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Abstract
This study is the first attempt to evaluate the limno-ecological status of freshwater ecosystems in Aras River system (Turkey)
using diatom metrics and multivariate analyses according to the European Union Water Framework Directive requirements.
Samples were collected using the standard protocols from 17 sampling stations in August and October of 2014, and June of 2015.
Deterioration of water quality in the Aras River catchment was remarked from the downstream of Karakoyunlu, Sarısu, and
Bozkuş creeks, which showed higher values of trophic index Turkey (TIT), trophic index (TI), and eutrophication and/or
pollution index-diatom (EPI-D). These sites were also characterized by pollution tolerant taxa e.g., Cocconeis placentula,
Gomphonema parvulum, Navicula cryptocephala, Navicula trivialis, and Tryblionella angustata. Sites S14–S17 had high
ecological status according to TIT, supported by the score of EPI-D which indicated a good ecological condition for S14. The
occurrence of pollution-sensitive species (e.g., Hannaea arcus, Cymbella affinis, Didymosphenia geminata,Meridion circulare,
and Encyonema silesiacum) and the low nutrients like total phosphorus, orthophosphate and nitrate, conductivity, and BOD5

supported the high ecological status of S14–S17. The relationships between diatom assemblages and environmental variables
were also illustrated bymultivariate analyses. Spearman correlation analysis revealed that TIT had positive important correlations
with total phosphorus (p < 0.01, r = 0.768). Trophic index and EPI-D had also significant correlations with environmental
variables, but they had lower correlation coefficient than that of TIT. It seems that TIT could be a suitable diatom metric for
assessing the ecological status of sampling stations in Aras River system and Mediterranean region. Our findings showed also
that ecological statuses of surface waters should be evaluated due to the indices developed in their ecoregions.
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Introduction

Human activities through worldwide threaten the quality
of surface waters, which is one of the major environmen-
tal problems (Hering et al. 2010; Birk et al. 2012).
Various environmental stressors such as climate changes,
eutrophication, acidification, discharging of hazardous
and other effluents, runoff of fertilizers from land uses,
hydromorphological degradation, catchment land use,

habitat destruction, riparian habitat alteration, flow mod-
ification, and invasive alien species have strong impact
on the ecological quality of water bodies (Hering et al.
2010; Birk et al. 2012). Reliable information about water
quality is required to achieve a good ecological condition
based on biological quality tools to ensure the biotic
integrity of ecosystems. The European Union Water
Framework Directive (WFD) (Directive 2000) is mainly
inspired by the ecological approaches of US Clean Water
Act published in 1972 and then developed in 1977 and
1980s relevant to water quality standards. In order to
assess the ecological quality of surface waters, five
aquatic bioindicator organisms (diatoms as phytobenthos,
phytoplankton, benthic invertebrates, macrophytes, and
fish) with the requirements of the WFD are used (Birk
et al. 2012; Kelly et al. 2014; Toudjani et al. 2017). This
attempt has provided important information to achieve an
environmental sustainability according to bioindicator or-
ganisms’ responses to environmental stress.
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Different biological communities have been used to as-
sess and monitor the quality of freshwaters. Among them,
epilithic diatoms have been widely used as efficient indi-
cators of water bodies for the assessment ecological status
of surface waters (Kelly et al. 1998; Potapova and Charles
2003; Kelly et al. 2008; Delgado and Pardo 2014; Lobo
et al. 2015, 2016; Rimet 2012).

Diatom indices were developed by the numerical evalua-
tion of the species responses to environmental variables using
different statistical approaches. To assess water ecological
quality, several diatom metrics have been developed Europe
like specific pollution index (SPI) (Cemagref 1982), trophic
index (TI) (Rott et al. 1999), eutrophication and/or pollution
index-diatom (EPI-D) (Dell’Uomo 2004), and trophic diatom
index (TDI) (Kelly et al. 2008). They highlighted that the
ecological preferences of diatom species can be changed with
temporal and spatial variation in different ecoregions. In
Turkey, Çelekli et al. (2019) proposed the use of the trophic
index Turkey (TIT) for evaluating water quality using dia-
toms. In this study, the overall hypothesis was that direct use
of foreign diatom index scores obtained from different
ecoregions could lead to a wrong interpretation of the water
quality. Thereby, the objectives of this research as the first
attempt were to use diatom indices developed from different
ecoregions for assessing the limno-ecological status of various
sampling stations of Aras River system (Turkey).

Materials and methods

Study area and field sampling

The Kura–Aras River as a transboundary basin located in the
North-Eastern Turkey. It is one of the largest running water
systems of the Caucasus. Aras River rises from Bingöl
Mountains in the south of Erzurum. It flows along the
Turkish–Armenian border, and connects Turkey to
Nakhchivan exclave. Also, the Aras River forms some part
of boundaries of Turkey with Iran, Armenia, and Azerbaijan.
The river joins the Kura stream in the north region, and outlets
into the Caspian Sea. The catchment is dominated by the
continental climate, and the reported average temperature
was about 17 °C (DGWM 2016). Aquatic ecosystems in the
Aras River system are fed by snowfall since the winters are
dominated by terrestrial climatic conditions. The total surface
area of the catchment is approximately 27,548 km2 and is
mainly constituted by five provinces (Erzurum, Kars, Igdır,
Ardahan, andAğrı).Mean precipitation values varied between
400 mm in Iğdır province and 750 mm in Ardahan province
during the present study. Of the provinces in the border of
basin, Iğdır located relatively at low altitude and so agriculture
land use and livestock farming are the income source.

A total of 17 sampling stations in the Aras River catchment
(a transboundary river) of Turkey (Fig. 1) were sampled in
August and October of 2014 and June of 2015. Data were
collected from stations S1–S11 during three seasons. Then,
stations S12–S14 and S15–S17 were added to the study pro-
gram in October of 2014 and in June of 2015, respectively.

Before the epilithic diatom sampling in situ, pH, water
temperature, electrical conductivity (EC), dissolved oxy-
gen (DO), and salinity were measured using an YSI
Professional Plus oxygen–temperature meter. A geo-
graphical positioning system was used to determine geo-
graphical data. Water samples were then taken and
preserved in a storage container with ice packs until the
transfer to laboratory. At least five stones were randomly
collected in the riffle sections of running water systems
for the epilithic diatom samples. Subsequently, the upper
surface of substrata was scraped and scrubbed with a
hard bristled toothbrush in 100 ml of distilled water by
following standard methods of European Committee for
Standardization (2004, 2014) and fixed with a Lugol–
glycerol solution.

Laboratory analysis

Chemical variables (e.g., total phosphorus (TP), orthophos-
phate (P-PO4), total nitrogen (TN), nitrate nitrogen (N-NO3),
ammonium nitrogen (N-NH4), and biochemical oxygen de-
mand (BOD5)) were analyzed using standard methods
(APHA 2012).

The diatom cleaning process with hot hydrogen peroxide
and preparation of permanent slides was applied according to
the European Committee for Standardization (2004). During
the examination of permanent slides, at least 500 diatom
valves were enumerated at a magnification of × 1000 under
a light microscope (Olympus BX53 model) equipped with a
DP73model digital camera and an Olympus cellSens imaging
software. The taxonomic guides provide in Krammer and
Lange-Bertalot 1991a, b, 1999a, b, Lange-Bertalot (2001),
and Krammer (2000, 2002) were used to identify diatom
species.

Determination of ecological status

TIT (Çelekli et al. 2019) was calculated using the following
equation (Eq. 1).

TIT ¼ ∑n
i¼1bi � ei � ci
∑n

i¼1ei � ci
ð1Þ

where bi, i-diatom taxon trophic weight; ei, i-diatom taxon
indicator scores; and ci, the percentage of i-diatom species
(Çelekli et al. 2019).
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Ecological quality ratios (EQR) were calculated based
on TIT scores. An EQR value close to 0 indicates bad
ecological status while a value close to 1 shows high eco-
logical status. The ecological status boundary classes were

determined according to the WFD using the box-plot anal-
ysis for each typology.

EPI-D (Dell’Uomo 2004) was calculated using the follow-
ing equation (Eq. 2).

Fig. 1 Geographic situation of Aras River Basin and locations of
sampling stations. S1, S17—Çot Creek; S2, S6, S9—Aras River; S3—
Eğritaş Creek; S4—Karakoyunlu Creek; S5—Sarısu Creek; S7—Karasu

Stream; S8—Ilıgöze Creek; S10—Handere Creek; S11—Bozkuş Creek;
S12—S12 Creek; S13—Karahan Creek; S14—Digor Creek; S15—
Zeveta Creek; and S16—Posof Stream

8030 Environ Sci Pollut Res (2019) 26:8028–8038



EPI−D ¼
∑
n

j¼1
aj � r j � i j

∑
n

j¼1
aj � r j

ð2Þ

where aj abundance of the species j; rj reliability of the species
j with inversely proportional to its ecological Brange^; 5 is an
optimum indicator; 3 is a good indicator; 1 is a sufficient
indicator only; ij weighted integrated sensitivity index of the
species j; the values attributed go from 0 (for environment of
excellent quality) to 4 (degraded water body).

Trophic index (TI) (Rott et al. 1999) was also used and
calculated by the following equation:

TI ¼
∑
n

i¼1
TWi � Gi � Hi

∑
n

i¼1
Gi � Hi

ð3Þ

where TWi is i-taxon trophic weight, Gi is i-taxon indicator
value, and Hi is i-taxon’s valve number (Rott et al. 1999).

Statistical analyses

Physico-chemical variables of the sampling stations were
compared using multiple range test of Duncan (SPSS version
15.0, SPSS Inc., Chicago, IL, USA). The Spearman correla-
tion was performed to determine the relationships between
environmental variables and diatom indices. Detrended corre-
spondence analysis was applied to the dataset of diatom as-
semblages to determine the gradient length. The result of this
analysis revealed the gradient lengths are larger than 3.0,
which justified the performing of unimodal ordination tech-
niques (ter Braak and Šmilauer 2002). Thus, canonical corre-
spondence analysis (CCA) was performed to assess the rela-
tionship between environmental factors as predictor variables
and diatom assemblages as response variables in the 17 sam-
pling stations of the Aras River catchment. The predictor var-
iables were logarithmically transformed except pH to decrease
skewness (ter Braak and Šmilauer 2002). Partial CCA was
used to determine the most important explanatory variable(s)
that drive the distribution of diatom composition. CANOCO
software was used for the ordination analyses. The Monte
Carlo Permutation test was performed to test which environ-
mental factors played significance roles on the distribution of
diatom assemblages. Thus, the ordination consisted of 40 di-
atom species, 8 environmental variables, and 17 sampling
stations as supplementary variables. In order to predict optima
and tolerance values of diatom taxa for environmental vari-
ables, weighted averaging regression was applied using the
Calibrate program (Juggins and ter Braak 1992). Diatom spe-
cies occurredmore than one with an abundance larger than 1%
were used in the statistical analyses (Leps and Smilauer 2003).

Results

Environmental variables of sites

Descriptive analyses of main environmental variables are
summarized in Table 1. The Aras River system had mainly
alkaline water and the mean pH values ranged from 7.4 in
Digor Creek to 8.7 in Karasu Stream. Stations S12–S17 had
smaller pH levels than those of S1–S14. The highest mean
water temperature (22.0 °C) was measured at Karakoyunlu
Creek located at 843 m, whereas the lowest mean value
(12.8 °C) in Karahan Creek (S12) at 2059 m.

The highest mean EC (1166 μS cm−1) value was found in
Sarısu Creek followed by Karakoyunlu Creek with
825 μS cm−1 while stations S12–S17 had low EC values
ranged from 25 μS cm−1 in Zeveta Creek to 136 μS cm−1 in
Posof Stream (see more in Table 1). Nutrient content of sam-
pling stations fluctuated during the present study.
Karakoyunlu Creek (S4), Bozkuş Creek (S11), and Aras
River (S2) had high nutrients values than the others
(p < 0.05). Low values of TP, P-PO4, TN, and salinity were
mainly measured in stations S15–S17 and in Aras River (S9)
(p < 0.05).

Diatom composition–environment relationships

A total of 65 diatom taxa were found in the Aras River catch-
ment during the current study. Cocconeis placentula,
Cymbella affinis, Gomphonema parvulum, Ulnaria ulna,
Diatoma vulgaris, and Navicula cryptocephala were com-
monly found in the river system. Forty diatom species with
more than 1% relative abundance at least one sample were
retained for the multivariate statistical analyses (Table 2).

The first two axes of CCA explained 10.6% of the cumu-
lative variance in the diatom assemblages with 0.951 of the
species–environment correlation. The diatom species–
environmental relationship was highly significant (F = 1.948,
p = 0.002) according to results of the Monte Carlo
Permutation test. Partial CCA indicated that the most effective
explanatory environmental factors e.g., EC, TP, altitude, tem-
perature, TOC, and BOD5 that affected the distribution of
diatom species in the Aras River system.

The ordination of diatom assemblages in the CCA diagram
was given in Fig. 2. High values of TOC, TSS, BOD5, and EC
are associated with Sarısu Creek (S5). Water temperature and
TP are closely related with Karakoyunlu creek (S4) and Aras
River (S2). S12–S17 stations located far away from the arrows
of TOC, TSS, BOD5, and conductivity, but S15–S17 closely
related to high altitude, characterized by low nutrient contents,
conductivity, temperature, and BOD5. These stations were
also associated with species such as Hannaea arcus,
Cymbella affinis, Didymosphenia geminata, Meridion
circulare, Encyonema silesiacum, and Navicula radiosa.
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The pollutant tolerant species (e.g., Gomphonema
parvulum, Navicula cryptocephala, and Navicula trivialis)
were commonly found in the studied stations except S12–
S17, and they mainly showed relationships with high conduc-
tivity, water temperature, nutrients, TOC, and BOD5 (Fig. 2).

According to the weighted average regression results,
C. placentula (354 μS cm−1 EC optima and 0.384 mg L−1

TP optima), N. cryptocephala (555 μS cm−1 EC optima and

0.470 mg L−1 TP optima),Navicula trivialis (573μS cm−1 EC
optima and 0.859 mg L−1 TP optima), and Tryblionella
angustata (945 μS cm−1 EC optima and 0.999 mg L−1 TP
optima) preferred high TP and EC. On the other hand, a few
diatom species associated with relatively low TP optima e.g.
H. arcus (0.065 g L−1 TP), D. geminata (0.115 mg L−1 TP),
M. circulare (0.028 mg L−1 TP), and E. silesiacum
(0.083 mg L−1 TP).

Table 2 Diatom species occurred
more than one with at least 1%
abundances and their codes for
the statistical analyses in Aras
River system

Code Species

Amov Amphora ovalis (Kützing) Kützing

Anst Aneumastus stroesei (Østrup) D.G.Mann

Augr Aulacoseira granulata (Ehrenberg) Simonsen

Copl Cocconeis placentula Ehrenberg

Cyir Cyclotella iris Brun & Héribaud-Joseph

Cyme Cyclotella meneghiniana Kützing

Cyaf Cymbella affinis Kützing

Cyci Cymbella cistula (Ehrenberg) O.Kirchner

Cycy Cymbella cymbiformis C.Agardh

Cyha Cymbella hantzschiana Krammer

Cyhe Cymbella helvetica Kützing

Enmi Encyonopsis minuta Krammer & E.Reichardt

Ensi Encyonema silesiacum (Bleisch) D.G.Mann

Cytu Cymbella tumida (Brébisson) Van Heurck

Deel Denticula elegans Kützing

Deva Denticula valida (Pedicino) Grunow

Divu Diatoma vulgaris Bory

Dige Didymosphenia geminata (Lyngbye) Mart.Schmidt

Frca Fragilaria capucina Desmazières

Goan Gomphonema angustatum (Kützing) Rabenhorst

Goang Gomphonema angustum C.Agardh

Gool Gomphonema olivaceum (Hornemann) Brébisson

Gopa Gomphonema parvulum (Kützing) Kützing

Gyac Gyrosigma acuminatum (Kützing) Rabenhorst

Haar Hannaea arcus (Ehrenberg) R.M.Patrick

Libo Lindavia bodanica (Eulenstein ex Grunow) T.Nakov, Guillory, Julius, Theriot & Alverson

Meli Melosira lineata (Dillwyn) C.Agardh

Meci Meridion circulare (Greville) C.Agardh

Nacr Navicula cryptocephala Kützing

Nacry Navicula cryptotenella Lange-Bertalot

Nama Navicula margalithii Lange-Bertalot

Naop Navicula oppugnata Hustedt

Nara Navicula radiosa Kützing

Natr Navicula tripunctata (O.F.Müller) Bory

Natri Navicula trivialis Lange-Bertalot

Tran Tryblionella angustata W.Smith

Nidi Nitzschia dissipata (Kützing) Rabenhorst

Nipa Nitzschia palea (Kützing) W.Smith

Suov Surirella ovalis Brébisson

Ulul Ulnaria ulna (Nitzsch) Compère
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Ecological status

The bioassessment results of the sampling stations in the Aras
River system based on diatom indices are given in Table 3. All

diatom indices indicated that the lowest value was recorded in
Zeveta Creek (S15). Sarısu Creek (S5) had the high scores of
TI and EPI-D whereas high TIT scores were found in
Karakoyunlu Creek (S4) that is followed by Sarısu Creek.

Fig. 2 CCA plot of diatom
assemblage (circle)-
environmental (arrow) relation-
ships in the sampling sites (up
triangular). S1, S17—Çot Creek;
S2, S6, S9—Aras River; S3—
Eğritaş Creek; S4—Karakoyunlu
Creek; S5—Sarısu Creek; S7—
Karasu Stream; S8—Ilıgöze
Creek; S10—Handere Creek;
S11—Bozkuş Creek; S12—S12
Creek; S13–Karahan Creek;
S14—Digor Creek; S15—Zeveta
Creek; and S16—Posof Stream.
TSS total suspended solids,
BOD5 biological oxygen demand,
TOC total organic carbon, and TP
total phosphorus

Table 3 Ecological status of the sampling stations in Aras River system by the indices TIT (Trophic index Turkey), EQR (ecological quality ratios),
EPI-D (eutrophication and/or pollution index-diatom), and TI (trophien index)

Stations Code Altitude (m) TIT EQR Status EPI-D Status TI Status

Çot Creek S1 1768 2.16 0.74 Good 1.58 Good 2.02 Good

Aras River S2 1035 2.64 0.47 Moderate 1.81 Moderate 2.45 Moderate

Eğritaş Creek S3 1818 2.03 0.77 Good 1.18 Good 1.72 Good

Karakoyunlu Creek S4 843 2.86 0.36 Poor 1.97 Moderate 3.23 Poor

Sarısu Creek S5 1427 2.79 0.41 Poor 2.61 Poor 3.46 Bad

Aras River S6 1170 2.44 0.72 Good 1.63 Good 2.60 Moderate

Karasu Stream S7 1823 2.38 0.76 Good 1.40 Good 2.39 Moderate

Ilıgöze Creek S8 1800 2.44 0.73 Good 1.67 Good 2.04 Good

Aras River S9 1660 2.14 0.64 Good 1.48 Good 2.22 Moderate

Handere Creek S10 1630 2.66 0.42 Poor 1.47 Good 2.37 Moderate

Bozkuş Creek S11 2054 2.84 0.39 Poor 2.20 Moderate 3.10 Poor

S12 Creek S12 2054 1.86 0.81 Good 1.06 Good 2.57 Moderate

Karahan Creek S13 2059 2.02 0.79 Good 1.72 Moderate 1.92 Good

Dıgor Creek S14 1633 1.63 0.86 High 1.58 Good 2.16 Moderate

Zeveta Creek S15 1983 0.87 0.99 High 0.49 High 1.32 High

Posof Stream S16 2261 1.03 0.94 High 0.59 High 1.54 High

Çot Creek S17 1796 0.96 0.96 High 0.78 High 1.88 Good
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TIT indicated had high ecological status for S14–S17, which
also supported by EPI-D except S14 since it had a good status.
Only S15 and S16 showed a high ecological status while bad
ecological status was noted for Sarısu Creek according to the TI.

Significant correlations (*p < 0.05 and **p < 0.01) be-
tween diatom indices and environmental variables are given
in Table 4. TIT indicated positively significant correlations
with TP (p < 0.01, r = 0.768), P-PO4 (p < 0.01, r = 0.744),
BOD5 (p < 0.01, r = 0.568), and EC (p < 0.01, r = 0.552).
Also, TI and EPI-D had significant correlations with environ-
mental variables (for more see Table 4).

Discussion

In the Aras River system, Karakoyunlu Creek (S4), Bozkuş
Creek (S11), and Aras River (S2) had higher nutrient values
than those of the other sites (p < 0.05). The high EC value was
measured in Sarısu Creek (S5) and Karakoyunlu Creek (S4) in
this system (p < 0.05). EC as a good monitor can reflect the
total content of the ions in the watercourses. In the present
study, EC values in urban down sites of the Aras catchment
averaged 1166 μS/cm in S5, followed by S4 with 825 μS/cm
when the lowest value (25 μS/cm) was observed in S15 and
S17 that was located at the up side of this catchment
(p < 0.001). Limno-ecological studies also showed similar
EC results among stations in USA (Potapova and Charles
2003), Luxembourg (Rimet et al. 2004), China (Chen et al.
2016), and in the western Mediterranean river catchment of
Turkey (Toudjani et al. 2017).

The deterioration of the water quality of the mentioned
stations could be the consequences of a number of anthropo-
genic pressures including sewage discharges, livestock, runoff
from fertilized agriculture soils, and partial interventions in the
riverbed (DGWM 2016). Besides, nutrient and pollutant de-
position along the watersheds of S4 lead to the increase in
nutrient concentrations.

In the Aras River system, sampling stations especially
S15–S17 had the lowest nutrient content. This could be
due to the stations’ areas located at high altitudes and the
absence of settlements and agricultural land use. The low-
est TP value (0.02 mg/L) was measured in Çot Creek
(S17), followed by Posof Creek (S16 with 0.04 mg/L)
and Zeveta Creek (S15 with 0.04 mg/L). Furthermore, the
lowest values of EC, TOC, BOD5, other nutrients, and
salinity were also measured from these stations located at
high altitude. Besides, hydromorphological features of
mentioned stations especially S15–S17 composed of peb-
bles, stones, and rocks and have clear waters. These find-
ings were also supported by the water quality of these
ecosystems during the monitoring study.

TIT scores varied from 0.87 in Zeveta creek (S15) to
2.86 in Karakoyunlu (S4) during the study time. The
lowest scores of TI and EPI-D were recorded in Zeveta
Creek, but the highest was found at Sarısu Creek (S5)
when compared to TIT. TIT and EPI-D indicated high
ecological status for S14–S17 while good status was found
at S14. In contrast, only S15 and S16 had a high status accord-
ing to the results of TI, when Sarısu creek indicated bad eco-
logical status. With regard to the ecological status of sampling
stations, TIT and EPI-D showed concordant results compared

Table 4 Spearman’s rank correlation among environmental variables, TIT, EPI-D, and TI. * and ** are significant values (p < 0.05) and (p < 0.01),
respectively. Abbreviations of chemicals and indices are given in Tables 1 and 3, respectively

Altitude EC DO TSS BOD5 TN NH4 NO3 TP P-PO4 LogTP Salinity TIT TI EPI

Altitude

EC − 0.597**

DO 0.221 − 0.476**

TSS − 0.168 0.213 − 0.354*

BOD5 − 0.168 0.451** − 0.485** 0.372*

TN − 0.321* 0.267 − 0.569** 0.367* 0.538**

NH4 − 0.147 0.407** − 0.651** 0.027 0.318* 0.533**

NO3 − 0.327* 0.240 − 0.391* 0.297 0.508** 0.825** 0.424**

TP − 0.360* 0.407** − 0.616** 0.337* 0.550** 0.785** 0.551** 0.594**

P-PO4 − 0.313* 0.394** − 0.562** 0.325* 0.542** 0.734** 0.467** 0.534** 0.890**

LogTP − 0.366* 0.443** − 0.650** 0.355* 0.576** 0.790** 0.562** 0.599** 0.987** 0.891**

Salinity − 0.528** 0.967** − 0.457** 0.193 0.419** 0.250 0.418** 0.237 0.370* 0.337*

TIT − 0.232 0.552** − 0.606** 0.373* 0.568** 0.552** 0.472** 0.485** 0.768** 0.744** 0.788** 0.520**

TI − 0.329* 0.517** − 0.496** 0.360* 0.343* 0.485** 0.258 0.372* 0.565** 0.689** 0.587** 0.478** 0.776**

EPI − 0.307 0.493** − 0.486** 0.347* 0.448** 0.572** 0.284 0.483** 0.572** 0.563** 0.604** 0.483** 0.782** 0.733**
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to results of TI. This could be due to the optima and tolerance
ranges of diatom species for environmental conditions that can
vary from one ecoregion to another. This shows the needing of
indices to be developed for different ecoregions (Gomá et al.
2004; Lobo et al. 2004). Previous studies (e.g. Kelly et al.
1998; Rott et al. 1999; Rott et al. 2003; Dell’Uomo 2004) also
indicated that developed indices based on diatoms in certain
regions of Europe could not be effective when applied in other
parts of Europe.

The environmental variables especially EC, TP, altitude,
temperature, TOC, and BOD5 in Aras River system play a
significant role in the distribution of diatom assemblages with
0.951 the species–environment correlation (F = 1.948, p =
0.002, Fig. 2). Ecological status of the stations related to en-
vironmental variables was clearly indicated by the CCA ordi-
nation. With regard to the ordination, Sarısu Creek (S5) was
associated with high nutrients, TOC, TSS, BOD5, and con-
ductivity. Water temperature and TP were related with
Karakoyunlu creek (S4) and Aras River (S6). These stations
were characterized by the occurrence of pollutant tolerant taxa
such as G. parvulum, N. cryptocephala, N. trivialis, and
T. angustata. The occurrence of these species in the aforemen-
tioned stations could be the consequence of the combination
of several pressures especially agriculture activities known as a
great source of organic and inorganic pollutants, domestic
wastes, and effluent release from their catchments (DGWM
2016). In accordance with our findings, several previous studies
indicated the characterization of polluted and/or eutrophic sites
by these species (Lobo et al. 2004; Potapova et al. 2004; Bere
and Tundisi 2011; Delgado et al. 2012; Wang et al. 2014).

Gomphonema parvulum as an environmental tolerant spe-
cies (Delgado et al. 2012) exhibits a wide biogeographical
distribution on the earth including the Eastern Highlands of
Zimbabwe (Bere 2016), a karstic limno-crene spring of
Turkey (Çelekli and Külköylüoğlu 2007), the subtropical tem-
perate Brazilian rivers (Lobo et al. 2010), Mountain Rivers of
the Segre basin of Catalonia (Goma et al. 2005), the western
Mediterranean river basin of Turkey (Toudjani et al. 2017), the
water bodies of Austria (Rott et al. 1999), the running waters
of UK (Kelly et al. 2008), the Richmond River Catchment of
Australia (Oeding and Taffs 2017), and the watercourses of
Italy (Dell’Uomo 2004).

Navicula cryptocephala and N. trivialis have been indicat-
ed a pollution (Rott et al. 1999; Wang et al. 2014; Kelly et al.
2008), and also nutrient tolerant species in freshwater ecosys-
tems in Austria (Rott et al. 1999), Brazilian (Lobo et al. 2010),
Argentinia (Cochero et al. 2015), Beijing, China (Chen et al.
2016), the Bloukrans River system in the Eastern Cape prov-
ince of South Africa (Dalu et al. 2017), and Australia (Oeding
and Taffs 2017). Similarly, T. angustata has been cited as a
pollution tolerant species and was found in the nutrient-rich
streams in the Anatolia (Çelekli et al. 2019) and in Argentinia
(Cochero et al. 2015).

High ecological status was found in Posof Stream and
Digor, Zeveta, and Çot creeks, which were associated with
relatively low nutrient content and characterized by the
presence of pollution sensitive diatom species e.g.,
H. arcus, C. affinis, D. geminata, M. circulare, and
E. silesiacum. They have been known as low trophic indi-
cator species and were found at high ecological status (Rott
et al. 1999; Kelly et al. 2008; Çelekli et al. 2019). Hannaea
arcus had high abundance in the S15–S17 sites having
high flow and high dissolved oxygen in agreement with
previous study (Goma et al. 2005). Cymbella affinis con-
sidered as a dominant species in less polluted ecosystems
(Gómez and Licursi 2001) as a pollution-sensitive diatom
taxon (Delgado et al. 2012) and as a low trophic indicator
taxon (Wang et al. 2014). Didymosphenia geminata has
been described as a representative species of relatively less
polluted sites (Rott et al. 1999; Beltrami et al. 2008). It is
also a typical species of oligotrophic rivers (Krammer and
Lange-Bertalot 1997), and it is included in the Red List of
Diatoms (Lange-Bertalot and Steindorf 1996). Meridion
circulare was associated with relatively less polluted sites
in Austria (Binder 2001), USA (Potapova et al. 2004), and
in the headwater streams of Luxembourg (Rimet et al.
2004) . Encyonema si les iacum , Fragilaria arcus
(Hannaea arcus), and M. circulare as dominant taxa are
considered as indicator species of low nutrient, and they
were also found in the upstream stretches of mountain riv-
ers of the Segre basin (Goma et al. 2005).

Ecological preferences and occurrences of aforemen-
tioned species confirmed the different ecological status
of the sampling stations and the suitable applicability of
the TIT index in ecoregion approach. Recently, Toudjani
et al. (2017) proposed that TIT is more competitive than
EPI-D developed in Italy (Dell’Uomo 2004) when
assessing the ecological status of freshwater ecosystems
in the Western Anatolia basin (Turkey). Results of
Spearman correlation analysis confirmed that all diatom
indices had significant correlations to environmental
variables. According to values of Spearman correlation
coefficient, TIT had better results in the assessment of
the ecological quality of freshwater ecosystems in Aras
River system than those of TI and EPI-D. This could be
due to the effects of ecoregion environmental factors on
the trophic weight of diatom taxa. These indices were
developed for a particular region, integrated with differ-
ent trophic weight and indicator values of diatom taxa
may not be fit as competent for the assessment of
biointegrity of water bodies in other regions. Regional
variation in each ecoregion, especially in geology, an-
thropogenic activities, climate, and land use can signif-
icantly change predictor factors, constraints, and diatom
assemblages (Stevenson 1997; Soininen 2007; Çelekli
et al. 2019).
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Conclusion

Deterioration of water quality in the Aras River was mainly
found in the downstream of this catchment (e.g., in S4, S5,
and S11) where higher values of TIT, TI, and EPI-D were
recorded. These sites were also characterized by the pollution
tolerant taxa. On the other hand, S14–S17 had high ecological
status according to results of TIT and TI except S14 which
showed a good status based on TI. The occurrences of
pollution-sensitive species (e.g., H. arcus, C. affinis,
D. geminata, M. circulare, and E. silesiacum) supported the
high ecological status of mentioned stations confirmed by the
low nutrients, conductivity, and BOD5, which were also sup-
ported by the multivariate analyses. TI and EPI-D had signif-
icant positive correlations with TP, conductivity, BOD5, TN,
P-PO4, and N-NO3, but were not more competitive than TIT
based on values of Spearman correlation coefficient. From
that point, TIT as a diatom metric could be a useful tool for
assessing the ecological status of running waters in the Aras
River system.
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