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Abstract

Biomonitoring of least disturbed areas is a crucial issue to accurately assess the ecological status of surface waters and ensure their
sustainability. Diatom metrics are important tools for the assessment of environmental conditions of lotic ecosystems to achieve
environmental sustainability. The present study was aimed to evaluate the ecological status of least disturbed areas in the Antalya
River basin (Turkey) using diatom indices developed from different ecoregion. Diatom species such as Cymbella excisa,
Achnanthidium minutissimum, Cocconeis euglypta, and Cocconeis placentula were the most contributing species to the dissim-
ilarity of sampling stations between rainy and dry seasons. The first two axes of canonical correspondence analysis (CCA)
elucidated a strong (86%) correlation between diatom taxa and stressors. Results of the Monte Carlo permutation test indicated
that total phosphorus (TP), water temperature, Tin (Sn), total organic carbon, zinc, and pH are significantly influential ecological
factors on the distribution of diatom taxa among sampling stations. The Spearman correlation rank test indicated that diatom
indices had significant positive and negative correlations with TP gradient. Results revealed that diatom indices developed from
different ecoregions have different scores for the eco-assessment of similar sampling stations. European diatom indices mostly
showed similar behavior in the bioassessment of the ecological status of rivers in the Antalya region compared to the different
ecoregion. Among European diatom indices, TIT was more competitive and could give better results in the bio-evaluation of
rivers in the Antalya River basin. Using diatom indices developed from different ecoregions may lead to an erroneous assessment
of water quality. Accordingly, ecoregional specific diatom metrics are needed to accurately determine the surface water quality.
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Introduction

Anthropogenic activities threaten the health of surface waters
worldwide, which is one of the major environmental prob-
lems. Bio-assessing water quality of lotic ecosystems is
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getting more important to attain environmental sustainability
since the application of the European WFD-Water Framework
Directive (Hering et al. 2010; Birk et al. 2012; Kelly et al.
2014; Celekli and Lekesiz 2020).

The information on the occurring taxa of various ecosys-
tems is used in biological indices to assess the water quality of
surface waters (e.g., Rott et al. 1999; Kelly et al. 2008; Celekli
et al. 2019). Diatom assemblages as robust bio-indicators of
spatial and temporal changes in environmental conditions are
used to decipher integrated environmental information due to
their presence or absence in different ecosystems (e.g.,
Potapova et al. 2004; Della Bella et al. 2012; Delgado and
Pardo 2015).

Biological assessment has been applied since the 1900s
(Kolkwitz and Marson 1908). Reliable information about wa-
ter quality is required to achieve realistic objectives based on
biological quality tools to ensure the biotic integrity of eco-
systems. Concerning these reasons, several diatom indices
have been developed in different ecoregions for the evaluation
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of the ecological status of streams and rivers. Some of them
are pollution sensitive index-IPS (Cemagref 1982), eutrophi-
cation and/or pollution index-diatom-EPI-D (Dell’Uomo
2004), trophic index-TI (Rott et al. 1999), diatom trophic
index-TDI (Kelly et al. 2008), and trophic index Turkey-TIT
(Celekli et al. 2019).

Rivers can be grouped according to typological categories
like altitude, catchment area, geology, hydro-morphological
dynamic, etc., for which the reference conditions are defined
as the least disturbed regions (i.e., human impacts are absent
or minimal). These conditions are important for the bioassess-
ment approach to establish classification systems and water
class boundaries. Biological metrics should reflect both the
least disturbed areas and different types of environmental
(physical, chemical, and hydro-morphological) disturbances
under pressures of human activities (Borja et al. 2011; Feio
et al. 2014). Stressor gradient variation at each typology can
change the biological composition and their abundance.
Diatom metrics based on the entire diatom assemblages have
different responses to different stressors under the monitoring
and reference conditions at different stream typologies
(Celekli et al. 2019; Charles et al. 2021; Salinas-Camarillo
etal. 2021).

Several rivers have various hydro-morphological and
catchment properties, which are under pressure from natural
and anthropogenic factors in the Antalya River system.
Studies dealing with the bioassessment of least disturbed con-
ditions in the Antalya River basin (Turkey) using diatom in-
dices have not been found in literature. Hence, the eco-
assessment of rivers in the Antalya River basin using different
diatom indices and multivariate approaches is the first attempt
taking into account the WFD. Considering that the purposes
of'this study were to test differences (i) in the diatom-stressors
interactions in the least disturbed areas with different typolo-
gies using multivariate approaches, (ii) in ecological optima of
diatom assemblages in different water body types using
weighted average regression model, and (iii) in the assessment
of ecological status of least disturbed water bodies by the use
of various diatom indices developed from different
ecoregions. The suitability of diatom indices to assess the
ecological integrity of these river systems was used to identify
the monitored environmental changes in the Antalya River
basin.

Materials and methods

The Antalya River basin

The Antalya River basin is located between the Taurus
Mountains and the Mediterranean Sea in southwest Turkey

(Fig. 1). Antalya River basin is represented by the Aksu,
Manavgat, and Kopriigay sub—basins from the Late

Cenozoic, is located within the Isparta Angle, situated be-
tween the Mid Miocene Aegean and Lycian arcs and the
Late Eocene Taurus arc within the Alpine chain (Ciner et al.
2008). It is one of the most important catchments of Anatolia
due to water potential and socio-economic activities. This ba-
sin consists of different rivers (Dim, Kargi, inasar, Boyali,
Goyniik, Sapadere, Kopriicay, and Yazili) that discharge their
waters to the Mediterranean Sea.

Two different climatic types are found in the Antalya
River basin; a Mediterranean climate with dry summers
and mild, moist winters is observed in the south part of
the basin and a Central Anatolia continental climate with
hot, dry summers and cold, snowy winters occurs in the
north part of the basin. The highest region (2835 m asl.)
of the basin is located in the northern mountains that have
low temperatures, intense precipitation, and snow, where-
as the south plain areas are generally warmer with intense
rainfall and evaporation. This basin is characterized by
high spatiotemporal variability of precipitation and the
dominant vegetation as maquis and pines.

Sampling

Geographical variables (altitude, latitude, and longitude)
of sampling stations were determined with a geographical
positioning system (Garmin Vista HCx model GPS).
Samples of water and diatoms were collected from 36
sampling stations (named from R1 to R36) of 31 streams
(Fig. 1) in the spring, summer, and fall seasons of 2017.
The typological criteria like altitude, geology, slope, and
precipitation according to the implementation of the EU
Water Framework Directive (Directive 2000) were used to
group the lotic ecosystems. Hydro-geographical features
of rivers are given in Table 1. The flow regime (F) in the
rivers is evaluated according to the intermittent (F1) and
permanent (F2). A-altitude (A1 < 800 m, A2 800—1600 m,
and A3 > 1600 m), S-slope (S1 < 2% and S2 > 2%), G-
geology (G1 high and G2 low mineralization), P-
precipitation (P1 < 400 mm and P2 > 400 mm), and D-
drainage area (D1-wet and D2-dry regions) as typological
criteria were also used for the classification of streams.
The least disturbed areas were determined according to
land use maps. The information was obtained from the
Ministry of Agriculture and Forestry, General
Directorate of Water Management.

Water temperature (°C), pH, electrical conductivity (EC
uS/cm), salinity (ppt), and dissolved oxygen concentration
(DO, mg/L) in situ were measured by a YSI professional plus
oxygen—temperature meter. Water samples were maintained
in coolers with ice packs for chemical analysis during the
transfer to the laboratory. For sampling, epilithic diatoms, at
least five sun-merged stones in the riffle parts were randomly
handled, and the upper surface of stones was scraped with a

@ Springer



792

Environ Sci Pollut Res (2022) 29:790-804

Antalya Bay

3100 3I00E

Legend
O Sample Point

’ Lake
N Stream
m Antalya Basin
Town Center
Elevation Steps(m)
[Jo-2s0
[ ] 250.1-500
[ ] 500,1-750
[ 750,1 - 1.000
[ 1.000,1 - 1.250
[ 1.250,1 - 1.500
g [ 1.500,1-1.750
5| [ 1.750,1 - 2.000
[ 2.000,1-2.250
2.250,1 - 2.500
[ 2500,1-2750
[J27s0,1-2975

Fig. 1 Location of sampling stations in the Antalya River basin. Sampling stations are symbolized by R1-R36 and their full names are given in Table 1

toothbrush in 100 mL of distilled water as a composite sample
per site (European Committee for Standardization 2014).
Diatoms were fixed by adding a Lugol solution with glycerol.

Laboratory analyses

A few nutrients (total phosphorus (TP), total nitrogen
(TN), nitrite-nitrogen (N-NO,), and nitrate-nitrogen (N-
NOs5)) from water samples were analyzed and biochemical
oxygen demand (BODs) was measured following standard
methods (APHA 2012). Heavy metals (e.g., copper, iron,
nickel, aluminum, cobalt, lead, arsenic) in the water sam-
ples were determined by using an inductively coupled
plasma-optical emission spectrometry (Perkin Elmer,
Optima 2100 DV).

Epilithic diatom samples were treated with hot acids
(H,SO4:HNO; as 2:1) and mounted with Naphrax to prepare
permanent slides according to the standard method of the
European Committee for Standardization (2014). More than
500 valves were counted for each diatom slide under a light
microscope (Olympus BX53 model attached a DP73) at
1000x magnification. Several taxonomic books (Krammer
2000, 2002; Lange-Bertalot 2001; Bey and Ector 2013;
Lange-Bertalot et al. 2017) were used to identify diatom
species.

@ Springer

Bioassessment of sampling stations

Diatom indices developed from different regions such as
Eutrophication and/or Pollution Index-Diatom (EPI-D) in
Italy (Dell’Uomo 2004), Trophic Index (TI) in Austria (Rott
et al. 1999), Pollution Sensitivity Index (IPS) in France
(Cemagref 1982), Trophic Diatom Index (TDI) in England
(Kelly et al. 2008), Duero Diatom Index (DDI) in Spain
(Alvarez-Blanco et al. 2013), Trophic Diatom Index for
Lakes (TDIL) in Hungary (Stenger-Kovacs et al. 2007),
Trophic Water Quality Index (TWOI) in Brazil (Lobo et al.
2015), Diatom Ecological Quality Index (DEQI) in Mexico
(Salinas-Camarillo et al. 2021), Diatom Species Index
Australian Rivers (DSIAR) in Australia (Chessman et al.
2007), Richmond River Diatom Index (RRDI) in Australia
(Oeding and Taffs 2017), and Trophic index Turkey (TIT)
in Turkey (Celekli et al. 2019) were used to determine the
environmental conditions of rivers in the Antalya River basin
(Turkey). A few diatom indices like IPS, DSIAR, and DDI
have inverse correlations to environmental pollution whereas
others have direct relationships.

Statistical analyses

Means and standard deviations of environmental variables of
sampling stations for three seasons were determined, using the
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Table 1 Hydro-geographical

features of rivers. Typology codes Typology Code River Latitude Longitude Altitude

are A-altitude (Al < 800 m, A2 -

8001600 m, and A3 > 1600 m), A1G2D1F2S1P2 R1 Inasar River 36.47743 32.28975 199

F-flow regime (F1-intermittent A1G2D1F2S1P2 R2 Sapadere River 36.50813 32.29203 297

and F2-permanent), S-slope (81 < 5 1Gop1E251P2 R3 Sapadere River 36.49969 3228792 185

2% and S2 > 2%), G-geology (G1 o

high and G2 low mineralization), ~ A2G1D1F2S2P2 R4 Dim River 36.58501 32.29533 458

P-precipitation (P1 <400 mm and A2G1DI1F2S2P2 RS Dim River 36.59386 32.30146 398

P2 >400 mm), and D-drainage A2GID1F2S2P2 R6 Kuru River 36.58894 32.29826 420

arca (D1-wetand D2-dry regions) 11y pagp) R7 Kargi River 36.66170 32.05790 526
A1GIDIF2S1P2 R8 Kargi River 36.657010 32.04274 594
A1GIDIF2S1P2 R9 Cenger River 36.75368 31.68894 221
A1GIDIF2S1P2 R10 Karpuz River 36.76269 31.62014 29
A1G2DI1F2S1P2 R11 Cevizler River 36.78631 31.57127 49
A1G2DIFIS1P2 R12 Akcay River 36.88099 31.43918 70
A1G2D2F1S1P2 R13 Naras River sidearm 37.01953 31.43333 380
A1G2D2F1S1P2 R14 Naras River 37.01365 31.37402 229
A1G2D2F1S1P2 R15 Karag6z River 36.90899 31.31339 107
A1G2D2F2S1P2 R16 Utice River 37.18378 31.27631 668
A1G2D2F2S1P2 R17 Utice River 37.16557 31.28419 748
A1G2D2F2S1P2 R18 Kartal River 37.36109 31.24754 538
A1G2D2F2S1P2 R19 Boyaligay River 37.33466 31.22529 471
A1G2D2F2S1P2 R20 Kopriigay River 37.18729 31.18021 164
A1G2D2F2S1P2 R21 Akgay River 37.17677 31.19094 159
A1G2D2F2S1P2 R22 Kelmen River 37.10018 31.08015 164
A1G2DI1F2S1P2 R23 Gokgeler River 37.01167 31.11832 132
A2G2D1F2S2P2 R24 Natiflar River 37.17551 30.97504 189
A1G2DI1F2S1P2 R25 Pmargozii River 37.19525 30.96027 168
A2G2D1F2S2P2 R26 Gebe River 37.19659 30.95998 176
A1G2D2F2S1P2 R27 Kiirkgecit River 37.23533 30.86612 156
A2GIDI1F2S2P2 R28 Egregin River 37.45176 3091142 336
A2G1D1F2S2P2 R29 Yazili River 37.46252 3091118 322
A2GIDIF2S2P2 R30 Yesil River 37.46787 30.98423 819
A2G2DI1F2S1P2 R31 Fabrika River 37.65196 30.81522 961
A2G2DI1F2S1P2 R32 Kuz River 37.66450 30.79567 1047
A2G2DI1F2S1P2 R33 Daridren River 37.69946 30.73830 835
A1GIDIF2S1P2 R34 Karaman River 36.95796 30.51094 218
A2G2D2F2S2P2 R35 Diizliibel River 36.74708 30.39895 996
A1GIDIF2S1P2 R36 Goyniik River 36.68101 30.52748 94

descriptive analysis (SPSS version 15.0, USA). Duncan’s
multiple range test was performed to determine whether there
were differences in physico-chemical data among sampling
stations. The percentile analysis was performed to calculate
the 25th, 50th, and 75th percentiles of data. Diatom metrics-
environment and environment-environment interactions were
tested with the Spearman correlation test. Sampling stations
were grouped as spring, summer, and fall, and then nonpara-
metric multivariate methods (ANOSIM-one-way similarity
analysis and SIMPER-the Analysis of Similarity Percentage)
were used to compare sampling stations based on their diatom

composition. The ANOSIM test was used to determine wheth-
er there was a significant difference in the diatom composi-
tions of sampling stations among sampling seasons. Bray
Curtis (similarity coefficient) was used to test the null hypoth-
esis (Hp) which states that there is no difference in the diatom
composition of sampling stations among the sampling sea-
sons. SIMPER analysis was used to determine which diatom
species contribute to the dis/similarity among stations within
each season. In the SIMPER analysis, species with at least 1%
contribution to dis/similarity between groups were consid-
ered. Community Analysis Package version 4.1.3 software
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(Seaby and Henderson 2007) was used for the analyses of
ANOSIM and SIMPER. Results of detrended correspondence
analysis performed on the diatom species list indicated that the
gradient lengths of the first two axes are greater than 3.0.
Thus, a CCA-canonical correspondence analysis (ter Braak
and Smilauer 2002) using CANOCO 4.5 software was sug-
gested to elucidate relationships between 8 environmental var-
iables and 122 diatom species in the Antalya River basin. To
reduce skewness and to obtain a normal distribution except
pH (ter Braak and Smilauer 2002), environmental data were
transformed (In(x+1)). The Monte Carlo permutation test was
performed to determine which explanatory factors significant-
ly affect the distribution of diatom assemblages. The weighted
averaging regression model (Juggins and ter Braak 1992) was
carried out to determine the optima of diatom species for en-
vironmental stressors.

Results
Physical and chemical variables

Physicochemical variables changed among the sampling
stations in the Antalya River basin and the descriptive
results are summarized in Table 2. The lowest mean water
temperature value (10.0 °C) was recorded in Kuz River
(R32) located at 1047 m asl., while Karpuz River (R10)
had the highest value (26.6 °C) located at 29 m asl. The
Antalya River system had slightly alkaline waters. The
highest mean pH value (8.84) was recorded in station
R12 (Akcay River), and Kopriicay River (R20) showed
the lowest pH level (7.57). Relatively low values of water
electrical conductivity (EC) were measured in Kuru River
(R6), Kopriigay River (R30), and Utuce river (R16) as the
following 265, 267, and 276 uS/cm, respectively. The
highest mean EC value (760 uS/cm) was recorded in
Cevizler River (R11). Salinity showed similar spatio-
temporal patterns to EC gradient in surveyed these rivers
(for more see Table 2).

Sampling stations in the Antalya River system had
mostly low nutrient gradient especially total phosphorous
(TP). The highest mean TP was found in Sapadere River
(R2) with 15.0 ug/L, whereas the lowest value (4.3 pg/L)
was determined in Utuce river (R16). Station R16 had
also the lowest nitrate (43 pg/L N-NO3) and low CaCO;
(106 mg/L) values. Karagoz River (R15) consisted of the
highest mean CaCOj; with 291 mg/L. Mainly low heavy
metal concentrations were found in the sampling stations
of the Antalya River system during the study time.
Besides, results of other metals such as aluminum, cobalt,
lead, arsenic, titanium, and vanadium are not given be-
cause their values are very low or sometimes not detected.

@ Springer

Diatom assemblages-environment relationships

A total of 201 diatom taxa were identified in the Antalya River
basin. Of the diatom species, 122 (Supplementary 1) occurred
more than once and had a relative abundance above 1%, and
were used in the multivariate statistical analyses. During the
study, Cymbella excisa, Achnanthidium minutissimum,
Cocconeis placentula var. euglypta, Cymbella excisiformis,
Diatoma moniliformis, Encyonopsis minuta, Navicula
cryptotenella, Navicula tripunctata, and Nitzschia dissipata
were frequently found.

ANOSIM indicated that the difference between the spring
and fall groups is significant as well as between spring and
summer groups. On the other hand, there was no significant
difference in the diatom composition of sampling stations be-
tween the fall and the summer seasons.

According to SIMPER, a 14.94% within-group similarity
was found for the spring season. Contributions of Cymbella
excisa, Fragilaria capucina, and Cocconeis placentula to this
similarity are 43.6%, 11.46%, and 9.74%, respectively. The
in-group similarity of the fall season is 14.35%. Cocconeis
euglypta, Achnanthidium minutissimum, and C. placentula
were the most contributing species to within-group similarity
of fall season showing 41.25%, 15.64%, and 7.57%, respec-
tively. The within-summer similarity rate was calculated as
10.98%. C. eughpta, C. placentula, and Cocconeis lineata
were the most contributing species to the within-group simi-
larity of summer season with a percentage rate of 38.96%,
15.69%, and 6%, respectively.

In terms of SIMPER dissimilarity rate between the spring
and fall was 94%. The most contributing species to this dif-
ference are Cymbella excisa (7.98%), Cocconeis euglypta
(7.95%), Achnanthidium minutissimum (5.52%), and
Cocconeis placentula (5.44%). The dissimilarity rate between
spring and summer was 92%. Cocconeis euglypta (9.76%),
C. excisa (8.11%), C. placentula (5.47%), and Cocconeis
lineata (4.14%) are the most contributing species to this dis-
similarity. The dissimilarity rate between the fall and summer
was calculated as 87.34%.

A strong correlation (0.860) between diatom assemblages
and environmental variables was indicated by the first two
axes of CCA. Total phosphorus (TP), Tin (Sn), pH, total or-
ganic carbon (TOC), water temperature, and zinc (Zn) played
significant roles on the distribution of diatom taxa among
sampling stations in the basin (Fig. 2). In the CCA ordination,
relatively pollution-tolerant species (e.g., C. lineata,
Cocconeis euglyptoides, Diatoma vulgaris, Nitzschia palea,
Nitzschia paleacea, Navicula associate, Navicula
cryptotenella, Navicula cryptocephala, and Reimeria sinuata)
showed close relationships with TP on the positive side asso-
ciating with R2, R17, R9, and R26. Pollution-sensitive diatom
species (e.g., C. excisa, A. minutissimum, Diatoma
ehrenbergii, Diatoma tenuis, Encyonema silesiacum,



795

Environ Sci Pollut Res (2022) 29:790-804

pringer

[o3o1u 77 “uny ug ‘uoit 2,7 ‘oulz uy ‘uoioq g ‘1oddoo 1) ‘dreuoqred wnioed {0 Hr) ‘snioydsoyd
1810} g “Q¥eniu EON-N “OIIU ON-N ‘UaSonIu 810} A[J ‘U0GIed J1uesIo [810} DO ‘PUBWAP UdSAX0 [80150[01q (FOF UISAXO PIAJOSSIP O ‘ANANONPUOD [e011103[0 D ‘oInjelrdadwid) duia ] ‘oprnie 1]y

A's

0FC CTITFSTL OLIFET  0TF91 08T+ L8I 00F80 OvIFI19C SO0F0S CEFIII 00FCTT  6C1F99L STFET TOFO6T TWOFITO LOFO68 SFO6SY ITOFOV8 TSFOST 6 9¢d
1¥¢C 00F €0 VYOIFHCI €LF9S TTIF¥6 PI1F81 LFTL STF89 QTFLII 00FTI SCF P8 T'0F60 CTOF8T T00F8I'0 SOF6L CTIFELE €O0FTEY 8VFEIL 966 S€d
0FC 00F €0 0F0S 0F6¢ 0FL 00F€TI 0Fv0C TOFIL 0F 81l TOFYVI CTIF968 €O0F¥El €0FE€Y 100FSTO TOFO6L <CIFVIS B0O0FSL'S €0FLIC 8IT tved
I1¥¢C 6LFOS 8LFL8 EIFSI 6VTF6SI 8YF9¢ BEFVIT 60F0¢ SITFII 00FCTT  L6LFIT9 €F6E TOFO6T POOFCTO 90FS8 96FELY 8TOFVC8 €EFCLI €8 €€
0FC 00F €0 0F9C 0F 6l 0F6C I'0F8¢ 0F8CC TOFSS 0F 161 TOFVIL  LEFLSOL TOFOTI €0FE€Y 100FCCTO TOFLY €IFL9Y SOOFLES €O0FO00I L¥OT TEA
0FC 88FVS TSIFT0I OlF8 09I F€Il €9IF9TI CTIFO0ST 8TFOII CEITFIEC 99¢F98E 8IEF9801 LYF9¢ vTFTE SO0FO6I0 OTFT8 00l F86E €S0FSO8 LEFIVI 196 1€

0FC 00F €0 0F6 0F1 0FL 00F80 0FS91T TOFO0¢S 0+F89 TOFYIL ¥I F69¢ [0OFOT TOFOT I00FSI0 €0F06 OIF9LC 800FST8 €0FOCTI 618 0¢d
0FC €0FS0 LY F 1€ FTC 0FL YOFOL PFS6I  TIF6'S 90TF 6l 00FCTT  PESFSBLL I'0F60 CTOF8T T00F8I'0 90F¢E6 I€FO6SE €COFCCY SEFT8I  TCE 6Td
0FC 00F €0 0F¢Y 0FI 0FLLI 00F0°¢ 0F0CC TOF9L 0F 1€l TOFYI 81 F 659 ['0FOT TOFTT 100F0T0O0 TOF®L IIFLOF 800F+¥08 €OFI9I 9¢€ 8T
0F¢ ro+ro 0F 81 0F6¢ 0FL 00F€TI 0F8EC TOF09 0F Iyl COFVI PIF968 €0FSCI €0FIY I00F€CO0 TOFLY CTIFILY 800FSLY €0FCT0C 9SI LTA
0FC 00F €0 0FSL 0F0¢ 0F vt 00F 6 0FEET TOFLS 0+F86 TOFYI I[TFOIL  €O0FI0l TOF8E 100F9CT0 TOFT8 €IFTES 600FHS8 €0FE0CT 9LI 9T

0F¢C 00F €0 0F IS 0F €l 0FLI 00FCTY 0F081 TOFO0TI 0Fccl TOFYVI EIFOSL TOFCTOI TOFvE T00FOI'0 TOF6L O0IF9€EE VOOFLLS €0FSTC 891 STH
0FC VLFIY YrFSY  PIFST 90T F Lyl 9TFLI SFSLL  90F8Y PPFVYIIL 00FCTT  ICTFPE9 99F LY LOFTT TOOFLI0O SOFO08 TEFLSE LEOF808 €E€FE€TC 681 ¥2A
0FC 00F €0 €F0C 8§FSI SIF0v TIF6T 6CTFLEC 91IFST LF86 COFVI OF FSS9  80FTOI 8TFBE SO0FSTO T0OF8L 66F8F €TOFICY ¥SFLEC TEl ¢€Td
I¥¢ POFOY OLF08 LIFII 00TFCEl €CFRE  PVIFILI 80FCS STF96 00FCTT O0STFLYL T€lF¢¥8 TTF0E 100FLI0O €1FS8 OIF8E CTEOFLTS vv+8CC 91 T
0FC 00F €0 0F v 0FIC 0F ey 00FSY 0FLIT TOFSY 0F86 CTOFVI CTLFPE9  €0F60l €0F6'€ 100F0CTO0 CTOFI8 €CIFEH OI'0FES8 €0FLEC 65T ITd
0FC 89FTY LFIT  SIFLI 89TFL8I LOFTL SIFEET €0FL9 TSTFOLT 00FCTT 098 F 6601 SCFOV 1TFO0E I00F0T0 SOF¥VL PEFTEY 0SOFLSL 6TF86I 91 0CTd
0FC 00F €0 0F9C 0F 6l 0F6C I'oF8¢ OF I8 TOFO0¢C 0FL8 TOFYIL IT+T8¢ €0F86 TOFOE I00F8I0 TOFLL €IF89E 900F9Y8 €0FE9CT LLY 61d
I1¥¢C L9FTY 99F8L T0IF69 ILTF98I 8YF9t 8CTF96I ITF9S LLF6C 00FCTL  LvpF66L O091FSCEL T'EF6'E VOOFOTO0 ¥VOFVL O08FO0Iv €COFO0E8 LTFO6VC 8ES 8IU
0F¢ 99F Iy Y F 1y 8TFEE TTETF €61 90FCTT L8FO6LI SOFO08 I F68 00F Tl 68 F11¢ I'0OF60 TO0F8T 600F9I'0 ¥EF6'9 9BIFISE 9L0FLYL TLFO6LI 8L LI
0F¢C 00F €0 0F 8y 0F6¢ 0FL 00F€CTI 0F901 TOFEY 0F¢&r TOFVI [T FS€T €0F9L €0FOY T00FEI'0 TOFV8 ECIFILL LOOFST8 €COFLEL 899 914
0F9 00F €0 0FS9 0F0C 0F8L 00F9P 0FI6C TOFSY 0F08 TOFYI 0F919 TOFI0I TOFOT I00F8E0 TOFSY CIFO69L 900F9I8 €0FSICT LOI SIA
0FC 00F€0 €OIFLL TFT Y9I F8C 00F80 6TIFLIT VIFSS 0r F59 00FCTT LI FOLE I'TFYT 00F8T €I0OFLTO SOFI'8 BITFESS POTF98L T19F8ST 6CC vIdA
0FC 00F €0 0FSI 0F €l 0F91 00FI'°¢ 0F0IC TOF09 0+F88 TOFYI 0 F €65 TOF0CT CTOFO0T 100FCC0 TOFS8 OIF8SH 800FH88 €0F6'€C 08¢ €A
0Ft 00F €0 0F €T 0FLI 0FTS 00F9Y 0F¥CC TOFTS 0F8L TOFVI ITFSIS €OFIVI TOFVE 100FLTO TOFOL T1FL9S OI'0F€E8 €IFSIT 0L TId
0FC 00F €0 0FLE 0F 61 0F 61 I0OFLY 0F€9CT TOFSY 0F08 TOFYVIL TCF 8PS TOFOT TOFOT I100FLEO TOF6'8 VIFOIL 600F¥¥'8 €1F8VC 6y 114
0FC 00F €0 0F LY 0F¢SI 0F0¢ I'0F6C 0F20CT TOFSS 0+F86 TOFYVI 81 FTL9 ['0FOT TOFOT 100FCTO TOFEY CTIFeEey II0F€ES8 €1F99T 6C 01"
0F¢ 00F €0 0F¢€9 0F €€ 0F0C 00FTL 0FTCT TOF88 0F88 TOFYI vIFOPS VvOFIEl €0F0€¢ T00F¥CO0 TOF¥8 ITIFPLy VOOFLES TIFE0C 1CC 64
0FC 00F €0 0F vt 0F 1T 0F¢r 00FSY 0FLOCT TOFS9 0F8I1 TOFYI 8IF6¥9 €0FSTCL TOFCTY 100F0TO 10F98 OIFOIF BOOFPLY €1FE9I  ¥6S 8d
I¥¢C 8SFLE ITFLT  O0CTFO6L OvTF Syl V1F91 PF681 9TF89 0SFOII 00FCTT  ¥8IFI9CL 961FO0IC ¥VEFLS CTCOOFO6I0 80F88 0€FC0r OVOF8I'8 9CFLBI 9 LA

TFE 00F€0 8F91  STFSI 0FL 00F80 STFTTl LOFOS OFF9El  00FCTI TEIFLSY 6VFE€r 10F6T SOOFEI0 60F86 +6FS9T LEOFHI'S SLFYLI  0Tr 94
TFE  00FE€0 9FL €FL vF6  €OFOT IEF681 LOFSS 8IFE6 00FCI SIIFEHY O0SFLE CIFST €00FSI0 [0F6'8 +I9F99¢ ITOFIES €PFLI 868 A
TFE  00F€0 9F 6T EEFLT TFS  SIFST PSFSI  CIFTS  I€FIL  00FCTI V¥8TFSOr  OVFTE LOFTT €00FII0 €0FS6 OrTFIee €HFOFOMS STFHIl  8Sv  #d
IFC 9IFTI  vrFIS OCFLL SIIF6L €TFIT STFS61 GIFLL  9PFLS  O00FTI SOPFEIE  €LFIS OTFHT 100F8I0 80F98 [IFTI8E +EOFLIS SEFOEC S8  €d
[F8  00F€0 0F ¥ 0FC 0FCC O00FI0 O0F061 TOFOSI O0F801 TOFYI 0FSOL €O0FLII TOFOS 100FCC0 I'0FFS EIFLEY 900F998 €0FCIT L6T Td
YFS  TTFOL  S88FI8 9IF6l  €IF9L  €TFIT 6TFLIT SOFIS  65F08  I[0OFIT OvbFEhe  OLFOS 60F9CT S00FICO I'TFO8 651 FLEY SECOFIIS ¥'SFOTT 661 Id
7/3n /8n /31 7/3n 7/3n 7/8n /8w 7/3m 7/3n 7/8n 7/8n /3w /8w 1dd /8w wo/sr Do w

IN ug od uz q ny  f0DeD dL fON'N “ON-N NL D0L dgodg  Awures oa od Hd  dwey v

[ 9[qe] Ul USAIS 9Je SUONe)S JO SWeU [[NJ Pue UONRIAIQQY ‘UISeq JOATY BATe)uY Yy} ul suone)s Surjdues Jo so[qeLieA [EJUSWUOIIAUS JO (UOIBIAOD PIEPUR)S F Uedw) sonsne)s oAnduosog g djqel



796

Environ Sci Pollut Res (2022) 29:790-804

Encyonopsis minuta, and Hannaea arcus) were located on the
opposite region of the pollution-tolerant species. Pollution-
sensitive diatom species were associated with R4, R11, R15,
R19, R23, and R33 sampling stations. Results of the weighted
average (WA) regression approved the preferences of diatom
assemblages in the CCA ordination (Fig. 2). Above-
mentioned pollution-tolerant species had TP optima above
75% of TP gradient (7.5 pg/L), whereas, pollution-sensitive
species preferred TP optima in the range of 4.5-5.5 pg/L in
the Antalya River basin. Some diatoms, Navicula lanceolata,
Navicula cari, Navicula trivialis, Amphora ovalis, and
Fragilaria crotonensis, displayed association with TOC.
This association is supported by the results of WA regression.
These diatom species preferred TOC values above 75%
(11.26 mg/L) of this variable in the Antalya river system.

Ecological status of rivers

The bioassessment of sampling stations using various diatom
indices is given in Table 3. Diatom indices developed from
different ecoregions showed different scores and ecological
status from a high to a bad condition in the Antalya river
systems. The EPI-D had the highest percentage of high eco-
logical status (61%), followed by TIT (47%), TI (39%), and
IPS (36%), whereas it was not found by the assessment of
TDIL, TWQI, DDI, TDI, RRDI, and DSIAR (Fig. 3). DDI
developed in Spain cannot differentiate the ecological status
of the stations but it presented a good ecological status for all
stations. Similarly, TDIL, TWQI, RRDI, and DSIAR made a
small distinction in the environmental conditions of the sam-
pling stations.

Results of the Spearman correlation analysis (Table 4) in-
dicated that TP gradient displays significantly positive corre-
lations with TIT (p < 0.01,r=0.802), TI (p < 0.01, »=0.601),
EPI-D (p < 0.01, r = 0.526), TDI (p < 0.01, r = 0.537), DEQI
(p <0.01, r=0.589), RRDI (p < 0.01 r = 0.663), TDIL (p <
0.01, r = 0.482), and TWQI (p < 0.05, r = 0.284), whereas
negatively significant correlations with IPS (p < 0.01, r = —
0.614), DSIAR (p <0.01,r=—0.376), and DDI (p < 0.01,r =
—0.366).

Deterioration of R2 station was represented by several di-
atom indices, which indicated a poor ecological status based
on TIT, TI, and DSIAR; TWQI, TDI, and RRDI indicated a
bad ecological status. However, results of EPI-D, TDIL,
DEQI, and DDI indicated that R2 had a good environmental
condition. European diatom indices, TIT, TI, EPI-D, and IPS
mainly showed similar behavior to differentiate the environ-
mental conditions of the sampling stations in the Antalya
River basin (Fig. 3 and Table 3). Results of these indices
mostly indicated that the least disturbed areas are R1, R4,
R15, R16, R21-24, R27, R32, R33, and R36 with high eco-
logical status.
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Discussion

Human population demand water resources for various pur-
poses such as drinking water, irrigation, fishing, power pro-
duction, and recreation activities according to the water qual-
ity of the rivers, which lead to the alternation of these ecosys-
tems. TP and TN gradients in the some of sampling stations
(e.g.,R1, R4, R15, R16, R21-24, R27, R32, R33, R36) in the
present are lower than reference values of Portuguese territory
(Feio et al. 2012) and are similar to the least disturbed condi-
tion in European Mediterranean rivers (Feio et al. 2014).
Results of the EC indicated that R3-6, R16-17, R19, R22,
R24-25, R28-31, and R35 have the first-class water quality,
while others are the second-class water quality. Conductivity
of freshwaters may vary according to the geological back-
ground as well. The EC is related to the total content of the
ions in aquatic ecosystems and may be used to determine the
extent and nature of modification to water geochemistry due
to anthropogenic activities and so it is accepted as a good
monitoring variable (Das et al. 2006; Celekli et al. 2019).
The enhancement of sulfates and other ions concentrations
can cause an increase in EC level to indicate the deterioration
of water bodies. Deterioration of watercourses is not only
based on these factors because there are hundreds of chemical
variables like nutrients, pesticides, salinity, turbidity, and
smell (Merga et al. 2020). Measuring all of them is expensive
and impractical. Besides, the water chemistry can give
restricting knowledge about water conditions because its sam-
pling time indicates instant information of the water quality
and ignores temporal changes in aquatic ecosystems.

The findings of the present study revealed that the physi-
cochemical environment in rivers (Fig. 2) regulates the bio-
logical condition of diatom assemblages, in agreement with
previous studies (Feio et al. 2020; Freitas et al. 2021). Diatom
compositions in sampling stations significantly changed
among sampling seasons according to findings of ANOSIM.
The difference between spring and fall is higher than between
other seasons, but no significant difference between summer
and fall was found. This could be due to the effects of rainy
and dry seasons. Diatom species such as C. excisa,
A. minutissimum, C. euglypta, and C. placentula are the most
contributing species to the dissimilarity between rainy and dry
seasons. Cymbella excisa and F. capucina had high contribu-
tion in the rainy season, while the contributions of
A. minutissimum, C. euglypta, and Cocconeis lineata were
high in the dry season. Besides, the SIMPER findings indicat-
ed that the mentioned species were also the most contributing
species to sampling stations within-season similarity. It is un-
derstood that a few diatom species play a significant role in the
differentiation between and within groups.

Diatom composition and abundance in sampling stations
had great contribution to determine the water quality.
Sampling stations R2, R9, R17, and R26 were characterized
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by moderately pollution-tolerant species associated with TP
gradient (Fig. 2) such as N. palea, N. paleacea, C. lineata,
C. euglyptoides, N. associate, N. cryptocephala, and
R. sinuata. This association is also confirmed by the WA
findings. Mentioned species had TP optima higher than 75th
percentile of TP gradient in the Antalya basin. Nitzschia palea
as a pollution-tolerant species has a wide tolerance to a broad
range of nutrient values from low in the least disturbed areas to
high in the wastewater (Celekli and Sahin 2021), but high
nutrient values favor it (Winter and Duthie 2000). Nitzschia
palea is categorized as a high TP indicator by databases of
diatom indices (e.g., Rott et al. 1999; Dell’'Uomo 2004; Lobo
et al. 2015; Celekli et al. 2019), but its exact minimum and
optimum values were not achieved by diatom datasets. This
species as a pollution-tolerant taxon has been found in pristine
and more degraded conditions due to its tolerance to a wide
range of nutrient gradients (Szczepocka and Szulc 2009;
Celekli et al. 2019). Besides, Holmes and Taylor (2015) re-
ported that N. paleacea has high tolerance to heavy metal
levels and occurs in nutrient-enriched waters with a moderate

to high EC. This diatom preferred a slightly alkaline condition
(pH = 8.24) in the Antalya basin and it was also found in
similar conditions in the Great Fish River, South Africa
(Holmes and Taylor 2015).

Pollution-sensitive species such as C. excisa,
A. minutissimum, D. ehrenbergii, D. tenuis, E. silesiacum,
E. minuta, and H. arcus were associated to R4, R11, R15,
R16, R19, R23, and R33. Results of the WA regression ap-
proved the preferences of these diatom assemblages in the
ordination (Fig. 2). Among pollution-sensitive species,
C. excisa and A. minutissimum had great contribution not only
to the dissimilarity between rainy and dry seasons but also to
sampling stations within-season similarity. Mentioned
pollution-sensitive species preferred low TP optima (4.5-5.5
pg/L) in the Antalya River basin. Cymbella excisa was dom-
inantly found in less polluted ecosystems (Gomez and Licursi
2001), and also it is known as pollution-sensitive species
(Potapova et al. 2004; Delgado et al. 2012) and considered
as a low trophic indicator species (Wang et al. 2014; Celekli
et al. 2019). TP optima value of A. minutissimum was smaller

@ Springer



798

Environ Sci Pollut Res (2022) 29:790-804

Table 3  Ecological status of the sampling stations according to diatom
indices developed from different ecoregion: Trophic index Turkey (TIT)
in TR-Turkey, Trophic Index (TI) in AT-Austria, Eutrophication and/or
Pollution Index-Diatom (EPI-D) in IT-Italy, Trophic Diatom Index for
Lakes (TDIL) in HU-Hungary, Trophic Water Quality Index (TWOI) in
BRA-Brazil, Diatom Ecological Quality Index (DEQI) in MX-Mexico,

Duero Diatom Index (DDI) in ES-Spain, Pollution Sensitivity Index (IPS)
in FR-France, Trophic Diatom Index (TDI) in EN-England, Diatom
Species Index Australian Rivers (DSIAR), and Richmond River Diatom
Index (RRDI) in AU-Australia. The meaning of different colors used in
the table is as follows: blue-high quality, green—good quality, yellow—
moderate quality, orange—poor quality, red—bad quality

TIT TI EPI-D TDIL TWQI DEQI DDI IPS TDI DSIAR RRDI
TR AT IT HU BRA MX ES FR EN AU AU
1.26+0.08 WEERRPY 2.04+0.04 | 2.53+0.04 18.1+1.3 54+4  51+]
3.30£0.04 2.92+0.12 37+1 -

2.58+0.61 3.47+0.70 45+4  60+14

1.50+0.36 1.4040.25 0.78+0.07 EIEXRLMEIFENNIN | .28+0.24 16.3+0.5 5542 5141
R TPRY 2.12+0.23 2.50+0.04 5543 5445

1.14+0.06 2.00+0.03 2.50+0.07 5043 50+1
2.45+0.14 2.06+0.19 2.50+0.06 51£3 5243
2.07+0.10 2.31£0.08 2.50+0.08 2.54+0.05 8.120.3 56+2 5942
2.48+0.08 2.32+0.11 2.70£0.09 2.50+0.07 3.62+0.07 7.6+0.3 5412 66+2
1.37£0.04 NI 2.05+0.07 2.50+0.08 [ENUEEE 10.6+0.4 5141 59+1
1.29+0.03 (WPEIRE 2.00+0.08 2.50+0.07 [RESERIP) 5542 50+1
1.18+0.02 L 2.2040.07 2.50+0.06 56+2  54+]
1.6540.04 1.01+0.05 1.36+0.09 nd 16.5+0.7 56+2  nd
A 2.16+0.12 2.49+0.01 53+7 5846

1.2340.03 1.17+0.04 0.54+0.04 EXQENNERPIEENNIER 1.09::0.03 17.8+0.9 5742 5041
1.16+0.02 1.2240.03 0.60+0.03 [PXQENKTARIIINIYE 1.05+0.02 17.9+0.8 56+2 5141
2.23+0.17 2.38+0.21 2.4420.18 |2.85+£0.06 2.12+0.41 512 6143
(OELTORIN 2.02+0.17 2.45+0.11 2.18+1.01 16.8+1.7 5742 5242

1.29+0.03 (NS0 2.08+0.11 2.50+0.06 [JIZERNT 17.7+0.8 56+1  51+1
2.21+0.52 2.59+0.16 [2.96£0.29 2.27+0.68 5044 6148
1.05£0.04 0.73+0.05 KT NERP R TN 1.27:0.03 16.5+0.8 5542 52+1

1.3320.11 1.19+0.18 0.94+0.18 [PXIRERVRL MR T IP) 56+3 5443
1.2740.03 1.16+0.05 1.48+0.08 2.50+0.03 2.93+0.09 17.140.8 56+2  52+1
1.62+0.40 1.10£0.22 0.99+0.05 [PXERRAREXIENNIL 5144 5547
3.00+0.08 2.50+0.04 3.90+0.10 56+2 | 6142

2.73+0.10 2.50£0.08 2.50+0.03 3.32+0.12 10.5+0.3 53+1 6142
1.53+0.04 1.37+0.08 0.79+0.04 PRERTARRIEN0E] 16.7+0.5 451  50+1
2.60+0.09 CLENNEE 2.00+£0.06 2.50+0.04 48+1  58+1
2.26+0.15 2.61+0.13 47+6  60+13
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1332022 1.2740.14 0.83+0.33 [PIAERIREREIES E 1)) 5542 59+14
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IRIEOER R ER RN 2.95+1.21 3.15+0.92 49+10  51+1

1.36+0.17 1.38+0.13 0.95+0.28 [XPER NI TR X% 56+4  50+1

than the 25th percentile in the Antalya basin, in agreement
with the findings in the west Mediterranean river basin
(Celekli and Lekesiz 2020). Achnanthidium minutissimum
was also reported as abundant species in Mediterranean karst
springs (Lai et al. 2020), Alpine springs (e.g., Falasco and

@ Springer

Bona 2011; Cantonati et al. 2012), and in reference sites in
southern Brazilian rivers (Freitas et al. 2021). This diatom
species had negative correlations with nutrients and EC (p <
0.05) in the Hantangang River, Korea (Cho et al. 2020).
Achnanthidium minutissimum is an indicator of low nutrient
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concentrations and had high relative abundance in the refer-
ence areas (Potapova and Charles 2007; Celekli et al. 2019;
Chen et al. 2020). Achnanthidium minutissimum shows com-
mon distribution in freshwater bodies worldwide, which
makes it a global indicator organism for assessing water qual-
ity (Celekli and Lekesiz 2020; Freitas et al. 2021). This diatom
species was commonly found in the least disturbed sampling
stations in the Antalya river system and it is also considered as
a reference taxon (Delgado et al. 2010, 2012; Wang et al.
2014; Celekli et al. 2019).

Pollution-sensitive taxa were not only abundantly found in
the least disturbed areas in the Antalya River basin but also
were dominantly found in less impacted ecosystems in differ-
ent ecoregions (Delgado et al. 2012; Wang et al. 2014; Celekli
and Kap1 2019). Besides, low TP preferences of the aforemen-
tioned species in the present study reinforce the findings of
previous limno-ecological studies (e.g., (Rimet et al. 2004;
Goma et al. 2005; Delgado et al. 2012; Wang et al. 2014,
Lobo et al. 2016; Celekli et al. 2019). Furthermore, most dia-
tom indices indicated that these pollution-sensitive species
have low trophic weight values (e.g., Celekli et al. 2019;
Kelly et al. 2008; Rott et al. 1999).

Assessing the ecological status of lotic ecosystems requires
the development of integrated approaches that consider the
complex relationships between bio-indicator assemblages
and ecological factors. Since the application of the European
WEFD (EC 2009), the biological assessment of surface water
quality has been a more important issue to accomplish envi-
ronmental sustainability. Nowadays, the bioassessment of the
ecological condition of surface waters is adopted worldwide
(Charles et al. 2021). The results of bioassessment of the

sampling stations indicated that diatom indices developed
from different ecoregions have different scores resulting in
different ecological statuses from a high to a bad condition
in the Antalya river systems. The findings of the present indi-
cated that significant differences are observed among ecolog-
ical status percentages of diatom indices. In the ecological
evaluation of the sampling areas, EPI-D has the highest per-
centage of high ecological status, while it was not seen in the
assessment of TDIL, DDI, TDI, DSIAR, and RRDI. The TP
gradient (4-15 pg/L) was the most influential environmental
factor on the diatom species and their abundance. TP is a
relevant chemical and is used to quantify the trophic weight
of species in various diatom indices such as TI (Rott et al.
1999), TIT (Celekli et al. 2019), and EPI-D (Dell’Uomo
2004). The relationship between diatom assemblages and TP
gradient in the sampling stations directly affected scores of
diatom indices. The present study also revealed significant
positive correlations of TP gradient with TIT, TI, EPI-D,
TDI, DEQIL RRDI, TDIL, and TWQI, and significantly neg-
ative correlations with IPS, DSIAR, and DDI.

European diatom indices like TI (Rott et al. 1999), TIT
(Celekli et al. 2019), EPI-D (Dell’Uomo 2004), and IPS
(Cemagref 1982) mostly showed similar behavior in the bio-
assessment of ecological conditions of sampling stations in the
Antalya River basin. The IPS (Cemagref 1982), TI (Rott et al.
1999), and EPI-D (Dell’Uomo 2004) are widely used diatom
indices in European water quality assessment incorporating
nutrients and hydromorphology (Lobo et al. 2016). Results
of these indices mostly indicated that the least disturbed sites
are R1, R4, R15, R16, R21-24, R27, R32, R33, and R36 with
high ecological status. Distinct tolerant/sensitivity values of
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Table4 Spearman’s rank correlation among diatom indices and environmental variables. The meaning of the abbreviations of diatom indices is given

in Table 3

TIT TI EPI TDI TDIL TWQI DEQI RRDI DSIAR IPS DDI
Altitude  0.123 0.244* 0.046 0.056 —0.028 —0.116 0.084 0.046 —0.048 0.060 —0.089
Temp. —0.138 -0.176 0.015 0.022 —0.081 -0.017 0.002 0.028 0.003 0.081 0.080
pH -0.178 -0.239 -0.158 —0.053 -0.197 —0.063 -0.027 -0.216 3220k 0.082 350%*
EC 0.082 0.066 0.031 -0.138 0.133 0.011 0.059 0.121 0.030 —0.041 —0.069
DO -0.207 -0.011 —0.106 -0.174  -0.071 -0.194 —.261* —.354%%  (.149 0.026 0.090
BOD;s —0.058 0.053 —0.043 0.167 -0.097 0.012 0.059 -0.107 0.111 0.010 —0.041
TOC —0.160 —0.098 -0.079 0.113 -0.204 0.011 0.065 —0.181 0.198 0.106 0.101
N 0.044 -0.021 —0.041 0.057 -0.014 0.120 0.061 —-0.067 —-0.008 —-0.062 0.104
N-NO,  0.270%* 2697 292 0.193 0.113 -0.136 0.160 .260% -0.122 —0.321%%  —0.140
N-NO;  0.080 0.073 0.053 0.101 -0.020 0.102 0.125 —=0.040 -0.051 -0.167 0.050
TP 0.802%* 0.601%*  0.526%*  0.537**  0.482%*%  (.284%* 0.589**  0.663**  —0.376%* —0.614%* — 0.366%*
CaCO3  0.149 0.059 0.066 -0.012 0.142 0.124 0.116 0.217 -0.111 - 0.066 -0.039
Cu** =0.169 -0.232 -0.231 -0.119 -0.234 -0.013 —0.055 -0.211 0.192 0.032 3943k
B 0.102 —0.063 0.110 —0.169 0.214 0.025 0.098 0.138 0.211 -0.117 -0.236
Zn** -0.110 -0.118 —0.054 0.127 -0.072 0.141 0.065 -0.117 -0.077 0.183 0.198
Fe** -0.079 -0.204  —0.049 0.058 —0.057 0.022 0.035 0.050 —0.101 0.119 2487
Sn** 0.116 0.100 0.179 —0.158 2637 —0.050 0.074 0.197 0.103 —0.160 —.396%*
Ni?* —0.096 -0.199 —0.118 0.043 —0.185 -0.019 -0.087 —0.156 0.081 0.133 0.148
TIT .500%* 4144 A469%* 469+ 278* 528 .636%* — 375%* — 537 — .335%*
TI 0.500%* 458k 451 3950k 0.022 278 548k — 3250 — .63 —.666%*
EPI 0.414%* 4583k .533skk 4443 0.022 7275 .596°% —.270%* — .645%# — 5897
TDI 0.469%* 451 5330 0.095 0.192 .52k 4] ] — 3597k = .370%* — .3807%*
TDIL 0.469%* 3950k 4443 0.095 4015 428k 568 -0.210 — 4120 — 458k
TWQI 0.278* 0.022 0.022 0.192 4071 0.102 0.053 — .39s%k 0.004 0.050
DEQI 0.528%* 278% 1215 5207 428k 0.102 L6135 —0.158 — 523k — 353k
RRDI 0.636%* 5487 .596%* A ] 568 0.053 .613%:% —.325% — .746%* —.6007%*
DSIAR  —0.375%% — 325%k — 27(%* —.359%  —0.210 —.392%%  —(.158 —.325% 0.222 0.024
IPS —0.537%  — 631%F  — 645%F  — 370%*% — 412%*  0.004 —.523%k  — J46%k (0222 582
DDI —0.335%  — 666%*F — 589%* — 380%* — 458** (.050 —.353%  — 600%*F  0.024 5827

* and ** show significant levels at 0.05 and 0.01, respectively

Bold significant levels display the correlation between diatom indices and TP

diatom species are different in the tested diatom indices data-
base, which could affect the findings in the bioassessment
water quality of rivers in the Antalya River basin. Ecological
conditions of these sampling stations were not only supported
by their low nutrients and low heavy metals values but also
assisted by the least disturbed areas in terms of streambed
consists of rocks, stones, and sands, which is surrounded by
plane and pine trees. Ecological conditions of these sampling
stations are similar to the least disturbed condition in
European Mediterranean rivers (Feio et al. 2014) and refer-
ence values of Portuguese territory (Feio et al. 2012). Besides,
human activities have minimal impact on the mentioned sam-
pling stations. Although, DDI developed in Spain (Alvarez-
Blanco et al. 2013) has a significant negative correlation with
TP variation, it cannot differentiate the ecological status of

@ Springer

sampling stations and presented a good ecological status for
all stations in the present study. The trophic weight of diatom
species in the Antalya river system varied from 8.1 to 9.7 for
the DDI, which resulted in the index scores from 8.88 in R2 to
9.46 in R32 which attributes the classification of good ecolog-
ical status. This could be a consequence of the high and good
ecological quality class boundaries of the DDI being 10.00
and 8.50-9.99, respectively (Alvarez-Blanco et al. 2013),
which strongly affect the bioassessment results. The TDI de-
veloped in the UK (Kelly et al. 2008) significantly correlated
with TP gradient, classifying ecological status of sampling
stations as 66.6% good, 30.6% moderate, and 2.8% bad envi-
ronmental conditions. Another European diatom index is
TDIL (Stenger-Kovacs et al. 2007) developed for the lentic
ecosystems have different dynamics from the lotic
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ecosystems, which could affect the bioassessment of the eco-
logical status of rivers in the Antalya River basin.

Some indices (DDI, DSIAR, and TDIL) are not sensitive to
the variations between sites, since they hardly change even
though the environmental conditions change. Conversely,
European indices such as TIT, TL, EPI-D, and IPS had signif-
icant correlations with environmental variables and they have
mainly the ability to different environmental conditions of
sampling station. Among them, TIT was more competitive
based on the Spearman correlation coefficient and could give
better results in the bio-evaluation of rivers in the Antalya
River basin. The European indices are not adapted efficiently
to the particular hydrological and climatic conditions of this
Mediterranean region (e.g., Celekli et al. 2018; Lazaridou
et al. 2018; Celekli and Bilgi 2019) due to the effects of
ecoregion environmental factors on the trophic weight of dia-
tom taxa. Besides, not all of the taxa found in the Antalya river
system are included in the taxa list of TIT. Thus, it is necessary
to revise it according to preferences of diatom taxa in the
present and other studies.

DEQI from Mexico (Salinas-Camarillo et al. 2021), TWQI
from Brazil (Lobo et al. 2015), and RRDI and DSIAR devel-
oped in Australia had significant correlations with TP gradient
in the Antalya river system. Nevertheless, these indices except
DEQI were not able to differentiate the ecological status of
rivers in the Antalya River basin. Some important variations
were seen in the biological evaluation of DEQI. For instance,
Naras river sidearm (R13) had a bad ecological status based
on the DEQI result, whereas a high environmental condition
was found according to TI, TIT, and IPS. Among the species
seen in station R13, DEQI only including Fragilaria
crotonensis was used in the index calculation. This is limiting
the ability to assess the ecological status due to a loss of in-
formation. The R13 ecosystem had relatively low nutrients
and low heavy metals. Streambed of R13 consists of rocks,
stones, and sands, which is surrounded by plane and pine
trees. Besides, there is no urbanization, agricultural activity,
and land use. Using diatom indices developed from different
ecoregions may lead to erroneous evaluation of water quality.
Consequently, ecoregional specific diatom indices are devel-
oped to accurately determine the ecological status of surface
waters. Different ecoregion including geology, climate, to-
pography, vegetation, wildlife, hydrology, and human activi-
ties (Omernik 1987; Celekli and Kap1 2019; Espinosa et al.
2020) strongly affect environmental factors on the trophic
weight and indicator values of diatom assemblages (Lobo
et al. 2015; Celekli et al. 2019; Salinas-Camarillo et al.
2021). Another factor is the class boundary of ecological sta-
tus which varied from a diatom index to another. From that
point, there is a crucial need to determine class boundaries of
diatom indices for facilitating the evaluation of ecological
quality of freshwater bodies. The performed diatom indices
did not include all diatom taxa found in the Antalya river

system. This seems a limiting factor to assess the water qual-
ity. Some indicator taxa may not be considered in the index
calculation like the assessment of R13 by DEQI, which could
lead to an erroneous assessment of water quality due to a loss
of information. Besides, results of the bioassessment were
changed in the Antalya River basin due to diatom indices
consist of different trophic weight of species list, in agreement
with previous studies in which comparing European and
American diatom indices (Lavoie et al. 2009) and Anatolia
(Celekli and Kap1 2019; Celekli and Lekesiz 2020).
Concerning the number of taxa in diatom indices, IPS, TI,
and DSIAR include more than those of other tested indices
in the present study, which is important in bioassessment stud-
ies. Diatom indices have a define ecological quality class
boundary; however, sampling stations have different river ty-
pologies like altitude, flow regime, geology, slope, and pre-
cipitation impact ecosystems. Ecological quality class bound-
aries should be determined especially according to altitude
typological criteria (A1 < 800 m, A2 800-1600 m, and A3 >
1600 m). Altitude affects environmental conditions which reg-
ulate ecological preferences of diatom species. Considering
those points, there is a need to develop class boundaries of
diatom indices in the future according to further research with
the understanding of biological responses to other environ-
mental predictors from both monitoring and reference
conditions.

Conclusion

Results of the present study underline that diatom taxa
are ubiquitous indicators and present in a variety of
environments, which may cause some variability in
the comparison between their sensitivity values.
Diatom species such as C. excisa, A. minutissimum,
C. euglypta, and C. placentula are the most contribut-
ing species to the dissimilarity of sampling stations be-
tween rainy and dry seasons in the Antalya region.
Results of the present study revealed that the physico-
chemical variation in rivers with different typologies
regulates the biological conditions of diatom species.
Diatom distribution was most influenced by TP, water
temperature, TOC, Zn, Sn, and pH. Tested diatom indi-
ces had significant correlations with TP gradient. The
results of bioassessment of the sampling stations exhib-
ited that diatom indices have different scores resulting
in ecological status from a high to a bad condition in
the Antalya river systems. Results of diatom indices
mostly indicated that the least disturbed areas are R1,
R4, R15, R16, R21-24, R27, R32, R33, and R36 with
high ecological status. The results of bioassessment are
complementary to physico-chemical and
hydromorphological evaluations of rivers. The results
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of the present study suggest that although the indices
differ markedly in their approach and purpose, their use
for assessing stream integrity in the Antalya River basin
gave similar results based on European diatom indices
except for TDI, DDI, and TDIL. It seems that TIT, TI,
EPI-D, and IPS could be suitable diatom metrics for
assessing the ecological status of sampling stations in
this Mediterranean region. Among them, TIT was more
competitive based on the Spearman correlation coeffi-
cient and could give better results in the bio-evaluation
of rivers in the Antalya River basin. Using diatom in-
dices developed from different ecoregion can lead to
erroneous interpretation of water quality.
Consequently, ecoregional specific diatom indices
should be developed to accurately determine the eco-
logical status of surface waters.
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