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ABSTRACT

Transformation of river and stream channels disrupts their natural ecological cycles
and interrupts the continuum of their ecosystems. Changes in natural hydromorpho-
logical conditions transform lotic communities into those atypical of flowing waters,
resulting in bioassessment procedures yielding incorrect results. This study shows
how hydromorphological transformations of ecosystems affect the ecological status
bioassessment results by disturbing diatom communities typical for rivers. Moreover,
the article presents a new biological assessment procedure for urban transformed rivers
including the verification of the community structure based on autecology and quantity
of species. The ecological status of the ecosystem was assessed using benthic diatom
assemblages and supported with results of hydrochemical analysis. The structure of the
assemblages and their relationships between individual sampling sites were clarified
by shade plot and multivariate data analyses. The analysis of dominant species vitality
at sampling sites and their autecology gave the foundation for modification of taxa
data matrix and recalculation the diatom indices. Biological assessment showed that
one of the artificial ponds constructed at the stream channel was characterized by
good ecological status, and its presence strongly affected the state of the downstream
ecosystem following the development of a unique assemblage of diatoms that prefer
oligosaprobic and oligotrophic waters. The presence of these species was also noted in
the downstream sections, but most of the cells were dead. As the indicator values of these
taxa are high, their presence artificially increased the ecological status of the stream,
resulting in the hydrochemical assessment not being in line with the bioassessment.
Therefore, a new procedure was adopted in which non-characteristic taxa for the
downstream sections were excluded from analysis. This approach corrected the results
of bioassessment characterizing the ecological status of the stream as poor along its
entire course, with the exception of this unique pond. For hydromorphologically
transformed streams and rivers with disturbed channel continuity, the correct result
of an incorrect diatom-based bioassessment may be retrieved after excluding species
unusual for the type of ecosystem from the studied assemblages, i.e., the species which
are unable to reproduce in that area and are only carried into it by the water flow.
Assessment of the ecological status of aquatic ecosystems based on biotic factors is
an essential tool of aquatic ecosystems monitoring in many countries. This type of
assessment requires a multifaceted approach, in particular, to identify factors that may
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disrupt this assessment. Standardization of biomonitoring methods is an important
step in correct assessment; thus, the findings of this paper will be useful in routine
biomonitoring around the world.

Subjects Ecology, Plant Science, Freshwater Biology, Environmental Impacts

Keywords Diatom assemblages, Bioassessment, Diatom indices, Hydromorphological transfor-
mations, Urban streams, Ponds

INTRODUCTION

Water ecosystems have always been an important city-forming factor (Arandjelovic &
Bogunovich, 2014; Cieslak-Arkuszewska, 2020). Unfortunately, in urban areas, river beds are
usually heavily modified; thus, they lost their natural course (Winiwarter et al., 2016; Mackin
¢ Lewin, 2018). They are characterized by large hydromorphological transformations
related to human activity, such as those based on the regulation and concreting of their
beds, or by the introduction of artificial reservoirs along their course. Each urban river
and stream ecosystem is a specific environment, and various biotic and abiotic elements
may affect the results of bioassessment; therefore, each river and stream, especially those
with highly-modified channels and with disrupted ecological continuum should undergo
its own unique procedure.

According to the river continuum concept, the environmental conditions and
communities of organisms in flowing water ecosystems gradually change along the course
of a river (Vannote et al, 1980). Hydrobiological conditions shape specific communities
of aquatic organisms, with these being characteristic, i.e., natural or typical, of individual
sections of ecosystem (Freedman et al., 2014; Stenger-Kovdcs et al., 2014; Backus-Freer &
Pyron, 2015). However, this concept works if the river channel is of a natural type and
has not been subjected to any hydromorphological reconstructions. In such ecosystems,
the results of a bioassessment are not affected by any interference and reflect the true
ecological status. The situation changes when the river undergoes hydromorphological
transformations, such as river channel straightening, supporting the river banks with
concrete slabs, closing the river into an underground channel or slowing down the
river flow by the construction of artificial reservoirs. These transformations strongly
modify the hydrological regime and the hydrochemical conditions, thus altering the
aquatic communities into a form far from ‘natural’ for the type of environment i.e., lotic
ecosystems become full of lentic-type organisms. Therefore, any bioassessment of water
quality and ecological status based on these modified communities may yield incorrect
results, as demonstrated by Zelazna-Wieczorek ¢ Nowicka-Krawczyk (2015); Szczepocka,
Zelazna Wieczorek & Nowicka-Krawczyk (2019).

The assessment of the ecological status of surface waters in routine biomonitoring
is based on four biotic factors: diatoms, aquatic invertebrates, fishes and macrophytes
(European Union, 2000). As the development of benthic diatom assemblages strongly
depends on hydromorphological and hydrogeochemical factors, diatom material can be
recognised as a highly reliable biomarker reflecting most of the environmental conditions
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of the ecosystem (Descy, 1979; Hofmann, 1994; Van Dam, Mertens ¢ Sinkeldam, 1994;
Kelly & Whitton, 1995; Lavoie et al., 2014; Charles et al., 2021). Long-term studies on the
autecology of diatoms have allowed species to be assigned ecological indicator values,
these being specific numbers reflecting the preference range of a single species for
particular environmental parameter. In diatom-based biomonitoring, indicator values
are the foundation for calculating diatom indices, giving direct information about the state
of the environment (Round, Crawford ¢» Mann, 1990; Kelly et al., 2012). For over 20 years,
diatom indices have been used worldwide to assess the state of flowing and standing water
ecosystems (Kelly et al., 2008; Stevenson, 2014; Holmes & Taylor, 2015; Kahlert et al., 2016;
Charles et al., 2021).

As diatoms are used as indicators for such a wide range of purposes, the bioassessment
procedures may incur some errors that cannot be avoided. Disturbances in river/stream
continuity usually result in incorrect results being obtained for the ecological status
assessment, indicated by large differences being observed between individual sections of
the ecosystem (Szczepocka, Zelazna Wieczorek & Nowicka-Krawczyk, 2019; Charles et al.,
2021; Latinopoulos et al., 2021).

A good site for researching how hydromorphological transformations affect the
procedure of bioassessment is the £6dz Municipal Agglomeration (Central Poland),
where many streams were reconstructed in the 19th century as part of the development
of the textile industry in the city. One of the streams located at the southern part of the
city, the Olechéwka, is highly transformed. Its channel contains regulated sections, most
of which are in the open air and hidden underground at the spring section; in addition, the
stream channel is frequently disrupted by small artificial reservoirs (ponds) where water
mills used to operate. The stream has previously been used as an area for hydrobiological
research on ichthyofauna (Kruk ef al., 2017) and aquatic macroinvertebrates (Tszydel et al.,
2015; Tszydel, Markowski ¢& Majecki, 2016). Due to its location, at the outskirts of the city,
the stream was characterized by a high diversity of fish species and macroinvertebrates
compared to other streams in £6dz. In addition, the hydrochemical conditions of the
stream were also investigated in 2015 —2018 to determine the state of the stream using
chemical markers (Bagrowicz et al., 2017; Fortuniak et al., 2018; Ziutkiewicz et al., 2019).

A biological assessment is valid only when it is based on living organisms (Dolédec,
Statzner & Bournard, 1999; Gillett, Oudsema ¢ Steiman, 2017). Only living species can
accurately determine the environmental conditions in aquatic ecosystems. Their ability to
reproduce in the conditions prevailing in a given ecosystem allows them to be considered
as good indicators of ecological status (Rimet ¢ Bouchez, 2012; Charles et al., 2021).

Since biomonitoring is strongly based on the autecology of living diatoms, i.e., by
calculating diatom indices, hydromorphological transformations that change assemblages
into those which are far from ‘natural’ typically results in incorrect ecological status
assessments. This paper verifies the hypothesis that for hydromorphologically transformed
streams and rivers with disturbed channel continuity, the correct result of an incorrect
diatom-based bioassessment may be retrieved after excluding species unusual for the type
of ecosystem from the studied assemblages, i.e., the species which are unable to reproduce
in that area and are only carried into it by the water flow.
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The main purpose of the work was to identify the disturbances associated with biological
assessment of the ecological status of stream resulting from impact of artificial ponds on of
flowing waters (interruptions in channel continuity), and to propose a new procedure for
the diatom-based biomonitoring of this type of ecosystems. The new procedure is based
on a detailed investigation of diatom assemblage structure, one that takes into account
its qualitative structure, ecological preferences of species and changes in the quantities of
species along the watercourse.

MATERIAL AND METHODS
Study area

The research area includes the Olechéwka, a stream located in the L.6dz Municipal
Agglomeration (Central Poland, Europe). The city of £.6dZ is characterized by the presence
of small, fast-flowing streams, which played a key role in the development of its textile
industry at the beginning of the 19th century. The increasing amounts of sewage produced
by the rapidly developing agglomeration were drained directly into streams through gutters
and ditches, especially in the city centre (Kruk et al., 2017). The Olech6éwka is a 12.5 km
long watercourse located on the outskirts, in the southern part of the city. Due to its
location, the stream was less polluted than those crossing the central part of the city. In
the mid-nineteenth century, numerous ponds were created as places of recreation for the
surrounding population and several water mills operated on the stream course.

The research was conducted at the upper section of the Olechéwka. Five sampling sites
were selected along the length of the stream (Fig. 1). Site 1 was located at the spring section
of the stream on the edge of the Municipal Park of the Olechdéwka Spring; site 2 was located
approximately 800 m below site 1, at the basin of the first pond (Olechowska pond); site
3 was chosen at the stream course ca 400 m below Olechowska pond; site 4 was located
at the second pond (Tomaszowska pond); and site 5 at a location around 400 m below
Tomaszowska pond. The Olechéwka stream emerges from an underground channel next
to the outlet of a rain/sewage collector from the Olechéw residential district. It is located a
few hundred meters from another sewage collector draining sewage from the railways and
the intermodal transport industry area. The presence of both sewage collectors affects the
ecological status of the stream directly from its sources.

The hydrochemical background of the stream was assessed during the present
hydrobiological surveys similar to previous studies (Szczepocka, Zelazna Wieczorek &
Nowicka-Krawczyk, 2019). The ranges and mean values of the parameters are given in
Table S1.

Analysis of diatom assemblages

Phytobenthic samples of diatoms were collected in October 2017, January, March,
May, July and August 2018 from zones of mid-speed water current. Diatom material
was collected according to the procedure described in Szczepocka, Zelazna Wieczorek ¢
Nowicka-Krawczyk (2019). In total, 23 fresh samples were collected. Each sample was
coded according to the following scheme: a stream name code (O —the Olechéwka),
followed by two digits of the year of sampling, two digits of the month of sampling, and the
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Figure 1 Study area with the location of sampling sites. The code of sampling site consists: letter of
the stream (O —the Olechéwka stream), and digit expressing the site number preceded with “s”. Pond 1
(Os2)-Olechowska pond, pond 2 (Os4)-Tomaszowska pond.

Full-size &l DOL: 10.7717/peerj.12457/fig-1

‘S’ symbol followed by the number of the sampling site. The samples were initially observed
while fresh to assess whether the diatoms were alive or not. Fresh diatom samples from
all study sites were investigated in the Nikon Eclipse 50i light microscope with 10 x 40,
10 x 60 magnification in order to evaluate the percentage of living/dead cells. The correct
ecological state assessment should be based on taxa occurring with 90% in living forms
(Zgrundo Peszek ¢ Poradowska, 2018). Moreover, in the case of taxa which occurred in
90% of dead forms at river sites below the reservoirs and simultaneously they dominated
in reservoirs in living forms, they were excluded from bioassesment.

The qualitative analysis was performed according to Hofmann, Werum ¢ Lange-Bertalot
(2011) and Lange-Bertalot et al. (2017) while the quantitative analysis Cholnoky (1968).
The dominant species were distinguished according to Rakowska (2001). Since dominant
species have the most significant impact on the results of biological assessment, for the
purpose of the study, this group was additionally divided into three subgroups depending
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on a percentage share in assemblages ("’SH): species of low dominance (low-dominant,
LD) with 5% > *SH >11%, species with medium dominance (medium-dominant, MD)
with 11% > *SH >21%, and species with high dominance (high-dominant, HD) %SH >
21%. The species constancy was determined according to the Braun-Blanquet scale (Bohr,
1962).

The samples were grouped based on their qualitative and quantitative similarities in
diatom assemblage structure. The initial step in the analysis was performed to reduce the
species set and adjust the matrix to a specified number of species (n = 50, transformed by
square root) by including only the species important for the next comparison of the studied
samples. To align the plots with regard to the range and quality of data, a Shade plot was
used. The plot displays a matrix with species (rectangles gray-shading shows the abundance
of diatom species, scale was expressed as Log (X+1); white indicated an absence of species
while black indicated maximum abundance). The samples were grouped by hierarchical
clustering analysis (HCA) using Bray-Curtis similarity coefficient on transformed data
(Clarke et al., 2014).

To summarize the variation in species composition and quantity and to interpret
this summary with the help of the best-fitting subset of hydrochemical parameters, the
multivariate data analyses were performed. The response data were compositional with 2.2
SD gradient; therefore, the Constrained linear method—a Principal Component Analysis
with supplementary variables was chosen. For the response data centering by species
was applied without any data transformation. The analysis was preceded by Interactive-
forward-selection test to select the best-fitting hydrochemical factors for interpreting the
summary in species composition. Factors with significance level P < 0.05 were chosen for
PCA analysis. Multivariate data analyses were performed using Canoco for Windows 5.0
Software.

Ecological status assessment

The ecological status of the Olech6wka stream was assessed based on the following diatom
indices: IPS —Specific Pollution Sensitivity Index (CEMAGREF, 1982), GDI —Generic
Diatom Index (Coste ¢» Ayphassorho, 1991), IBD —Biological Diatom Index (Lenoir ¢
Coste, 1996), and TDI —Trophic Diatom Index (Kelly ¢ Whitton, 1995). The IPS, GDI
and TDI indices were calculated using OMNIDIA 6.0 software (Bordeaux, France). The
ranges of the diatom indices, their respective ecological status and trophic status were
adapted according to Dummnicka et al. (2006) to obtain the IPS, GDI, IBD and TDI indices
(see: Szczepocka, Nowicka-Krawczyk ¢ Kruk, 2018, Fig. 2). The diatom autecology was
checked in OMNIDIA 6.0 software database. In order to verify the research hypothesis,
the ecological status assessment was subjected to a second modelling procedure using
OMNIDIA software; this time, diatom taxa considered ‘atypical’ for a particular section
of the stream were eliminated from the analysis. Taxa were designated as ‘atypical’, if
their presence in the section of a stream was not in line with their ecological preferences,
and simultaneously its participation in assemblages was lower than that observed in the
upper section as a result of inhibited reproduction. As the previous studies revealed, in
hydromorphogically transformed rivers the presence of the Achanthidium minutissimum
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Figure 2 Dominant species and their percentage in samples. Colour indicate dominant subgroups:
HD (high-dominat) *SH > 21%, dark blue; MD (medium-dominat) 11% > *SH >21%, light blue; LD
(low-dominat) 5% > *SH >11%, white. Diatom species code: ADMI-Achnanthidium minutissimum
ss, AMMO-Halamphora montana, CRCU—Craticula cuspidata, CTPU-Ctenophora pulchella, CATO-
Cyclotella atomus, CMEN-C. meneghiniana, DPST — Discostella pseudostelligera, FCGR—Fragilaria gracilis,
FNAN-F. nanana, FTEN-F. tenera, FVUL—-Frustulia vulgaris, GPAR-Gomphonema parvulum, GPAS-G.
saprophilum, HCAP-Hippodonta capitata, LGOE-Luticola goeppertiana, LSAP—L. saprophilum, MCIR—
Meridion circulare, NGRE-Navicula gregaria, NLAN-N. lanceolata, NIFR—Nitzschia frustulum, NPAL-N.
palea, NUMB-N. umbonata, PLER—Planothidium frequentissimum, SGRC — _Stauroneis gracilis_, SSGR-S.
subgracilis, SHAN-Stephanodiscus hantzschii, SBKU-Surirella brebissonii var. kuetzingii, TEAS—Tabularia
fasciculata.
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s.l. falsify the results of bioassessment of the ecological status; therefore this species was also
removed from data matrix (Szczepocka, Zelazna Wieczorek ¢ Nowicka-K rawczyk, 2019).
To summarize the similarity in species composition between samples in relation to
diatom indices, a non-metric multidimensional scaling (NMDS) with an additional
principal component analysis (PCA) rotation step of NMDS was used. Two analyses were
performed in parallel: the first included all diatom taxa occurring in samples (pre-modelling
analysis), while the second (post-modelling analysis) used revised diatom indices, which
were calculated after the species discarded from the modelling procedure of ecological status
were excluded from the data matrix. In both cases, analyses were based on a Bray-Curtis
similarity coefficient with a solution on four axes. Special attention was paid to the changes
occurring along the stream course in Spring and Autumn, these being the most crucial
seasons for diatom-based biomonitoring (Szczepocka ¢ Zelazna Wieczorek, 2018). Since
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previous studies have indicated IPS to be the most reliable diatom index (Szczepocka,
Nowicka-Krawczyk ¢ Kruk, 2018), the attribute plots in the XY ordination space of IPS and
PCA rotation of NMDS were created for both study seasons.

RESULTS

Hydrochemical background of the stream

The water of the Olechéwka stream was circumneutral or slightly alkaline - mean pH varied
between 7.1 and 7.3 (Table S1). The electrolytic conductivity varied between sampling sites.
The highest value was recorded at the spring section of the stream (site 1), the mean value
was 888 1Scm ™!, while the lowest was observed at the first pond (site 2 - Olechowska
pond) with 413 uScm™! (Table S1). The highest concentration of dissolved oxygen - mean
value up to 9.4 mgl~! was recorded at site 15 similar values were observed at other sites,
ranging from 3.3 mgl~! (site 2) to 4.6 mgl~! (site 5). The mean biological oxygen demand
was the lowest at the spring section, i.e., site 1 (2.9 mgl~!), and the highest at site 2 (9.7
mgl~1); the value decreased downstream (Table S1). The highest mean total nitrogen was
observed at site 1 (4.09 mgl™!), this value was close to 2.00 mgl~! at the remaining sites.
Both the lowest concentration of N-NH, and the highest of N-NOj3 were recorded at site 1
(mean values of 0.043 mgl~! and 2.83 mgl™!, respectively), and the highest concentration
of N-NH, was recorded at site 2, i.e., Olechowska pond, with a mean value of 1.6 mgl_l. In
addition, a high mean concentration of N-NO3 was also recorded at site 4, Tomaszowska
pond, (2.5 mgl™!), while values around 0.6 mgl~! were observed for other study sites.
Similar mean total phosphorus levels were found at all study sites, ranging from 0.12 mgl~*
to 0.16 mgl~!. Sites 1 to 3 in the upper section of the stream were found to have similar
mean P-PO, concentrations, i.e., between 0.080 and 0.085 mgl_l; however, it exceeded
0.13 mgl~! at the second pond (site 4) and increased up to 0.2 mgl~! in the lowest section
of the stream (site 5) (Table S1).

Analysis of diatom assemblages

In total, 139 diatom taxa were identified in 23 phytobenthic samples collected from the
Olech6éwka stream and among these, 28 taxa were recognized as dominants. The following
dominant and constant species were present in all samples and alive in fresh material with
>95% participation at all sites: Achnanthidium minutissimum s.s. Kiitzing (present in 100%
samples as HD in 7/23 samples), Planothidium frequentissimum (Lange-Bertalot) Lange-
Bertalot (present in 100% samples, as LD in 11/23), Gomphonema parvulum (Kiitzing)
Kiitzing (present in 100% samples, as LD in 6/23) and Navicula gregaria Donkin (present
in 91% samples, as HD in 5/21). In addition, Gomphonema saprophilum (Lange-Bertalot &
E. Reichardt) Abraca, R. Jahn, J. Zimmermann & Enke and Nitzschia frustulum (Kiitzing)
Grunow, were present in 83% of samples, but the threshold percentage value for dominant
species was exceeded only in a few samples (Fig. 2).

The analysis also revealed a group of taxa which dominated at the spring section of the
stream (site 1) and gradually disappeared along the stream course —Ctenophora pulchella
(Ralfs ex Kiitzing) Williams et Round, Nitzschia umbonata (Ehrenberg) Lange-Bertalot,
Surirella brebissoni var. kuetzingii Krammer et Lange-Bertalot, and Tabularia fasciculata (C.
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Agardh) Williams et Round. Moreover, some taxa were characterized by high dominance
in a particular section, but one that slightly decreased downstream: Fragilaria nanana
Lange-Bertalot, F. tenera (W. Smith) Lange-Bertalot, Stauroneis gracilis Ehrenberg, and S.
subgracilis Lange-Bertalot et Krammer (Fig. 2). The percentage of living cells of the above
species in fresh samples collected at site 2 was above 90%.

In fresh samples collected downstream, species such as Fragilaria nanana, F. tenera,
Stauroneis gracilis, S. subgracilis that develop in large quantities at site 2 (Olechowska
pond) were mostly dead. The percentage of living cells in fresh material was below 10%
and it was decreasing downstream.

The Shade plot grouped all samples into two main clusters —A and B. Cluster A comprised
all samples from site 1, while cluster B included the samples from all sites. The analysis
divided cluster B into subclusters B1 and B2, and further divided the latter into additional
B2’, B2” and B2’ subgroups (Fig. 3). As a result of Shade plot transformation, 50 species
were identified as type-characteristic, i.e., highly influencing the structure of diatom
assemblages within each of the clusters, subclusters and groups. Cluster A was unique;
it could be distinguished from the others as a result of its high participation of Nitzschia
umbonata, Ctenophora pulchella, Surirella brebissoni var. kuetzingii, Tabularia fasciculata,
Navicula gregaria and Gomphonema saprophilum. All these taxa, with the exception of N.
gregaria, reached high dominance only at site 1; they did not appear downstream or their
share significantly decreased.

Subcluster Bl included samples from site 3 collected in January and March and a
sample from site 5 collected in January. The species that dominated at this subcluster
were Navicula lanceolata and N. gregaria. The first subgroup of subcluster B2 (B2)
contained samples only from site 2 (Olechowska pond); the dominant species characteristic
of this site were Fragilaria nanana, F. tenera, Stauroneis gracilis, S. subgracilis, Craticula
cuspidata, Achnanthidium minutissimum s.s. The presence of these taxa also affected
sites below Olechowska pond. Subgroup B2” included samples from site 3 collected in
May, July, August and October and a sample from site 2 collected in May. Some species
characteristic of the previous group were also found to demonstrate large shares in this
group, while Luticola goeppertiana, L. saprophila, Hippodonta capitata, Navicula lanceolata
and Discostella pseudostelligera were also of high importance for B2”.

The last group, B2’”, included all samples from site 4 (Tomaszowska pond) and two
samples from the last section of the stream, i.e., those collected in May and October from
site 5. B2 was also shaped by taxa from the two previous groups, as well as centric
diatoms characteristic of lentic ecosystems: Cyclotella atomus, C. meneghiniana, Discostella
pseudostelligera and Stephanodiscus hantzschii. The dominant taxon that differentiated all
samples from cluster B, but was also present at much lower proportions in samples of
cluster A, was Achnanthidium minutissimum s.s.

Hydrochemical factors (Table S1) explained 54.4% of the total variation in diatom
composition in samples. Interactive-forward-selection test indicated that the highest
influence on the variation of taxa in assemblages had the total nitrogen (Total N) —it
contributed 30.5% at the total variation with the significance level p < 0.001. Other
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Figure 3 Shade plot of abundance of 50 most important diatom species in assemblages from the
Olechéwka stream. Grey-scale intensity (abundance scale expressed as Log (X+1)). Samples were
grouped using Bray-Curtis similarities on the transformed data, by HCA. Diatom species code: ADMI -
Achnanthidium minutissimum ss, AMMO-Halamphora montana, APED-A. pediculus, AVEN—Halamphora
veneta, CRBU - Craticula buderi, CRCU-C. cuspidata, CTPU-Ctenophora pulchella, CATO - Cyclotella
atomus, CMEN=-C. meneghiniana, COCE-C. ocellata, CPLA - Cocconeis placentula, CPLI-C. lineata,
DPST - Discostella pseudostelligera, FCGR - Fragilaria gracilis, ECVA-F. vaucheriae, FDEL-F. delicatissima,
FNAN-F. nanana, FTEN-F. tenera, FVUL—Frustulia vulgaris, GMIC-Gomphonema micrpus, GPAR—
G. parvulum, GPAS-G. saprophilum, GTUN —G. truncatum, HAMP—Hantzschia amphioxys, HCAP
—Hippodonta capitata, LACI-Luticola acidoclinata, LGOE-L. goeppertiana, LMUT-L. mutica, LSAP-L.
saprophilum, MCIR - Meridion circulare, NCRY—Navicula cryptocephala, NGRE-N. gregaria, NLAN - N.
lanceolata, NVEN-N. veneta, NAMP - Nitzschia amphibia, NIFR-N. frustulum, NINC - N. inconspicua,
NIHU-Trybionella hungarica, NPAL-N. palea, NPAE-N. paleacea, NIPM - N. perminuta, NSUA-N.
subacicularis, NUMB-N. umbonata, PLFR—Planothidium frequentissimum, SGRC -Stauroneis gracilis,
SSGR - S. subgracilis, SHAN-Stephanodiscus hantzschii, SBKU-Surirella brebissonii var. kuetzingii,
TFAS-Tabularia fasciculata, UULN —Ulnaria ulna.

Full-size Gal DOI: 10.7717/peerj.12457/fig-3

statistically significant factors p < 0.005 were: EC —21.8%; DOC —19.4%; and N-NO;
—18.6% of contribution in the total variation of diatom distribution.

All statistically significant principal components showed positive mutual correlation to
diatom assemblages at the site 1 (Fig. 4). All diatom samples from ponds located at the
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Figure 4 The PCA ordination plot displaying the relations between the samples of diatoms collected
from the Olechéwka stream and environmental variables. Environmental variables most significant p <
0. 005 for shaping diatom assemblages at the stream; (A) samples from the source section of the stream—
site 1; (B) samples from ponds located at the stream course: site 2, Olechowska Pond; site 4, Tomaszowska

Pond.
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stream (sites 2 and 4) were grouped together in III ™ quarter of ordination space with
negative correlation to EC and DOC. The rest samples from river sections located below
the reservoirs were grouped in a distance to each other without any regularity.

Ecological status assessment

The ecological status of the Olechéwka sites ranged from good to bad: the assessment
was based on three diatom indices, i.e., IPS, GDI and IBD, calculated with the use of an
unmodified data matrix (Fig. 5). The lowest statuses (bad, poor) were recorded in the spring
section of the stream (site 1), while the highest (good, moderate) were noted at the first
pond: Olechowska pond (site 2). The ecological status below Olechowska pond remained
at a moderate level. Site 3, affected by the waters flowing down from Olechowska pond,
was characterized by the best water quality of all sections of the stream; however, samples
01710584, 0180154, O1710S5 and O1805S5 taken a little further downstream indicated
poor water quality. Assessment based on TDI index indicated eutrophic status for most
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Diatom indices
Sample’s IPS GDI IBD TDI
code Pre- Post- Pre- Post- Pre- Post- . .
modelling | modelling | modelling | modelling | modelling | modelling Pre-modelling Post-modelling

0171051 9.0 8.9 10.5 10.3 9.7 9.5 78.03 Hypertrophy 79.51 Hypertrophy
0180151 75.24 Hypertrophy 76.41 Hypertrophy
0180351 9.2 9.0 6.9 6.6 63.01 Eutrophy 64.72 Eutrophy
0180551 8.8 8.8 9.7 9.7 6.9 6.9 66.78 Eutrophy 66.78 Eutrophy
0180851 9.1 8.6 10.3 9.7 9.4 8.5 65.42 Eutrophy 71.0 Eutrophy
0171052 15.5 15.0 14.0 13.3 13.0 10.4 67.92 Eutrophy 78.91 Hypertrophy
0180152 15.0 12.9 14.2 11.6 14.9 10.0 | 49.92 Oligo/mesotrophy 76.66 Hypertrophy
0180352 15.4 14.7 12.2 10.9 11.0 6.2 72.84 Eutrophy 90.38 Hypertrophy
0180552 15.8 15.5 12.9 125 13.1 12.2 51.20 Mesotrophy 55.28 Mesotrophy
0180752 13.1 11.5 12.7 10.7 12.5 9.6 52.78 Mesotrophy 70.8 Eutrophy
0180852 13.9 12.2 12.6 10.3 12.7 8.8 56.73 Mesotrophy 79.48 Hypertrophy
0171083 13.1 10.7 12.9 11.7 12.8 AS 70.87 Eutrophy 79.01 Hypertrophy
0180183 13.1 11.9 12.8 28 12.9 12.1 75.62 Hypertrophy 81.85 Hypertrophy
01803S3 14.7 12.0 13.2 12.2 12.8 11.7 72.46 Eutrophy 74.49 Eutrophy
0180553 15.0 10.5 13.8 11.8 13.2 9.4 55.03 Mesotrophy 66.67 Eutrophy
0180753 11.4 8.0 12.4 11.0 10.2 7.3 73.44 Eutrophy 89.74 Hypertrophy
0180853 Bl 9.2 13.3 11.2 12.7 9.3 56.65 Mesotrophy 81.53 Hypertrophy
0171054 99 12.6 10.9 11.7 9.3 55.29 Mesotrophy 74.31 Eutrophy
0180154 9.6 10.4 8.7 10.7 8.5 63.48 Eutrophy 80.22 Hypertrophy
0180554 12.7 8.4 11.9 99 10.4 6.4 62.33 Eutrophy 77.04 Hypertrophy
0171085 10.5 8.2 11.8 11.0 11.2 10.3 72.90 Eutrophy 76.77 Hypertrophy
0180185 12.7 12.0 13.0 12.4 13.8 13.1 69.81 Eutrophy 77.37 Hypertrophy
01805S5 10.8 8.9 11.0 9.9 9.1 A5, 73.53 Eutrophy 81.05 Hypertrophy

Figure 5 Changes in the ecological status of samples from the Olechéwka stream assessed based on
pre-modelling and post-modelling bioassessment procedure.
Full-size Gal DOI: 10.7717/peerj.12457/fig-5

samples. The highest trophic level was noted at the spring section of the Olechéwka stream
(site 1), and the lowest at the first pond: Olechowska pond (site 2) (Fig. 5).

The ecological status recorded for the Olech6wka stream indicated that the water quality of
site 2, Olechowska pond, had a significant impact on the quality of sites located downstream.
Diatom species developing in high numbers at site 2 affected the bioassessment of sites
along the course of the stream. The quantitative and qualitative analysis of dominant
species from site 2 and downstream sections showed that dominants can be divided
into two groups. The first group contained species occurring with a similar number of
valves at all mentioned sites; the cells of these species from fresh material were alive,
and hence were growing and reproducing in assemblages at the sections of the stream
below Olechowska pond: Achnanthidium minutissimum s.s., Craticula cuspidata, Navicula
gregaria, N. lanceolata and Planothidium frequentissimum. The second group comprised
dominants whose number decreased downstream of Olechowska pond: Fragilaria nanana,
F. tenera, Stauroneis gracilis and S. subgracilis; moreover, while investigating fresh material,
in this case 90% of cells were found to be dead.

As most of the cells in this second group were already found to be dead in fresh material,
i.e., they were not able to grow or reproduce downstream of the pond, a second assessment
of ecological status was carried out based on a revised data matrix that excluded these species
from the second group, together with Achnanthidium minutissimum s.s., as proposed by
Szczepocka, Zelazna Wieczorek ¢ Nowicka-Krawczyk (2019). As a result, that IPS, GDI,
IBD and TDI indices were recalculated using OMNIDIA software. The recalculated values
indicated that the IPS, GDI, IBD indices decreased in all study samples, while TDI increased
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Figure 6 Distribution of samples according to the similarity of diatom assemblages with diatom
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(Fig. 4). The spring section of the Olech6wka stream (site 1) was now characterized by poor
to bad ecological status. The first pond, Olechowska pond, maintained the best ecological
status (good to moderate); however, the sites below the pond now demonstrated a lower
status, even by a whole level in the case of IPS index (Fig. 5).

The multivariate analysis of all identified taxa suggested that the stream has a poor
ecological status only in the upper section (site 1), while in its further course (site 2 and
3) it achieves good ecological status. The percentage of good-moderate status samples
was 56.5% along the whole stream. The analysis placed samples collected from site 1
in the 4th quarter of ordination space (group I), while rest of samples were grouped
together between the 2nd and 3rd quarters (Fig. 6A). The modification of the data matrix
performed for the recalculation of diatom indices clearly changed the distribution of
samples in two-dimensional ordination space. The samples from the upper section of the
stream were now placed in the 1st quarter of the ordination space (group I), while all those
from the second site, i.e., Olechowska pond, could be found in the 2nd quarter (group
IT) (Fig. 6B). The remaining samples from the stream sections, together with those from
Tomaszowska pond, were placed below the horizontal axis, across the 3rd and 4th quarters
of the ordination space (Fig. 6B). Only two samples from Olechowska pond collected
in April and October had good ecological status, and the share of their good-moderate
samples was 34.8%.

Regarding the changes observed between the pre- and post-modelling analyses with
regard to sample distribution along the stream course, the lowest change in both ecological
status and spatial distribution in the attribute plot, was recorded for site 1 of the stream
(Figs. 7A=7B). The inclusion of the revised data into the analysis changed the spatial
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distribution of samples across the plot, and the greatest change was recorded for samples
collected below Olechowska pond (sites 3, 4 and 5). In addition, the post-modelling
analysis demonstrated a lower distribution of samples along the NMDS gradient for the
pre-modelling analysis: for both seasons, with the spread of samples along the 4th axis
of NMDS decreasing by 0.2 pts after recalculation. The revised analysis characterized
Olech6wka stream as having poor to bad ecological status; however, a good status was
maintained in Olechowska pond.

DISCUSSION

The Olechdwka stream is excellent example of watercourses with a disturbed channel
continuum model. Most of the Olechéwka streambed is hydromorphologically
transformed—the artificial ponds have been created at its watercourse. Like other streams
in L6dzZ city, the Olechéwka has poor water quality. The electrolytic conductivity even
within the spring section is very high, reaching 1115 pScm™!. Its physical and chemical
parameters, i.e., dissolved oxygen, pH, DOCs, total nitrogen, ammonium, nitrate, total
phosphorus and phosphate content, confirms that from its origin, the stream is heavily
polluted (Table S1). The poor water condition of the stream has also been confirmed by
other hydrobiological and physical and chemical analyses (Bagrowicz et al., 2017; Fortuniak
et al., 2018; Ziutkiewicz et al., 2019). Previous research using diatom indices also found
both the spring section and the downstream range to be in poor ecological condition
(Szczepocka, Nowicka-Krawczyk ¢ Kruk, 2018). The present assessment based on IPS, GDI,
IBD, TDI indices indicated bad to poor ecological status and an eutrophic state at the spring
section, but the ecological status of the sites located below the first of the artificial ponds:

Szczepocka et al. (2021), PeerdJ, DOI 10.7717/peerj.12457 14/22


https://peerj.com
https://doi.org/10.7717/peerj.12457/fig-7
http://dx.doi.org/10.7717/peerj.12457#supp-2
http://dx.doi.org/10.7717/peerj.12457

Peer

Olechowska pond (site 2) increase significantly, even by two levels to good/moderate status
(Fig. 5). Differences were also revealed between site 1 and other sampling sites by the Shade
plot analysis (Fig. 3). All samples from site 1 were included in a separate cluster, i.e., cluster
A, while the remaining ones were gathered in a significantly different cluster, i.e., cluster B.
The high ecological status level (good, moderate) of site 2 directly increased those of sites
located below the pond; this was a surprising phenomenon, as the assemblages downstream
from the pond were dominated by taxa whose autecology indicates highly polluted waters
with high eutrophic status: Luticola goeppertiana, L. saprophila, Navicula gregaria, and
Nitzschia frustulum (Lange-Bertalot et al., 2017). Therefore, the site of Olechowska pond
was definitely responsible for the increase in the level of ecological status. The Olechowska
pond (site 2) had a distinctly different species composition, which affected the assemblages
structure along the stream course (at sites 3, 4 and 5) by the runoff of species from the
pond to the downstream sections. All samples beginning from Olechowska pond were
grouped in cluster B by the Shade plot analysis, and the assemblages from this artificial
pond appeared to have a clear influence in the creation of subcluster B2. The structure
of diatom assemblages from Olechowska pond was shaped by the presence of dominants,
such as Fragilaria nanana, F. tenera, Stauroneis gracilis, S. subgracilis, which are recorded in
the OMNIDIA database and according to Lange-Bertalot et al. (2017) as being indicators
of good quality, oligosaprobic and oligomesotrophic waters. The presence of the above
dominants indicated good ecological status at Olechowska pond (site 2); however, this was
not surprising, because the hydrochemical conditions were also characteristic of sites with
high ecological status, i.e., EC values were lower at Olechowska pond than in other sections
of the stream, by even 197 uScm ™. The good status of water at Olechowska pond is result
of a low depth of groundwater aquifer (up to 1 m). Oligotrophic and oligosaprobic water
from the aquifer is mixing with the stream water at the pond creating unique environmental
conditions. The centric diatoms such as: Cyclotella sp. Discostella sp., Stephanodiscus sp. as
being characteristic for lentic ecosystems, were not recorded in Olechowska pond (Houk,
Klee & Tanaka, 2010; 2014).

Analysis of the structure of diatom assemblages showed that dominant species of the
Olechowska pond were also found in large numbers below the reservoir, but their cells
were dead. The presence of the species downstream was due to the cells runoff from the
pond. In downstream sections environmental conditions were inadequate for these species
development; therefore, most of the cells were dead. The runoff of algae often move the
species downstream into different/non-optimal habitat conditions where they cannot
develop in and begin to die (Leukart ¢ Mollenhauer, 1997). Ninety percent of: Fragilaria
nanana, F. tenera, Stauroneis gracilis, S. subgracilis cells were dead, what confirms that their
presence at the site 3 was solely due to runoff from the reservoir.

The assessment of the ecological status should be carried out on the basis of the
living diatom cells. Ideally, the ratio of living to dead cells should be 90% to 10%,
respectively (Zgrundo Peszek ¢ Poradowska, 2018). The assessment of the viability of
the diatom material is crucial, because only on the basis of living diatoms can the current
condition of the aquatic ecosystem be assessed (Gillett, Oudsema ¢ Steiman, 2017). Some
studies have been conducted to assess whether the percentage of living to dead diatom cells
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in the community can reflect environmental conditions or can be used as a measure of
anthropopressure in streams and rivers (Stevenson, 2014; Gillett et al., 2011). The obtained
results confirm the significant role of living diatoms in biological assessment; therefore,
diatom indices should be calculated mainly on the basis of the living cells.

The diatom-based procedure was performed a second time with a revised model to
confirm whether a more reliable picture of the ecological status, which better reflects the
hydrochemical assessment, can be obtained by excluding the species which dominate at
site 2, but do not reproduce in sections below the pond. The new procedure included
the removal of site 2 dominants, whose presence resulted only from transfer with water
flow, from sections below the pond: Fragilaria nanana, F. tenera, Stauroneis gracilis and
S. subgracilis. The results indicated a decrease in the IPS, GDI and IBD indices, together
with an increase of TDI, suggesting that the Olechéwka stream is characterized by poor
ecological status from the very beginning to the end, with the exception of Olechowska
pond. Therefore, the impact force of the pond which initially artificially overestimated the
ecological status of the stream, decreased. The results of the biological assessment made
with the modified procedure were more reliable and better reflected the hydrochemical
conditions of the stream. This was also confirmed by the multivariate analysis and a detailed
investigation of sites along the stream in Spring and Autumn (Figs. 6—7). The Shade plot
of the samples created before the modelling indicated a high degree of separation between
assemblages at the first site; however, the revised modelling procedure, excluding samples
from site 2, moved the results into a separate quarter of the ordination space. The revised
procedure excluded five taxa out of a total of 139. The use of the new procedure shifted
samples collected in Spring and Autumn from the stream sections: these were gathered
together based on IPS index and assemblages, and separated from the site 2 samples
(Fig. 7). The revised findings unified the ecological status of the stream but did not change
the uniqueness and separateness of the first artificial reservoir —Olechowska pond.

Another dominant species was Achnanthidium minutissimum s.s., a species also
recognised as being typical of waters of very good quality. It should be emphasized that
this taxon is of questionable value in the context of biological assessment of water quality,
as its taxonomic identification is subject to many errors. This is a small species comprising
many varieties distinguished by ecological preferences, e.g., Achnanthidium minutissimum
var. jackii, A. minutissimum var. saprophilum, A. minutissimum var. inconspicuum, and
they are difficult to recognise with the use of light microscope: it is therefore common for
misidentifications to occur, or for all varieties to be recognized as A. minutisssimum species
complex, resulting in the ecological state of the aquatic ecosystems being overestimated
(Szczepocka, Zelazna Wieczorek ¢~ Nowicka-Krawczyk, 2019). Taking into consideration the
above and since Achnanthidium minutissimum s.s. overestimates the results of biological
assessment, this species was excluded also from the entire data matrix in the second
assessment.

The assemblages of diatoms from the second of the studied ponds —Tomaszowska pond
(site 4), were dominated by centric diatoms typical for stagnant water ecosystems as:
Cyclotella atomus, C. meneghiniana, Discostella pseudostelligera, Stephanodiscus hantzschii
(Lange-Bertalot et al., 2017). Cells of these dominants were reproducing intensively, they
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were alive at fresh material, as the environmental conditions of the pond were in accordance
with their autecology (Houk, Klee ¢ Tanaka, 2010; 2014). The presence of two species
recorded previously at Olechowska pond (site 2) was also noted here: Fragilaria nanana,
Stauroneis gracilis; however, the cells of these species were dead in fresh samples. As Leukart
& Mollenhauer (1997) claim such presence may be a result of the stream runoff (Leukart ¢
Mollenhauer, 1997). Achnanthidium minutissimum s.s. was dominant species at all sites of
the stream and its cells were alive in 90% of each fresh material slide.

As the obtained results show, skipping a step of checking the viability of diatom cells
may cause errors in the assessment of the ecological state of aquatic ecosystems, especially
those with disturbed continuum. The analysis of cells viability in fresh diatoms material in
the assessment of aquatic ecosystems should be the first step in the biological assessment
procedure.

CONCLUSIONS

In conclusion, our findings indicate that the results of biological assessment in flowing
waters may be strongly affected by hydromorphological transformations, in this case,
the presence of ponds, resulting in an interrupted continuum. The diatom assemblages
developing in flow-through reservoirs have an impact on the communities from the
downstream sections of the rivers and streams disturbing the lotic character of communities.
Our findings indicate that the species dominating in the artificial ponds are carried by the
water flow; however, since the downstream ecosystems do not favour their development
and reproduction, they die but the valves are still present in smaller quantities in the
phytobenthos. In the case of rivers and streams transformed by human impact, where such
alteration involves the reconstruction of the channel, the structure of diatom assemblages
should be carefully analysed with regard to their species composition, their quantity
along the water course and their species autecology. If the diatom assemblages below the
‘transformation-point’, in this case the artificial ponds, demonstrate completely different
species compositions to those upstream, and the dominant taxa from the ‘transformation-
point’ are mostly dead, they should be removed from the biological assessment of the
downstream sections.

The procedure of diatom-based bioassessment of rivers flowing through reservoirs
should take into account the analysis of diatom cells in fresh, just collected samples. The
first stage should include calculation of the percentage of living to dead diatom cells in
unfixed material for all collected samples. The correct ecological state assessment should be
based on taxa occurring with 90% in living forms. In addition, for river sites located below
the reservoirs where is a high probability that diatoms cells flowing from the reservoir may
occur, the comparative analysis of diatom assemblages in reservoir and below river site
should be made. If some taxa occur in living forms with high percentage in the reservoir
and concurrent most of these cells are dead in the river site below the reservoir, they should
be excluded from biological analysis.
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