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Climate warming has multiple effects on an environment. Especially the Alpine

region is affected by changing conditions, which do not only have ecological

but also economic impacts in respect to winter sports tourism. Due to higher

environmental temperatures and less precipitation, artificial snow making is

becoming increasingly important and consequently, mountain reservoirs for

water storage are built. In these systems, planktonic communities are not only

influenced by the naturally harsh environmental conditions of the alpine region,

but also by severe changes in water level fluctuations due to water withdrawal

and re-filling within short time periods. Information on planktonic communities

and species traits in such man-made water bodies is nonexistent. Here, we

focused on ciliates, a group of unicellular protists known to adapt and respond

rapidly to changing environmental conditions. Simultaneously, we identified

abiotic and other biotic factors that shaped these microbial communities. We

investigated the species composition, abundance and species traits of ciliates in

eleven mountain reservoirs in the Tyrolean Alps, Austria, and hypothesized that

these communities differed significantly from natural ones. The mountain

reservoirs were investigated twice during the ice-free season and water

chemistry, chlorophyll a, bacteria, zooplankton, and ciliates were sampled.

We detected 48 ciliate taxa in total, with an average of five taxa per

mountain reservoir. A wide range of abundance (summer:

24 to >15,600 Ind L−1; autumn: 38 to ~7,500 Ind L−1) and no clear pattern in

the community composition was found, most likely due to water level

fluctuations and the source of water used for filling the mountain reservoirs.

The ciliate abundance was significantly affected by pH, nutrients, but also water

transparency and potential predators (crustaceans). Planktonic ciliates

dominated the mountain reservoirs and, surprisingly, mixotrophic species,

typically found in natural (alpine) lakes, were only rarely observed. Our data

suggest that in these fast-changing systems, local factors seem to be more

important than regional ones.
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Introduction

In the Central Alps, tourism affects land use. Due to the

importance of winter sports tourism, many new ski lifts were

built over the last decades (Vanat, 2020). At the same time, rising

temperatures impact the environment and therefore life in

mountain areas (Elser et al., 2020). Climate warming causes

changes in vegetation zones and the habitability for organisms as

well as in the snowfall line and snow cover duration (Breiling and

Charamza, 1999). For example, in the Swiss Alps the snow cover

duration was shortened for almost 9 days per decade (from

1970 to 2015), mainly driven by early snow melt, but also a

decline of the snow depth (Klein et al., 2016). To compensate the

lack of snow for touristic activities, artificial snow production

became an indispensable tool. For this process, the resource

water is taken from mountain streams, lakes, drinking water

supplies or man-made mountain reservoirs. The latter are

artificial water bodies established close to, or directly in a

skiing area ensuring short water transport distances from the

source to the slope. These mountain reservoirs are either built in

natural troughs or are newly constructed by the use of stones,

gravel, concrete and soil. To lower the risk of a dam break or loss

of water, they are usually sealed by synthetic membrane liners

(e.g., High Density Polyethylene geomembranes) or asphalt

concrete. Circulation systems (air injection) keep the water at

lower temperatures during summer to prevent algal growth and

reduce the onset of ice-building in winter. Some also have

thermic elements installed to keep the water at optimal

temperatures near the freezing point for snow making during

the winter season.

In Austria, there are around 460 of these man-made mountain

reservoirs, most of them are located in the counties of Tyrol and

Salzburg. They are of different size, depth, morphology, and situated

at various elevations. The origin of the water is rather diverse and

water levels fluctuate due to water withdrawal for the artificial snow

making and refilling. Besides, these water bodies are not directly

influenced by local bedrock geology. Apart from that, they have the

characteristics of stagnant waters and seem to fulfill the same

requirements for the colonization of organisms like natural

alpine lakes. New or young aquatic habitats usually show low

local biodiversity, which makes it easier for new species to

colonize them (Shurin, 2000). The colonization of these

ecosystems can be driven by resting stages dispersed by animals

or wind (Cáceres and Soluk, 2002; Figuerola and Green, 2002).

Ciliates, rotifers and crustaceans are known to encyst or remain in

resting eggs and are one of the first organisms to colonize new

aquatic habitats (Wetzel, 2001; Foissner, 2006; Blatterer, 2008;

Badosa et al., 2017). At the first stage of colonization, regional

conditions play a more important role than local ones as shown for

newly created ponds. In this stage, they have a common community

composition, comparable to nearby natural lakes. However, after a

longer time period, local factors primarily shaped the community

composition (Audet et al., 2013).

For protists and ciliates in particular, less diversity than in

lowland water bodies is typically observed in highmountain lakes

because few species are adapted to the unfavorable

environmental conditions including low temperatures, high

solar radiation and low nutrient availability (Wille et al., 1999;

Sonntag et al., 2011a, 2017; Kammerlander et al., 2016), even

though studies using molecular methods suggested higher

diversities in those environments than prior assumed (ter

Braak and Smilauer, 2012; Kammerlander et al., 2015; Ortiz-

Álvarez et al., 2018). Amongst lake morphology, the chemical

composition of the lake water is crucial for the occurrence of

species in high mountain areas (Kernan et al., 2009; Catalan and

Donato Rondón, 2016). Phytoplankton and bacterial biomass is

also directly related to physico-chemical conditions, which

indirectly affect other planktonic organisms such as ciliates

and zooplankton (Pace, 1982; Weisse, 2017).

Natural alpine lakes are usually little to none influenced by

anthropogenic agents (Rose et al., 2009), which gives them a pristine,

but also sensitive character as they are one of the first ecosystems

which indicate changes in environmental conditions (Pastorino and

Prearo, 2020). In man-made mountain reservoirs, we find the

opposite, here, water level instability, artificial mixing by air

injection and artificial sealing can influence the whole system.

Ciliate assemblages have never been studied in these water bodies

before, so we did not knowwhether the communities differed greatly

from those of natural lakes and what factors caused differences in

species composition, diversity, distribution, and abundance.

Moreover, we were interested in the occurrence of certain

functional traits related to local factors prevailing in the artificial

systems. Identifying functional traits of ciliates that are key members

of aquatic microbial food webs is central in understanding the

contribution of these protists to ecosystem stability and dynamics

(Weisse, 2017; Xu et al., 2018; Forster et al., 2021; Pröschold et al.,

2021; Qu et al., 2021). Therefore, based on a precise morphospecies

identification, we focused on two important functional traits: 1)

movement: planktonic vs surface-associated morphological

adaptations, and, 2) prevailing nutrition modes. Planktonic ciliates

have been found predominantly in natural high mountain lakes and

they are equipped with membranelles, cirri, bristles or stalks that

facilitate (fast) swimming, jumping or attachment to other floating

organisms and detritus (for details on planktonic species see

compilation of Foissner et al., 1999). In contrast, surface-

associated species and communities have cirri (bundles of cilia) to

crawl and glide on submersed stones and plants (Foissner et al., 1991,

1994). Consequently, by identifying a ciliate to species level, a good

overview of its motion characteristics can be obtained. From the

investigation of this trait, we expected to confirm the source of water

for filling a mountain reservoir (e.g., stream or stagnant water body)

and its influence in shaping the prevailing communities. A second

trait that is important in ciliate ecology is the nutrition mode of an

individual species, i.e., heterotrophy/phagotrophy or mixotrophy.

Mixotrophic ciliates resemble phagotrophic nutrition combined

with hosting of algal endosymbionts. In lowland lakes, ciliates
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living in such a common mutualistic relationship are temporarily

dominating the ciliate communities (Foissner et al., 1999; Sonntag

et al., 2006; Dziallas et al., 2012). Mixotrophic species have also been

frequently observed as a recurring (stable) element in alpine lakes

(Wille et al., 1999; Sonntag et al., 2011a; Kammerlander et al., 2016).

Finally, we wanted to investigate potential shifts in species

compositions and abundance over time (i.e., summer conditions

shortly after ice-out and autumn before freezing) including

surveys on water chemistry, potential food sources

(i.e., bacteria and chlorophyll a) and predators

(i.e., zooplankton). Our hypotheses were that 1) ciliate

communities and species pools differed from natural alpine

lakes, 2) a higher species diversity and higher abundances

were observed during the more productive summer period

compared to autumn, 3) the age and artificial disturbance of

the water body and the source of the water used for filling played

a significant role in shaping the ciliate communities, and, 4) that

the fluctuating environmental conditions directly impacted

ciliate species traits in respect to feeding types and habitat

preferences.

Materials and methods

Study sites

We sampled eleven man-made mountain reservoirs located

in the Austrian Central Alps (Figure 1). The reservoirs were

constructed between 1999 and 2016 and differed in elevation,

maximum depth, volume, and artificial sealing. For bottom

sealing, various materials were used; most reservoirs were

sealed with synthetic liners (e.g., High Density Polyethylene

(HDPE) 2.0–2.5 mm geomembrane) and covered with coarse

gravel. Apart from precipitation, the mountain reservoirs were

fed with water from nearby located springs, (glacial) streams or

other reservoirs (see Table 1 for details).

Sampling

Each water body was sampled twice during the ice-free

season of 2018. The “summer sampling” was carried out

shortly after ice-out in July and August, the “autumn

sampling” in September. All samples were taken from an

inflatable boat at the deepest point of each mountain

reservoir. Maximum depth was recorded at each sampling

date using a PS-7 portable depth sounder (Hondex Electronics

Co., Ltd.). Secchi depth was estimated and temperature, oxygen

(O2) concentration and saturation, pH as well as the electrical

conductivity were measured with a YSI EXO2multiprobe (Xylem

Analytics) over the whole water column. Water samples were

taken with a modified 5-L Schindler-Patalas sampler (Uwitec) for

ciliate, bacteria, chlorophyll a (Chl a), turbidity, and water

chemistry analyzes and pooled from 2 m depth intervals over

the whole water column. When the temperature decreased more

than 1°C m−1, two pooled samples were taken for water

chemistry, Chl a and turbidity according to epi- and

hypolimnion. In one of the lakes (KAI), depth-specific

separate samples were taken (summer: 0, 2, 4, 5.5 m; autumn:

0, 2, 6, 11 m; depending on the respective maximum depth/filling

level at a time, see Table 1). Ciliate samples (triplicates) were

immediately fixed in 500-ml glass bottles (Schott) with freshly

FIGURE 1
Map of the sampling area. Blue dots indicate sampling sites. For reservoir codes see Table 1.
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TABLE 1 Main characteristics of the mountain reservoirs including geographic region and coordinates, sampling date, year of construction, type of sealing, water source for filling, elevation, area,
maximum depth on the day of sampling, and volume.

Reservoir Abbr Region Sampling Built in Bottom
sealing

Water
source

Elevation Area Depth Volume Latitude2 Longitude2

Name 2018 (year) (m a.s.l.) (m2) (m) (m3) (N) (E)

Panorama PAN Ötztal Alps Jul 16 2010 Concrete with heating Glacial waters 2,900 36,403 15.5 416,500 46° 55′ 09″ 10° 56′ 13″
Sep 17 17.7

Wurmkogel WUK Ötztal Alps Jul 17 2000 Gravel and foil1 Natural stream 2,727 15,368 8.0 82,800 46° 53′ 09″ 11° 04′ 32″
Sep 18 8.0

Gamsgarten GAM Stubai Alps Jul 18 2005 Gravel and foil1 Mt. Res. Eissee (glacial streams) 2,654 10,314 9.9 60,000 46° 59′ 47″ 11° 06′ 55″
Sep 23 9.9

Mittelbergferner MBF Ötztal Alps Jul 19 2014 Gravel and foil1 Glacial streams 2,784 10,572 6.3 35,300 46° 55′ 12″ 10° 52′ 52″
Sep 21 6.7

Schönwieshütte SWH Ötztal Alps Jul 23 2006 Gravel and foil1 Glacial stream 2,266 7,260 12.9 49,500 46° 50′ 50″ 11° 01′ 08″
Sep 19 12.9

Festkogel FEK Ötztal Alps Jul 24 2013 Gravel and foil1 Melt water 2,600 12,009 11.7 45,000 46° 51′ 25″ 11° 02′ 22″
Sep 20 11.9

Fernau FER Stubai Alps Jul 25 2009 Gravel and foil1 Glacial stream, slope drainage 2,563 12,163 8.8 52,000 46° 59′ 34″ 11° 07′ 39″
Sep 23 8.8

Schönjöchl SNJ Samnaun Group Jul 30 1999 Foil1 Spring water (Gurktal) 2,491 5,495 8.1 37,500 47° 04′ 38″ 10° 35′ 56″
Sep 26 9.3

Frommes I FRO Samnaun Group Jul 31 2005 Gravel and foil1 Mt. Res. Schönjöchl 2,246 20,947 10.5 123,000 47° 05′ 02″ 10° 36′ 55″
Sep 26 9.9

Rotkogel ROK Ötztal Alps Aug 30 2006 Gravel and foil1 Glacial waters 2,620 20,944 12.9 149,300 46° 57′ 52″ 10° 57′ 18″
Sep 25 12.9

Kaisersee KAI Stubai Alps Aug 13 2016 Gravel and foil1 Natural streams 2,300 22,326 6.0 115,000 47° 13′ 23″ 11° 01′ 21″
Sep 27 11.9

1HDPE 2.0–2.5 mm geomembrane.
2Latitude and longitude were measured with the integrated GPS in the YSI-multiprobe.

Mt. Res, mountain reservoir.
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prepared Bouin’s solution (5% final concentration) after Skibbe

(1994). In addition, vertical net tows for further detailed analysis

of the ciliates were taken with a 10-µm plankton net (Uwitec) and

a 100 ml aliquot of this concentrated sample was fixed with

Bouin’s solution. Bacterial samples (triplicates) were fixed in 50-

ml tubes (Greiner) with formalin (2% final concentration).

Zooplankton samples were taken with an Apstein plankton

net (50-µm mesh; four replicates) over the whole water

column and fixed in ethanol (70% final concentration).

Abiotic parameters and chlorophyll a

The raw water samples were analyzed within 24 h after

collection. The alkalinity was measured via Gran-Titration

with an Orion 960 Titrator (Thermo Fisher Scientific 2008).

The concentrations of total (TP) and dissolved (DP)

phosphorus were measured via spectrophotometry using

molybdate as soluble reactive phosphorus after digestion

with potassium persulfate (Vogler, 1966). Dissolved (DOC)

and total (TOC) organic carbon concentrations were

measured with a total organic carbon analyzer (Shimadzu

TOC-VCPH). Dissolved (DN) and total nitrogen (TN) were

measured by chemiluminescence using the Total Nitrogen

Measuring Unit (Shimadzu TNM-1). Anions and cations

were analyzed by ion chromatography (Dionex ICS-1000;

Thermo Fisher Scientific). Ammonium (NH4-N) and

dissolved reactive silicon (DRSi) were measured with the

Indophenol Blue Method (Wagner, 1969) and the

Molybdate Method (Smits and Milne, 1981), respectively,

using a spectrophotometer (Hitachi-U-2900). Turbidity was

determined with a WTW Turb 430 T nephelometer

(Xylem Inc.).

For Chl a, between 0.58–13 L were filtered onto GF/F filters

(Whatman), extracted with acetone (13 ml), sonicated on ice for

1 min (Bandelin, Sonopuls) and stored in the dark at 4°C

overnight. The extracts were cleared over Anodisc filters

(0.1 mm pore-size; Whatman) and scanned in a double-beam

spectrophotometer (Hitachi-U-2900). To measure the

phaeopigment concentration, 0.1 ml of 1 mol L−1 HCl were

added and the sample scanned again after 5 min. The Chl a

concentration was calculated after Lorenzen (1967).

Biotic parameters

Ciliates were identified and quantified by applying the

quantitative protargol staining method (QPS) (Skibbe, 1994;

Pfister et al., 1999). Before filtration onto cellulose nitrate

filters (0.8 µm pore size, integrated counting grid; Sartorius),

the samples were settled for about 1 week before the supernatant

was carefully removed with a vacuum pump. Ciliate

identification was performed via bright-field microscopy at

magnifications of up to ×1,000 (Olympus BX50). Ciliates were

determined by using the identification keys of Foissner et al.

(1991, 1992, 1994, 1995, 1999). For species traits, we considered

nutrition types on the one hand and habitat preference on the

other. Feeding modes included heterotrophic/phagotrophic

species that primarily feed on prokaryotes (bacteria,

cyanobacteria) and other protists (e.g., phytoplankton,

heterotrophic nanoflagellates) and mixotrophic species that

have either algal endosymbionts or “kleptoplasts” (=

chloroplasts acquired by the ciliate from algal food to receive

photosynthetic products). Moreover, species traits were also

defined after the preferred habitat type of a ciliate,

i.e., planktonic life style (floating or swimming species) or

surface-associated (crawling or gliding) as it is common for

benthic ones found in running waters. All species traits were

assigned following Foissner et al. (1991, 1992, 1994, 1995, 1999).

Bacterial abundance was assessed by flow cytometry

following the method of Del Giorgio et al. (1996). In short,

formaldehyde-fixed cells were stained with the intercalating

DNA/RNA stain SYTO13 (final concentration 250 nM) for

20 min in the dark. The cells were identified and counted at

520 nm vs. side scatter of a 488 nm laser on a MoFlo Astrios

(Beckman Coulter GmbH, Vienna, Austria). Bacterial abundance

was calculated from the ratio of cell counts to a defined number

of 1 μm fluorescent reference beads (Sigma Aldrich, Vienna,

Austria) added to each sample and adjusted for dilution with

fixative and dye.

Zooplankton (crustaceans and rotifers) was counted with an

inverted microscope (Leitz, Labovert) after sedimentation in

Utermöhl chambers at a magnification of ×100. The species

were identified after Flößner (2000), Einsle (1993), Voigt and

Koste (1978a) and Voigt and Koste (1978b).

Statistical analyzes

The Shannon-Wiener Diversity Index (H(S)) and the

Evenness (E) were calculated according to Mühlenberg (1993).

To visualize the variation among the mountain reservoirs at the

two sampling occasions, we used Canoco 5 (version 5.12; ter

Braak and Smilauer, 2012). We used principal component

analyzes (PCA) on independent data sets: 1) based on the

environmental data (Supplementary Tables S1, S2,

Supplementary Figure S1) and 2) based on the ciliate

community (abundance data, Figures 2, 3). Redundancy

analyzes (RDA) with forward selection of statistically

significant parameters were used to analyze the variation in

the ciliate species pattern in relation to the environmental

parameters. The first parameter included within the forward

selection process typically has the highest significant impact on

the ciliate communities. Any parameter co-variant with an

already selected parameter will then not be available for

selection within the next forward selection step (see ter Braak
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and Smilauer, 2012). Provided that an alternative explanatory

parameter is an equally probable candidate for selection as major

parameter, we state this together with the percentage this

parameter would explain if chosen as the first parameter.

Redundancy analyzes were chosen because of the short

gradients observed in the ciliate data. The ciliate abundance

data were log(y + 1) transformed, centered for analyzes and the

samples were standardized (Chord distance; Legendre and

Gallagher, 2001). Explanatory variables were centered and

standardized. The RDA was then calculated with the following

data: 1) for all ciliates (>1% of total mean abundance in more

than one sample) and 2) for the dominant ciliate taxa

(Cinetochilum margaritaceum, Halteria spp., Vorticella natans,

and Urotricha spp.). Elevation, depth, area, turbidity, Secchi

depth, physicochemical parameters (Supplementary Tables S1,

S2), abundance of bacteria [log(y + 1) transformed], zooplankton

[rotifers and crustaceans >1% of total mean abundance; log(y +

1) transformed] and Chl a were included in the analyzes as

explanatory variables. Statistical significance of the explanatory

parameters was assessed with 999 unrestricted Monte Carlo

permutations and corrected for false discovery rate

(Benjamini–Hochberg correction for multiple testing

implemented by Canoco 5, with a p < 0.05 considered as

significant).

Results

Abiotic parameters, chlorophyll a, bacteria,
zooplankton, and principal component
analyzes

The mean water temperature ranged between 5.5°C in PAN

in summer and up to 15.9°C in KAI in summer (Supplementary

Figure S1). While most mountain reservoirs showed relatively

constant temperatures along the entire water column, PAN,

SWH and FER had a temperature gradient. MBF was

stratified in autumn. There is a trend for lower mean water

temperatures during the second sampling period, i.e., 10.4°C vs.

12.0°C in summer. In KAI, we saw the most pronounced decrease

in the mean water temperatures between summer and autumn.

The mean turbidity ranged from 0.2 in FEK (highly transparent

mountain reservoirs with low turbidity <1 nephelometric

turbidity units, NTU) up to 7.2 NTU in PAN (turbid

reservoirs ≥1.5 NTU). These data are in consensus with the

measured Secchi depths, which ranged from 11.9 m (reservoir

bottom) in FEK in autumn down to 0.99 m in PAN in autumn

(Supplementary Table S1). The pH varied from 5.33 in WUK in

autumn up to 8.70 in KAI in summer (Supplementary Table S2).

In seven reservoirs (PAN, GAM, MBF, SWH, FER, SNJ, and

FRO), the pH was higher in autumn than in summer, whereas no

changes were observed in WUK and ROK and lower values were

found in FEK and KAI in autumn. While most of the reservoirs

were in a neutral range, WUK and FEK had a low pH at both

sampling occasions. Accordingly, the alkalinity varied widely

from −7 in WUK in summer up to 1,043 µeq L−1 in SWH in

summer. The electrical conductivity ranged from 21.80 in PAN

in autumn up to 197.30 μS cm−1 in FEK in autumn. Except for the

higher values during the autumn sampling in FEK, the values

were very similar at both sampling dates.

The values for calcium (Ca2+) ranged from 127.49 in PAN in

autumn up to 1,388.31 µeq L−1 in SWH in autumn, with highest

values in SWH and MBF (Supplementary Table S2). Here, we

saw rather small changes in all mountain reservoirs over time,

except for FEK, where Ca2+ was higher in autumn than in

summer. The values for magnesium (Mg2+) varied from

36.93 in PAN in autumn up to 706.78 µeq L−1 in FEK in

autumn. Five of the mountain reservoirs had Mg2+

FIGURE 2
Vertical distribution of ciliates (mean abundance) and Chl a in Kaisersee (KAI). The dotted horizontal linemarks themaximum filling on the day of
sampling. (A) summer sampling (August), (B) autumn sampling (September).
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concentrations <100 µeq L−1 (PAN, FER, FRO, KAI, and ROK),

in four (WUK, GAM, SNJ, and MBF) the concentrations ranged

between 100–400 µeq L−1, and in two concentrations

were >400 µeq L−1 (SWH, FEK). Overall, the values were

similar for both sampling occasions in all reservoirs except for

FEK, i.e., ~400 to >700 µeq L−1, respectively. Sulfate (SO4
2−)

varied from 54.21 in FER in summer up to 1,716.80 µeq L−1 in

FEK in autumn. The nitrate (NO3
−) concentration ranged from

0.13 µeq L−1 in KAI in summer up to 21.94 µeq L−1 in FEK in

autumn and the chloride (Cl−) concentration ranged from 2.30 in

FRO in summer up to 23.00 µeq L−1 in GAM in summer.

Total phosphorus (TP) concentrations varied from

0.90 μg L−1 in FEK in autumn up to 8.89 μg L−1 in KAI in

summer, with eight reservoirs having higher and three having

lower concentrations in summer and autumn, respectively

(Supplementary Table S1). The steepest increase was observed

FIGURE 3
Ciliate abundance (mean ± std) during summer and autumn sampling in themountain reservoirs (A) PAN, (B) FER, (C) ROK, (D)GAM, (E)WUK, (F)
FEK, (G) SNJ, (H) FRO, (I) MBF, and (J) SWH. For reservoir codes see Table 1.
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in PAN from 3.4–5.5 μg L−1 and the highest decrease in KAI with

8.9–5.8 μg L−1. Dissolved phosphorus (DP) concentrations were

lower in autumn than in summer in all mountain reservoirs

except for SNJ and FRO. Concentrations of dissolved organic

carbon (DOC) ranged from 153.0 in WUK in summer up to

983.0 μg L−1 in FRO in autumn. Except for MBF, FEK and KAI,

DOC concentrations were higher during the second sampling

date. Dissolved nitrogen (DN) concentrations ranged from

24.5 in MBF in autumn up to 286.0 μg L−1 in FEK in autumn.

Dissolved oxygen (DO) concentrations ranged from 7.2 in

KAI in summer up to 9.9 mg L−1 in PAN in summer and an

oxygen saturation between 95.0 and 119.8% was observed

(Supplementary Table S1). In MBF, SNJ, FRO, KAI, and ROK

the oxygen concentrations were higher in autumn than in summer.

The Chl a concentrations varied between 0.02 in FEK and WUK

(autumn), respectively, and 3.96 μg L−1 in GAM in autumn

(Supplementary Table S1, Supplementary Figure S2A). Five reservoirs

had higher concentrations in summer, while in six reservoirs Chl a

contents were higher in autumn. PAN (0.53–2.82 μg L−1) and GAM

(1.35–3.96 μg L−1) showed the most pronounced differences with higher

values in autumn, whereas the opposite trend was found in KAI

(3.70–2.25 μg L−1) and ROK (3.53–1.50 μg L−1).

The abundance of bacteria ranged from 0.14 × 106 cells mL−1

in FEK in summer up to 2.10 × 106 cells mL−1 in KAI in summer

(Supplementary Table S1, Supplementary Figure S2B). In all

mountain reservoirs except for KAI, bacterial numbers were

higher in autumn than in summer. Zooplankton abundances

ranged from 39 Ind m−3 inWUK in autumn to 1.09 × 106 Ind m−3

in KAI in autumn (Supplementary Figures S2C,D).

The PCA axis one of the environmental data reflects pH,

phosphorus (total and dissolved phosphorus) and bacteria versus

sulphate, conductivity, magnesium, and nitrate (Figure 4). The

mountain reservoir KAI with high pH (specifically during

summer), nutrients (phosphorus) and bacteria was separated

from reservoirs having low pH and high nitrate, sulphate and

magnesium (FEK and WUK). The largest mountain reservoir

with high glacial turbidity (PAN) was clearly separated from the

other study sites, particularly SWH, which showed high alkalinity

and relatively high water temperatures. The difference in

ordination space was larger among the different mountain

reservoirs than between the sampling occasions.

Ciliate abundance, diversity and relations
to abiotic and biotic factors

Total ciliate abundances ranged from 24 (mean; FEK,

summer) to >15,600 Ind L−1 (mean; KAI, summer). In

FIGURE 4
Principal component analyzes (PCA) of (A) the abiotic/environmental parameters, and (B) the ciliate communities (based on abundance data;
>1% of total mean abundance inmore than one sample) for the 11mountain reservoirs. Percentages indicate amount explained by the individual PCA
axes. Cond, conductivity; Crust, crustaceans; Rot, rotifers; Ptot, total phosphorus; Pdis, dissolved phosphorus; Temp, temperature; BalPla, Balanion
planctonicum, BurSp., Bursaridium sp., CinMar., Cinetochilum margaritaceum, ColSte, Colpoda steinii, CycSp, Cyclidium spp., HalBif, Halteria
cf. bifurcata, HalSp, Halteria sp., HymFEK, Hymenostomata FEK, MesSp.,Mesodinium sp., RimSpp, Rimostrombidium spp., UndWUK, Undetermined
species WUK, UroSpp, Urotricha spp., VorNat, Vorticella natans. For reservoir codes see Table 1.
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autumn, in PAN, SWH, FEK, SNJ, FRO, and ROK abundances

were higher than in summer, while in GAM, FER, and KAI they

were lower. In MBF andWUK, ciliate abundances were similar at

both sampling dates. Overall, ciliate abundances were higher in

summer than in autumn and decreased with depth (KAI;

Figure 2). We detected 48 ciliate taxa in total with a mean of

five taxa per mountain reservoir (1–8 in summer and 1–9 in

autumn; min. 2 in MBF up to max. 13 in SNJ) (Figures 2, 3). We

could identify 29 taxa to species, 14 to genus level and the

remaining taxa were classified higher than genus level. Thirty-

two taxa were found only once, 10 occurred in more than two

mountain reservoirs. Cinetochilum margaritaceum (Ehrenberg),

Halteria grandinella (Müller), Urotricha furcata Schewiakoff,

Vorticella natans Fauré-Fremiet, and Urotricha spp. were

present in 5–7 mountain reservoirs each. On average, each

taxon was found in less than two mountain reservoirs. The

species with the highest mean abundances were H. grandinella

and V. natans with 7,323 and 4,015 Ind L−1, respectively, in KAI,

as well as Rimostrombidium cf. brachykinetum Krainer with

4,765 Ind L−1 in SNJ.

In KAI, 12 ciliate taxa were found, with seven taxa in summer

and nine in autumn. The mean abundance was 15,655 Ind L−1 in

summer and 453 Ind L−1 in autumn, with decreasing abundances

along the water column (Figure 2). Cinetochilum margaritaceum

andH. grandinella appeared only in summer (max. abundance of

131 and 10,266 Ind L−1 at 2 m depth). Urotricha globosa

Schewiakoff was the species with the highest abundances of

up to 13,015 Ind L−1 at 2 m depth in summer. Abundances of

the three Urotricha species and of Colpoda steinii Maupas

decreased with depth in both summer and autumn. In

autumn, four additional taxa (i.e., Rimostrombidium humile

Penard, Urotricha cf. pelagica Kahl and two unidentified taxa)

were found. The Shannon-Wiener Diversity Index and the

Evenness were higher in autumn. Mean bacterial abundances

changed from 2.10 × 106 ml−1 in summer to 1.66 × 106 ml−1 in

autumn (Supplementary Table S1). Chlorophyll a values ranged

from 2.2 in the upper to 5.6 μg L−1 in the lower water layers in

summer to concentrations of ~2 μg L−1 over the entire water

column in autumn (Figure 2). The zooplankton abundance was

higher in autumn, mainly caused by very high rotifer abundances

(Supplementary Figures S2C,D).

Three mountain reservoirs were influenced by glacial

turbidity during sampling (i.e., ≥1.5 NTU). In the glacier-fed

turbid PAN, 11 ciliate taxa (8 in summer and 5 in autumn) were

identified. The most abundant ciliates were U. globosa (526 in

summer and 646 Ind L−1 in autumn), other Urotricha

spp. (444 and 5,594 Ind L−1) as well as Trochilia minuta

(Roux) (1,217 Ind L−1 in autumn), others were only found in

low abundances (Figure 3A). While the Chl a concentration was

higher in the epilimnion than in the hypolimnion in autumn, it

was similar in the two layers and generally lower in summer

(Supplementary Figure S2A). Bacterial abundances were twice as

high in autumn than in summer and only low crustacean

abundances were found in this reservoir (Supplementary

Figure S2B–D). Six different ciliate taxa (3 in summer and

6 in autumn) were found in the glacially turbid FER. The

total ciliate abundance was ~5 times higher in summer

(1,717 Ind L−1) than in autumn (321 Ind L−1) (Figure 3B).

Bursaridium sp. (239 Ind L−1 and 84 Ind L−1 in autumn), U.

furcata (929 and 4 Ind L−1) and H. grandinella (549 and

179 Ind L−1) were found during both sampling occasions. In

autumn, V. natans (8 Ind L−1) and C. margaritaceum (47 Ind L−1)

had higher abundances than U. furcata and Oxytricha setigera

Stokes (4 Ind L−1 each). The Shannon-Wiener Diversity Index

was higher, while the Evenness was slightly lower in autumn. The

Chl a content of the epilimnion and hypolimnion was lower in

summer than in autumn (Supplementary Figure S2B). The

bacterial abundance was twice as high during the autumn

sampling, while the total zooplankton abundance was lower,

with rotifers having far higher abundances than crustaceans

(Supplementary Figures 2B–D). In ROK, which had glacial

turbidity during the autumn sampling, 8 ciliate taxa (5 each

in summer and autumn, respectively) were found in total during

both sampling periods. Ciliate abundances were higher in

autumn (2,784 Ind L−1) than in summer (1,820 Ind L−1)

(Figure 3C). Vorticella natans (30 Ind L−1 and 1,954 Ind L−1)

and Urotricha pseudofurcata Krainer (442 and 765 Ind L−1) were

found in high abundances in autumn or during both sampling

dates, while Strobilidium caudatum (Fromentel) had the highest

abundance (942 Ind L−1) in summer. The Shannon-Wiener

Diversity Index and the Evenness were lower in autumn. The

Chl a content was lower in autumn, while the bacterial

abundance was slightly higher during the autumn sampling.

Zooplankton abundances were also higher in autumn, with

lower crustacean, but higher rotifer abundances

(Supplementary Figure S2).

In GAM, 10 different ciliate taxa (8 in summer and 3 in

autumn) were observed. The most abundant species in summer

was H. grandinella (894 Ind L−1), while C. margaritaceum was

found at both sampling occasions, with higher abundances in

summer (65 Ind L−1) than in autumn (20 Ind L−1) and the highest

abundance of the 3 species occurring in autumn (Figure 3D). The

Shannon-Wiener Diversity Index and the Evenness were higher

during the autumn sampling. The Chl a content was three times

higher in autumn, while the bacterial abundance was similar

during both sampling dates. Low abundances of crustaceans and

rotifers, with higher abundances in autumn, were found

(Supplementary Figure S2).

Two of the mountain reservoirs (WUK and FEK) showed low

pH, alkalinity and DOC. In total, nine ciliate taxa (6 in summer

and 5 in autumn) were found in WUK. Ciliate abundances were

low in both summer (42 Ind L−1) and autumn (38 Ind L−1), only

Urotricha spp. and Bursaridium sp. were detected at both

sampling occasions (Figure 3E). The Shannon-Wiener

Diversity Index and the Evenness were slightly lower in

autumn, but were still high compared with the other
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mountain reservoirs studied here. Chlorophyll a concentrations

were very low, while bacterial abundance was higher in autumn

than in summer. In this mountain reservoir, no crustaceans and

only rotifers were found at very low abundances (Supplementary

Figure S2). In FEK, 7 ciliate taxa (6 in summer and 3 in autumn)

were observed. Low abundances of C. steinii (5 and 26 Ind L−1)

and an unidentified hymenostome ciliate (3 and 2 Ind L−1) were

found at both sampling occasions, while Halteria sp. was present

with 8 Ind L−1 in autumn. In general, ciliate abundances were low

in this mountain reservoir (Figure 3F). The Shannon-Wiener

Diversity Index was lower in autumn than in summer. The Chl a

content was very low during both sampling occasions. The low

bacterial abundance was slightly higher in autumn and only very

low zooplankton abundances were found.

Two of the mountain reservoirs are connected, the water of

SNJ is used to fill FRO. In SNJ, 13 ciliate taxa (6 in summer and

8 in autumn) were found in total. Ciliate abundances were almost

15 times higher in autumn than in summer (364 and

5,319 Ind L−1). Urotricha furcata (328 Ind L−1 and

193 Ind L−1) and Rimostrombidium cf. brachykinetum (3 and

4,765 Ind L−1) were the only two species present at both sampling

occasions (Figure 3G). The Chl a content and bacterial

abundances were higher in autumn than in summer. The total

zooplankton abundance was about eight times higher (more

rotifers than crustaceans) in autumn (Supplementary Figure

S2). Although a total of nine ciliate taxa were found in FRO,

only one ciliate species,U. furcata, was detected in summer. Total

abundances were ~30 times higher during the autumn sampling

(42 and 1,265 Ind L−1), mainly caused by U. furcata, having the

highest abundance (592 Ind L−1) of all ciliate species in autumn

(Figure 3H). Compared with the other mountain reservoirs, the

Shannon-Wiener Diversity Index was relatively high in autumn.

While the Chl a concentration was similar, the bacterial and

zooplankton abundances were almost three times higher during

the autumn sampling.

In MBF, only two ciliate species were found. Urotricha

furcata (304 and 311 Ind L−1) was observed during both

sampling occasions, while Litonotus cf. lamella (Müller) was

only present in summer with very low abundances (6 Ind L−1)

(Figure 3I). The Shannon-Wiener Diversity Index and the

Evenness were very low. The Chl a content was higher during

the autumn sampling, specifically in the epilimnion. The

bacterial abundance was slightly higher in autumn, while

zooplankton abundances were lower and mainly made up of

crustaceans (Supplementary Figure S2).

Three ciliate species were present during both sampling dates

in SWH. The abundances of V. natans (14 and 26 Ind L−1) andU.

furcata (199 and 372 Ind L−1) were higher in autumn, while H.

grandinella abundances were higher in summer (242 and

179 Ind L−1) (Figure 3J). The Shannon-Wiener Diversity Index

and the Evenness were similar between sampling dates. The Chl a

content did not change, whereas bacterial abundances were

higher and zooplankton abundances were lower in autumn,

with rotifers decreasing more pronounced than crustaceans

(Supplementary Figure S2).

The PCA analysis showed that the ciliate communities clearly

differed among the mountain reservoirs. Based on the abundance

data, the mountain reservoirs were separated along the first PCA

axis reflecting the presence of Urotricha spp. versus an

unidentified hymenostome ciliate and C. steinii (Figure 4).

The latter two taxa were found at high relative abundance in

the mountain reservoir with low pH, i.e., FEK. The second PCA

axis stands for the presence of V. natans versus Cyclidium spp. In

contrast to the abiotic parameters, the composition of the ciliate

community was less similar within each mountain reservoir at

the two sampling occasions, with the exception of MBF

and SWH.

Environmental variables explained 40.6% of the variation in

species-environment relationships in the RDA model (p < 0.05).

Drivers for the overall ciliate abundance pattern (ciliates >1%
mean abundance) appeared to be the pH (explaining 12.3%, p =

0.001), nitrate (12.5%, p = 0.001), Cl− (8.1%, p = 0.024), and NH4

(7.7%, p = 0.032). Alternatively, the abundance of potential

predators (crustaceans) significantly explained the ciliate

abundance (11.5%, p = 0.045). The pattern of the four most

abundant/dominant species was significantly explained by

transparency (Secchi depth; 12.7%, p = 0.034).

Ciliate species traits

In respect to the habitat preferences, we found

predominantly planktonic ciliate species even in only recently

filled mountain reservoirs and fewer surface-associated species

(Figure 5, Supplementary Table S3). Regarding nutrition types

and food sources, some single individuals of mixotrophic ciliates

were observed in the mountain reservoirs (Figure 4B). Most

species found could be attributed to a heterotrophic/

phagotrophic nutrition mode exploiting various sources

including diverse algae, heterotrophic nanoflagellates and

(cyano-) bacterial food.

Discussion

Natural lakes are influenced by mixing processes mainly

caused by wind or the inflow of water, where seasonal,

geographical but also geomorphological attributes play an

important role. Alpine lakes are commonly dimictic and

usually stratified and the prevailing conditions affect nutrient,

ion, and oxygen concentrations as well as the pH, and therefore,

the biological activity of organisms (Weyhenmeyer et al., 2009).

In such lakes, low water temperatures together with the generally

oligotrophic conditions, result in low primary production and

Chl a concentrations, accounting for low food availability in the

plankton (Sherr and Sherr, 2009). Most aquatic organisms have
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lowmetabolic and growth rates at low temperatures, which is also

true for ciliate species from alpine lakes (Weisse et al., 2001;

Wetzel, 2001; Kammerlander et al., 2018). In man-made

mountain reservoirs, temperatures are artificially altered and

mixing processes intentionally induced, with yet unknown

effects on the plankton communities. In summer, only three

out of the eleven mountain reservoirs revealed a thermal

stratification (Supplementary Figure S1), however, some

natural alpine lakes may be polymictic, particularly when they

are subjected to glacial melt water (Peter and Sommaruga, 2017).

Glacial turbidity is an important environmental factor in alpine

lakes as it not only alters temperature regimes but also protects

aquatic organisms from exposure to potentially harmful

ultraviolet radiation (UVR) (Sommaruga, 2001). Different

turbidity levels (clear to turbid) can affect both ciliate

distribution and community composition among otherwise

similar alpine lakes (Kammerlander et al., 2015, 2016). While

most mountain reservoirs were highly transparent (as indicated

by the Secchi depths measured; Supplementary Table S1), high

inorganic turbidity was also found, for example, in the glacier-fed

PAN (Supplementary Figure S1A,B). Melting processes of a

glacier are naturally accelerated during summer and the

turbidity increases along with nutrient concentrations (TP)

probably driven by an inflow of mineral particles abraded

from rocks below the glacier (Slemmons et al., 2013).

Interestingly, in the turbid mountain reservoir PAN, Chl a

concentrations were higher in autumn than in summer, a sign

for higher phytoplankton biomass despite lower solar irradiance,

a phenomenon that was also observed in a natural glacier-fed lake

in the same region (Kammerlander et al., 2016).

In the mountain reservoirs, both the TP and Chl a

concentrations were in the ultra-oligotrophic to oligotrophic

range typical for high mountain lakes in the Central Alps

(Supplementary Table S1; Camarero et al., 2009;

Weyhenmeyer et al., 2009). However, concentrations of Mg2+,

Ca2+ and the alkalinity set some of these artificial water bodies

apart from natural conditions in this region (Supplementary

Table S2; Marchetto et al., 1995; Camarero et al., 2009;

Weyhenmeyer et al., 2009; Rogora et al., 2020). For instance,

the values for Ca2+ were on average 6.6 times higher and Mg2+ >
200 µeq L−1 were higher than the reported mean values for more

than one hundred natural lakes located in the Eastern and

Central Alps (Marchetto et al., 1995; Camarero et al., 2009).

Also values for Na+, K+ and sulfate (SO4
2-) concentrations were

higher than the mean values typically observed in natural alpine

lakes, whereas nitrate (NO3
−) and chloride concentrations were

similar (Marchetto et al., 1995; Camarero et al., 2009). Our data

indicate that several factors probably influenced the water

chemistry of the mountain reservoirs, i.e., the artificial bottom

sealing with geomembranes and the input of gravel from other

geological regions. Consequently, the contact of the water to

natural bedrock that is mainly composed of gneiss (Moores and

Fairbridge, 2006) was reduced or prevented. In a study on young

gravel pits in Canada, which, although located at lower

elevations, are comparable to the mountain reservoirs in

structure and age, however, significantly lower concentrations

of phosphorus and nitrogen were found (Vucic et al., 2019).

Another factor influencing the abiotic conditions in the

mountain reservoirs was the origin of the water, though this

aspect was not directly addressed here. Although the pH range in

the mountain reservoirs was similar and the mean alkalinity

higher than found in natural alpine lakes, the values for both

parameters were still within the range common for this

FIGURE 5
(A) Habitat preference (surface associated or pelagic) and (B)
food sources and/or nutrition type of ciliates with available
information (32 taxa, Foissner et al., 1999) found in the 11mountain
reservoirs. See Supplementary Table S3 for the species
considered. HNF, heterotrophic nanoflagellates.
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geographic region (Supplementary Table S2; Marchetto et al.,

1995; Camarero et al., 2009). Some few ciliate specialists are

known from highly acidic mining lakes (Packroff and Woelfl,

2000), but generally, low pH has a negative effect on common

species such as U. furcata (pH tolerance of 5.4–9.2) that we

detected in the mountain reservoirs (Figures 2, 3; Weisse and

Stadler, 2006). Low pH and low Chl a concentrations (i.e., low

phytoplankton biomass; Supplementary Tables S1, S2) can

together with other factors result in low ciliate abundance

(Beklioglu and Moss, 1995). In our study sites, the abundance

of the ciliate taxa was also significantly explained by the pH. The

electrical conductivity was generally low and typical for lakes at

high elevations in the Alps, although levels >100 μS cm−1, as

observed in four of the mountain reservoirs (Supplementary

Table S2), are rarely found (Camarero et al., 2009). However,

ciliate communities from freshwater are tolerant to fluctuations

in conductivity as long as the values do not reach brackish or

marine conditions (Pfister et al., 2002; Sonntag et al., 2002, 2006).

A low ciliate diversity that does not vary greatly over the

warm season and a mean of around five taxa found in these

artificial water bodies are not unusual compared to natural alpine

lakes (Figures 2, 3; Wille et al., 1999; Sonntag et al., 2011a;

Kammerlander et al., 2016). Though, in natural alpine lakes,

temporal changes were more noticeable with higher abundances

in July than in August (Kammerlander et al., 2016). Local rather

than regional factors can directly affect planktonic communities

(Audet et al., 2013) and our data indicate that the age of a

mountain reservoir played a rather subordinate role on the ciliate

diversity and that it is more likely that the frequency of complete

emptying and refilling as well as the origin of the water were more

influential. Indeed, these artificial systems are constantly affected

by strong year-to-year fluctuations with partly very low amounts

of water left at the end of the skiing season (March/April) or by

complete emptying for construction and maintenance. However,

we recorded the highest taxon richness in the oldest mountain

reservoir SNJ (Figure 3G) where the original water body had

never been completely emptied, providing more favorable

conditions for a stable planktonic community (Louette et al.,

2008). Moreover, environmental characteristics (e.g., pH and

nutrient concentrations) and biological factors such as the

presence of predators influenced the ciliate populations. Due

to the individual importance and role in aquatic environments as

emphasized by Foissner et al. (1991, 1992, 1994, 1995, 1999), we

discuss the ciliates’ appearance in the mountain reservoirs more

in detail on a species-specific trait level including recent literature

on their autecology. Such an approach is reasonable in respect to

the few ciliate taxa found naturally in alpine lake communities

that were supposed to be relatively stable throughout the ice-free

period (Sonntag et al., 2011a; Kammerlander et al., 2016).

The most frequent ciliates in the mountain reservoirs were

Urotricha species (Figures 2, 3), which occur worldwide in lake

plankton (see Foissner and Pfister, 1997; Foissner et al., 1999;

Frantal et al., 2022 and references therein, and Sonntag et al.,

2022). Urotrichs are typical ciliates in lowland lakes but they are

also found in almost any alpine water body (Foissner, 1979; Wille

et al., 1999; Sonntag et al., 2011a, 2017; Kammerlander et al.,

2016). Their occurrence even in recently filled mountain

reservoirs (Figure 2) suggests that they may be considered as

primary settlers or members of seed communities. However, it is

unknown how urotrichs are dispersed among water bodies as

cyst formation has so far never been observed. We therefore

exclude wind drift, but a direct transport in water drops or faeces

via birds (Szabó et al., 2022) may be possible as birds were

occasionally seen at the mountain reservoirs. Alternatively,

urotrichs could be washed out from the vegetation cover in

the surroundings of the mountain reservoirs as, for example, in

seepage and fen areas of the Rotmoos valley near the SWH,

urotrichs were frequently observed (Sonntag, unpublished).

Foissner et al. (1995) and Foissner and Berger (1996) defined

specific ciliate communities serving as ecological indicators for

plankton, biofilms in rivers or soil- andmoss-influenced habitats.

For example, the community of the Marynetum has been

designated to mainly cyst-bearing ciliates prevailing in

ephemeral small water bodies and interestingly, also Urotricha

species were included. Thus, this widely distributed ciliate group

indeed may be considered as primary settlers/seeds in alpine

aquatic systems. Another planktonic community, i.e., the

Oligotrichetea include apart from Urotricha spp., H.

grandinella, Balanion planctonicum (Foissner, Oleksiv and

Müller), Rimostrombidium spp. or V. natans as type species,

some of which were also found dominating our studied systems

(Figures 2, 3; Foissner et al., 1995). Halteria grandinella, for

example, was recently identified as an important key ciliate in

lake microbial food webs feeding on phytoplankton,

cyanobacteria and bacteria (Foissner, 1979; Šimek et al., 2019;

Forster et al., 2021). The species is very common and widely

distributed in diverse habitats and cyst formation is known

(Foissner et al., 1999). For V. natans, interestingly, this is the

first report on its presence in alpine water bodies although the

species can be frequently found in lowland lakes and reservoirs

and is able to tolerate also low temperatures (Foissner et al., 1999;

Lu et al., 2020). Therefore, mountain reservoirs seem to provide a

suitable habitat for this species. Again, as for the urotrichs, we can

only speculate about a direct distribution of V. natans among the

mountain reservoirs by birds as cyst formation is unknown.

Another ciliate that has been found in a glacier-fed turbid lake in

high numbers was Mesodinium cf. acarus Stein (Kammerlander

et al., 2016), while in our study individuals of this genus were only

detected in three transparent mountain reservoirs (Figure 3).

Overall, predominantly planktonic species were found in our

studied systems (Figure 5A).

Nevertheless, some other ciliate species were identified that can

be clearly attributed to a surface-associated life, e.g., T. minuta,

Aspidisca spp., Chilodonella uncinata (Ehrenberg) and Litonotus

spp. (Figure 3). These ciliates were assigned to the community of

theCyrtophoretea that typically occur in clear streams, pointing to the
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origin of water used for filling the mountain reservoirs. Another

species that is frequently found in both alpine lakes and streams is C.

margaritaceum that we detected in seven mountain reservoirs

(Figures 2, 3; Foissner et al., 1994; Kammerlander et al., 2016).

Although this species has not been designated as planktonic before

because its cirri are more feasible for crawling than swimming, we

assume that it colonizes detritus and other floating particles to feed on

the biofilm.

A further factor known to directly influence the species-specific

ciliate distribution along depth gradients in alpine lakes is lake water

transparency and therefore the impact of UVR (Sonntag et al.,

2011a, 2011b, 2017; Kammerlander et al., 2016). In accordance with

former studies (Kammerlander et al., 2016; Kammerlander et al.,

2018), transparency (Secchi depth) played a significant role in

shaping the ciliate communities here. Heterotrophic ciliates such

as one Bursaridium species were found to resist high incident UVR

levels by the accumulation of sunscreen compounds from algal food

whereas others, e.g., Askenasia chlorelligera Krainer and Foissner

hosted algal endosymbionts that synthesized the sunscreen

compounds directly (Sonntag et al., 2007; 2017; Summerer et al.,

2008; Sonntag and Sommaruga, 2020). Althoughwe detected almost

nomixotrophic algal-bearing ciliates in themountain reservoirs, this

functional trait of combining phagotrophy and hosting a symbiotic

partner is very common in natural ciliate communities in both

alpine and lowland lakes (Wille et al., 1999; Sonntag et al., 2006,

2011a, 2011b; Kammerlander et al., 2015). Though we do not want

to overestimate the absence of this common trait from the ciliate

plankton, we assume that the ciliate communities in the mountain

reservoirs could not reach a certain stability level by lacking

mixotrophic species or assemblages. However, relying on a

phagotrophic nutrition mode is certainly advantageous, especially

in transparent water bodies where sunscreen compounds could be

acquired from algal food. Although not tested yet for prostomatid

ciliates including urotrichs or B. planctonicum that voraciously

forage on phytoplankton, the colpodid Bursaridium could

definitely profit from this functional trait (Sonntag et al., 2017).

Moreover, bottom-up control by food sources and top-

down control by zooplankton, particularly crustaceans, which

were present in most of the mountain reservoirs

(Supplementary Figure S2D), affected not only the total

ciliate abundance, but likely also the ciliate community

composition. Cyclopoid copepods and daphnids, which

occurred in seven and three, respectively, of the study sites,

but also rotifers are known to feed on small ciliates (Archbold

and Berger, 1985; Arndt, 1993; Gilbert and Jack, 1993;

Wickham 1995; Weisse and Frahm, 2002; Zingel et al.,

2016). Algal-feeding ciliates might also be strong competitors

to rotifers as ciliates can release secondary metabolites into the

medium inhibiting rotifer reproduction (Pisman, 2009).

However, many planktonic ciliate species perform fast jumps

to escape predators and such an escape reaction is also typical

for ciliates of the genera Urotricha and Halteria (Foissner et al.,

1999). Weisse and Frahm (2002), for example, identified

species-specific predator-prey relationships among different

rotifer species, of which one species (Keratella quadrata

Müller) was also found in three of the mountain reservoirs

together with Urotricha spp. and B. planctonicum. However,

species-specific predator-prey relationships still need to be

addressed in future experimental approaches.

In conclusion, man-made mountain reservoirs are systems

that show unique physico-chemical and biological features, but

also similarities with natural alpine lakes. Mainly planktonic

species were found and the ciliate abundances were influenced

by the prevailing environmental conditions (pH, nutrient

concentrations, water transparency) as well as by biological

factors such as the presence and abundance of predators.

Water level fluctuations and irregular water withdrawal as

well as the process of emptying the mountain reservoirs

seemed to play a minor role in shaping the community

composition or the abundance of ciliates. Their communities

are most likely a reflection of the source of water and colonization

processes. Although dispersal by resting cysts was not tested here,

formation of cysts is known for some of the species found.

Human-induced water level fluctuations up to complete

emptying of the mountain reservoirs can cause

inhomogeneous conditions over short time periods, which

distinguishes those systems from natural alpine lakes.
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