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Abstract This study provides the first comprehensive assessment of freshwater algal diversity and ecological status in the streams of Samur-Yalama
National Park, Azerbaijan—a region of high biodiversity but limited baseline data. Seasonal surveys in 2023 recorded 46 algal taxa, including
37 first regional records, across ten rivers spanning contrasting hydrochemical environments. Heterokontophyta dominated (69.6% of
taxa), with epilithic and benthic habitats supporting the highest diversity. Simpson’s Dominance Index (0.120–0.131) and saprobic index
(0.69–0.89) indicated high diversity and predominantly oligosaprobic to β-mesosaprobic conditions, reflecting mostly unpolluted, well-
oxygenated waters. Principal Component Analysis identified mineralization (sulfate, calcium, TDS) and nutrient gradients as key drivers
of algal community structure. Sensitive diatoms such as Fragilaria capucina and Achnanthidium minutissimum dominated pristine sites,
while tolerant taxa like Gomphonema parvulum and Nitzschia palea increased under moderate enrichment. These findings establish a
regional reference for algal-based biomonitoring, highlight the vulnerability of semi-arid stream ecosystems to environmental change,
and provide essential baseline data for conservation planning, future monitoring, and ecosystem management in the South Caucasus and
comparable dryland regions.
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INTRODUCTION
Freshwater algae—including planktonic microalgae
(phytoplankton), benthic microalgae, and macroalgae—play a
fundamental role in aquatic food webs and serve as sensitive
bioindicators of water quality (Dubey et al., 2022; Stancheva
& Sheath, 2016). Phytoplankton alone contribute up to 50% of
global primary production, while benthic forms help regulate
nutrient dynamics, especially in littoral zones (Catalanotti et
al., 2013).

Seasonal variations in light availability, temperature, and
nutrient concentrations often drive shifts in algal community
structure, favoring opportunistic and bloom-forming taxa—
particularly cyanobacteria—under warm, eutrophic conditions
(Paerl & Huisman, 2009; Paerl et al., 2011). In addition,
water’s physicochemical parameters, such as pH, turbidity,
conductivity, and dissolved inorganic carbon, exert direct
physiological constraints on algal growth and composition.
For example, high turbidity reduces light penetration and
limits diatom productivity, while silicate enrichment promotes
diatom dominance (Smith, 1983; Beardall & Raven, 2016).

Many freshwater algal taxa have evolved stress-resilient life
history traits, such as the ability to form dormant cysts or
spores under unfavorable conditions like nutrient depletion
or thermal extremes, enabling their persistence in fluctuating
environments and making them robust ecological indicators
(Flores-Moya et al., 2002; Graham et al., 2009).

The Samur–Davachi Lowland of northeastern Azerbaijan,
which includes the Samur–Yalama National Park, is projected
to experience a 1.5–3.5 °C rise in average temperature and a
10–20% decrease in precipitation by the end of this century
(Abbasov et al., 2022). These climatic shifts, coupled with
increased water extraction and agricultural runoff, are likely to
impact streamflow regimes and nutrient loading—posing new
challenges to aquatic biodiversity.

Despite the region’s ecological significance, data on
freshwater algal communities within these stream systems
remain scarce. Previous studies have focused predominantly
on vascular flora, leaving a major gap in our understanding
of aquatic primary producers and their response to
environmental change.

This study aims to fill that gap by integrating algal surveys with
environmental measurements to:

• Document the taxonomic diversity and abundance of
freshwater algae in selected streams of the Samur–Yalama
National Park;

• Quantify key physicochemical parameters—such as
nutrient concentrations (N, P, Si), pH, turbidity, and
conductivity—and analyze their seasonal variation;

• Use principal component analysis (PCA) to explore
relationships between environmental conditions and algal
assemblages;

By combining species-level taxonomic identification with
multivariate analysis of water quality, this study provides
foundational knowledge to support biomonitoring and
conservation efforts in Azerbaijan’s freshwater ecosystems.

MATERIALS AND METHODS

Study Area

The Samur-Yalama National Park (SYNP; 41°37′33″–41°50′33″N,
48°33′31″–48°47′18″E) spans ca. 200 km² in the Khachmaz
District of northeastern Azerbaijan, ~200 km NE of Baku (Abiyev
et al., 2025) (Figure 1). The region experiences a semi-
arid, temperate-warm climate, with mean annual temperature
of 13 °C (range 1–17.5 °C) and annual precipitation of 300–
400 mm, resulting in dry summers and mild winters. Major
tributaries drain from the Caucasus Mountains into coastal
plains, creating diverse lotic habitats.

Sampling Design

Seasonal sampling (January, April, July, October 2023) was
conducted at 10 stream sites: Daligobu, Cuhudchay-Asmachay,
Hazraarkh, Muruggobu, Shollarsu, Kundurarkh, Khanoba,
Susay, Turist, and Cholarkh. At each site, three replicates of
water and algal samples were collected along a 100 m reach
to account for spatial heterogeneity.

In situ Measurements

Water temperature (°C) was measured in situ using a
mercury thermometer. pH (model pH-200) and dissolved
oxygen (DO, mg L⁻¹; MW 600) were determined with portable
analyzers. Electrical conductivity (EC, μS cm⁻¹) and total
dissolved solids (TDS, mg L⁻¹) were measured using a YK-22CT
conductivity meter. Turbidity (NTU) was assessed using a
TU2106 turbidimeter. Concentrations of biogenic elements
(N, P, Si) were quantified by standard photometric methods
as described in APHA (2017). Total suspended solids (TSS,
mg L⁻¹) were determined according to Standard Method 2540D
(APHA, 2005). Geographic coordinates and stream depth were
recorded with a Garmin GPSMAP 64. All measurements and
sampling procedures followed established quality control
protocols.
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Figure 1.
Study area

Water Chemistry Analysis

The samples for nutrient analyses were filtered through
0.45 µm membrane filters and stored at 4 °C until analysis.
Concentrations of nitrate (NO₃–N), nitrite (NO₂–N), and
ammonium (NH₄–N) were determined colorimetrically using
Spectroquant® test kits (Merck) with detection ranges of 0.4–
110.7 mg L⁻¹ for NO₃–N, 0.02–3.0 mg L⁻¹ for NO₂–N, and 0.01–
3.0 mg L⁻¹ for NH₄–N. Soluble reactive phosphate (SRP) was
analyzed according to EPA Method 365.2. Silicate (SiO₂) was
measured using the Spectroquant® Silicate Test (detection
range: 0.005–5.0 mg L⁻¹). Sulfate (SO₄²⁻) was determined in
accordance with Standard Method 4500-SO₄²⁻ E, while calcium
(Ca²⁺) concentrations were measured by inductively coupled
plasma–atomic emission spectrometry (ICP-AES) following
EPA Method 6010D.

Algal Sampling and Identification

Phytoplankton samples were collected by vertical net hauls
(10–64 µm mesh; flowmeter-calibrated) and preserved with
Lugol’s solution. Benthic algae were sampled by scraping
defined 5 cm² areas of stones and macrophytes; epilithic
diatoms via core tube (8 mm × 1 m). Biofilms were suspended
and filtered through 20 µm mesh. Macroalgae (e.g., Chara spp.)
were hand-harvested, rinsed, and weighed. Samples were
stored on ice and processed within 24 h.

In the laboratory, algal taxa were identified under an
optical microscope (Nikon E100) and SEM (JSM-35) following
standard protocols (Van der Werff, 1999; Williams, 1985).
Quantitative counts employed the Utermöhl method.
Taxonomic references included Afanasyev et al. (2016, 2020)
and Nuriyeva (2019).
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Diversity and Saprobic Indices
Species dominance was quantified using Simpson’s
Dominance Index (D), calculated as:

𝐷 = ∑(𝑛𝑖
𝑁

)2 (1)

where ni is the number of individuals of taxon i, and N is the
total number of individuals in the sample (Magurran,  1988;
Odum  &  Barrett,  2005). Values of D range from 0 (infinite
diversity) to 1 (no diversity).

Organic pollution was assessed via the Saprobic Index (SI),
defined as:

𝑆𝐼 = ∑𝑠.ℎ
∑ℎ

(2)

where si is the saprobic value assigned to species i (scale 1–
4: oligio-, β-meso-, α-meso-, polysaprobic), and hi is the
frequency of species i in samples (Persoone & De Pauw, 1979).
Higher SI reflects increased organic load.

Classification of saprobic categories follows
Zahradkova & Soldan (2008).

Statistical Analysis

Seasonal field data on physical parameters and
hydrochemical composition of water collected in 2023 were
analyzed using Principal Component Analysis (PCA) in PAST
software (v4.13). For accurate results, only variables with
normal or log-normal distribution were included in the
analysis (Nong et al., 2024).

RESULTS AND DISCUSSION

Taxonomic Composition and Seasonal Distribution

A total of 46 algal species were identified, representing
5 phyla, 8 classes, 20 orders, 26 families, and 30
genera. The taxonomic structure of the studied flora
is characterized by the overwhelming dominance of
diatoms (Heterokontophyta: Bacillariophyceae), accompanied
by relevant contributions from green algae (Charophyta,
Chlorophyta) and cyanobacteria.

At the phylum level, Heterokontophyta accounted for 69.6%
(32 species) of all taxa, forming the dominant group
within the community. Charophyta (13.0%) and Cyanobacteria
(10.9%) represented the next most abundant phyla, while
Chlorophyta (4.3%) and Dinoflagellata (2.2%) were present in
low proportions.

Within the class spectrum, Bacillariophyceae was strongly
predominant (67.4%), reflecting the general pattern observed
in freshwater habitats worldwide. Cyanophyceae and
Zygnematophyceae were the leading secondary classes (each

comprising 10.9% of the species pool), whereas other classes,
including Xanthophyceae, Charophyceae, Trebouxiophyceae,
and Dinophyceae, each accounted for only a single species
(2.2%).

At the order and family levels, the highest species richness
was recorded for Naviculales (21.7%) and Naviculaceae (17.4%),
with Bacillariales, Zygnematales, and Oscillatoriales (each
8.7–10.9%) acting as additional key contributors. The most
diverse families after Naviculaceae included Stauroneidaceae,
Oscillatoriaceae, Cymbellaceae, and Spirogyraceae (each
6.5%).

Regarding the genus spectrum, Navicula was the most
species-rich genus, comprising 15.2% of all recorded taxa,
followed by Spirogyra and Nitzschia (each 6.5%). Although
the total genus richness was relatively high (30 genera), the
majority of species belonged to a small number of dominant
and subdominant genera.

This taxonomic spectrum demonstrates a markedly polarized
community structure, with diatoms clearly dominating both in
species richness and ecological role, while green algae and
cyanobacteria provide substantial secondary contributions.

A total of 37 algal species marked with an asterisk (*)
were newly recorded for the Samur–Yalama region during
this study. The majority belonged to Heterokontophyta (73%),
followed by Cyanobacteria (14%) and Chlorophyta (11%), while
Dinoflagellata was represented by a single species (2%). The
dominance of diatoms among the new records reflects the
overall taxonomic structure of the studied algal flora. These
species were associated with a broad range of habitats,
including benthic (Navicula lanceolata, Spirogyra crassa),
epilithic (Cocconeis placentula var. placentula, Staurosirella
pinnata), and epiphytic (Achnanthidium affine, Tribonema
affine) environments. Some taxa, such as Nitzschia palea and
Chlorella vulgaris, showed ecological plasticity by occurring
in both planktonic and attached communities. This diversity
of habitats reflects the substantial microenvironmental
heterogeneity in the region’s streams. Many of these species
are important bioindicators, contributing to water quality
assessment and ecological monitoring (Table 1, Figure 2).

Among the identified taxa, epilithic forms were most
frequently encountered, followed by benthic and epiphytic
taxa; planktonic, epipelic, and periphytic species were less
common. Heterokontophyta exhibited the broadest habitat
range and dominated both epilithic and benthic communities,
reflecting their ecological plasticity. Charophytes were mostly
confined to benthic habitats, while cyanobacteria were
abundant in epilithic and planktonic niches (Table 1).
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Seasonally, Heterokontophyta were present throughout
the year, whereas other groups displayed distinct
seasonal patterns: Chlorophyta were absent in winter,
while Dinoflagellata occurred only in cold seasons. This
pattern illustrates that environmental factors, particularly
temperature and light, drive algal community succession in
the region.

Seven taxa documented by Muxtarova and Muradova
(2021) (Frustulia vulgaris, Navicula cryptotenella, N. oblonga,
Pinnularia viridis, Oscillatoria margaritifera, Phormidium
ambiguum, Microspora palustris) were confirmed in this
study, indicating community persistence. Earlier charophyte
records included Chara vulgaris f. vulgaris and C. vulgaris f.
longibracteata (Romanov et al., 2025), but only C. vulgaris was
observed here, suggesting local environmental shifts.

Diversity and Pollution Indices

Simpson’s Dominance Index (D) values ranged from 0.120 to
0.131, confirming a high level of algal diversity with no single
taxon dominating the assemblages throughout the studied
streams. Saprobic Index (SI) values (0.69–0.89) classified the
sites as oligosaprobic to β-mesosaprobic, indicating clean to
only slightly polluted waters, typically associated with low
organic enrichment from minor local inputs (Table 2).

Bioindication based on algal communities further supports
these findings: upper reaches of the streams harbored
predominantly oligosaprobic diatom species such as
Fragilaria capucina and Achnanthidium minutissimum, well-
known for their intolerance to organic pollution and their
prevalence in oligotrophic, well-oxygenated environments.
In contrast, downstream sites exhibited a subtle increase
in organic matter, as reflected by the presence and
greater relative abundance of more tolerant taxa such as
Gomphonema parvulum and Nitzschia palea—both classic
β-mesosaprobic indicators that flourish under mild organic
enrichment and elevated nutrient levels.

The co-occurrence of both sensitive (Fragilaria,
Achnanthidium, Encyonema) and tolerant (Gomphonema,
Nitzschia) taxa in some samples highlights the mixed
influence of pristine and mildly enriched conditions—a
pattern consistent with ecological gradients described in
similar Caucasus mountain streams (Neplyukhina et al., 2022).
This is further corroborated by the occasional presence of
Chara vulgaris (Charophyta), a macrophyte known to thrive in
clear, calcareous, low-nutrient environments and to disappear
under significant eutrophication. Although Chara is not
typically included in saprobic indices, its persistence provides
additional evidence that these streams have not crossed into

heavily polluted or eutrophic states (Bellino and Baldantoni,
2023).

Comparative data from regional studies (Barinova and
Kukhaleishvili, 2017) show similar upstream–downstream
transitions: headwaters classified as oligosaprobic, with
lower reaches becoming oligo- to β-mesosaprobic due to
slight anthropogenic inputs, but without substantial loss
of sensitive taxa or a shift toward full eutrophication. The
dominance of Heterokontophyta (over 50% of identified taxa),
rapid response of these groups to changes in water quality,
and the consistent performance of algal-based indices
(including saprobic and trophic Heterokontophyta indices)
together provide a robust, evidence-based assessment of
ecological condition.

In summary, the integration of structural (Simpson index),
functional (Saprobic index), and taxonomic bioindication
confirms that the streams of Samur-Yalama National Park
are predominantly characterized by low nutrient loads, high
oxygenation, and mineral-rich waters. Only minor spatial and
seasonal signs of organic enrichment are observed, and
the overall ecosystem remains far from critical pollution
thresholds.

Hydrochemical Parameters and Seasonal Variation

The ecological status of streams in Samur-Yalama National
Park was assessed through the analysis of fourteen
hydrochemical parameters and their relationships with
algal community structure. Water temperature exhibited
pronounced seasonal and spatial variation, ranging from 1.4 °C
to 21.6 °C (mean: 11.6 °C), with the majority of samples falling
within the 7.2–16.8 °C interval. Seasonal averages were 2.6 °C
in winter, 13.1 °C in spring, 18.4 °C in summer, and 10.8 °C in
autumn.

The first principal component (PC1) accounted for
approximately 50% of variance during spring, summer, and
autumn, increasing to about 70% in winter. PC1 was strongly
and positively correlated with sulfate (SO₄²⁻), calcium (Ca²⁺),
and total dissolved solids (TDS), and negatively correlated
with dissolved oxygen (DO) and turbidity. This axis reflected a
mineralization gradient governed primarily by lithological and
hydrological characteristics of the catchments (Figure 8).

The second principal component (PC2) exhibited season-
dependent variation: in winter and summer, PC2 was strongly
associated with biogenic nutrients—phosphate (PO₄³⁻), nitrate
(NO₃⁻), nitrite (NO₂⁻), and silicate (Si)—capturing a nutrient
enrichment gradient. Conversely, in spring and autumn, PC2
shifted towards physical parameters such as pH, temperature,
and DO, which gained prominence during transitional periods.
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Figure 2.
(a-d). Distribution maps of algae due to seasons

Thus, the nutrient (biogenic) component became the third
most important variance factor in these seasons (Figure 8).

Ordination plots derived from PCA revealed three main river
groups based on hydrochemical similarity:

• Group 1: Rivers Susay, Muruggobu, and Colarkh exhibited
relatively stable water chemistry year-round, characterized
by moderate mineralization (350–520 mg L⁻¹ TDS), slightly
acidic pH, and consistently low nutrient concentrations.
These conditions supported diverse and sensitive algal
communities typical of oligotrophic to mesotrophic
systems (Wetzel, 2001).

These fluctuations directly influenced algal succession:
Heterokontophyta such as Fragilaria capucina and
Achnanthidium minutissimum dominated during colder
periods, reflecting the well-documented preference of
psychrophilic diatoms for low temperatures (Butterwick et
al., 2005; Lürling et al., 2018). Under warmer conditions
(above 18 °C) led to increased occurrence of filamentous
green algae (e.g., Ulothrix, Spirogyra) and cyanobacteria
(Oscillatoria margaritifera, Microcystis incerta), although
diatoms continued to prevail. This pattern is consistent with
observations from Caucasus mountain streams and
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Table 1.
Algae species distributed in Samur-Yalama National Park (*it was found for the first time in this research for the region.)

Family Species Habitat Saprobe

Heterokontophyta Moestrup, R.A. Andersen&Guiry

Catenulaceae Mereschkowsky Amphora pediculus (Kützing) Grunow* Benthic -

Achnanthidiaceae D.G. Mann Achnanthidium affine (Grunov) Czarn* Epiphytic ο-β

Cocconeis euglypta Ehrenberg* Epilithic -Cocconeidaceae Kützing

Cocconeis placentula var. placentula Ehrenberg* Epilithic ο-β

Cymbopleura amphicephala (Nägeli ex Kützing) Krammer* Periphytic ο-β

Cymbella cymbiformis C. Agardh* Benthic -

Cymbellaceae Kützing

Cymbella affinis Kütz* Epilithic β- ο

Diadesmidaceae D.G. Mann Luticola mutica (Kütz.) D.G. Mann in Round, Crawford et Mann Epipelic ο

Fragilaria capucina Desmazières * Epilithic, benthic οFragilariaceae Kützing

Fragilaria vaucheriae (Kütz.) J.B.Petersen* Epiphytic -

Gomphonema truncatum Ehrenberg* Epilithic, benthic ο-xGomphonemataceae Kützing

Gomphonema parvulum Kütz* x

Tabellariaceae Kützing Diatoma vulgaris Bory* Epiphytic x

Caloneis silicule (Ehrenberg) Cleve* Benthic x

Navicula cryptotenella Lange- Bert. In Krammeret Lange-Bert Epilithic ο-β

Navicula oblonga (Kütz.) Kütz Epilithic β

Navicula lanceolata (C. Agardh) Ehrenb* Benthic x- β

Navicula cari Ehrenb* Epilithic, benthic -

Navicula directa (W. Smith) Brébisson* Benthic ο-β

Navicula trivialis Lange-Bertalot * Benthic -

Naviculaceae Kützing

Navicula cincta (Ehrenb.) Rafls* Epiphytic, epilithic -

Nitzschia acuta Hantzsch* Epiphytic -

Nitzschia amphibian Grunov* Epiphytic -

Nitzschia palea (Kütz) W.Sm. * Planktonic, epiphytic, epilithic -

Bacillariaceae Ehrenberg

Tryblionella victoriae Grunov* Epiphytic, epilithic ο-x

Amphipleuraceae Grunow Frustulia vulgaris (Thwaites) De Toni Epilithic x- β

Pinnulariaceae D.G. Mann Pinnularia viridis (Nitz.) Ehrenb Benthic ο-x

Stauroneis acuta W. Smith* Benthic ο-x

Staurosirella pinnata (Ehrenb.) D.M.Williams & Round* Epilithic β

Stauroneidaceae D.G.Mann

Stauroneis smithii Grunow Epilithic -

Ulnariaceae E.J.Cox Ulnaria ulna (Nitzsch) P. Compere* Planktonic, epilithic ο-α

Tribonemataceae G.S.West Tribonema affine (Kütz.) G. S. West* Epiphytic -

Cyanobacteria Stanier ex Cavalier-Smith

Microcoleaceae O.Strunecky, J.R.Johansen & J.Komárek Lyngbya aestuarii Liebman ex Gomont* Planktonic, benthic ο

Oscillatoria limosa Agardh ex Gomont* Planktonic, epilithic β

Oscillatoria margaritifera Kützing ex Gomont* Benthic -

Oscillatoriaceae Engler

Phormidium ambiguum Gomont ex Gomont* Epilithic, benthic β

Microcystaceae Elenkin Microcystis incerta Lemmerm* Epilithic β

Chlorophyta Reichenbach

Microsporaceae Bohlin Microspora palustris Wichmann Benthic -

Chlorellaceae Brunnthaler Chlorella vulgaris Beij* Planktonic α

Charophyta Migula

Characeae S.F.Gray Chara vulgaris Linnaeus Benthic -

Desmidiaceae Ralfs Cosmarium cucumis Corda ex Ralfs Benthic -
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Family Species Habitat Saprobe

Spirogyra condensate (Vaucher) Dumort* Benthic -

Spirogyra crassa (Kützing) Kützing* Benthic β

Spirogyraceae Bessey

Spirogyra majuscula Kützing* Planktonic ο-α

Zygnemataceae Kützing Zygnema cruciatum (Vaucher) C.Agardh* Benthic x- β

Dinoflagellata Fensome et al.

Protoperidiniaceae Bujak&E.H.Davies Protoperidinium granii (Ostenf.) Balech* Epiphytic, epipelic -

Table 2.
Seasonal values for main indices

Season Winter Spring Summer Autumn

D 0.129 0.131 0.129 0.120

SI 0.69 0.85 0.89 0.81

Figure 3.
Seasonal variation in physical parameters of stream. (a) Temperature; (b) Turbidity; (c) Dissolved Oxygen

Figure 4.
Seasonal changes in general chemical properties. (a) pH; (b) Electrical Conductivity; (c) TDS

corresponds to global thermal optima for these algal groups
(Reinl et al., 2023; Cottingham et al., 2021) (Figure 3).

Dissolved oxygen concentrations ranged from 5.6 to 11.3 mg L⁻¹
(mean: 8.2 mg L⁻¹), with the majority of measurements
falling within the 7.5–8.6 mg L⁻¹ interval. These values reflect
consistently well-aerated conditions across all sites and
seasons. No significant decline in DO was observed, even
during periods of elevated water temperature or increased

algal biomass, indicating the absence of strong organic
pollution and effective stream aeration (Wetzel, 2001). High
dissolved oxygen levels supported diverse communities of
diatoms and green algae, including Staurosirella pinnata,
Navicula cari, and Diatoma vulgaris, all of which were most
abundant at DO concentrations above 7.8 mg L⁻¹. Hypoxia-
tolerant taxa were largely absent, further confirming favorable
oxygen regimes throughout the study area. The pH of stream
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waters ranged from 5.9 to 8.5 (mean: 7.26), falling within the
6.9–7.6 interval. Acidic waters favored acidophilic taxa such as
Mougeotia and Pinnularia, while neutral to alkaline conditions
promoted greater diversity of diatoms and cyanobacteria.
Peak diatom richness was observed at near-neutral pH, with
taxa such as Achnanthidium affine and Tryblionella victoriae
frequently occurring within the pH range of 6.0–7.5 (Tasnim et
al., 2023; Zepernick et al., 2021) (Figure 3).

Electrical conductivity exhibited substantial spatial variation,
ranging from 110 to 1970 μS cm⁻¹ (mean: 575 μS cm⁻¹, median:
315 μS cm⁻¹), and was closely mirrored by TDS (54–520 mg L⁻¹,
mean: 219 mg L⁻¹, median: 157 mg L⁻¹) (Figure 4). These two
parameters were strongly correlated (r = 0.87), reflecting
parallel variation in dissolved mineral content across sites.
Streams with moderate mineralization supported oligotrophic
and sensitive diatom taxa such as Gomphonema truncatum,
Stauroneis smithii, and Navicula cryptotenella. In contrast,
sites with higher conductivity and TDS showed increased
abundance of euryhaline, halotolerant species, particularly
Navicula oblonga, Fragilaria capucina, and Luticola mutica,
alongside filamentous green algae such as Spirogyra
majuscula.

Lower mineralization correlated with the abundance of
sensitive diatoms, while higher values supported β-
mesosaprobic indicators (Nitzschia palea, Gomphonema
parvulum). Turbidity ranged from 3.4 to 22.3 NTU (mean:
8.2 NTU) and total suspended solids (TSS) from 1 to
98 mg L⁻¹ (mean: 29 mg L⁻¹). Moderate to high turbidity favored
sediment-tolerant filamentous cyanobacteria and green
algae, whereas low turbidity supported a diverse assemblage
of benthic diatoms (Sánchez et al., 2013; U.S. EPA, 2019).

Nutrient concentrations were consistently low to moderate,
reinforcing the streams’ oligotrophic to mesotrophic status.
Soluble phosphate ranged from 0.002 to 0.029 mg L⁻¹ (mean:
0.009 mg L⁻¹), with the majority of samples falling within
the 0.003–0.013 mg L⁻¹ interval, well below the threshold for
phosphorus-limited bloom formation (Vuorio et al., 2020;
Ballah et al., 2019). Nitrate varied from 0.08 to 0.48 mg L⁻¹
(mean: 0.26 mg L⁻¹), with most samples between 0.15 and
0.35 mg L⁻¹, and did not approach levels associated with
cyanobacterial blooms (Hecky et al., 1993). Ammonium and
nitrite concentrations remained consistently low across all
sites, with minimal variation detected, further corroborating
the absence of recent or ongoing organic pollution events
(Elser et al., 1995). Nitrogen limitation likely favored diatom

over cyanobacterial dominance, especially in spring and
autumn.

The prevailing low-nutrient regime was reflected in the
predominance of oligotrophic and sensitive diatom taxa
such as Gomphonema truncatum, Navicula cryptotenella,
Stauroneis smithii, Achnanthidium minutissimum, and
Fragilaria capucina, as well as green algae like Spirogyra
majuscula and Zygnema spp. Filamentous cyanobacteria,
including Oscillatoria margaritifera, were only sporadically
encountered, mainly at sites with slightly elevated nutrient
concentrations (Figure 5).

Major ions including calcium (5.1–91 mg L⁻¹, mean 33 mg L⁻¹),
sulphate (14–302 mg L⁻¹, mean 124 mg L⁻¹), and silicate (4–
9.8 mg L⁻¹, mean 6.5 mg L⁻¹) varied spatially across the study
area (Figure 6). Higher calcium concentrations consistently
supported the occurrence of charophytes, particularly Chara
vulgaris and Chara contraria, both indicators of clear,
calcareous, low-nutrient waters (Herbst and Schubert, 2018).
Sufficient silicate concentrations (typically >5 mg L⁻¹) enabled
a robust and diverse diatom flora, including Achnanthidium
minutissimum, Fragilaria capucina, and Navicula oblonga,
with no evidence of silicate limitation. Sulphate-rich streams
did not show a reduction in overall algal diversity but
sometimes favored halotolerant taxa such as Nitzschia palea
and Gomphonema parvulum, as well as green algae like
Ulothrix zonata and Spirogyra majuscula (Kirkwood et al.,
2006).

Only variables with normal or log-normal distribution were
included to ensure robustness of the multivariate analysis.
The first three principal components explained between 78%
and 91% of total variance, depending on season (Figure 7).

• Group 2: Rivers Turist, Shollarsu, Khanoba, Cuhudchay,
and Hazraarkh had low mineralization (TDS 54–194 mg L⁻¹),
placing them among the least mineralized streams in
the study area. pH conditions ranged from near-neutral
to slightly alkaline, with no clear division into distinctly
alkaline or acidic groups. Nutrient concentrations were
generally low; however, Turist and Shollarsu exhibited
relatively elevated phosphate (up to 0.018 mg L⁻¹) and
nitrate (up to 0.33 mg L⁻¹) levels compared to other sites.

• Group 3: Kundurarkh River displayed intermediate ion
concentrations (171–319 mg L⁻¹ TDS) and low nutrient
content, while Daligobu River demonstrated pronounced
intra-annual hydrochemical variability, shifting from low-
mineralization in spring and summer to moderately
mineralized, acidic waters in autumn (Wetzel, 2001).

The PCA gradients closely matched the main ecological
drivers of algal community structure in the region.
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Figure 5.
Seasonal variation of major ions and nutrients I. (a) Nitrate; (b) Phosphate; (c) Calcium

Figure 6.
Seasonal variation of major ions and solids II. a) Slicate; b) Sulphate; c) Total Suspended Solids (TSS)

Figure 7.
Scree plot of the first three principal components explaining 78–91% of total variance.

PC1’s mineralization axis was strongly associated with
the distribution of halotolerant and calciphilic taxa, such

as Nitzschia palea and Gomphonema parvulum—both
recognized β-mesosaprobic bioindicators tolerant of elevated
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Figure 8.
Physical and hydrochemical characteristics of rivers on PCA ordination diagrams.

salinity and organic matter (Stenger-Kovács et al., 2023).
Conversely, oligotrophic indicator taxa such as Fragilaria
spp. and Achnanthidium spp. clustered in sites with low
mineralization and conductivity (Stenger-Kovács et al., 2023).

PC2, representing nutrient enrichment, influenced taxonomic
composition by modulating phosphate and nitrate availability
—key factors in algal productivity. Elevated phosphate
concentrations, although below bloom-triggering thresholds
(<0.03 mg L⁻¹), coincided with increased abundances of
pollution-tolerant cyanobacteria (Oscillatoria spp.) and green
algae (Chlorella vulgaris), especially during summer low-
flow periods (Barinova et al., 2017). In contrast, streams with
lower nutrient loads favored sensitive Heterokontophyta and
charophytes, signaling higher ecological quality (Oemke and
Burton, 1986; Glibert, 2020)

Integration of these hydrochemical and biological gradients
confirms that water chemistry, particularly mineral content
and nutrient availability, is the primary determinant of algal
assemblages in the Samur-Yalama rivers. While some spatial
and seasonal variation occurs, most streams retain a diverse
algal flora, with communities reflecting the generally good
water quality and only minor evidence of anthropogenic
enrichment or ecological stress (Kristiansen, 1996).

CONCLUSION
In conclusion, multivariate analyses revealed two primary
hydrochemical gradients—mineralization (SO₄²⁻, Ca²⁺, TDS vs.
DO, turbidity) and nutrient enrichment (PO₄³⁻, NO₃⁻, Si)—
which together explained over 90 % the variance in water
chemistry and delineated to three distinct stream groups.
Seasonal surveys across ten rivers documented 46 algal taxa,
including 37 newly recorded for the region. Sensitive diatoms
(e.g., Fragilaria capucina, Achnanthidium minutissimum)
dominated pristine headwaters, whereas tolerant taxa such
as Gomphonema parvulum and Nitzschia palea prevailed in
moderately enriched reaches. These results demonstrate a
clear species–environment linkage and confirm the largely
oligosaprobic status of Samur-Yalama streams. The study
thus establishes a statistically robust baseline for algal-
based biomonitoring and provides critical guidance for future
conservation and water-management efforts in semi-arid
South Caucasus catchments.
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