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Abstract

A method for assessing the degree of impact of wastewater treatment plant discharge on
receiving rivers was proposed, based on the structural indicators of the population of ciliated
protozoa. It was shown that the ratio of attached, crawling and free-swimming forms in bot-
tom sediments changes under the influence of discharge. In the points subject to organic
pollution, the share of attached filter-feeding bacteriovorous ciliates increases in the assem-
blage of ciliated protozoa. The proposed Attached Form Index (AFI) takes this ratio into
account. The use of AFI makes it possible to assess the restructuring of the assemblage of
ciliated protozoa under the influence of point sources of pollution, to establish a zone of neg-
ative influence of runoff, to assess the degree of restoration of the aquatic ecosystem, as
the influence of the pollution source weakened.

Introduction

Water bodies are currently exposed to multiple pressures, including dispersed surface runoff
and discharges of treated sewage from wastewater treatment plants [1]. Despite the efforts to
improve the treatment technology and project financing, many open many water bodies in
Europe have significant disturbances in the structure of their biocenoses and a reduced level of
biological diversity [2-6]. At the same time, it should be recognized that the European Com-
munity pays significant attention to the issues of protection and quality control of the aquatic
environment, as well as the implementation of the revitalization program [1, 4, 7]. Over the
past two decades, in many Western European countries, compliance with regulations coupled
with significant investments in the water industry has significantly reduced the release of
organic matter into water bodies [8, 9]. However, despite the efforts to make improve wastewa-
ter treatment, at present in many countries final treatment of industrial and household
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wastewater still occurs in the water body of receivers within the process of natural self-purifica-
tion [3, 10].

Treated wastewater is a special category of pollution. Due to the trend toward total coverage
of industries and settlements with treatment facilities that serve as a barrier between drains
and natural reservoirs, the number of such point sources will grow. The runoff from wastewa-
ter treatment plants downstream of their inflow significantly alters the quality of the aquatic
environment and quantitative characteristics of the population of aquatic organisms in gen-
eral, and more specifically the assemblages of protozoa [2, 3, 11-18]. However, the relationship
between the diversity of organisms and the quality of the environment is not always straight-
forward. Environmental pollution, especially by organic matter, does not necessarily reduce
the diversity of autotrophic and heterotrophic ecosystem components [19]. Accordingly,
assessing the impact of such pollution sources and controlling them is an important aspect of
protecting the aquatic environment.

To control the degree of pollution of freshwater ecosystems, numerous biotic indices have
been developed, in particular, the saprobity index [20], the Extended Biotic Index [21] and
some macrophyte indices [22]. Usually, various ecological groups of aquatic organisms are
used to assess the anthropic impact, including plankton, benthos, and periphyton [23-25]. For
lentic ecosystems-lakes, reservoirs—any of these ecological groups are usually quite informa-
tive. In contrast, for rivers, the most informative are the communities of aquatic organisms
associated with the benthos [24, 26]. Moreover, under the conditions of flowing water bodies,
the communities of the periphyton, which are considered to be systems for the early detection
of pollution, can be very informative [23, 25-27].

Protozoa occupy a prominent place in water quality assessment systems due to their wide
distribution in all aquatic habitats, as well as a large number of species confined to certain envi-
ronmental conditions [28-32]. Out of these, ciliated protozoa are most widely used as bioindi-
cators [33-37]. To date, a wide range of information has been accumulated regarding the
ecological preferences of a large number of their species, their indicator weights, and saprobic
valences have been established [34-38]. As Foissner rightly notes, the organic pollution of run-
ning water is underestimated if microorganisms are not included in the quality assessment
[39]. The use of protozoa makes it possible to answer the important questions concerning the
structural rearrangements in hydrobocenoses, to assess how radical these changes are and how
far they spread downstream.

Most species of aquatic organisms, including Rotatoria, Cladocera, Copepoda, and proto-
zoa, disappear or become scarce in the plankton composition in places of municipal wastewa-
ter discharge [17]. However, there is an increase in the biomass of benthic organisms [3]. An
increase in the organic load (energy subsidies) leads to a change in the trophic structure of the
ciliate assemblage formed in the benthic layer. Due to the energy subsidy in the form of sew-
age, there is a significant decrease in the proportion of algophages and an increase in the pro-
portion of bacteriophages in the assemblage of ciliated protozoa [2]. In a study in the Cuiaba
River, Central Brazil, the species composition and abundance of protozoa increased in the
areas of the river exposed to pollution where water quality demonstrated higher nutrient con-
centrations and lower oxygenation levels [18]. This study illustrates that an increase in the
diversity of individual taxonomic groups of organisms is not always an indicator of improved
habitat and community health.

Of course, because of the characteristics of different rivers, the ratio of river volume to run-
off, and the quality of runoff, assessment results can vary significantly and the search for uni-
versal indicators becomes more difficult. For example, having studied the diversity of algae
and invertebrates using sediment glasses before and after runoff in the Little Miami River in
Ohio, Lewis found that the section affected by the runoff maintained a relatively high diversity
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of organisms and high similarity in species composition with the upstream section [14].
Giicker et al. [3] noted that the problem of studying the impact of streams on water body eco-
systems and the search for universal indicators is related to the fact that modern water bodies,
due to a variety of allochthonous factors, can often have an impoverished composition of
invertebrate communities and discharges can have an impact that is difficult to predict. Never-
theless, even effectively treated wastewater can have significant impacts on the structure and
function of stream ecosystems [3].

This research is devoted to the problem of minimizing the labor intensity of assessing the
effect of sewage on the assemblage of ciliated protozoa. A number of studies aimed at studying
the response of ciliates’ behavioral groups to pollution and the effect of effluents on the ratio of
behavioral groups that do not require species identification have been conducted. Efforts were
focused on identifying patterns in changes in the ratio of behavioral groups and opportunities
to use this ratio as an indicator of wastewater impact on the state of the river ecosystem.

Materials and methods

The samples were taken from the Uzh river on the first and last ten days of each month between
February 2016 and February 2018. A total of 236 samples were processed (Fig 1, Table 1).

River Uzh in the study area has a max depth of 2.7 m, the annual flow at average water avail-
ability is about 896 million m’, while the average annual volume of runoff from the wastewater
treatment plants reaches 18.3 million m?, which is 2% of the annual flow of the river. If the vol-
ume of runoff from wastewater treatment plants varied insignificantly, the average annual vol-
ume of river flow in high-water years reaches 1085 million m? (the share of wastewater

300 m

Fig 1. Location of the study area and sampling stations. The arrows along the river show the direction of the current.
The dashed arrow indicates the location of the study area on the map. Republished from [40] under a CC BY license,
with permission from [SimpleMaps.com Pareto Software, LLC], original copyright [2021].

https://doi.org/10.1371/journal.pone.0275629.g001
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Table 1. Sampling station coordinates on the river Uhz in the area of investigations.

Number of station Latitude Longitude

50M " 48°37°09.32” 22°15°26.77”
oM 48°37°07.30” 22°15°20.55”
50 m** 48°37°05.54” 22°15’18.52”
100 M+ 48°37°03.25” 22°15'16.817
250 m** 48°36’55.63” 22°1515.65”
300 m* 48°36’52.76” 22°15'16.39”

0 —effluent runoff
*—before runoff

**_after runoff.

https://doi.org/10.1371/journal.pone.0275629.t1001

inflow- 1.69%), and in low-water years 530 million m?, with the share of wastewater volume
increases to 3.45%.

The investigated section of the river is located downstream of the city of Uzhgorod and is
under the influence of diffuse sources of pollution from the city. The station located 50 m
upstream of the drain from the communal wastewater treatment facilities and not experienc-
ing the influence of wastewater was considered by us as a control one. The flow velocity ranges
from 1 to 2 m/s. During snowmelt and floods caused by heavy rains, the current speed
increases to 4-6 m/s.

At the station 50 m upstream from the runoff, the bottom is rocky and slightly silted. In the
section from the inflow of the runoff (station 0) to the point 100 m downstream, the rocky bot-
tom is covered with silt, resembling flakes of activated sludge. At the stations 250 and 300 m
below the runoff, the bottom is rocky with an admixture of silted sand, similar in quality to the
bottom sediments above the runoff.

The bottom sediment samples from the river were taken using a 100 ml syringe with a 0.5
m long plastic tip and an inlet diameter of 4 mm. Sampling with a syringe allows the most
accurate sampling from the required bottom level, excluding the contamination by organisms
from the near-surface layers of water. At each point, the samples were taken in triplicate with a
volume of 100 ml. At each station, sediment temperature, pH and O, were measured with a
HACH HQ40d portable multimeter. The content of nitrogen group compounds and BOD;
were also investigated according to the standard methodology. Nitrogen group compounds
were determined using a Hach-Lange DR3900 spectrophotometer. Average results by season
are presented in Table 2.

The bottom samples were taken, delivered to the laboratory, placed in a refrigerator and
processed within 24 hours, and this processed according to the procedure described earlier
[41-44]. In vivo species identification was performed using an Olympus CX41 microscope in
transmitted light, as well as dark-field and phase-contrast methods. The population density
was estimated by counting in a sample of 25 pl, extracted with a micropipette.

To facilitate the visual identification of ciliates, an oxyprolcellulose solution was added to
each sample. This significantly slows down ciliate movement and allows visualization of essen-
tial details of the cell structure, the location of the cilia, shape, and position of the macronu-
cleus. If it was impossible to identify ciliates in vivo, cells were fixed and stained with methyl
green (karyotype) and silver nitrate (argyrome) [45]. Species identification mainly was based
on the keys [34-38, 46-52]. Saprobic evaluations were performed using the saprobic values
from Sladecek [20] and Foissner et al. [34-38]. The information on the saprobic characteristics
of the species is presented in Table 3.

PLOS ONE | https://doi.org/10.1371/journal.pone.0275629 October 17, 2022 4/19


https://doi.org/10.1371/journal.pone.0275629.t001
https://doi.org/10.1371/journal.pone.0275629

PLOS ONE

Ratio of abundances of ciliates behavioral groups as an indicator of the treated wastewater impact on rivers

Table 2. Physical and chemical characteristics of investigated sections of river Uzh (average values period 2017-
2018).

Stations Winter Spring Summer Autumn
pH
upstream 7.47+0,36 7.78+0.22 7.71+0.43 7.51+0.21
runoff 7.26+0.71 7.28+0.62 7.19£0.81 7.25%0.52
downstream 7.45+0.42 7.72+0.35 7.68+0.44 7.43+0.37
N-NH4 (mgN/dm®)
upstream 0.19+0.02 0.04+0.01 0.29£0.05 0.71+0.04
runoff 1.85+0.24 1.99+0.15 1.86+0.15 3.75%£0.07
downstream 0.25+0.04 0.45%0.08 0.32+0.07 3.43+0.09
NO, (mgN/dm3)
upstream 0.15+0.03 0.06+0.01 0.08+0.02 0.07+0.01
runoff 0.87+0.05 0.24+0.01 0.63+0.11 1.23+0.10
downstream 0.17+0.03 0.08+0.02 0.12+0.01 1.11+0.03
N-NO; (mgN/dm3)
upstream 1.74+0.23 2.03+0.57 2.03+0.21 5.41+0.64
runoff 14.75+1.21 6.42+0.82 6.73+0.60 11.65+2.52
downstream 2.78+0.63 2.37+0.41 2.74%0.27 6.76+1.71
BOD5

upstream 3.75+0.47 2.72+0.12 5.44+0.91 7.1£1.13
runoff 11.46+0.81 11.95+0.83 14.15+1.20 14.55+1.58
downstream 5.95+£0.52 2.92+0.22 5.84%0.60 12.6+1.25

https://doi.org/10.1371/journal.pone.0275629.t002

The data on ciliated protozoan population abundances were averaged over the seasons.
Simpson’s dominance index, Pantele-Buck saprobity index, Shannon’s index and rank-abun-
dance curves were calculated based on averaged data for the entire period of the study. These
data on the species abundances were processed using R Environment Version 4.0.3 [53] with
the package tidyverse [54]. Shannon’s H and Simpson’s D were calculated using the Biodiver-
sity R package [55]. Plots were produced with the R package ggplot2 [56]. Regression lines in
Figs 6 and 7 were smoothed using Locally Weighted Scatterplot Smoothing (LOESS) using
provided by ggplot2 option ‘goem_smooth(method = ‘loess’).

Results

During the study 59 species of ciliated protozoa were identified in the studied section of the
river (Table 3).

The number of identified species at each station and their seasonal changes are shown in
Fig 2.

Organic pollution provoked a noticeable increase in the diversity of ciliated protozoa and
this tendency persists during all seasons. To a large extent, this is also due to the appearance on
the bottom of typical representatives of periphyton-sessile forms of infusoria, mainly from
genera: Carchesium, Opercularia, Epistylis and Vorticella. Characteristically, representatives of
these genera were practically not registered at the control station. This is a convincing argu-
ment in favor of the fact that it is the runoff from the wastewater treatment plant that is the pri-
mary cause of the observed phenomenon.

According to the data obtained, it is likely that organic substances coming with wastewater
promoted the increased number of species recorded downstream of the runoff when com-
pared to the upstream station. This subsidy also likely responsible for the increased i

PLOS ONE | https://doi.org/10.1371/journal.pone.0275629 October 17, 2022 5/19


https://doi.org/10.1371/journal.pone.0275629.t002
https://doi.org/10.1371/journal.pone.0275629

PLOS ONE Ratio of abundances of ciliates behavioral groups as an indicator of the treated wastewater impact on rivers

Table 3. List of ciliate species and their saprobic parameters (by [20, 37]) identified in the section of the Uzh river.

Species S Valences I SI
X o b a P
Acineria uncinata a-p 2 4 4 2 3,2
Acineta fluviatilis
Amphileptus pleurosigma b-a 5 5 3 2,5
Aspidisca cicada a-b 4 5 1 2 2,7
Aspidisca lynceus b-a 1 4 4 1 1 2,5
Carchesium polypinum a 2 7 1 3 2,9
Chilodonella uncinata a 2 6 2 3 3
Climacostomum virens b 8 2 4 2,2
Coleps elongatus a 10 5 3
Colpidium colpoda p-i 2 8 4 3,8
Cristigera setosa
Dexiostoma campylum p-i 5 3,9
Epistylis chrysemydis a 2 6 3 3
Epistylis coronata a 10 5 3
Epistylis entzii a 2 7 1 3 2,9
Epistylis plicatilis a-b 3 6 1 3 2,8
Enchelyomorpha vermicularis p-m 10 5 4
Euplotes moebiusi a 2 7 1 3 2,9
Euplotopsis affinis b-a 5 4 1 2 2,6
Frontonia angusta b-a 5 5 3 2,5
Frontonia leucas b-a 2 3 3 2 1 2,5
Halteria chlorelligera o 8 2 4 1,2
Histiobalantium natans
Holophrya discolor a-b 4 4 2 2 2,8
Holosticha pullaster b-a 1 4 4 1 1 2,5
Loxophyllum meleagris b 8 2 4 2,2
Mesodinium acarus b 2 6 2 3 2
Metopus barbatus p-m 10 5 4
Metopus es p-m 10 5 4
Opercularia microdiscus a 10 5 3
Opercularia coarctata a 2 7 1 3 2,9
Oxytricha chlorelligera a 10 5 3
Oxytricha setigera a-b 6 3 2,6
Paramecium bursaria b-a 3 1 3 2,5
Paramecium caudatum p-a 4 6 3 3,6
Paramecium putrinum p 1 2 7 3 3,6
Pamurostyla weissei a 2 7 1 3 2,9
Plagiocampa rouxi a-b 4 6 3 2,6
Pleuronema coronatum b 7 3 4 2,3
Pseudovorticella elongata b 10 5 2,3
Spirostomum ambiguum a 2 6 2 3 3,0
Stentor roeselii a-b 1 4 5 2 2,4
Stylonychia mytilus a 1 9 5 2,9
Tachysoma pellionellum b-a 1 4 4 1 1 2,5
Tetrahymena pyriformis-complex p-i 3 7 4 3,7
Tokophrya carchesii a 2 7 1 3 2,9
(Continued)
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Table 3. (Continued)

Species

Tokophrya infusionum
Tokophrya lemnarum
Tokophrya quadripartita
Trachelius ovum
Trochilioides recta
Trithigmostoma cucullulus
Uroleptus piscis

Uroleptus musculus

Vorticella aquadulcis-complex
Vorticella convallaria-complex
Vorticella infusionum-complex

Vorticella microstoma-complex

Vorticella picta

S Valences I SI
X o b a p
b-a 2 5 3 2 2,1
a 1 7 2 3 3,1
a-b 3 5 2 2,9
a-b 1 4 4 1 1 2,5
a 10 5 3
a-p 2 5 3 2 3,1
a 3 7 4 2,7
a 1 8 1 4 3
b-a 2 5 3 2 2,1
a 1 2 6 1 2 2,7
p-a 1 4 5 2 3,4
p-a 5 5 3 3,5
b 2 6 2 3 2

Abrevirations: S = saprobity, x = xenosaprob, o = oligosaprob, b = betamesosaprob, a = alphamesosaprob, p = polysaprob, i = isosaprob, m = metasaprob, I = indication

weight, SI = saprobity index of concerned species.

https://doi.org/10.1371/journal.pone.0275629.t003

population density of ciliates; especially in the area up to 50 m below the runoff discharge
point (Fig 3). Already at 100 m below the runoff discharge point, the population density
decreases significantly. Nevertheless, it remained noticeably higher than at the upstream sta-
tion located 50 m above the inflow of the treatment plant effluent.

Representative taxa of sessile forms predominately determine the overall density of assem-
blages. This was particularly observable at the stations at the site of the influx and up to 100 m
downstream of this runoff (Fig 4).

Among sessile forms, Carchesium polypinum was mainly dominant. All other sessile forms
had significantly lower population densities. At the same time, their preferences related to
overall environmental quality differed as well. For example, Carchesium polypinum reached
the maximum population densities in the place of the runoff, yet Vorticella aquadulcis had sig-
nificantly lower population densities, but also reached the peak development at the station 50
below the runoff (i.e., where the pollution levels were markedly lower; Fig 5).

The degree of influence of organic pollution associated with the runoff from treatment
facilities was assessed based on the well-known Pantle and Buck saprobity index. The values of
the saprobity index over the entire study period are shown in Fig 6A.

The influence of organic pollution in the studied section of the river was most pronounced
in the discharge area and in the area up to 50 m below the discharge. Already at 100 meters,
the value of the index decreased to the level observed in the section of the river above the con-
fluence of the runoff. Contrary to the expectations, the value of the index did not stabilize here
but continued to decline downstream. Evidently, this is a consequence of the ongoing declines
in the content of organic matter, and linked, significant improvement in the quality of the
environment at these sampling locations.

The level of structural diversity of the assemblage of ciliated protozoa at the studied stations
was assessed based on the Shannon’s information index (Fig 6B). The changes in the Shan-
non’s index were opposite of the changes in the saprobity index. The Shannon’s index reached
the level typical for the control station 50 m below the runoff. In the area below 50 meters
downstream, a decrease in the level of organic pollution was related to an increase in the
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Fig 2. Seasonal changes in the species number by stations in the environmental gradient based on data for the
entire study period.

https://doi.org/10.1371/journal.pone.0275629.9002

Shannon’s index; starting from 100 meters below the runoff, the value of the index stabilized
and reached a plateau.

Index of dominance in the assemblage maximized at the discharge point but returned to
the level of the control station already at a section of 100 meters below the drain (Fig 6C). Fur-
ther, at downstream stations the values of the dominance index continued to decline, reaching
the values lower than at the control station.

The changes in the diversity indices indicated that the structure of the ciliates population at
stations located 100 m downstream from the runoff changed more dramatically than could be
expected. According to index estimates, the situation 100 m downstream of the runoff inflow
can be considered more favorable than at the control station.

The ecological structure of ciliates assemblages in the studied section of the river was also
analyzed. The ratio of groups of species, which we call «behavioral», is an essential characteris-
tic of the assemblage of ciliated protozoa. Species were distinguished in accordance
with Madoni [44], who identified the following groups in activated sludge: crawling,
free-swimming, and attached. The ratio of these groups can then be used to characterizes tro-
phic conditions of habitat, namely, the availability and localization of main food resource (e.g.,
bacteria).
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Fig 3. Seasonal changes in the abundance of ciliates by stations in an environmental gradient based on data for
the entire study period.

https://doi.org/10.1371/journal.pone.0275629.g003

The proportional representation of behavioral groups by stations based on averaged data for
the entire study period is shown in Fig 7. Particularly noteworthy is the change in the propor-
tion of sessile forms, primarily of the colonial species of ciliated protozoa. In the area of runoff,
the share of colonial forms sharply increases, and further downstream decreased. Although the
density of colonial forms even at a distance of 300 m below the runoff remained higher than at
the control station, nevertheless, the trend towards a reduction in sessile forms was clear (Fig 7).

The recovery of the community structure and the role of sessile forms of ciliates was well
demonstrated by the rank-abundance method (Fig 8). The rank structure at the control station
showed a relatively low level of dominance; the most abundant species was Tachysoma pellio-
nellum a representative of the crawling ecological group. Under the influence of runoft up to
100 m downstream, the rank structure of the population of bottom-dwelling ciliates changed
towards a pronounced dominance of the sessile colonial forms, such as Carchesium polypinum.
Structural recovery was observed at the stations 250 and 300 m below the runoff and Tachy-
soma pellionellum (i.e., the dominant species at the control station) returned to the group of a
high-rank species, while Carchesium polypinum disappeared from the dominant complex.
Similarly, the character of the rank-abundance curves demonstrated a consistent decrease in
the role of dominant species and shift to a uniform distribution, as was characteristic of the
river at the control station.

Thus, it can be concluded that the changes in the population density of ciliated protozoa
and the structure of their assemblages indicated a pronounced improvement of aquatic
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Fig 4. Change in the share of attached forms in the composition of ciliates assemblages at sampling stations based on data for the entire study period.

https://doi.org/10.1371/journal.pone.0275629.9004

environment at several hundred meters from the runoff point. Moreover, the structural indices
indicated greater than expected changes in the overall quality of the environment.

Discussion

Ciliates inhabit all possible habitats in almost all types of water bodies. The studied section of
the Uzh River is under the noticeable influence of the runoff from the municipal wastewater
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treatment plant and the composition of the ciliated protozoa had significant similarity with the
composition from the reservoir [34, 57]. The ciliates are usually represented by several behav-
ioral groups, which can be easily distinguished morphologically. Usually, ciliates are divided
into three morphological groups: crawling, swimming, and attached.

Predominance of the attached forms of ciliates, untypical for bottom sediments was
observed in an area up to 100 m below the runoff (Fig 6B). Sessile bacteriovorous ciliates mas-
sively developing in this area filter out most of the microflora. Already at 100 m below the
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Fig 6. Changes in selected indicators of biodiversity by stations in an environmental gradient based on data for
the entire study period. Blue line-loess regression line, gray area— 95% confidence band for loess regression line. (A)
Changes in the Pantele-Buck saprobity index. (B) Changes in the Shannon’s index. (C) Changes in the Simpson’s
dominance index.

https://doi.org/10.1371/journal.pone.0275629.g006

runoff, their trophic base is sharply reduced, which naturally leads to a decrease in their num-
bers. Thus, the influence of the energy subsidy in the form of organic substances coming with
wastewater spreads over about 100 m. A sharp decrease in the proportion of sessile forms
downstream is the result of their own filtering activity. In this case, the overcompensation
effect of energy subsidies supplied by the drain can be observed. Disposal of the energy subsidy
in the form of organic-enriched wastewater leads to massive bacterial growth. In turn, most of
the bacterial biomass is utilized by sessile bacteriophages, which reach a density unusual for
bottom sediments. As a result, there is a kind of hyper-purification of water to a cleaner state
than at the control station. Thus, the degree of development of sessile forms in comparison
with floating and crawling in bottom sediments can be an indicator of the quality of the
environment.

A similar phenomenon is observed in the periphyton in spring. With increased water tem-
peratures, the mass development of bacteria on the dead parts of plants causes similar develop-
ment of sessile bacteriovorous ciliated protozoa [58]. However, under natural conditions, this
situation usually only persists for a limited time and the mass development of sessile ciliates
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(the so-called spring peak) quickly ends. Two reasons are drive these observation: 1) the
exhaustion of the organics resource and 2) the appearance of predatory invertebrates and fish
larvae [59-64]. Since the inflow of organic matter with drains is fairly constant, the situation in
this section of the river stabilizes and remains unchanged regardless of the season. The system-
atic flow of wastewater from the treatment plant makes it impossible for most macro- and
meso-forms of invertebrates to exist, maximally simplifies the trophic structure of the commu-
nity living here and creates unprecedented conditions for the development of ciliated
protozoa.

As a result, the conditions in the river were similar to those in activated sludge. There was a
minimum of predatory forms, and the massive development of bacteriovorous, mainly ciliated
protozoa. This population structure promotes the effective filtering of bacteria and water con-
ditioning. In the river 100 m downstream the runoff, the water quality in all respects became
higher than at the control station. In our case, the density of ciliates in the control station
(above the runoff) was typical for the rivers with mesosaprobic conditions. Here, the benthic
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community of ciliates was represented by a typical set of species, which includes both filter
feeders and predators. Therefore there were no imbalances in the development of any of the
trophic groups in this area. We suggest that these conditions reduces the filtration efficiency of
bacterial biomass in comparison with the level achieved during the spring peak of self-purifica-
tion (utilization of organic matter remaining from the fall, mainly dead plant parts) or in an
aerotank.

Due to the massive development of sessile filtering ciliated protozoa below the runoff (Fig
3), the situation changes dramatically. Apparently, it is the constantly high number of bacterio-
vorous ciliates in the area after the runoff, which efficiently utilize the bacterial biomass, which
is the reason for the recorded improvement in the values of the indices used in comparison
with the values at the control station (Figs 3-5).

Earlier, it was shown that for a satisfactory assessment of the impact of runoff, it is sufficient
to analyze the development of ciliate species in the river, which are characteristic of activated
sludge [57]. This approach simplifies the analysis and the results obtained in this way are in
good agreement with the results obtained on the basis of the analysis of the entire composition
of assemblages of ciliated protozoa but this method presupposes a fairly high level of training
of the researcher.

PLOS ONE | https://doi.org/10.1371/journal.pone.0275629 October 17, 2022 14/19


https://doi.org/10.1371/journal.pone.0275629.g008
https://doi.org/10.1371/journal.pone.0275629

PLOS ONE

Ratio of abundances of ciliates behavioral groups as an indicator of the treated wastewater impact on rivers

Here an even simpler approach is proposed: to assess the quality of the environment and
the degree of its restoration based on the ratio of ecological groups of ciliates. As the conducted
studies have shown, the analysis of the degree of development of different ecological groups of
ciliated protozoa can give results very similar to those obtained on the basis of indices of diver-
sity or saprobity obtained as a result of a full-fledged study of the entire species composition of
ciliated protozoa. As can be seen from Fig 6B downstream the runoff, the density of attached
forms of ciliated protozoa sharply increases, and after 100 m, a rapid decrease in their density
is observed. The probable reasons for this phenomenon were described above Fig 1.

A decrease in the number of attached forms in itself may not necessarily be an indicator of
the degree of water purification. These forms, for example, could disappear under the influ-
ence of toxic substances. For this reason, the ratio of the abundance of attached forms to the
abundance of swimming and crawling forms of ciliated protozoa is likely a more reliable indi-
cator of the completion of the process of utilization of organic pollutants coming with waste-
water. The development of swimming and crawling forms at stations below the discharge
indicates the absence of toxic effects. As the processes of self-purification are completed and
the deficit of the food resource increases, the part of the swimming and crawling forms in the
structure of the bottom assemblage of ciliated protozoa increases as well. This allows quantify-
ing the extent of the recovery process. We suggest using the Attached Form Index (AFI) for
this purpose:

Py (1)
C+F
where A is the number of attached colonial forms, C denotes crawling forms, while F-the free-
swimming form. (index alaboratation by Babko R. & Pliashechnik V.).

The AFI values over the seasons give an idea of the change in the ratio of ecological groups
in the composition of the ciliated protozoan communities at the stations studied (Fig 9). The
index reflects the violation of the natural ratio in the structure of the assemblage of ciliated
protozoa under the conditions of bottom sediments. In natural reservoirs, the value of the
index tends to zero as a result of the disappearance of attached colonial filtering species. How-
ever, under the conditions of constant organic pollution, the index increases by several orders
of magnitude, reaching 22 in the runoff. According to AFI, the natural structure of the popula-
tion of benthic ciliated protozoa is restored only 300 m downstream the runoff, where the
index values fall below one: 0.17 (at the control station AFI is equal 0.04).

Thus, the AFI reflects well the processes of restructuring the assemblages of ciliated proto-
zoa under the influence of point sources of pollution, it enables to establish the zone of nega-
tive influence of runoff, as well as to assess the degree of restoration of the aquatic ecosystem,
the distance at which it occurs.

Conclusion

The use of the proposed Attached Form Index (AFI) allows drawing the same conclusions
regarding the effect of runoff and the distance at which it has a significant impact on the river,
as the application of the other assessment methods based on the identification of all species of
ciliates from bottom sediments. However, the calculation of the AFI index does not require
species-level identifications. Rather, only the abundances of attached, swimming and sessile
forms of ciliated protozoa are required. This is a significant advantage of this proposed
method, as it can be adopted for use in laboratories at treatment facilities. The use of this
express analysis technique also makes it possible to quickly identify the ecological effect of run-
off and discharge from municipal treatment facilities, and to pinpoint distances over which
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these disturbances extend. Overall, the simplicity and efficiency of this method and AFI makes

this approach promising for future implementation.

Supporting information

S1 Data.
(XLSX)

S2 Data.
(XLSX)

Author Contributions

Conceptualization: Roman Babko, Grzegorz Lagod.

Formal analysis: Roman Babko, Volodymyr Pliashechnyk, Tatiana Kuzmina.

Methodology: Roman Babko, Tatiana Kuzmina, Grzegorz Lagod.
Software: Yaroslav Danko.

Visualization: Jacek Zaburko, Yaroslav Danko.

PLOS ONE | https://doi.org/10.1371/journal.pone.0275629 October 17, 2022

16/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0275629.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0275629.s002
https://doi.org/10.1371/journal.pone.0275629.g009
https://doi.org/10.1371/journal.pone.0275629

PLOS ONE

Ratio of abundances of ciliates behavioral groups as an indicator of the treated wastewater impact on rivers

Writing - original draft: Roman Babko, Volodymyr Pliashechnyk, Jacek Zaburko, Yaroslav

Danko, Tatiana Kuzmina, Joanna Czarnota, Joanna Szulzyk-Cieplak, Grzegorz Lagod.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.
21.

Grizzetti B, Pistocchi A, Liquete C, Udias A, Bouraoui F, van de Bund W. Erratum: Human pressures
and ecological status of European rivers. Sci Rep. 2017; 7: 6941. https://doi.org/10.1038/s41598-017-
04857-5 PMID: 28747637

Madoni P, Zangrossi S. Ciliated protozoa and saprobical evaluation of water quality in the taro river
(northern ltaly). ltal J Zool. 2005; 72: 21-25. https://doi.org/10.1080/11250000509356648

Gicker B, Brauns M, Pusch MT. Effects of wastewater treatment plant discharge on ecosystem struc-
ture and function of lowland streams. J North Am Benthol Soc. 2006; 25: 313-329. https://doi.org/10.
1899/0887-3593(2006)25[313:EOWTPD]2.0.CO;2

EEA. European waters—assessment of status and pressures. EEA Report No 8/2012. 2012; 100.

Steffen K, Becker T, Herr W, Leuschner C. Diversity loss in the macrophyte vegetation of northwest
German streams and rivers between the 1950s and 2010. Hydrobiologia. 2013; 713: 1-17. https://doi.
org/10.1007/s10750-013-1472-2

Schinegger R, Palt M, Segurado P, Schmutz S. Untangling the effects of multiple human stressors and
their impacts on fish assemblages in European running waters. Sci Total Environ. 2016; 573: 1079—
1088. https://doi.org/10.1016/j.scitotenv.2016.08.143 PMID: 27632785

European Parliament C. Directive 2000/60/EC of the European Parliament and of the Council of 23
October 2000 establishing a framework for Community action in the field of water policy. Official Journal
of the European Parliament. 2000. pp. 1-82.

Hildrew AG, Statzner B. European Rivers: A Personal Perspective. Rivers of Europe. Elsevier;
2009. pp. 685-698. https://doi.org/10.1016/B978-0-12-369449-2.00019-9

Stanners D, Bourdeau P. Europe’s environment: the Dobris assessment. Europe’s environment: the
Dobris assessment. 1995. https://doi.org/10.1002/(sici)1099-0976(199601)6:1<30::aid-eet60>3.3.co;2-

p

Tang Y, Harpenslager SF, Van Kempen MML, Verbaarschot EJV, Loeffen LMJM, Roelofs JGM, et al.
Aquatic macrophytes can be used for wastewater polishing but not for purification in constructed wet-
lands. Biogeosciences. 2017; 14: 755-766. https://doi.org/10.5194/bg-14-755-2017

Spanhoff B, Bischof R, Bohme A, Lorenz S, Neumeister K, Nothlich A, et al. Assessing the impact of
effluents from a modern wastewater treatment plant on breakdown of coarse particulate organic matter
and benthic macroinvertebrates in a lowland river. Water Air Soil Pollut. 2007; 180: 119-129. https://doi.
org/10.1007/s11270-006-9255-2

Wakelin SA, Colloff MJ, Kookana RS. Effect of wastewater treatment plant effluent on microbial function
and community structure in the sediment of a freshwater stream with variable seasonal flow. Appl Envi-
ron Microbiol. 2008; 74: 2659—2668. https://doi.org/10.1128/AEM.02348-07 PMID: 18344343

Strom PF, Matulewich VA, Finstein MS. Concentrations of nitrifying bacteria in sewages, effluents, and
a receiving stream and resistance of these organisms to chlorination. Appl Environ Microbiol. 1976; 31:
731-737. https://doi.org/10.1128/aem.31.5.731-737.1976 PMID: 818958

Lewis M. Impact of a municipal wastewarer effluent on water quality, periphyton, and invertebrates in
the Little Miami River near Xenia, Ohio. The Ohio journal of science. 1986. pp. 2-8.

Madoni P. Ciliated protozoa and water quality in the Parma River (Northern Italy): long-term changes in
the community structure. Hydrobiologia. 1993; 264: 129—135. https://doi.org/10.1007/BF00007283

Drury B, Rosi-Marshall E, Kelly JJ. Wastewater treatment effluent reduces the abundance and diversity
of benthic bacterial communities in urban and suburban rivers. Appl Environ Microbiol. 2013; 79: 1897—
1905. https://doi.org/10.1128/AEM.03527-12 PMID: 23315724

Kushwaha VB, Agrahari M. Effect of Domestic Sewage on Zooplankton Community in River Rapti at
Gorakhpur, India. World Journal of Zoology. 2014. pp. 86—92.

Alves Corréa LV, Hardoim EL, Zeilhofer P. Is the periphytic structure of Testaceans (Protozoa: Rhizo-
poda) related to water quality: A case study in the Cuiaba River, Brazil. Appl Ecol Environ Res. 2015;
13: 85-97. https://doi.org/10.15666/aeer/1301_085097

Wynes D, Wissing T. Effects of Water Quality on Fish and Macroinvertebrate Communities. 1981.
Sladecek V. System of water quality from the biological point of view. Archiv fur Hydrobiologie. 1973.

Woodiwiss FS. Biological Monitoring of Surface Water Quality. Summary Report, Commission of the
European Communities. Severn Trent Water Authority, UK, 1980, p. 45.

PLOS ONE | https://doi.org/10.1371/journal.pone.0275629 October 17, 2022 17/19


https://doi.org/10.1038/s41598-017-04857-5
https://doi.org/10.1038/s41598-017-04857-5
http://www.ncbi.nlm.nih.gov/pubmed/28747637
https://doi.org/10.1080/11250000509356648
https://doi.org/10.1899/0887-3593%282006%2925%5B313%3AEOWTPD%5D2.0.CO%3B2
https://doi.org/10.1899/0887-3593%282006%2925%5B313%3AEOWTPD%5D2.0.CO%3B2
https://doi.org/10.1007/s10750-013-1472-2
https://doi.org/10.1007/s10750-013-1472-2
https://doi.org/10.1016/j.scitotenv.2016.08.143
http://www.ncbi.nlm.nih.gov/pubmed/27632785
https://doi.org/10.1016/B978-0-12-369449-2.00019%26%23x2013%3B9
https://doi.org/10.1002/%28sici%291099-0976%28199601%296
https://doi.org/10.5194/bg-14-755-2017
https://doi.org/10.1007/s11270-006-9255-2
https://doi.org/10.1007/s11270-006-9255-2
https://doi.org/10.1128/AEM.02348-07
http://www.ncbi.nlm.nih.gov/pubmed/18344343
https://doi.org/10.1128/aem.31.5.731-737.1976
http://www.ncbi.nlm.nih.gov/pubmed/818958
https://doi.org/10.1007/BF00007283
https://doi.org/10.1128/AEM.03527-12
http://www.ncbi.nlm.nih.gov/pubmed/23315724
https://doi.org/10.15666/aeer/1301%5F085097
https://doi.org/10.1371/journal.pone.0275629

PLOS ONE

Ratio of abundances of ciliates behavioral groups as an indicator of the treated wastewater impact on rivers

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Demars BOL, Potts JM, Trémolieres M, Thiébaut G, Gougelin N, Nordmann V. River macrophyte indi-
ces: Not the Holy Grail! Freshw Biol. 2012; 57: 1745-1759. https://doi.org/10.1111/j.1365-2427.2012.
02834.x

Barbour MT, Gerritsen J, Snyder BD, Stribling JB. Rapid Bioassessment Protocols for Use in Streams
and Wadeable Rivers: Periphyton, Benthic Macroinvertebrates and Fish, Second Edition. EPA 841-B-
99-002. U.S. Environmental Protection Agency; Office of Water; Washington, D.C. 1999.

Friberg N, Bonada N, Bradley DC, Dunbar MJ, Edwards FK, Grey J, et al. Biomonitoring of Human
Impacts in Freshwater Ecosystems. The Good, the Bad and the Ugly. Advances in Ecological
Research. 2011. pp. 1-68. https://doi.org/10.1016/B978-0-12-374794-5.00001-8

Montuelle B, Dorigo U, Bérard A, Volat B, Bouchez A, Tlili A, et al. The periphyton as a multimetric bioin-
dicator for assessing the impact of land use on rivers: An overview of the Ardiéres-Morcille experimental
watershed (France). Hydrobiologia. 2010; 657: 123-141. https://doi.org/10.1007/s10750-010-0105-2

LiL, Zheng B, Liu L. Biomonitoring and bioindicators used for river ecosystems: Definitions, approaches
and trends. Procedia Environ Sci. 2010; 2: 1510—1524. https://doi.org/10.1016/j.proenv.2010.10.164

Biggs BJF. Biomonitoring of organic pollution using periphyton, south branch, Canterbury, New Zea-
land. New Zeal J Mar Freshw Res. 1989; 23: 263-274. https://doi.org/10.1080/00288330.1989.
9516363

Yun-Fen S, Buikema AL, Yongue WH, Pratt JR, Cairns J. Use of Protozoan Communities to Predict
Environmental Effects of Pollutants. J Protozool. 1986; 33: 146—151. https://doi.org/10.1111/].1550-
7408.1986.tb05579.x

Fenchel T. Ecology of Protozoa. Berlin, Heidelberg: Springer Berlin Heidelberg; 1987. https://doi.org/
10.1007/978-3-662-06817-5

Finlay BJ, Esteban GF. Freshwater protozoa: Biodiversity and ecological function. Biodivers Conserv.
1998; 7: 1163-1186. https://doi.org/10.1023/A:1008879616066

Corliss JO. Biodiversity and biocomplexity of the protists and an overview of their significant roles in
maintenance of our biosphere. Acta Protozool. 2002; 41: 199-219.

Hu X. Ciliates in extreme environments. J Eukaryot Microbiol. 2014; 61: 410—418. https://doi.org/10.
1111/jeu.12120 PMID: 24801529

Stout JD. Reaction of Ciliates to Environmental Factors. Ecology. 1956; 37: 178—191. https://doi.org/10.
2307/1929681

Foissner W, Blatterer H, Berger H, Kohmann F. Taxonomische und 6kologische Revision der Ciliaten
des Saprobiensystems—Band |: Cyrtophorida, Oligotrichida, Hypotrichia, Colpodea.—Informationsber-
ichte Bayer. 1991.

Foissner W, Berger H, Kohmann F. Taxonomische und okologische Revision der Ciliaten des Sapro-
biensystems—Band II: Peritrichida, Heterotrichida, Odontostomatida. Informationsberichte des Bayer.
Landesamtes fur Wasserwirtschaft. 1992.

Foissner W, Berger H, Kohmann F. Taxonomische und okologische Revision der Ciliaten des Sapro-
biensystems—Band Ill: Hymenostomata, Prostomatida, Nassulida. Informationsberichte des Bayer.
Landesamtes fur Wasserwirtschaft1. 1994.

Foissner W, Berger H, Blatterer HFK. Taxonomische und ékologische Revision der Ciliaten des Sapro-
biensystems, Band IV: Gymnostomatea, Loxodes, Suctoria. Informationsberichte Bayer Landesamt fir
Wasserwirtschaft, Minchen. 1995.

Foissner W, Berger H. A user-friendly guide to the ciliates (Protozoa, Ciliophora) commonly used by
hydrobiologists as bioindicators in rivers, lakes, and waste waters, with notes on their ecology. Freshw
Biol. 1996; 35: 375-482. https://doi.org/10.1111/.1365-2427.1996.tb01775.x

Foissner W. Protozoa as indicator running waters. Fachtagung Biologische Gewasser untersuchung
und Bewertung; Taxonomie und Qualitatssicherung. Symposium zur Feier des 70. Geburtstages von
Dr. Erik Mauch, am 6 Oktober 2004 in Augsburg. 2004. pp. 6—10.

SimpleMaps.com Pareto Software, LLC. [Location of the study area and sampling stations.]. Retrieved
December 14, 2021, from https://simplemaps.com/

Babko R, Kuzmina T, Suchorab Z, Widomski MK, Franus M. Influence of treated sewage discharge on
the benthos ciliate assembly in the lowland river. Ecol Chem Eng S. 2016; 23: 461-471. https://doi.org/
10.1515/eces-2016-0033

Pliashechnyk V, Danko Y, tagdéd G, Drewnowski J, Kuzmina T, Babko R. Ciliated protozoa in the impact
zone of the Uzhgorod treatment plant. Cimochowicz-Rybicka M, editor. E3S Web Conf. 2018; 30:
02008. https://doi.org/10.1051/e3sconf/20183002008

Babko R, Kuzmina T, Danko Y, Pliashechnyk V, Szulzyk-Cieplak J, tazuka E, et al. Spatial Distribution
of Ciliate Assemblages in a Shallow Floodplain Lake with an Anaerobic Zone. Water 2022, 14, 898:
https://doi.org/10.3390/w14060898

PLOS ONE | https://doi.org/10.1371/journal.pone.0275629 October 17, 2022 18/19


https://doi.org/10.1111/j.1365-2427.2012.02834.x
https://doi.org/10.1111/j.1365-2427.2012.02834.x
https://doi.org/10.1016/B978-0-12-374794-5.00001%26%23x2013%3B8
https://doi.org/10.1007/s10750-010-0105-2
https://doi.org/10.1016/j.proenv.2010.10.164
https://doi.org/10.1080/00288330.1989.9516363
https://doi.org/10.1080/00288330.1989.9516363
https://doi.org/10.1111/j.1550-7408.1986.tb05579.x
https://doi.org/10.1111/j.1550-7408.1986.tb05579.x
https://doi.org/10.1007/978-3-662-06817-5
https://doi.org/10.1007/978-3-662-06817-5
https://doi.org/10.1023/A%3A1008879616066
https://doi.org/10.1111/jeu.12120
https://doi.org/10.1111/jeu.12120
http://www.ncbi.nlm.nih.gov/pubmed/24801529
https://doi.org/10.2307/1929681
https://doi.org/10.2307/1929681
https://doi.org/10.1111/j.1365-2427.1996.tb01775.x
https://simplemaps.com/
https://doi.org/10.1515/eces-2016-0033
https://doi.org/10.1515/eces-2016-0033
https://doi.org/10.1051/e3sconf/20183002008
https://doi.org/10.3390/w14060898
https://doi.org/10.1371/journal.pone.0275629

PLOS ONE

Ratio of abundances of ciliates behavioral groups as an indicator of the treated wastewater impact on rivers

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Madoni P. A sludge biotic index (SBI) for the evaluation of the biological performance of activated
sludge plants based on the microfauna analysis. Water Res. 1994; 28: 67—75. https://doi.org/10.1016/
0043-1354(94)90120-1

Foissner W. Basic light and scanning electron microscopic methods for taxonomic studies of ciliated
protozoa. Eur J Protistol. 1991; 27: 313-330. https://doi.org/10.1016/S0932-4739(11)80248-8 PMID:
23194842

Jankowski AW. Morphology and evolution of Ciliophora. lll. Diagnoses and phylogenesis of 53 saprope-
lebionts, mainly of 459 the order Heterotrichida. Arch. Protistenkd. 1964, 107, 185—194.

Kahl A. Urtiere oder Protozoa I: Wimpertiere oder Ciliata (Infusoria) 1. Allgemeiner Teil und Prostomata.
Tierwelt Dtl. 1930, 461 18, 1-180. 462

Kahl A. Urtiere oder Protozoa I: Wimpertiere oder Ciliata (Infusoria) 2. Holotricha auBer denim 1. Teil
behandelten Prostomata. 463 Tierwelt Dtl. 1931, 21, 181-398. 464

Kahl A. Urtiere oder Protozoa I: Wimpertiere oder Ciliata (Infusoria) 3 Spirotricha. Tierwelt Dtl. 1932,
25, 399-650. 465

Kahl A. Urtiere oder Protozoa I: Wimpertiere oder Ciliata (Infusoria) 4. Peritricha und Chonotricha. Tier-
welt Dtl. 1935, 30, 651-466 886.

Warren A. A revision of the genus Vorticella (Ciliophora: Peritrichida). Bull Br Museum (Natural Hist
Zool. 1986; 50: 1-57. Available: https://www.biodiversitylibrary.org/part/8102

Warren A. A revision of the genus Pseudovorticella Foissner & Schiffmann, 1974 (Ciliophora: Peritri-
chida). Bull Br Museum, Nat Hist Zool. 1987; 52: 1—12.

R Core Team. R: A Language and Environment for Statistical Computing. Vienna, Austria; 2020. Avail-
able: https://www.r-project.org/

Wickham H, Averick M, Bryan J, Chang W, McGowan L, Francois R, et al. Welcome to the Tidyverse. J
Open Source Softw. 2019; 4: 1686. https://doi.org/10.21105/joss.01686

Kindt R, Coe R. Tree diversity analysis; A manual and software for common statistical methods for eco-
logical and biodiversity studies. World. 2005. Available: http://www.worldagroforestry.org/
treesandmarkets/tree_diversity_analysis.asp

Wickham H. Ggplot2. Elegant Graphics for Data Analysis. New York, NY: Springer New York; 2009.
https://doi.org/10.1007/978-0-387-98141-3

Babko R, Pliashechnyk V, Kuzmina T, Danko Y, Szulzyk-Cieplak J, tagdd G. Assessment of wastewa-
ter treatment plant effluent impact on the ecosystem of the river on the basis of the quantitative develop-
ment of ciliated protozoa characteristic of the aeration tank. Water Sci Technol. 2020; 82: 67-80.
https://doi.org/10.2166/wst.2020.327 PMID: 32910793

Babko RV, Kuzmina TN. Ciliata (protista, ciliophora) of epiphyton of higher aquatic plants in a small
river. Hydrobiol J. 2004; 40: 22—38. https://doi.org/10.1615/HydrobJ.v40.i4.20

Gilbert JJ, Jack JD. Rotifers as predators on small ciliates. Hydrobiologia. 1993;255-256: 247—-253.
https://doi.org/10.1007/BF00025845

Jurgens K, Gasol JM, Massana R, Pedros-Alio C. Control of heterotrophic bacteria and protozoans by
Daphnia pulex in the epilimnion of Lake Ciso. Archiv fur Hydrobiologie. Schweizerbart science publish-
ers; 1994. pp. 55-78. Available: http://hdl.handle.net/10261/173765

Hansen AM. Response of ciliates and Cryptomonas to the spring cohort of a cyclopoid copepod in a
shallow hypereutrophic lake. J Plankton Res. 2000; 22: 185-203. https://doi.org/10.1093/plankt/22.1.
185

Joaquim-Justo C, Detry C, Caufman F, Thomé JP. Feeding of planktonic rotifers on ciliates: A method
using natural ciliate assemblages labelled with fluorescent microparticles. J Plankton Res. 2004; 26:
1289-1299. https://doi.org/10.1093/plankt/fbh120

Zingel P, Paaver T, Karus K, Agasild H, Noges T. Ciliates as the crucial food source of larval fish in a
shallow eutrophic lake. Limnol Oceanogr. 2012; 57: 1049—-1056. https://doi.org/10.4319/10.2012.57.4.
1049

Zingel P, Agasild H, Karus K, Buholce L, Néges T. Importance of ciliates as food for fish larvae in a shal-
low sea bay and a large shallow lake. Eur J Protistol. 2019; 67: 59-70. https://doi.org/10.1016/j.ejop.
2018.10.004 PMID: 30453233

PLOS ONE | https://doi.org/10.1371/journal.pone.0275629 October 17, 2022 19/19


https://doi.org/10.1016/0043-1354%2894%2990120-1
https://doi.org/10.1016/0043-1354%2894%2990120-1
https://doi.org/10.1016/S0932-4739%2811%2980248-8
http://www.ncbi.nlm.nih.gov/pubmed/23194842
https://www.biodiversitylibrary.org/part/8102
https://www.r-project.org/
https://doi.org/10.21105/joss.01686
http://www.worldagroforestry.org/treesandmarkets/tree_diversity_analysis.asp
http://www.worldagroforestry.org/treesandmarkets/tree_diversity_analysis.asp
https://doi.org/10.1007/978-0-387-98141-3
https://doi.org/10.2166/wst.2020.327
http://www.ncbi.nlm.nih.gov/pubmed/32910793
https://doi.org/10.1615/HydrobJ.v40.i4.20
https://doi.org/10.1007/BF00025845
http://hdl.handle.net/10261/173765
https://doi.org/10.1093/plankt/22.1.185
https://doi.org/10.1093/plankt/22.1.185
https://doi.org/10.1093/plankt/fbh120
https://doi.org/10.4319/lo.2012.57.4.1049
https://doi.org/10.4319/lo.2012.57.4.1049
https://doi.org/10.1016/j.ejop.2018.10.004
https://doi.org/10.1016/j.ejop.2018.10.004
http://www.ncbi.nlm.nih.gov/pubmed/30453233
https://doi.org/10.1371/journal.pone.0275629

