et al., 2002; Akulenko, 2005; Chiesa et
al., 2006). The results in our study for the
population of P ridibundus inhabiting
Topolnitsa River (site 3), where pollutants are
mainly heavy metals, however, show the

opposite direction of change — erythrocytosis
in combination with hyperchromia, a reaction
that is adaptive rather than pathological.
There is scarce and unsystematized data in
literature on the status of the indicators PCV
(Ht), MCH, MCHC and MCV in Anura, and
most of the works is aimed at establishing
reference values for different species (Arserim
& Mermer, 2008; Giil et al., 2011, Mahapatra
et al., 2012). It should be noted, however, that
no environmental factor values were
monitored in these works. Data on changes in
PCV and the three derivative indicators in
amphibian populations inhabiting conditions
of anthropogenic pollution are scarce. In our
previous paper (Zhelev et al., 2005) we found
a statistically significant increase of PCV in
populations of P. ridibundus inhabiting an
area with well developed energy industry -
TPP "Maritsa Iztok - 1” near Galabovo Town
and we did not report differences in the
values of the indicators MCH, MCHC and
MCYV in comparison with the reference group
from the area of Harmanli Town (relatively
clean biotope). At the same time, in the
populations of P. ridibundus inhabiting
another anthropogenically polluted region -
the town of Dimitrovgrad, in the area of the
chemical plant “Neochim Inc.” we found a
statistically significant decrease in the values
of all four indicators (PCV, MCH, MCHC and
MCV) in comparison with the animals from
the control group. The analysis of differential
leukocyte counts in P. ridibundus populations
from four sites in Southern Bulgaria, shows
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that regardless of the living environment
parameters in the four habitats the blood of
frogs has a lymphoid character, but the
quantity of the largest cell group is with
highest statistical significance in the relatively
non-polluted habitat (site 1) and lowest in the
population from site 2 (Table 2). The found
significant lymphopenia in the populations of
anthropogenically polluted habitats is present
on the background of statistically significant
changes in the numerical ratio of all other
mature white blood cells in the peripheral
blood of the animals. This shows the general
mobilization of the body's defenses. The
changes in the differential leukocyte count of
animal blood from population 2 (site 2) were
referred to the so-called first type of reaction
(adaptive), according to the classification
proposed by Peskova (2001). Similar changes
in the differential leukocyte count in Anura,
in the presence of toxins of anthropogenic
origin, have been found by other authors as
well (Romanova & Romanova, 2003; Cabagna
et al,, 2005, Romanova & Egorikhina, 2006;
Peskova & Sharpan, 2007; Peskova & Vafis,
2007; Zhelev, 2007; Mineeva & Mineev, 2011;
Shutler & Marcogliese, 2011). The changes in
the differential leukocyte count in population
3 (site 3) were referred to the second type of
reaction by the terminology of Peskova (2001),
according to which these changes are a result
of serious violations in the physiological
functions of the body (even these of
pathological nature) under the influence of
toxins. Similar changes in the differential
formula in Anura, inhabiting conditions of
toxicosis have also been reported by (Isaeva &
Vyazov, 1997; Zhykova & Peskova, 1999;
Cabagna et al., 2005; Davis et al. 2008). The
changes in the leukogram in P. ridibundus
individuals that inhabit in site 4 (Studen
Kladenets Dam Lake) rather, they could be
attributed to the so-called first type of
reaction according to Pescova’s (2001)
classification. =~ The results from the
discriminant analysis (see Fig. 1) group
together populations 2 and 4 and at the same
time clearly separate them not only from

Zhelev & Popgeorgiev

population 1 but also from population 3. This
is undoubtedly an interesting fact considering
the nature of the toxicants present in Studen
Kladenets Dam Lake - heavy metals (for
details see Zhelev et al., 2015). The same type
of pollutants is present in the habitat
inhabited by population 3 (for details see
Zhelev et al., 2013). The conclusion to be
drawn is that with the same nature of
toxicants, the  disturbances in  the
physiological condition of the animals from
the respective populations of P. ridibundus are
different - in the Topolnitsa River they are
more serious. The reason for the reported
differences in the state of P. ridibundus
populations can be traced to the type of water
body and the concentration of toxicants. In
closed water bodies (such as Studen
Kladenets Dam Lake) the lack of currents and
larger sizes create conditions for the
accumulation of heavy metals in the bottom
sediments, while in shallower and faster
rivers this is not always the case. It is quite
possible that the changes in the blood of .
ridibundus from the population inhabiting the
Topolnitsa River (population 3) were
preceded by changes similar to those found in
the populations of the anthropogenically
transformed habitats of the Sazliyka River
(population 2) and Studen Kladenets Dam
Lake (population 4). This makes it extremely
important to establish a thin borderline
between the changes characterizing the
unique 'battle phase" in the blood of
amphibians, expressed in the mobilization of
the body's defenses, and the threshold of
toxicants leading to the predominance of
degenerative changes of pathological nature.
Of course, this task is complicated by the fact
that in natural reservoirs of different types,
along with the action of the anthropogenic
factor, the effect of the combination of a large
number of environmental factors must be
taken into account. Such a direction outlines
prospects for further research not only of
fundamental, but also of strictly applied
nature for the needs of bioindication and
biomonitoring.
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Root 1 vs. Root 2

Root 2

B S O S I S O RN T S ST

o populationt
c 2

populationd
population4

Fig. 1. Discriminatory coordinates by six most
informative parameters (RBC, PCV, WBC, Sg,
Ba, and Eo) of individuals from the four
compared Pelogphylax ridibundus populations
from the sites with different levels of
anthropogenic pollution in Southern Bulgaria.
This diagram is published in Zhelev et al. (2015).

Studies conducted in anthropogenically
polluted habitats of Tsalapitsa Rice Fields
(pesticides and fertilizers) and the Chaya
River (heavy metals), were carried out
taking into account the sex of the frogs. The
values of the studied haematological
markers were compared with those obtained
for the respective number of individuals of
both sexes inhabiting the reference site (the
Vacha River). Significant differences in the
values of tested haematological markers
were established in the blood of the frogs (in
individuals of both sexes) inhabiting the
Tsalapitsa Rice Fields compared to such
values in the blood of frogs from the
reference site. In our view, the erythropenia,
leucopenia, hypochromia, lower values of
PCV, St-neutrophilia, Sg-neutropenia,
basopenia, eosinophilia, monocytosis and
lymphopenia that were found in Pelgphylax
ridibundus  individuals  inhabiting the
Tsalapitsa Rice Fields were probably caused
by the pesticides and fertilizers that enter the
paddy cages during the rice production
process. These results are an indication of
severely deteriorated health status of frogs

inhabiting in the Tsalapitsa Rice Fields. This
conclusion is also confirmed by the results of
the discriminant analysis (Fig. 2). The spatial
distribution of factor loadings separates in
two clearly differentiated “clouds”: the
individuals of P. ridibundus from Tsalapitsa
Rice Fields and also these from the Vacha
River (for details see Zhelev et al., 2018).

Root 1vs. Root 2

Root 2
¥
o
o

© Reference site - Females

o Reference site - Males
Rice fields - Females

= Rice fields - Males

Fig. 2. Plot (discriminatory coordinates for
haematological parameters of the importance
of canonical discriminant function of the
Pelophylax ridibundusindividuals from the
investigated sites (Tsalapitsa Rice Fields -
polluted site and the Vacha River - reference
site). Root 1 - the first canonical function Root
2 - the second canonical function. This
diagram is published in Zhelev et al. (2018).

The studies of the populations” of P
ridibundus, inhabiting the industrial zone of
the city of Plovdiv City and the Chaya River
which flows through it, were conducted
with a smaller number of test animals (10
individuals of both sexes). This number was
consistent ~ with  analyzes for the
bioaccumulation of heavy metals in the
tissues of these frogs (muscle and liver). The
values of the tested haematological markers
were compared to these obtained for the
same number of individuals inhabiting in
the reference site: the Vacha River (see
Tables 1 and 2). In addition to
haematological parameters, a set of other
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morphophysiological markers were used in
this study, namely: body condition index
and organ indexes: hepatosomatic index,
spleenosomatic index and renosomatic
index.

The general adaptation syndrome
theory  (Selye, 1956), considers the
physiological response of each organism to
stress as a process involving three stages:
During the first stage, the body's defenses
are mobilized (alarm stage). The second
stage is characterized by general adaptation
of the body’s defenses and developing
mechanisms in response to stressors
(resistance stage). In the third stage, as a
result of the chronic action of toxicants (or
an increase in their concentration over time),
the adaptive potential of the organism is
depleted, its energy resources are reduced
and death occurs (exhaustion stage). The
results of this research showed that the
exhaustion stage was reached for the frogs
inhabiting an area of industrial pollution in
Southern Bulgaria, and an impossibility to
cope with the force and enduring action of
the toxicants present in the environment
was observed as well. Low body weight
combined with values of the body condition
index is observed in the frogs of both sexes
inhabiting the Chaya River and they are
anemic (erythropenia and hypochromia),
their immunity is weakened (leucopenia,
neutrophilia, monocytosis, lymphopenia
and lower values of the spleenosomatic
index) and the functions of their livers and
kidneys are deteriorated (for details see
Zhelev et al., 2020). The results of the
discriminant analysis clearly differentiate
and separate the P. ridibundus individuals in
the Chaya River from these inhabiting the
reference site (see Fig. 3).

Variations in the size and shape of
erythrocytes (and their nuclei) in anurans
have been very poorly studied. Single
studies have focused on changes in

Zhelev & Popgeorgiev

erythrocyte  morphology in  anurans
populations  inhabiting conditions  of
anthropogenic stress (Zhelev et al., 2006;
Omelykovets & Berezyuk, 2009; Bondarieva
et al., 2012; Salinas et al., 2017, Donmez &
Sisman, 2021).

Root 1 vs Root 2

ofi-1g—)
o
3 Py

8

Root 2
o
o

-40 -30

Fig. 3. Canonical discriminant functions
scatter plot of tested biological parameters
of Pelophylax ridibundus specimens from the
sites studied. This diagram is published in

Zhelev et al. (2020). Legend: Polluted siete

(PS): the Chaya River, Reference site (RS):
the Vacha River, F: females, M: males.

Although the authors of those works
report changes in the size and shape of
erythrocytes in anurans from polluted
ecosystems, when comparing them to
populations of frogs inhabiting
background territories, there are no
categorical opinions regarding the causes
of the observed changes or their biological
role.

Tables 3 and 4 present the results of our
research, conducted in P ridibundus
populations that inhabit five water bodies
in Southern Bulgaria (2 rivers and 3
reservoirs) with different degrees and types
of anthropogenic pollution (less disrupted
water bodies, domestic sewage pollution
and heavy metal pollution).
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Table 3. Erythrocyte cells measurements (Mean + SEM values and their confidence
interval - 95%) in Pelophylax ridibundus individuals from investigated sites in Southern
Bulgaria and results from their comparisons. The signs > and <are used to compare the mean
values of the parameters. Legend Sites: Site 1 (Sazliyka River below the village of Rakitnitsa),
site 2 (Sazliyka River below the town of Radnevo), site 3 (Topolnitsa River below the village
of Chavdar), site 4 (Topolnitsa River below the village of Poibrene), site 5 (Vacha dam lake),
site 6 (Rozov Kladenets dam lake), site 7 (Studen Kladenets dam lake), site 8 (Vacha River),
site 9 (Chaya River). Abbreviations: Reference site (RS), Polluted site (PS), number of
individuals (n), biological oxygen demand five days (BODs), nitrite nitrogen (NO=»-N),
nitrate nitrogen (NO3-N), ammonium nitrogen (NH'4-N), total nitrogen (TN),
orthophosphates (PO%;), copper (Cu), iron dissolved in water (Fe), lead (Pb), manganese
(Mn), arsenic (As), cadmium (Cd), zinc (Zn), erythrocyte length (EL), erythrocyte width (EW),
erythrocyte size (ES). Significance codes: *p < 0.05; **p < 0.01; **p < 0.001; ns p > 0.05.

Parameters

Sites EL (um) EW (um) EL/EW ratio ES (um) Publications
Site 1 (RS) 24.01£0.07 13.90£0.05 1.73£0.01 263.21+1.75
(n=15, 9+3) (23.87-24.15) (13.79-14.00) (1.72-1.74) (259.78-266.63)
Site 2 (PS: BODs,
NO2N, NOsN, | 24.98+0.08 14.5020.07 1.73£0.01 286.5742.32
TN, PO%) (n=15, | (24.81-25.14) (14.37-14.63) (1.72-1.74) (282.00-291.13)
+3)
?eteps 1\(;? AS)“’ 22.6120.05 13.7620.03 1.64+0.01 244.63+1.02
(015, 9+8) (22.51-22.71) (13.69-13.82 (1.63-1.65) (242.63-246.63)
?gepé‘ &f’ A(S:)u' 22.28+0.06 13.65+0.05 1.6320.01 239.7941.49
(015, 9+3) (22.15-22.41) (13.55-13.74) (1.63-1.64) (236.87-242.72)
Site 5 (RS) 24.45+0.09 14.15+0.06 1.7320.01 273712224
(n=15, 9+3) (24.27-24.62) (14.03-14.27) (1.72-1.74) (269.32-278.11) Jheley et al
Site 6 (PS: (2017b)
BODs, NO»N,
NOwN N | 24792008 14.32+0.06 1.7420.01 280.8142.19
PO3'3) ’ " | (24.63-24.95) (14.20-14.44) (1.73-1.75) (276.51-285.12)

4
(n=15, 9+3)
?;QPT; g?) Cd | 22504006 13.59+0.05 1.6620.01 240.9841.35
(15, 25) (22.39-22.61) (13.49-13.67) (1.65-1.67) (238.33-243.63)

F=254322, (12 = | Fosis =42.262, 1.2 > | F=136.312, (1.1 =

F=116513,1.2 > 4.1 >
11> (21=22=51),
12 >41>31> (21
=22=51),12> (21

41) > 11 > (21
Statistics  (one | 51) > 22, (1.2
way ANOVA, | 41) > 31 > (21

41> 11> (21 = |12 = 41) > 51 >
22)>51,12>41> | 21=22),31=12
31> (21 =22 >|=41)>51>@21=

F, LSD tests) 51)>22,12>@21={51, 12 > (21 =|22,12>51>@21 | _-5_
51)>22,41>@21=|22)>51,41> (21 | = 22),41>51 > ;;g; 55 '11))’ 41> (@21
5.1)>2.2 =22)>51 (21=22) -

Site 8 (RS) ©: 24.35£0.09 ©: 14.150.07 ©:1.73+0.01 Q: 272.22+42 46

Female (1) n = | (24.15-24.55) (14.01-14.29) (1.71-1.74) (267.39-277.05)

10 §:24.23+0.10 $:14.14£0.07 $:1.72+0.01 8- 270.89+2.59

Male @ n=10 | (24.03-24.42) (13.99-14.29) (L.71-1.73) (265.78-275.99)

ls\llgzNa)S‘ 11\111({): E ©: 22.4720.06 ©:13.52+0.04 ©: 1.650.01 ©: 240.5621.29 Zhelev ot al

P 0, 70, Ca, AS)' (22.35-22.59) (13.52-13.69) (1.64-1.66) (238.02-243.09) (2021) :

Fenmle Q=10 | 5:2254£0.07 3:13.6520.05 3:1.6520.01 3: 242.31£1.49

Male(@n=10 (22.40-22.67) (13.55-13.75) (1.64-1.66) (239.37-245.25)

Statistics  (one | F=148.091,  1/2u, | F=24.074,  1/2u, | F=65.079,  1/2., | F=72.719, 1/24s,

way ANOVA, | 153%, 14", 2537, | 153", 1547, 253+, | 1>3%, 154", 253+, | 1>3%, 154, 253~

F, LSD tests) 254, 3/ 4ns 254, 3/ dns 254, 3/ 4ns 254, 3/ 4ns
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Table 4. Erythrocyte nuclei measurements (MeanstSEM and their Confidence - 95%) in
Pelophylax ridibundus individuals from investigated sites in Southern Bulgaria and results
from their comparisons. The signs > and <are used to compare the mean values of the
parameters. Legend: Sites: Site 1 (Sazliyka River below the village of Rakitnitsa), site 2
(Sazliyka River below the town of Radnevo), site 3 (Topolnitsa River below the village of
Chavdar), site 4 (Topolnitsa River below the village of Poibrene), site 5 (Vacha dam lake), site
6 (Rozov Kladenets Dam Lake), site 7 (Studen Kladenets Dam Lake), site 8 (Vacha River), site
9 (Chaya River). Abbreviations: Reference site (RS), Polluted site (PS), number of individuals
(n), biological oxygen demand five days (BODs), nitrite nitrogen (NO~»-N), nitrate nitrogen
(NO3-N), ammonium nitrogen (NH*4-N), total nitrogen (TN), orthophosphates (PO%y),
copper (Cu), iron dissolved in water (Fe), lead (Pb), manganese (Mn), arsenic (As), cadmium
(Cd), zinc (Zn), nucleus length (NL), nucleus width (NW), nucleus size (NS). Significance
codes: *p < 0.05; **p < 0.01; ***p < 0.001; ns p > 0.05.

Parameters
Sites NL (um) NW (um) NL/NW ratio NS (um?) NS{}]}EHS;1 g)aho Publications
Site 1 (RS) 9.67+0.05 5.65+0.03 1.73+0.01 43.39+0.44 0.17+0.002
(n=15, 2+3) (9.56-9.77) (5.58-5.71) (1.71-1.74) (42.53-44.24) (0.16-0.17)
Site 2 (PS:
EI%)SNNO%:II’ 9.78+0.05 5.64+0.03 1.74+0.01 43.73+0.40 0.16+0.002
PO;; ’ " (9.68-9.89) (5.59-5.70) (1.73-1.76) (42.94-44.51) (0.15-0.16)
4,
(0=15,9+3)
lszle}epi I\(irsp./fsl)l, 8.08+0.05 5.14+0.03 1.58+0.01 33.01+0.34 0.13+0.001
(n=15, 2+3) (7.99-8.17) (5.09-5.19) (1.56-1.59) (32.35-33.67) (0.13-0.14)
?.:epi (II\Z, isu)’ 8.28+0.05 5.20+£0.03 1.60+0.01 34.22+0.34 0.14+0.001
(n=15,5+3) (8.18-8.37) (5.15-5.27) (1.58-1.61) (33.54-34.90) (0.14-0.15)
Site 5 (RS) 9.62+0.05 5.39+0.03 1.80+0.01 41.07+0.37 0.15+0.001
(n=15, ?+3) (9.53-9.72) (5.33-5.44) (1.78-1.82) (40.35-41.79) (0.15-0.16) Zhelev et al
Site 6 (PS: (2017b)
EIODS’N g Ol-\z}_ 9.79+0.05 5.53+0.03 1.79+0.01 42.71+0.34 0.1620.001
, N,
TN, PO™) (9.70-9.88) (5.47-5.58) (1.77-1.81) (42.04-43.39) (0.15-0.16)
(=15, $+3)
;1: 7P(£S : 8:11)’ 8.43+0.05 5.31+0.03 1.59+0.01 35.58+0.35 0.14+0.001
(n=15,2+3) (8.34-8.53) (5.26-5.36) (1.58-1.61) (34.89-36.27) (0.14-0.15)
F=252757, (11 = | F=54115 (11 = | F=1450%, 41 > | __ _qo_ | F=38608,11> (12
Statistics 12=41)>51>|12>41>51>| 11=12>QR1= 51)155;618; (1'212 >1§1 =14)>(22=51)>
(one wa 22 >21, (12 =| @21 =22,12>| 22 =51), 31 = (12=4i)>31>51>’ 21, (12 = 41) >
ANOVA Fy 41)>31>51>|41>31>51>| 41)>12>Q21= 22>2112’>5'1> 31>@2=51)>
LSD tes t;,) 7| 22>21,12>51> | 21=22),12>5. | 22=51),12>1 > 21’ 41> 5'1 S 2L 12> 2=
22>21,41>51> | 1>(21=22),41> | =22=51), 41> 22>21’ ’ 51)>21,41>2=
20>21 51>(21=22) (21=22=51) 51)>21
Site 8 (RS) 9:9.58+0.06 9: 5.49+0.04 9:1.76%0.01 9: 41.76+0.51 9:0.16+0.002
Ferrdle ())n=10 (9.44-9.71) (5.41-5.57) (1.73-1.78) (40.75-42.78) (0.15-0.17)
Male 2)n=10 3:9.65+0.06 3:5.54+0.04 3:1.75+0.01 3:42.51+0.51 3:0.16+0.002
(9.53-9.78) (5.47-5.62) (1.73-1.77) (41.51-43.52) (0.15-0.17)
Site9 (PSNH'sN,
NOsN, NON, | 9: 8.14+0.05 9:5.20+£0.03 9:1.57+0.01 9: 33.6440.41 9:0.14+0.001 Zhelev et al
Pb, Gd, Zn, Cu, | (8.02-8.25) (5.14-5.26) (1.55-1.59) (32.82-34.45) (0.13-0.15) (2021) '
As) 3: 8.48+0.06 3:5.35+0.03 3:1.59+0.01 3:36.13+0.45 3:0.15£0.002
Female@n=10 | (8.35-8.61) (5.28-5.41) (1.57-1.60) (35.23-37.02) (0.14-0.16)
Male@n=10
Statistics (one | F=148181, 1/2., | F=18807, 1/2w | F=114870, 1/2. | F=82438,  1/2. | F=18219, 1/2
way ANOVA, | 1>3",1>47,2>3", | 1>37, 1>47, | 1>37, 1>47, | 153, 1>4™, 2>37, | 1>37,1>4™,2>37,
F, LSD tests) 2>47,3<4™ 2>37,2>47,3<4" | 2>3",2>4",3/4 | 2>47,3<4" 2>4",3<4"
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The analysis of the data showed that the
changes in metric parameters of erythrocytes
depend on the concentration of toxic
substances and their type, and to a lesser
extent show dependence on the type of water
body. We found a statistically significant
increase in the parameters: erythrocyte length
(EL), erythrocyte width (EW) and erythrocyte
size (ES) in populations of P. ridibundus
inhabiting water bodies with domestic sewage
pollution, compared to those of control groups
from reference sites. This leads to a change in
the shape of erythrocyte cells in these frogs
which takes an elongated-elliptical shape (see
Fig. 4). At the same time, in these populations
of P. ridibundus the basic nuclear parameters
(NL: nucleus length; NW: nucleus width and
NS: nucleus size) are unchanged compared to
the control groups. The nuclei retain their
typical elliptical shape. In P. ridibundus
populations  inhabiting ~ water  bodies
contaminated with heavy metals, the
parameters EL, EW, ES, N, NW and NS
decrease compared to the control groups. The
cells and nuclei were rounded (oval or
spherical shape). In the populations of
anthropogenically polluted water bodies the
NS / ES decreases in comparison with the
control groups, regardless of the type of
toxicants (for details see Zhelev et al., 2018).

Our studies in the populations of P.
ridibundus inhabiting habitats (sites) 1, 2 and 3
(see Tables 3 and 4) were continued in a seasonal
aspect: analyses were performed in these habitats
not only in the spring but also in the summer
and autumn. The results of these studies are
published in Zhelev et al. (2016b). Although
some fluctuations in the metric parameters of
erythrocyte cells and their nuclei were observed
in the populations of P. ridibundus from the two
anthropogenically contaminated habitats (sites 2
and 3), the changes observed in the spring
persisted during the other two seasons. In the
population from the habitat with domestic
sewage pollution (site 2) the cells had a typically
elliptical shape, but the ellipse became a little
more elongated in summer and autumn.
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Fig. 4. Photomicrographs of erythrocytes of
Pelophylax ridibundus populations from the
investigated water bodies (*rivers and
**reservoirs) in Southern Bulgaria: (1.1%, 3.1%*) -
less disrupted, (1.2*, 4.1**) - domestic sewage
polluted and (2.1%, 5.1**) - heavy metal
polluted water basins. Scale lines = 10 pm.
Legend: 1.1 - the river Sazliyka below the
village of Rakitnitsa, 1.2 - the river Sazliyka
below the town of Radnevo, 2.1 - the river
Topolnitsa below the village of Chavdar, 2.2 -
the river Topolnitsa below the village of
Poibrene, 3.1 - the Vacha reservoir, 4.1 — the
Rozov Kladenets reservoir and 5.1 - the
Studen Kladenets reservoir. This photos is
published in Zhelev et al. (2018).

The nuclei had a typical oval shape,
but some elongation of the ellipse also
occurred (NW values were close to those
from the less disrupted one, NL/NW
became significantly = higher in the
population during summer and autumn).
Throughout spring to autumn, NS/ES
decreased in comparison with the less
disrupted group (site 1). In the population
from the habitat with heavy metal pollution
(site 2), the values of all 9 cellular and



nuclear parameters were the lowest
throughout the investigation. EL, EW, NL,
NW and ES experienced a progressive and
statistically significant decrease during the
seasonal transitions. EL/EW significantly
increased throughout summer and showed a
statistically = significant decrease again in
autumn. NL/NW experienced no changes in
spring and declined in autumn. NS/ES
reached its peak in spring, and significantly
decreased during the course of the other two
seasons. The shape of cells and nuclei became
slightly more rounded; this was most
pronounced during spring (for details see
Zhelev et al.,, 2016b). The changes in the sizes
of erythrocyte cells and their nuclei, found in
the populations of P. ridibundus inhabiting the
anthropogenically polluted sites (2 and 3),
were confirmed in the study conducted in the
populations of P. ridibundus, inhabiting the
industrial zone of Plovdiv City (see Tables 3
and 4). In the blood of frogs from the
anthropogenically polluted habitat of Chaya
River (heavy metals, nitrates, nitrites and
ammonium), oval and spherical erythrocytes
circulate. Also, a significant reduction was
found in the nucleus / cytoplasm ratio of the
blood of these frogs (for details see Zhelev et
al., 2021). The results from the PCA analysis
confirmed that the differences between frogs
from the polluted site (the Chaya River) and
the reference site (the Vacha River) are mainly
due to changes affecting the two main
parameters of erythrocyte cells and their nuclei
(Iength and width), and also to changes in
nucleus sizes and nucleocytoplasmic ratio (Fig.
5).

We believe that the changes in the
morphology of erythrocyte cells and their
nuclei, found in the populations of P.
ridibundus  inhabiting anthropogenically
polluted habitats in Southern Bulgaria (sites,
3, 4,7 and 9 - see tables 3 and 4), can be
considered adaptations increasing the
contact surface and oxygen capacity of
erythrocytes in conditions of hypoxia.
Although these changes are essentially
aimed at adaptation and a better life in an
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environment with deteriorating parameters,
we cannot say for sure that this is actually
taking place in these populations.

Projection of the variables on the factor-plane ( 1x 2)

10 o

NS ES

Ny EL_EW
\ NL, /

1.0 I

Factor 2 : 33.00%

-1.0 05 0.0 05 1.0
Factor 1: 39.51% o Active

Fig. 5. Ordination on the two canonical
variables (Factor 1) and (Factor 2) for tested
erythrocyte-metric parameters in Pelophylax

ridibundus specimens. The distinguishing
force of the parameter is indicated by the
arrow length; a large importance is shown
by the long arrow and it is strongly
correlated with the ordination axes. This
diagram is published in Zhelev et al. (2021).

We believe that in order to be able to
adequately assess the effects of morphological
changes in the erythrocytes of these animals,
they must be combined with analyzes of other
physiological (in particular haematological)
parameters. This thesis is supported by the
results obtained in the analysis of a complex of
morphophysiological parameters in the study
conducted in the populations of P. ridibundus
from the Chaya River (site 9). In these frogs,
we found anemic changes (erythropenia and
hypochromia) and weakened immunity
(neutrophilia,  eosinophilia, = monocytosis,
basopenia, and lymphopenia) compared to the
frogs from the control group (site 8). The
changes indicate a severe deterioration of the
health status of these frogs (for details see
Zhelev et al.,, 2020). On the other hand, it is
very difficult to unambiguously assess the
effects of changes in erythrocyte sizes in the
polluted sites 2 and 5 (large erythrocytes with
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an elongated elliptical shape of the cell). There
are interesting studies on birds in literature
(Nadolski et al., 2006; Banbura et al., 2007;
Janiga et al, 2017) and deep-sea marine
mammals (Hedrick & Duffield, 1991,
Promislow, 1991; Debey & Pyenson, 2013)
where it is reported that large erythrocytes,
combined with high haemoglobin and
haematocrit values, may also be adaptive.
In birds, they give a better chance of
survival to young chicks, and in marine
mammals, they supply cells slower and
longer with oxygen when diving to great
depths. Despite these examples, we believe
that the effects of changes in erythrocyte
size and shape found in homothermic
animals should not be unambiguously
interpreted and extrapolated to
heterothermic animals (such as anurans).
This would not be correct, at least because
of the differences in the mechanisms of
metabolism and the levels of its regulation
in these different groups of animals
(Koztowski et al., 2010; Adrian et al., 2016).
The results of our studies provide
conclusive  evidence that erythrocyte
measurements can be successfully used as
biomarkers of physiological stress. They
support the view of Davis & Maerz (2008a;
2008b), that erythrocyte sizes combined
with other haematological parameters may
be an objective marker for assessing
environmental stress levels in amphibian
populations living in anthropogenically
contaminated habitats. However, we
believe that the specific lifestyle of different
groups of amphibians, as well as the
characteristics of their habitat, should be
taken into account when the morphology of
blood cells (in combination with other blood
parameters) is used to diagnose their health
(physical fitness). The results of our studies
once again emphasize the importance of
haematological studies, including the
morphology of blood cells as reliable
biomarkers in the field of ecotoxicological
studies. This necessitates rethinking of
studies aimed at presenting ‘"reference
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values" for quantitative (RBC and WBC
counts), qualitative blood parameters
(haemoglobin concentration haematocrit
value and derivative parameters such as
haematological indexes: MCH, MCHC and
MCV), and for erythrocyte sizes. In our
opinion, these studies would not be correct
without providing data on the state of
physio-chemical characteristics of the
environment as well as tracing the possible
presence of anthropogenic stressors in the
specific habitat. Based on our results from
studies with P. ridibundus test-subjects, we
believe that the analysis of environmental
factors is particularly necessary for analyses
performed with water frogs, which spend a
significant portion of their lives in aquatic
habitats.

Conclusions

As a result of our long-term in situ
studies in populations of marsh frog P.
ridibundus  inhabiting anthropogenically
polluted water ecosystems in Southern
Bulgaria, we find that the combination of
erythrogram and leucogram parameters
provides a powerful and objective tool for
diagnosing their health status (physical
fitness). Changes in the size of erythrocyte
cells and their nuclei is also a promising
biomarker for assessing the effects of
environmental stress, but for a better
understanding of the physiological changes
occurring in the body of amphibians
inhabiting conditions of chronic
anthropogenic pollution, in our opinion
these analyses should be combined with
studies of other blood parameters, such as
RBC, WBC count, Hb concentration, Hct
value and differential leukocyte count. Of
course, this type of analysis cannot
completely replace the routine physio-
chemical analyses used in the monitoring of
ecological quality of water ecosystems, but
they can provide sufficiently reliable
supplementary information. In some cases,
especially when looking for the long-term
effects of toxic agents on biota, this



information may be not only useful but also
much more plausible than the one obtained
from physio-chemical monitoring. Physio-
chemical analysis gives a "snapshot" of the
state of the waterbody - at the time of
sampling, and haematological analysis
assesses the general health status of frogs
which is a total result of the long-term
effects of contaminants on their body.
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