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ABSTRACT

Assessment of the ecological status of river waters is of great importance for the protection of water resources,
their efficient management, and the identification of anthropogenic impacts. The aim of this study was to assess the
water quality of selected rivers belonging to the Kura and Araz River basins based on physicochemical and micro-
biological parameters, as well as to determine the relationships among these parameters using statistical methods.
Within the framework of the study, water samples collected from the Lower Kura, Ganjachay, Kurakchay, Tar-
tarchay, Araz River, Hakarichay, Bargushadchay, and Okhchuchay were analyzed for temperature, pH, dissolved
oxygen, concentrations of ammonium, nitrite, nitrate, and phosphate ions, total microbiota, saprotrophic bacteria,
bacteria involved in the nitrogen cycle, as well as the quantitative abundance of oil- and phenol-oxidizing micro-
organisms using standard physicochemical and microbiological methods. Pearson correlation analysis, principal
component analysis (PCA), and hierarchical cluster analysis (HCA) were applied to evaluate the relationships
among the parameters. The obtained results demonstrated that the physicochemical and microbiological param-
eters of the studied rivers varied both seasonally and among rivers. Higher levels of nutrients and microbiological
parameters were observed in the Ganjachay, Araz River, Lower Kura, and Okhchuchay, whereas the Hakarichay,
Kurakchay, and Tartarchay were characterized by relatively favorable ecological conditions. A strong positive cor-
relation was identified between total microbiota and saprotrophic bacteria (r =0.709; p <0.001). PCA and HCA re-
vealed that the rivers were grouped differently according to nutrient loading, microbiological activity, and the level
of anthropogenic impact. The results of the study demonstrate that the integrated application of physicochemical,
microbiological, and multivariate statistical approaches provides a reliable framework for the comprehensive as-
sessment of the ecological status of river waters, the identification of river basins associated with ecological risks,
and the scientifically based development of long-term monitoring programs.

Keywords: river water quality, ecological assessment, microbiological indicators, nutrient pollution, transbound-
ary rivers, anthropogenic impact, PCA, HCA.

INTRODUCTION

Water is one of the fundamental compo-
nents of life on Earth and plays a crucial role
in maintaining ecological balance and ensur-
ing socioeconomic development. The uneven
spatial distribution of freshwater resources,
climate change, and increasing anthropogenic
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pressures have made their protection and ef-
ficient management one of the major global
environmental challenges (UNESCO WWAP,
2024). In this context, transboundary river ba-
sins are of particular importance. Covering ap-
proximately half of the Earth’s land surface,
these basins provide water to approximately
40% of the world’s population and contain a
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substantial proportion of global freshwater re-
sources (FAO, 2024; UN-Water, 2021).

However, water use and other anthropogenic
activities carried out in upstream countries direct-
ly affect both the quantity and quality of water in
downstream countries. Climate change, popula-
tion growth, industrialization, and the intensifica-
tion of agriculture further exacerbate these prob-
lems, making the management of transboundary
water resources increasingly complex.

Transboundary pollution refers to pollution
originating within the territory of one state but
crossing national borders through air currents,
rivers, seas, or other natural pathways and ad-
versely affecting the environment of another
country (UNECE, 1992). This type of pollution
can deteriorate the condition of atmospheric air,
water bodies, soils, and ecosystems, damage bio-
diversity, and pose serious risks to human health.
The principal characteristic of transboundary pol-
lution is that its effects are not confined to the
country in which the pollution originates but may
extend to neighboring and even distant states.

In addition, transboundary pollution is char-
acterized by its ability to spread over consider-
able distances. Through river systems, marine
currents, and atmospheric circulation, pollutants
may travel hundreds or even thousands of kilo-
meters and reach areas far from their original
sources. This characteristic demonstrates that
pollution is not restricted by national borders and
may acquire a global dimension. For this reason,
transboundary pollution is often described as
“pollution without borders.” A classic example
of such an event is the Baia Mare accident that
occurred in Romania in 2000, when 100,000 m?
of cyanide-contaminated wastewater entered wa-
tercourses and spread into Hungary and Serbia,
causing a transboundary environmental disaster
(UNECE, 2004).

Another important aspect of transboundary
pollution is that its ecological impacts are not limit-
ed to the state in which the pollution originates. On
the contrary, these impacts may also be transferred
to countries with relatively low levels of emis-
sions. Consequently, the burden of environmental
damage may fall on states that are not the primary
sources of pollution, raising important legal and
political issues concerning environmental justice
and the international responsibility of states.

Furthermore, because ecosystems are inter-
connected, intensive pollution originating in one
region may cross geographical boundaries and

adversely affect the ecological condition of dis-
tant and even relatively unpolluted areas. This
phenomenon confirms that the environment con-
stitutes an integrated and interdependent system
and demonstrates that the prevention of trans-
boundary pollution is possible only through coor-
dinated cooperation among states.

Thus, the prevention and effective manage-
ment of transboundary pollution are regarded
as major global environmental issues requiring
strengthened international cooperation among
states, effective information exchange, the imple-
mentation of joint monitoring mechanisms, and
compliance with international environmental law.
Solid waste generated by industrial activities may
contain various chemical elements that can act
as potential sources of environmental pollution;
therefore, the application of modern analytical
techniques for the characterization of such waste
is essential for assessing its potential environ-
mental impacts (Jafarova et al., 2026).

The water balance of Azerbaijan is formed
predominantly by the waters of the Kura and
Araz rivers, both of which are transboundary riv-
ers. This characteristic highlights the crucial role
of these rivers and their basins in the country’s
hydrographic network. The river network of the
Republic of Azerbaijan consists of more than
8.350 rivers. Their total length is approximately
33,665 km, while the total area of their drainage
basins is approximately 85,500 km?. Classifica-
tion according to river length indicates that only
two rivers are longer than 500 km, 22 rivers have
lengths ranging from 101 to 500 km, and 324 riv-
ers range from 11 to 100 km in length (Azerbaijan
Geographical Society, n.d.). The vast majority of
the country’s rivers are less than 10 km long. All
rivers in Azerbaijan belong to the Caspian Sea ba-
sin and, according to their hydrographic charac-
teristics, are divided into three main groups:

1. Rivers of the Kura basin — including the left
and right tributaries of the Kura River;

2. Rivers of the Araz basin — consisting mainly of
the left tributaries of the Araz River;

3. Rivers flowing directly into the Caspian Sea —
rivers that do not belong to the Kura or Araz ba-
sins and discharge directly into the Caspian Sea.

Among the most polluted rivers in the country
are the Kura, Araz, Okhchuchay, Aghstafachay,
Tovuzchay, and Gargar River; in particular, Okh-
chuchay has been described as a “dead river” due
to waste originating from the mining industry in
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the Kapan region of Armenia (Azerbaijan Geo-
graphical Society, n.d.).

The investigations were conducted in the
Kura and Araz rivers and several of their tribu-
taries. Within the framework of this study, the
Ganjachay, Kurakchay, and Tartarchay are right-
bank tributaries of the Kura River, whereas the
Hakarichay, Bargushadchay, and Okhchuchay are
left-bank tributaries of the Araz River, together
forming part of an integrated hydrological system.
Therefore, ecological changes and anthropogenic
impacts occurring in these rivers may propagate
downstream and directly affect the ecological sta-
tus and water quality of the Kura and Araz rivers.
Consequently, assessment and regular monitoring
of the ecological status of rivers belonging to the
Kura and Araz River basins are of considerable
scientific and practical importance (Karr, 1999).
Similar ecological assessment approaches have
also been successfully applied to other water bod-
ies in Azerbaijan, such as Lake Boyukshor (Haji-
yeva et al., 2020). Considering that the Kura Riv-
er is one of Azerbaijan’s major water sources and
that its right-bank tributaries-the Tartarchay, Gan-
jachay, and Kurakchay - play an important role
in regional water supply, protecting these rivers
from anthropogenic impacts, maintaining their
water balance, and investigating seasonal varia-
tions in their hydrochemical and microbiological
parameters are essential for an objective assess-
ment of their ecological status. The microbiologi-
cal composition and self-purification potential of
Azerbaijan’s transboundary river waters have also
been partially investigated in previous studies. In
particular, the role of micromycetes involved in
the degradation of organic matter in transbound-
ary river waters has been investigated (Hasanova
et al., 2023), and the bioremediation potential of
microorganisms isolated from river waters has
been evaluated (Hasanova et al., 2025). These
studies indicate that the microbial community of
river ecosystems is not only an indicator of pollu-
tion but also a functional component actively in-
volved in the self-purification of water. Similarly,
studies conducted in the southern sector of the
Caspian Sea belonging to Azerbaijan have con-
firmed that the genetic diversity and distribution
of macrozoobenthic species are also important in-
dicators reflecting the biological status of aquatic
ecosystems (Huseynov et al., 2026).

Although the hydrochemistry of the Kura and
Araz basins has been described in general terms,
previous assessments of Azerbaijani surface
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waters have addressed either physicochemical
variables or individual microbial groups in isola-
tion, and have typically been restricted to a sin-
gle river, a single season, or a single functional
group of microorganisms (Hasanova et al., 2023;
Hasanova et al., 2025; Babashli et al., 2022; Ba-
bashli et al., 2023). No study has so far combined
seasonally resolved hydrochemical monitoring
with the simultaneous quantification of several
functional microbial guilds — saprotrophic bacte-
ria, nitrogen-cycle bacteria, and hydrocarbon- and
phenol-oxidizing microorganisms — across rivers
of both the Kura and the Araz basins, nor has such
a combined dataset been interpreted by multivari-
ate ordination. This lack of an integrated, basin-
scale and seasonally resolved dataset constitutes
the knowledge gap addressed here.

The present study was therefore designed to
quantify seasonal and inter-river variation in the
physicochemical characteristics and nutrient con-
tent of eight rivers of the Kura and Araz basins, to
determine in the same samples the abundance of
total microbiota, saprotrophic bacteria, nitrogen-
cycle bacteria and oil- and phenol-oxidizing mi-
croorganisms, and to classify the rivers by their
combined physicochemical and microbiological
characteristics using multivariate statistics, there-
by identifying the basins in which anthropogenic
pressure is most clearly expressed.

MATERIALS AND METHODS

Study area

The study covered the Lower Kura and its
right-bank tributaries — the Ganjachay, Kurak-
chay and Tartarchay — as well as the Araz River
and its left-bank tributaries — the Hakarichay,
Bargushadchay, and Okhchuchay (Figure 1).

The Kura River, one of the study sites, is the
largest transboundary river in the Caucasus. It
originates from Mount Kizilgedik (2740 m) in
Tiirkiye, flows through Georgia, enters Azerbai-
jan, and crosses the Kura-Araz Lowland before
discharging into the Caspian Sea (length: 1515
km; basin area: ~188,000 km?). Its lower reach,
extending from the Mingachevir Reservoir to the
Caspian Sea (Lower Kura), was selected as the
study area. Among the right-bank tributaries of
the Lower Kura, the Tartarchay (200 km; 2650
km?) flows through the Kalbajar, Aghdara, Tartar,
and Barda districts; the Kurakchay (186 km; 2080
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Figure 1. Hydrographic characteristics of the studied rivers

km?) flows through the Goranboy, Goygol, and
Yevlakh districts; and the Ganjachay (99 km; 752
km?) originates in the Murovdag Range of the
Lesser Caucasus (2814 m), flows through Dash-
kasan, Goygol, and the city of Ganja, and dis-
charges into the Mingachevir Reservoir. The Araz
River (1072 km; 101,900 km?), the largest tribu-
tary of the Kura and the second-largest river in the
South Caucasus in terms of discharge, originates
in the Bingol Mountains (2990 m) in Tirkiye. It
flows through the territories of Tiirkiye, Armenia,
and Azerbaijan, forms part of the international
borders between Azerbaijan, Tiirkiye, and Iran
over a considerable distance, and, after flowing
for its final 80 km through Azerbaijan, joins the
Kura River near Sabirabad. Among its left-bank
tributaries, the Hakarichay (113 km; 2570 km?)
flows through the Lachin, Gubadli, and Zangilan
districts; the Bargushadchay (Bazarchay) (178
km; 2711 km?) originates from Lake Zalkha in the
Zangezur Range, flows through Armenia, and en-
ters Azerbaijan in the Gubadli District; while the
Okhchuchay (85 km; 1140 km?) originates in the
Kapan region of Armenia and flows through the
Zangilan District. Before joining the Araz River,
all three rivers enter Azerbaijan from Armenia as
transboundary watercourses (Azerbaijan Geo-
graphical Society, n.d.).

Seasonal monitoring was conducted to inves-
tigate the microbiological and hydrobiological
status of the studied rivers. Water samples were
collected from different locations along each
river, and the physicochemical properties of the
water, quantitative and qualitative variations in
microorganisms, biotic and abiotic factors, sa-
protrophic bacteria, oil- and phenol-utilizing

microorganisms, bacteria involved in the nitrogen
cycle, and concentrations of biogenic elements
were determined.

Sampling procedure

Water samples were collected seasonally dur-
ing four campaigns: December 2024 (winter),
April 2025 (spring), July 2025 (summer) and Oc-
tober 2025 (autumn). Monitoring stations were
established on each of the studied rivers. On the
Lower Kura, twelve stations were located at the
upstream and downstream boundaries of six set-
tlements — Mingachevir, Yevlakh, Zardab, Shir-
van, Salyan and Neftchala - in order to capture the
influence of each settlement on water quality. On
the tributaries, sampling was carried out on the
Ganjachay downstream of the city of Ganja, on the
Kurakchay near Goranboy, on the Tartarchay near
Tartar, on the Araz River near Sabirabad, and on
the Hakarichay, Bargushadchay and Okhchuchay
within the Gubadli and Zangilan districts. Coor-
dinates were not recorded during the campaigns;
station positions are therefore reported by river
and locality. Three replicate water samples (n = 3)
were collected from each station and transported
to the laboratory under refrigerated conditions.

Physicochemical analysis

All physicochemical determinations were
carried out in accordance with Standard Meth-
ods for the Examination of Water and Wastewater
(APHA, 2017; 23rd edition). Water temperature
(°C) was measured in situ with a mercury ther-
mometer. The pH was determined in situ using
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a portable pH-200 analyzer, and dissolved oxy-
gen (DO, mg L) with an MW 600 Dissolved
Oxygen Meter, both calibrated before each field
campaign. The concentrations of the biogenic ele-
ments - ammonium (NHa4"), nitrite (NO2"), nitrate
(NOs") and phosphate (PO+*") — were determined
photometrically following the corresponding
standard procedures of the same reference. The
same analytical protocol has been applied in par-
allel monitoring of Azerbaijani transboundary
and internal rivers (Hasanova et al., 2026).

Collection and transportation of samples
for microbiological analysis

Water samples for microbiological analysis
were collected aseptically in sterile polyethylene
containers, transported to the laboratory in refrig-
erated containers at +4 °C, and analyzed within
6—24 hours of collection. This approach com-
plies with international standards for preventing
changes in microbial abundance during transpor-
tation and ensuring the reliability of the results.

Microbiological analysis

The total abundance of microorganisms was
determined by direct microscopic counting on
membrane filters according to Razumov’s meth-
od (Razumov, 1932; Jannasch and Jones, 1959),
and the results are expressed as million cells per
millilitre (x10° cells mL™).

Saprotrophic bacteria were cultivated on
meat-peptone agar using the pour-plate technique
according to the Koch method. Plates were in-
cubated at 28 + 2 °C and the resulting colonies
were counted after 3—5 days. Smears were pre-
pared from the dominant colonies and examined
microscopically to determine the morphological
characteristics of the strains.

Bacteria involved in the nitrogen cycle were
enumerated as follows. Aerobic nitrogen-fixing
bacteria (Azotobacter) were cultivated on Ashby’s
medium; the resulting colonies were counted after
incubation and expressed as colony-forming units
per millilitre (CFU mL™). Anaerobic nitrogen-
fixing bacteria (Clostridium pasteurianumsample
were inoculated into the corresponding elective
media, with three replicate tubes per dilution lev-
el. Tubes were incubated for 7-14 days depending
on the group and were then scored as positive on
the basis of visible growth and the characteristic
metabolic response of each group, and abundance
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was estimated as the most probable number per
millilitre (MPN mL™") using McCrady’s statistical
tables. Because this technique yields a categorical
estimate rather than a direct count, the results are
reported as orders of magnitude.

Oil- and phenol-oxidizing microorganisms
were cultivated in elective (selective) media and
quantified using the O.G. Mironov method. This
methodology has previously been applied to
characterize oil- and phenol-degrading microbial
communities in coastal and river ecosystems of
Azerbaijan (Babashli et al., 2022; Babashli et al.,
2023; Veliev et al., 2013). These studies demon-
strated that bacteria belonging to the genera Pseu-
domonas and Arthrobacter, isolated from similar
aquatic environments, actively degraded aromatic
and halogenated hydrocarbons (Babashli et al.,
2022; Babashli et al., 2025). Counts of oil- and
phenol-oxidizing microorganisms were likewise
obtained by ten-fold serial dilution in the respec-
tive elective media (three replicate tubes per dilu-
tion) and are expressed as the most probable num-
ber per millilitre (MPN mL™"), reported as orders
of magnitude.

The role of micromycetes and heterotrophic
microbiota in the degradation of organic mat-
ter in transboundary river waters, as well as the
bioremediation potential of river ecosystems, has
previously been documented for Azerbaijani riv-
ers using similar sampling and enumeration ap-
proaches (Hasanova et al., 2023; Hasanova et al.,
2025), thereby providing methodological conti-
nuity with the present study.

Statistical analysis

Seasonal and spatial variations in the physi-
cochemical and microbiological parameters were
summarized by descriptive statistics, expressed
as minimum-maximum ranges by river and sea-
son. The relationship between total microbiota
abundance and the number of saprotrophic bac-
teria was assessed by Pearson correlation analysis
for n = 32 paired observations (eight rivers x four
seasons); because microbial counts may deviate
from normality, the coefficient was interpreted as
a measure of monotonic association. Two multi-
variate techniques were then applied to classify
the rivers according to their combined physico-
chemical and microbiological characteristics and
to identify the principal sources of variance within
the dataset: hierarchical cluster analysis (HCA),
using Ward’s method with Euclidean distance,
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and principal component analysis (PCA). For
both analyses the seasonal values of each river
were averaged, and all variables were autoscaled
(z-score standardization) so that parameters ex-
pressed in different units contributed equally to
the ordination. This approach is consistent with
established methodologies for the multivariate
assessment of water quality (Muniz and Oliveira-
Filho, 2023). All computations were performed in
Python 3.11.5, and the level of statistical signifi-
cance was set at p < 0.05.

RESULTS AND DISCUSSION

Seasonal variation in the physicochemical
parameters of river waters

Seasonal variations in water temperature, dis-
solved oxygen (DO), and pH in the studied rivers
are presented in Tables 1-3 and Figure 2.

The obtained results indicate that these physi-
cochemical parameters were shaped by the com-
bined effects of seasonal climatic conditions, hy-
drological regimes, and anthropogenic pressures.

Water temperature exhibited clear seasonal
variability in all rivers. The lowest temperatures
were recorded during winter (3—10 °C), whereas
the highest values were observed during summer
(22-28 °C) (Table 1). During the summer months,
the highest temperatures were recorded in the
Lower Kura (27-28 °C), while the lowest were
observed in the Hakarichay (2224 °C). The rela-
tively low temperature of the Hakarichay can be
attributed to its recharge from high-altitude moun-
tainous areas, intensive groundwater inflows, and
rapid flow regime. The obtained results are con-
sistent with findings reported in previous studies.
The observed seasonal temperature variations are

also consistent with previous research demon-
strating that the thermal regime of river waters is
closely associated with air temperature, solar ra-
diation, flow characteristics, and the geomorpho-
logical structure of the river basin (O’Sullivan et
al., 2019; Tokuda et al., 2019; Caissie, 2006).

An increase in water temperature is impor-
tant not only as a physical parameter but also as
one of the major ecological factors determining
the intensity of biogeochemical processes in river
ecosystems. Increasing temperature accelerates
the metabolic activity of microorganisms, inten-
sifies the decomposition of organic matter, and in-
creases biological oxygen demand. Consequent-
ly, nutrient cycling and microbiological processes
become more intensive during the summer season
(Dodds and Whiles, 2020).

Dissolved oxygen concentrations exhibited
an inverse pattern in relation to temperature (Ta-
ble 2 and Figure 3).

The highest DO values were generally re-
corded during autumn and winter, whereas the
lowest values were observed during the summer
months. The maximum dissolved oxygen con-
centration was recorded in the Kurakchay during
autumn (9.9-11.2 mg/L), whereas the minimum
values were observed in the Lower Kura during
summer (5.5-6.0 mg/L). The Hakarichay main-
tained consistently high and stable DO levels
throughout the year, which can be explained by
its low water temperature, high flow velocity, and
natural aeration.

The inverse relationship between DO and
temperature is a well-established pattern in lim-
nology. As temperature increases, the solubility
of oxygen in water decreases, while microbial
respiration and the oxidation of organic matter in-
tensify, resulting in increased biological oxygen
demand (Wetzel, 2001). Furthermore, reduced

Table 1. Seasonal variation of water temperature in the studied rivers. Values are presented as minimum-

maximum (°C)

River Winter Spring Summer Autumn

Lower Kura 6-9 14-17 27-28 15-26
Ganjachay 5-9 16-23 25-27 14-21
Kurakchay 6-10 17-18 24.5-26 16-20
Tartarchay 3-8 14-19 24-27 14-22
Araz River 7-9 16-19 25-26 15-17
Hakarichay 4-7 15-17 22-24 13-19
Bargushadchay 5-8 16-18 25-27 14-17
Okhchuchay 4-9 15-18 23-25 15-16
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Figure 2. Seasonal water temperature of rivers

Table 2. Seasonal variation of dissolved oxygen (DO) concentrations in the studied rivers. Values are presented as
minimum-maximum (mg/L)

River Winter Spring Summer Autumn
Lower Kura 7.4-8.0 6.5-7.5 5.5-6.0 6.5-7.0
Ganjachay 9.1-9.5 8.0-9.5 6.8-7.3 9.7-10.1
Kurakchay 8.0-8.5 8.5-9.0 7.8-8.5 9.9-11.2
Tartarchay 8.6-10 9.5-10.5 6.7-7.0 8.0-8.1
Araz River 7.9-8.2 8.9-9.2 7.8-8.4 9.1-10.3
Hakarichay 8.0-8.5 8.0-8.5 8.0-8.9 9.3-10.2

Bargushadchay 7.9-8.1 71-7.3 6.7-7.3 7.8-7.9
Okhchuchay 7.2-8.0 7-7.9 6.4-6.9 7.7-7.9

Ganja(:hay . “
Kurakchay 10.55
Tartar(:hay . . -

Lower Kura . 5 6.75

Araz River

Dissolved Oxygen (mg L™?)

Hakarichay )

Bargushadchay

Okhchuchay V 50 7.45

Winter ' Spring 7 Summer Autumn

Figure 3. Seasonal variation of dissolved oxygen (DO) concentrations
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river discharge and increased water stagnation
during the summer months may limit atmospheric
oxygen diffusion and lead to a further decline in
DO concentrations (Dodds and Whiles, 2020).

Nevertheless, in most of the studied rivers,
dissolved oxygen concentrations remained above
the critical threshold of 5 mg/L generally con-
sidered necessary for the normal functioning of
aquatic organisms. Although this indicates that
the overall oxygen regime of the rivers was satis-
factory, the relatively low values observed in the
Lower Kura suggest a potentially greater influ-
ence of organic pollution, agricultural runoff, and
settlements in this area. Vorosmarty et al. (2010)
reported a similar tendency in river systems ex-
posed to anthropogenic pressures.

Compared with temperature and dissolved
oxygen, pH exhibited less pronounced seasonal
variability (Table 3; Figure 4).

In all rivers, pH values generally ranged from
neutral to slightly alkaline (6.5-8.6), which is
considered favorable for freshwater ecosystems.
The highest pH value was recorded in the Araz
River during summer (8.2-8.6).

The relatively higher pH values observed
during the summer months can be attributed to
increased photosynthetic activity of phytoplank-
ton and other aquatic plants. During photosyn-
thesis, intensive uptake of carbon dioxide alters
the equilibrium of the carbonate-bicarbonate
system, thereby increasing the alkalinity of the
aquatic environment (Wetzel, 2001). In addition,
the widespread occurrence of carbonate rocks in
certain river basins may contribute to the stabil-
ity of pH values and the development of slightly
alkaline conditions.

Overall, the obtained results indicate that sea-
sonal climatic factors play a decisive role in shap-
ing the hydroecological status of the studied rivers.
Increasing temperature resulted in lower dissolved

oxygen concentrations, which, in turn, was associ-
ated with increased microbiological activity and
accelerated decomposition of organic matter. At
the same time, the observed differences among
the rivers can be explained by the geomorphologi-
cal characteristics of their basins, hydrological re-
gimes, and levels of anthropogenic pressure.

From an ecological perspective, the Lower
Kura, Ganjachay, and, to some extent, the Araz
River exhibited stronger indications of anthro-
pogenic impact compared with the other studied
rivers. The combination of higher summer tem-
peratures and relatively lower dissolved oxygen
concentrations in these rivers may indicate the
influence of organic and nutrient pollution. In
contrast, the greater year-round stability of physi-
cochemical parameters in the Hakarichay, Kurak-
chay, and Tartarchay indicates relatively more
favorable ecological conditions in these basins.
Similar findings have been reported in studies of
river systems located in different climatic zones,
demonstrating that increasing anthropogenic
pressure negatively affects water temperature,
oxygen regimes, and overall ecological quality
(Vorosmarty et al., 2010; UNEP, 2021).

Thus, the seasonal patterns of physicochemi-
cal parameters provide a reliable basis for assess-
ing nutrient cycling, microbiological processes,
and the functional status of aquatic ecosystems in
the studied rivers. The biogenic elements and mi-
crobiological parameters presented in the follow-
ing sections developed against the background of
these physicochemical conditions.

Seasonal dynamics of biogenic elements

Biogenic elements are among the princi-
pal regulators of nutrient cycling and biological
productivity in river ecosystems. The concentra-
tions of nitrogen and phosphorus compounds are

Table 3. Seasonal variation of pH in the studied rivers. Values are presented as minimum-maximum

River Winter Spring Summer Autumn
Lower Kura 6.9-7.3 7.2-75 7.9-84 7.0-7.2
Ganjachay 6.8-7.1 7.0-7.3 7.8-8.0 71-74
Kurakchay 7.5-8.1 7.2-8.1 8.0-8.3 7.5-7.9
Tartarchay 7.6-7.9 7.3-8.6 7.9-8.3 7.0-7.9
Araz River 6.6-8.0 7.1-7.9 8.2-8.6 7.2-7.6
Hakarichay 7.7-8.0 7.3-75 7.6-8.0 7.0-71

Bargushadchay 7.2-7.4 7.9-8.0 8.2-8.4 7.9-8.0
Okhchuchay 6.5-7.8 7.8-8.1 7.6-7.8 7.5-7.6
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Figure 4. Seasonal variation of pH in the studied rivers

considered important indicators for assessing the
trophic status of water bodies, the level of an-
thropogenic impact, and the functional stability
of ecosystems. These elements are essential nu-
trients required for the growth and development
of phytoplankton, algae, and other aquatic plants.
Under natural conditions, their concentrations
support the normal functioning of aquatic ecosys-
tems; however, increases in nitrogen and phos-
phorus compounds resulting from anthropogenic
activities, particularly domestic, agricultural, and
industrial discharges, may lead to water pollu-
tion, accelerate eutrophication, promote exces-
sive algal growth, reduce dissolved oxygen con-
centrations, and ultimately disrupt the biological
balance of aquatic ecosystems. In this context,
determination of the concentrations of biogenic
elements, particularly ammonium (NHa4"), nitrite
(NOz"), nitrate (NOs"), and phosphate (PO+*)
ions, is regarded as one of the key approaches for
assessing river water quality and ecological sta-
tus. These parameters make it possible to evaluate
the level of anthropogenic pressure on river wa-
ters, characterize potential pollution sources, and
assess nutrient migration.

Figure 5 presents the seasonal variation in
ammonium ion concentrations. According to the
obtained results, NH4+" concentrations increased
in most rivers during the summer and autumn
seasons. The highest values were recorded in the
Ganjachay during summer (1.82 mg/L), in the
Okhchuchay during autumn (1.72 mg/L), and in
the Araz River during autumn (1.38 mg/L). The
increase in ammonium concentrations during the
summer-autumn period is primarily associated
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with the intensive mineralization of organic mat-
ter under high-temperature conditions and the ac-
celeration of ammonification processes. During
this period, increased metabolic activity of mi-
croorganisms promotes the conversion of organic
forms of nitrogen into ammonium. On the other
hand, an increase in water temperature accompa-
nied by a decrease in dissolved oxygen may limit
nitrification and thereby promote the accumula-
tion of NH4" ions in the water. This pattern has
also been confirmed in numerous studies con-
ducted in freshwater ecosystems (Wetzel, 2001;
Dodds and Whiles, 2020).

The high ammonium concentrations observed
in the Ganjachay and Okhchuchay may be associ-
ated with the discharge of domestic wastewater,
agricultural activities, and more intensive organic
pollution within these basins. In particular, un-
treated wastewater originating from settlements
is considered one of the major anthropogenic
sources of ammonium. In this respect, these riv-
ers may be regarded as ecosystems that are more
vulnerable to organic pollution compared with
the other studied basins (Camargo and Alonso,
2006). It should be stressed, however, that no dis-
charge inventory, wastewater-treatment data or
land-use information were compiled in this study,
so this interpretation remains hypothetical.

The seasonal variation in nitrate concentra-
tions (Figure 6) showed that nitrate was the domi-
nant form of nitrogen in the studied rivers. The
highest NOs~ concentrations were recorded during
autumn in the Ganjachay (19.8 mg/L), Araz River
(18.5 mg/L), Okhchuchay (14.3 mg/L), Lower
Kura (10.5 mg/L), and Kurakchay (10.2 mg/L).
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Figure 5. Seasonal variation in ammonium (NH4") concentrations in the studied rivers

The maximum nitrate concentrations observed
in autumn may be explained by intensified surface
runoff caused by seasonal precipitation and the
transport of nitrogen fertilizers from agricultural
areas into river systems. In addition, the leaching
of nitrates accumulated in soils during summer
into rivers during periods of intensive rainfall may
also play an important role in this process. Similar
tendencies have been observed in river systems
of Europe and the Caucasus region (EEA, 2019).
Comparable results have also been reported in
studies on the quality of irrigation water resources
in the northeastern coastal region of Azerbaijan,
where the influence of agricultural activity on bio-
genic element concentrations was identified (Me-
hdiyeva et al., 2026). Agricultural inputs and river
discharge were not quantified in the present work,
and this explanation is therefore proposed as a
plausible rather than a demonstrated mechanism.

High nitrate concentrations are among the
most important indicators of anthropogenic ni-
trogen loading. In particular, the elevated val-
ues recorded in the Ganjachay and Araz River
reflect the intensity of agricultural activities and
the influence of settlements in these basins. Pro-
longed exposure to high nitrate concentrations
may increase the risk of eutrophication, promote
excessive phytoplankton growth, and reduce
dissolved oxygen reserves (Smith et al., 1999;
Carpenter et al., 1998).

As shown in Figure 7, nitrite ion concentra-
tions were considerably lower than those of the
other mineral forms of nitrogen at all monitoring

stations. Nevertheless, localized increases were
observed in some rivers during the summer and
autumn months. The highest values were recorded
in the Lower Kura during autumn (0.68 mg/L), in
the Ganjachay during summer (0.60 mg/L), and
in the Okhchuchay during summer (0.39 mg/L).

Because nitrite is an intermediate product in
the conversion of ammonium to nitrate within
the nitrogen cycle, elevated nitrite concentrations
may indicate incomplete nitrification. This con-
dition is primarily associated with oxygen defi-
ciency, high organic matter loads, and intensive
microbiological processes. The increase in tem-
perature and decrease in DO levels observed dur-
ing summer may have promoted the short-term
accumulation of nitrite.

The higher nitrite concentrations recorded in
the Ganjachay and Lower Kura compared with
the other rivers indicate stronger anthropogenic
pressure in these basins. These results are con-
sistent with the ammonium and nitrate data and
confirm that nitrogen transformation processes
are more intensive in these rivers.

As shown in Figure 8, the seasonal variation
in phosphate ion concentrations also exhibited
considerable differences among the rivers. The
highest PO4+*" concentration was recorded in
the Araz River during autumn (0.80 mg/L), fol-
lowed by the Okhchuchay during spring (0.60
mg/L), the Bargushadchay during autumn (0.41
mg/L), and the Hakarichay during spring and au-
tumn (0.40 mg/L).
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Figure 7. Seasonal variation of nitrite (NO2") concentrations in the studied rivers

High phosphate concentrations are mainly
associated with the leaching of phosphorus fer-
tilizers used in agriculture, soil erosion, and the
influence of domestic wastewater. Since phos-
phorus is generally considered a limiting nutri-
ent in freshwater ecosystems, an increase in its
concentration is one of the principal factors ac-
celerating eutrophication processes (Schindler et
al., 2008). In the absence of source-apportion-
ment data, the relative contribution of each of
these sources cannot be determined here.

The high phosphate concentrations observed
in the Araz River indicate more intensive anthro-
pogenic pressure within this basin. The elevated
concentrations recorded in the Okhchuchay and
Bargushadchay may be explained not only by
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the geological characteristics of their basins but
also by agricultural activities and the influence of
nearby settlements.

The integrated analysis of biogenic elements
indicates that the distribution of nitrogen and
phosphorus compounds in the studied rivers was
shaped by the combined influence of natural
seasonal processes and anthropogenic activities.
The increase in NH4" and NO-" ions mainly dur-
ing the summer months is associated with inten-
sified decomposition of organic matter and ac-
celerated microbiological processes. In contrast,
the increase in NOs~ and PO+’ concentrations
during autumn reflects enhanced surface runoff
caused by precipitation and the transport of nu-
trients from agricultural areas into river systems.
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Figure 8. Seasonal variation of phosphate (PO4+>") concentrations in the studied rivers

According to the obtained results, the Gan-
jachay, Araz River, and Okhchuchay had higher
biogenic loads compared with the other studied
basins. When evaluated together with the ob-
served changes in physicochemical parameters,
the elevated concentrations of nitrogen and phos-
phorus compounds in these rivers indicate stron-
ger anthropogenic pressure. In contrast, the Ha-
karichay, Kurakchay, and Tartarchay were char-
acterized by lower nutrient concentrations and
relatively stable hydroecological parameters, in-
dicating more favorable ecological conditions in
these basins.

Overall, the obtained results demonstrate that
monitoring biogenic elements provides highly
informative indicators for assessing the ecologi-
cal status of river ecosystems, while their com-
bined analysis with physicochemical parameters
enables the identification of potential sources of
anthropogenic pollution.

Comparison with water quality reference
values

To place the measured concentrations within a
formal water quality framework, the results were
compared with the national maximum allowable
concentration (MAC) applied in the Azerbaijani
river monitoring network and with the guideline
values of EU Directive 78/659/EEC, later codi-
fied as Directive 2006/44/EC, on the quality of
fresh waters needing protection or improvement
in order to support fish life. Although these Direc-
tives have since been repealed and superseded by
the Water Framework Directive, their threshold

values remain a widely used reference framework
and have previously been applied to Azerbaijani
rivers (EEA, 2019). Because the studied reaches
are lowland watercourses, the cyprinid class was
applied. Nitrate was additionally compared with
the 50 mg L™ guideline value of the EU Nitrates
Directive (91/676/EEC) and the WHO drinking-
water guidelines (Table 4).

Nitrate remained well below 50 mg L™ in
every river and season, the maximum recorded
value being 19.80 mg L™! in the Ganjachay in au-
tumn. Nitrogen enrichment in the studied basins
is therefore not expressed as nitrate accumulation
to levels of direct concern for water use.

The reduced forms of nitrogen behaved very
differently. Ammonium exceeded the national
MAC of 0.4 mg NHa-N L (equivalent to 0.51
mg NHs" L") in 22 of the 32 river-season combi-
nations, the highest value being 1.82 mg L™ in the
Ganjachay in summer, that is 3.6 times the MAC.
Nitrite exceeded the cyprinid guideline value of
0.03 mg NO2~ L in 30 of the 32 combinations
and in all eight rivers, reaching 0.68 mg L™ in the
Lower Kura in autumn, more than twenty times
the guideline value. Since nitrite is an intermedi-
ate of nitrification, this widespread exceedance is
consistent with incomplete oxidation of ammoni-
um under the summer oxygen minima described
above, and it identifies the reduced nitrogen frac-
tion — rather than nitrate — as the principal water
quality concern in these basins.

Phosphate exceeded the indicative cyprinid
value of 0.4 mg PO+ L™ in six of the 32 combi-
nations, restricted to the Araz River, Okhchuchay
and Bargushadchay, with a maximum of 0.80 mg
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Table 4. Comparison of the measured concentrations with national and international water quality reference values

Parameter Range in this study Reference value Source Exs(::e\esd:nnzﬁiq(t)?;:tziorri]\g)}r_
NH,* (mg L™) 0.21-1.82 0.51 (=04 mgNH,-NL™) National MAC 22
NO,” (mg L™) 0.03-0.68 0.03 (cyprinid) 78/659/EEC 30
NO;™ (mg L™) 1.20-19.80 50 91/676/EEC; WHO
PO,* (mgL™) 0.006-0.80 0.4 (cyprinid, indicative) 78/659/EEC 6
DO (mgL™) 5.5-11.2 26 National MAC framework 1

L™ in the Araz River in autumn. Dissolved oxy-
gen fell below 6 mg L™ only in the Lower Kura
in summer (5.5 mg L ™).

On this basis the Ganjachay, Lower Kura, Araz
River and Okhchuchay can be assigned to a lower
quality class with respect to nitrogen and phos-
phorus compounds, whereas the Kurakchay, Tar-
tarchay and Hakarichay remained within the phos-
phate guideline throughout the year and showed
the smallest and least frequent exceedances for
the reduced nitrogen forms. This classification is
independent of, and consistent with, the grouping
subsequently obtained by cluster analysis.

Seasonal variation in microbiological
parameters

Microbiological indicators are considered
among the most sensitive bioindicators for assess-
ing the ecological status of river ecosystems, along-
side physicochemical parameters. Changes in the
structure of microbial communities reflect the tro-
phic status of water bodies, the level of organic pol-
lution, and the intensity of biogeochemical process-
es. In this context, the seasonal dynamics of total
microbiota and saprotrophic bacteria in the studied
rivers were evaluated comprehensively (Figure 9).

The conducted investigations showed that the
abundance of total microbiota was significantly
higher than the number of saprotrophic bacteria
at all monitoring stations. This result is expected
because total microbiota includes not only hetero-
trophic bacteria but also microorganisms belong-
ing to various functional groups. Saprotrophic
bacteria, in contrast, represent a specific function-
al component of this community involved in the
decomposition of organic matter.

Similar seasonal dynamics were observed for
both total microbiota and saprotrophic bacteria.
Minimum values were recorded during winter,
whereas maximum values were observed during
the summer and autumn months. During sum-
mer, increased water temperatures, more rapid
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mineralization of organic matter, and intensified
enzymatic processes created favorable conditions
for the development of heterotrophic microorgan-
isms. Consequently, the abundance of saprotro-
phic bacteria also increased significantly.

This pattern is consistent with findings from
previous studies. Servais et al. (2009) demon-
strated that the abundance of heterotrophic bac-
teria in river waters is primarily determined by
water temperature and the concentration of dis-
solved organic carbon. Similarly, Newton et al.
(2011) reported that the metabolic activity of bac-
terial communities increases substantially during
warmer seasons, thereby accelerating the decom-
position of organic matter.

Observations showed that increases in mi-
crobiological indicators were particularly pro-
nounced in the Ganjachay, Lower Kura, and Okh-
chuchay basins. The elevated concentrations of
biogenic elements in these rivers also indicate a
close relationship between microbiological activ-
ity and nutrient availability. High concentrations
of organic matter and biogenic elements stimulat-
ed the development of heterotrophic microorgan-
isms and resulted in an increase in the abundance
of saprotrophic bacteria.

In contrast, microbiological indicators re-
mained more stable throughout the year in the
Hakarichay and Kurakchay. Lower tempera-
tures, high dissolved oxygen concentrations,
and relatively weak anthropogenic pressure in
these basins contributed to the maintenance of
microbiological equilibrium. These results are
fully consistent with the findings of the preceding
physicochemical analyses and indicate that the
intensity of microbiological processes is directly
dependent on hydroecological conditions.

Thus, the seasonal variation in total micro-
biota and saprotrophic bacteria indicates that the
intensity of microbiological processes is mainly
determined by water temperature, dissolved oxy-
gen concentrations, and the levels of biogenic
elements. The higher microbiological activity



Journal of Ecological Engineering 2026, 27(12), 66—86

(A)

-
o o
. !

N
o
1

Microbiota (million cells mL™")
—_ —
(=) o
\ L

S
2
.

A
=)

Winter Spring Summer Autumn

Season

—e— Lower Kura ==

—&— Ganjachay

Kurakchay
—&— Tartarchay

(B)

10

Saprotrophic bacteria (102 cells mL™")

Summer Autumn

Season

Wirllter Sprling

—e— Araz River
—&— Hakarichay

—o— Bargushadchay
—8&—  Okchuchay
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observed during the summer and autumn months
is associated with more intensive decomposition
of organic matter and accelerated nutrient cy-
cling. Nevertheless, for a more detailed assess-
ment of biogeochemical processes occurring in
river ecosystems, analysis of the distribution of
functional bacteria involved in the nitrogen cycle
is of particular importance.

Distribution of bacteria involved
in the nitrogen cycle

Microorganisms involved in the nitrogen
cycle play an important role in nitrogen fixa-
tion, ammonification, nitrification, and denitri-
fication processes in river ecosystems. In addi-
tion to mediating the transformation of nitrogen
compounds in aquatic environments, these func-
tional bacteria significantly influence ecosys-
tem productivity and self-purification potential.
Their distribution patterns are considered impor-
tant microbiological indicators for assessing the
trophic status of rivers and the level of anthropo-
genic impact. The distribution and quantitative
characteristics of bacteria involved in the nitro-
gen cycle in the water column of the studied riv-
ers are presented in Table 5.

The results presented in Table 5 demonstrate
that the distribution of bacteria involved in the
nitrogen cycle was characterized by considerable
differences among both rivers and seasons. The
abundance of nitrogen-fixing and denitrifying

bacteria varied mainly in relation to the amount of
organic matter, dissolved oxygen concentrations,
and the levels of mineral nitrogen compounds.

During the summer and autumn seasons, in-
creases in temperature and microbiological ac-
tivity resulted in higher abundances of bacteria
involved in nitrogen transformations in most of
the studied rivers. During this period, intensive
decomposition of organic matter accelerated am-
monification and subsequent nitrification pro-
cesses, thereby increasing the overall intensity of
the nitrogen cycle. The obtained results are con-
sistent with the seasonal variations in ammonium,
nitrate, and nitrite concentrations identified in the
previous sections.

The differences observed among the rivers
may be explained by their hydrological char-
acteristics and levels of anthropogenic loading.
Rivers with higher concentrations of biogenic
elements also exhibited greater abundances of
bacteria involved in the nitrogen cycle, indicat-
ing a close relationship between nutrient cycling
and microbiological processes. In contrast, the
abundance of these bacteria remained more sta-
ble in rivers exposed to relatively weak anthro-
pogenic pressure.

Overall, the distribution patterns of bacteria
involved in the nitrogen cycle may be regarded as
important bioindicators characterizing the inten-
sity of nitrogen transformations and the ecologi-
cal status of river ecosystems. These findings are
consistent with the integrated analysis of physi-
cochemical and microbiological parameters and
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Table 5. Distribution and quantitative characteristics of bacteria involved in the nitrogen cycle in the water column

of the studied rivers

Winter Spring Summer Autumn
River cl. cl. cl. cl.
Azotobacter i Denitrifiers|Azotobacter ) Denitrifiers|Azotobacter ) Denitrifiers|Azotobacter ) Denitrifiers
pasteurianum pasteurianum pasteurianum pasteurianum
Lower Kura 53 107 10 320 10? 10° 450 10° 10° 370 10? 10°
Ganjachay 80 10? 10? 450 102 10° 500 10° 10° 420 10° 10°
Kurakchay 51 107 10 280 10 10? 310 10? 10° 270 10? 10?
Tartarchay 60 107 10 360 10 10? 450 10° 10° 290 10° 10°
IAraz River 85 10? 10? 470 102 10% 510 10° 10° 380 10° 108
Hakarichay 43 107 10 230 102 102 290 102 102 155 102 102
Bargushadchay 55 102 102 270 102 102 390 10° 10° 290 102 10°
(Okhchuchay 75 102 102 340 102 10° 480 10° 10° 410 10° 10°

Note: Azotobacter is expressed as CFU mL™"; ClI. pasteurianum and denitrifying bacteria are expressed as

MPN mL™ (orders of magnitude).

further confirm the importance of functional mi-
croorganisms in assessing the ecological condi-
tion of rivers.

In addition to bacteria involved in the nitrogen
cycle, oil- and phenol-oxidizing microorganisms
that participate in the natural biodegradation of or-
ganic pollutants also have considerable ecological
importance in river ecosystems. The distribution
and quantitative characteristics of these functional
groups are presented in the following section.

Distribution of oil- and phenol-oxidizing
microorganisms

In river ecosystems, oil- and phenol-oxidiz-
ing microorganisms represent one of the major
functional groups responsible for the biological
degradation of organic pollutants. By participat-
ing in the biodegradation of petroleum-derived
hydrocarbons and phenolic compounds, these mi-
croorganisms make an important contribution to
the natural self-purification processes of aquatic
environments. Their abundance and distribution
patterns are considered important bioindicators
for assessing the level of anthropogenic pollution
and the biodegradation potential of ecosystems.
The distribution and quantitative characteristics
of oil- and phenol-oxidizing microorganisms in
the water column of the studied rivers are pre-
sented in Table 6.

The results presented in Table 6 show that the
distribution of oil- and phenol-oxidizing microor-
ganisms varied among both rivers and seasons. The
observed changes in their quantitative characteris-
tics were closely associated with the hydrological
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properties of the rivers, the amount of organic mat-
ter, and the intensity of anthropogenic pollution.

Higher abundances of hydrocarbon-oxidizing
microorganisms were recorded in the Ganjachay,
Okhchuchay and Araz River. Because petroleum
hydrocarbons and phenolic compounds were not
quantified in the present study, these counts can-
not be attributed directly to hydrocarbon or phenol
input; they indicate only that a microbial commu-
nity capable of utilizing such substrates is pres-
ent and metabolically active in these rivers. The
capacity of these organisms to use hydrocarbons
as a carbon source and to proliferate rapidly under
favourable conditions is well documented, and
elevated abundances of hydrocarbon-degrading
bacteria have elsewhere been reported to co-vary
with measured hydrocarbon concentrations; this
relationship, however, remains to be verified for
the rivers studied here. The concurrent determina-
tion of total petroleum hydrocarbons and phenols
is therefore recommended for future monitoring.

From a seasonal perspective, increases in the
abundance of these functional microorganisms
were observed during the summer and autumn
months. Rising temperatures and intensified mi-
crobiological processes accelerated biodegrada-
tion reactions, resulting in higher abundances of
oil- and phenol-oxidizing bacteria. During winter,
however, the reduced metabolic activity of micro-
organisms under low-temperature conditions led
to a decline in their abundance.

Comparative analysis of the results showed
that rivers with higher abundances of oil- and
phenol-oxidizing microorganisms also tended to
exhibit relatively high levels of total microbiota
and saprotrophic bacteria. This pattern indicates
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Table 6. Distribution and quantitative characteristics of oil- and phenol-oxidizing microorganisms in the water

column of the studied rivers.

) Winter Spring Summer Autumn
River Oil Phenol Oil Phenol Oll Phenol Oil Phenol

Lower Kura 10° 10° 102 102 108 108 102 102
Ganjachay 102 102 104 10* 10° 10° 10° 10°
Kurakchay 10° 10° 10° 102 102 108 102 102
Tartarchay 10° 10° 10 102 10° 108 108 10°
Araz River 102 102 102 108 108 104 108 10°
Hakarichay 10° 10° 102 102 102 102 102 102
Bargushadchay 102 102 102 102 108 108 102 108
Okhchuchay 102 102 102 108 108 108 108 108

Note: Values are expressed as MPN mL™ (orders of magnitude)

that organic pollution stimulates the development
of various functional groups of microorganisms
and is consistent with the microbiological indica-
tors identified in the previous sections.

Overall, the distribution of oil- and phenol-
oxidizing microorganisms may be considered an
important ecological indicator characterizing the
natural self-purification potential of river ecosys-
tems. Evaluating the quantitative characteristics
of these functional groups together with other
physicochemical and microbiological parameters
allows for a more objective assessment of the
level of anthropogenic impact and the intensity of
biodegradation processes in river basins.

To assess more precisely the relationships be-
tween the observed distribution patterns of func-
tional microorganisms and the physicochemical
and microbiological parameters, Pearson correla-
tion analysis was performed.

Correlation analysis between total
microbiota and saprotrophic bacteria

Pearson correlation analysis was performed to
assess the relationship between total microbiota
and saprotrophic bacteria in river ecosystems. The
results of the analysis are presented in Figure 10.

The results of Pearson correlation analysis
showed a strong positive correlation between to-
tal microbiota and the abundance of saprotrophic
bacteria (r = 0.709, p < 0.001). The obtained cor-
relation coefficient confirms the existence of a
close functional relationship between these two
indicators.

As shown in the figure, the abundance of
saprotrophic bacteria increased with increas-
ing total microbiota. This pattern indicates that

saprotrophic bacteria represent one of the major
functional components of the overall microbial
community and play an important role in the
decomposition of organic matter. In particular,
the high abundance of saprotrophic bacteria in
samples with elevated total microbiota reflects
the intensive biological transformation of organic
matter in river ecosystems.

The observed positive correlation also indi-
cates that the development of saprotrophic bacte-
ria is closely associated with overall microbiolog-
ical activity. Increased temperature and elevated
concentrations of biogenic elements enhanced the
metabolic activity of microorganisms and created
favorable conditions for the development of het-
erotrophic bacteria. Consequently, a parallel in-
crease was observed in both total microbiota and
saprotrophic bacterial abundance.

From a statistical perspective, the value of p
< 0.001 indicates that the identified correlation is
highly significant and confirms that the observed
relationship is unlikely to be due to chance. These
results demonstrate the existence of an ecologi-
cally important functional relationship between
total microbiota and saprotrophic bacteria.

Overall, the correlation analysis confirmed
that saprotrophic bacteria are reliable bioindica-
tors of organic matter cycling in river ecosystems
and demonstrated their important role in assessing
the overall microbiological status of river waters.

To complement the bivariate correlation anal-
ysis with a broader statistical assessment, princi-
pal component analysis (PCA) and hierarchical
cluster analysis (HCA) were subsequently per-
formed. These analyses enabled a comprehensive
evaluation of the ecological characteristics of the
studied rivers.
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Figure 10. Correlation between microbiota abundance and saprotrophic bacteria in the studied river waters

Principal component analysis (PCA) and
hierarchical cluster analysis (HCA)

PCA and HCA were performed to comprehen-
sively assess the ecological status of the river eco-
systems and to determine the relationships among
physicochemical parameters, biogenic elements,
and microbiological indicators (Figure 11).

These multivariate statistical methods are
widely applied to identify relationships among
environmental variables, group rivers with simi-
lar characteristics, and evaluate the major factors
influencing ecological processes (Shrestha and
Kazama, 2007; Singh et al., 2004).

The HCA results showed that the studied riv-
ers were grouped into two main clusters. The first
cluster mainly included the Hakarichay, Kurak-
chay, and, to some extent, the Tartarchay. These
rivers were characterized by low biogenic loads,
high dissolved oxygen concentrations, and rela-
tively stable microbiological indicators. This
grouping reflects the similarity of their hydro-
ecological characteristics, their lower exposure
to anthropogenic pressures, and their relatively
favorable ecological conditions.

The second cluster included the Lower Kura,
Ganjachay, Araz River, and Okhchuchay. These
rivers were characterized by higher concentra-
tions of ammonium, nitrate, and phosphate, great-
er abundance of saprotrophic bacteria and total
microbiota, and relatively lower dissolved oxy-
gen levels. These results indicate that nutrient in-
puts from agricultural activities, settlements, and
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other anthropogenic sources have a significant
influence on the ecological status of these basins.

According to the PCA results, the first two
principal components explained 76.1% of the to-
tal variance, indicating that a large proportion of
the variation in the ecological variables could be
represented by two components. The first princi-
pal component (PC1) explained 45.4% of the total
variance, while the second principal component
(PC2) explained 30.7%. These values confirm the
high explanatory capacity of the multivariate sta-
tistical model and indicate that the selected vari-
ables adequately reflected the ecological status of
the river ecosystems.

High positive loadings on PC1 were mainly
associated with total microbiota, saprotrophic
bacteria, ammonium, nitrate, and phosphate. The
positioning of these variables in the same direc-
tion indicates that they varied in a coordinated
manner and were mainly associated with anthro-
pogenic nutrient loading. Previous studies have
likewise reported that high nutrient concentra-
tions stimulate the development of heterotrophic
microorganisms and consequently increase mi-
crobiological activity (Varol et al., 2012; Shrestha
and Kazama, 2007).

The second principal component (PC2) main-
ly characterized temperature, dissolved oxygen,
and pH. The positive loading of temperature and
the opposite positioning of dissolved oxygen fur-
ther confirm the negative relationship between
these parameters. This pattern is explained by the
temperature dependence of oxygen solubility in
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Figure 11. Hierarchical cluster analysis (HCA) (A) and principal component analysis (PCA)
(B) based on the microbiological and ecological parameters of the studied rivers

water and is considered characteristic of freshwa-
ter ecosystems (Wetzel, 2001).

In the PCA ordination, the proximity of the
Ganjachay and Lower Kura to microbiological
and biogenic variables indicates higher concen-
trations of organic matter and nutrients in these
basins. In contrast, the Hakarichay and Kurak-
chay were located in the region associated with
relatively lower temperatures and higher dis-
solved oxygen levels, reflecting their compara-
tively better ecological status.

The Bargushadchay and Tartarchay occu-
pied an intermediate position in the ordination.
Their physicochemical and microbiological in-
dicators were situated between the two main
groups, indicating a transitional hydroecological
condition. This result suggests that although an-
thropogenic impacts are present in these basins,
they are less pronounced than in the more heav-
ily affected rivers.

Overall, the PCA and HCA results demon-
strated that the ecological status of the rivers
is determined not by individual physicochemi-
cal or microbiological parameters alone, but by
their combined interactions. The multivariate
statistical approach showed high informative
value in identifying basins exposed to stronger
anthropogenic pressures and supported the gen-
eral patterns observed in the physicochemical
and microbiological results presented in the pre-
vious sections.

Thus, the PCA and HCA results showed that
the Ganjachay, Araz River, Lower Kura, and
Okhchuchay are river systems in which anthro-
pogenic impacts are more clearly expressed and
which are therefore more vulnerable in terms
of ecological risk. In contrast, the Hakarichay,
Kurakchay, and Tartarchay were characterized
by more favorable hydroecological conditions
and relatively lower anthropogenic loading. The
obtained results provide an important scientific
basis for planning future monitoring programs,
prioritizing high-risk river basins, and ensuring
the efficient management of water resources.

Scope of the study and directions for
further research

The present study was designed to character-
ize the seasonal hydrochemical and functional-
microbiological status of eight rivers of the Kura
and Araz basins, and the conclusions drawn here
relate to that scope. Organic micropollutants - in
particular petroleum hydrocarbons and phenols
-as well as heavy metals and total nutrient frac-
tions were beyond the scope of this survey, and
hydrological and land-use data were not com-
piled alongside the water quality measurements.
The relationships identified between nutrient
loading, microbial abundance and anthropo-
genic pressure are therefore interpreted as con-
sistent associations rather than as demonstrated
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cause-and-effect links, and the classification pro-
posed here rests on physicochemical and micro-
biological indicators. Extending the programme
to include hydrocarbon, phenol and metal de-
terminations - especially in the Okhchuchay,
where mining activity in the upper catchment
has been reported-together with the biological
quality elements used in the EU Water Frame-
work Directive and GPS referencing of the sam-
pling stations, would allow the present findings
to be developed into a fully source-attributed
assessment. The dataset reported here provides
the baseline against which such an extended pro-
gramme can be built.

CONCLUSIONS

This study comprehensively assessed the wa-
ter quality of eight rivers belonging to the Kura
and Araz basins of Azerbaijan over four seasons
using physicochemical and microbiological pa-
rameters. Water temperature and dissolved oxy-
gen exhibited clear seasonal variability in oppo-
site directions, whereas pH remained relatively
stable throughout the year in all rivers.

The concentrations of biogenic elements
(NH4*, NO27, NOs~, PO+*") and microbiological
indicators-including total microbiota, saprotro-
phic bacteria, bacteria involved in the nitrogen
cycle, and oil- and phenol-oxidizing microorgan-
isms-were higher in the Ganjachay, Araz River,
Lower Kura, and Okhchuchay. In contrast, these
indicators were both lower and more stable in the
Hakarichay, Kurakchay, and Tartarchay.

A strong positive correlation was identified be-
tween total microbiota and saprotrophic bacterial
abundance (r=0.709; p<0.001). PCA, in which the
first two principal components together explained
76.1% of the total variance, and HCA confirmed
this grouping and separated the rivers into two main
clusters: a relatively less impacted cluster consisting
of the Hakarichay, Kurakchay, and Tartarchay, and
a more strongly anthropogenically impacted cluster
consisting of the Lower Kura, Ganjachay, Araz Riv-
er, and Okhchuchay. The Bargushadchay occupied
an intermediate position between these two groups.

The obtained results indicate that the ecologi-
cal status of the studied rivers is shaped by the
combined effects of seasonal hydroclimatic fac-
tors and anthropogenic nutrient loading. The in-
tegrated application of physicochemical, micro-
biological, and multivariate statistical methods
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provides a reliable scientific basis for identifying
ecologically vulnerable basins and developing
long-term monitoring programs for the trans-
boundary rivers of Azerbaijan.
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