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Warming increases richness and shapes i

assemblages of eukaryotic parasitic plankton
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Abstract

Background Anthropogenic activities have led to a global rise in water temperatures, prompting increased inter-

est in how warming affects infectious disease ecology. While most studies have focused on individual host-parasite
systems, there is a gap in understanding the impact of warming on multi-host, multi-parasite assemblages in natural
ecosystems. To address this gap, we investigated freshwater eukaryotic parasite communities in ten natural lakes

near Konin, Poland: five artificially heated and five non-heated “control”lakes. Since 1958, the heated lakes have experi-
enced a mean annual temperature increase of 2 °C due to hot water discharge from two adjacent power plants. We
collected seasonal environmental DNA (eDNA) samples from surface waters over a two-year period and applied tar-
geted metabarcoding to compare the richness and distribution of eukaryotic parasites across lake types with a focus
on protists and fungi.

Results Using literature searches and sequence metadata from GenBank, we identified putative parasites which
included Alveolates, Stramenopiles, basal Fungi and Ichthyosporeans as well as their associated hosts. Heated lakes
harboured distinct parasite assemblages with higher richness of chytrids and aphelids, suggesting thermal prefer-
ences among certain freshwater microeukaryotic parasites. Other groups exhibited clear seasonal trends with richness
of oomycetes peaking in spring and summer, and that of Cryptomycota in winter and autumn. A general linear model
revealed a marginally positive correlation between chytrid parasite richness and richness of their green algal, diatom,
and dinoflagellate hosts. Post-hoc analyses indicated that heated lakes exhibited greater seasonal variation in chytrid
parasite richness and a stronger correlation between host and parasite richness than control lakes.

Conclusion These findings demonstrate that warming can induce strong shifts in the richness and assemblages

of freshwater microeukaryotic parasites. Using chytrids as a focal group, we additionally demonstrate that warming
may amplify seasonal variation in parasite richness and strengthen host-parasite richness relationships.

.

*Correspondence:

Amruta Rajarajan

amruta.rajarajan@igb-berlin.de; amrutarajarajan@gmail.com

! Department of Evolutionary and Integrative Ecology, Leibniz Institute
of Freshwater Ecology and Inland Fisheries (IGB), Mliggelseedamm 301,
12587 Berlin, Germany

2 Department of General Zoology, Faculty of Biology, Adam Mickiewicz
University, Poznan, Poland

? Present Address: Focus Group Marine Molecular Ecology, Helmholtz
Institute for Functional Marine Biodiversity, University of Oldenburg
(HIFMB), Oldenburg, Germany

4 Present Address: Helmholtz Center for Polar and Marine Research, Alfred
Wegener Institute (AWI), Bremerhaven, Germany

5 Present Address: Thiinen Institute of Sea Fisheries, Bremerhaven,
Germany

5 Institut Far Biologie, Freie Universitét Berlin, Berlin, Germany

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40793-025-00724-3&domain=pdf

Rajarajan et al. Environmental Microbiome (2025) 20:76

Introduction

Warming in aquatic environments has led to an average
increase in freshwater temperatures of 0.34 °C per dec-
ade [75]. Elevated temperatures can drive deoxygenation
[49], changes in seasonality and reduced ice cover [39],
shifts in lake productivity dynamics [35], and alterations
in mixing regimes [110]. These changes have cascading
effects on species distributions and food webs [6]. The
magnitude of warming-driven changes on aquatic life is
unprecedented, highlighting a critical need to understand
their broader ecological implications (IPCC 2023 [15]).

While the effects of warming on plankton have been
widely studied due to their central role in nutrient cycling
[4, 74], the parasites of plankton remain relatively under-
studied despite their significant ecological contributions.
For instance, chytrid fungi (Chytridiomycota) infect
various phytoplankton, including green algae (reviewed
in [30]), diatoms (reviewed in [20]), and dinoflagellates
[27, 28]. By producing motile zoospores, chytrids cre-
ate additional trophic links (mycoloops) that sustain
zooplankton populations [1, 53]. Chytrid outbreaks can
exert top-down control on toxic cyanobacterial [36] and
dinoflagellate blooms [65]. Other parasitic groups, such
as Cryptomycota, hyperparasitize chytrids [48, 78], while
Aphelidiomycota (aphelids) [50] and Oomycota (oomy-
cetes) [94] infect various phytoplankton hosts. Perkin-
sea, a group previously considered to exclusively contain
intracellular parasites of green algae, was recently discov-
ered to be more diverse with potential roles in ecosystem
processes beyond parasitism [72]. Other highly diverse
parasite groups include Apicomplexans [32] and Cerco-
zoans [63], although their contribution to aquatic ecosys-
tem processes is less understood.

The influence of warming on infectious disease extends
beyond parasite development to affect host abundance,
physiology, and immunity [58]. For instance, a four-
month indoor mesocosm study found that 4 °C elevation
in spring temperature (to 21 °C) shortened the bloom
duration of the diatom Synedra sp., resulting in an earlier
end to the epidemic of its chytrid parasite Zygorhizidium
planktonicum [31]. Conversely, an outdoor mesocosm
study of amphipod host communities exposed to the gen-
eralist trematode parasite Maritrema novaezealandensis
under a 4 °C summer temperature increase (to 25 °C)
showed elevated infection prevalence along with reduced
host species richness and abundance [73]. These findings
demonstrate how warming can impact disease dynam-
ics in individual host-parasite systems within aquatic
environments.

Parasite species richness is integral to ecosystem health
[45] and is primarily influenced by the host distribution
and richness in distinct ways. Chytrid parasite distribu-
tions are closely linked to the spatial co-occurrence of
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their green algal and diatom hosts [47]. Parasite rich-
ness also correlates positively with host richness across
biomes, according the host-diversity-begets-parasite-
diversity hypothesis [56, 60]. For example, ponds with
higher amphibian host richness harbored higher richness
of trematode parasites [52]. Changes in host and para-
site species richness can, in turn, affect disease dynamics
in complex ways. In one case, elevated amphibian host
richness reduced infection prevalence of the trematode
Ribeiroia ondatrae (dilution effect) but amplified parasite
competition [51].

Despite these insights, our understanding of how global
warming affects parasite richness remains incomplete
[93]. Warming-driven changes in species assemblages
can lead to ‘ecological fitting” due to novel host-parasite
encounters, increasing the likelihood of host-switching
[104]. This could potentially increase phenotypic and
genotypic diversity of parasites [2]. Moreover, anthro-
pogenic influence can have unexpected impacts on the
generally positive correlation between host and parasite
richness in natural ecosystems. For instance, islands that
experienced extensive fishing exhibited higher fish host
richness but lower helminth parasite richness compared
to unfished islands [109]. In contrast, warming-driven
habitat loss of host species reduced helminth parasite
richness [16]. These inconsistencies highlight the need
for long-term studies of multi-host, multi-parasite sys-
tems to better understand the role of warming in shaping
disease ecology.

One promising approach to study the effects of warm-
ing on parasite assemblages involves in situ sampling of
natural lakes. The Konin lake complex in Poland offers
an ideal opportunity. Since 1958, five of these lakes have
been artificially warmed by hot water discharge from two
nearby power plants, resulting in altered abiotic condi-
tions and plankton community compositions compared
to the five nearby non-heated (hereafter “control”) lakes
[113]. The heated lakes are on average 2 °C warmer [8],
mimicking the projected global freshwater temperature
increases by 2100 (IPCC 2023; [15]). Additionally, these
lakes experience reduced winter ice cover [91]. Warming
has led to shifts in Daphnia species composition in these
lakes, favoring the more heat-tolerant D. galeata [24].
Moreover, the heated lakes exhibit higher richness and
distinct community composition of various phytoplank-
ton (green algae, protists, fungi) and zooplankton (crus-
taceans, rotifers) taxa [8, 26]. There is also an increased
abundance of invasive species, including the tape grass
Vallisneria spiralis [90] and the mussels Corbicula flu-
minea [96] and Sinanodonta woodiana [97]. Sinanodonta
woodiana occurrence further favors the presence of its
parasitic worm Aspidogaster conchicola [112]. Heated
lakes also harbor introduced species of fish [57]. These
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changes in environmental conditions and host com-
munity composition provide a valuable opportunity to
investigate the effects of warming on parasite diversity
in natural settings. Although warming reduces Caullerya
mesnili prevalence in Daphnia hosts [25], comprehensive
investigations into differences in parasite assemblages
between heated and control lakes are still lacking.

This study leverages this unique set of artificially heated
and control lakes in Poland to explore ca. 60 years of
warming effects on eukaryotic parasitic plankton. Using
eDNA metabarcoding of seasonally collected surface
water samples (winter, spring, summer, autumn) over two
years from five heated and five control lakes to address
the following questions: (i) Which parasites are present
in these lakes? (ii) Do certain parasites exhibit a prefer-
ence for habitat types (heated or non-heated), leading to
distinct assemblages in heated versus control lakes? (iii)
Does parasite richness differ between heated and control
lakes? and (iv) Does parasite richness correlate with host
richness?

Material and methods

Study sites and eDNA sampling

Information on study sites and the timing and locations
of eDNA sampling is adapted from Beng et al., [8]. This
study includes five thermally altered (“heated”) lakes
(Gostawskie, Lichenskie, Mikorzynskie, Patnowskie and
Slesiniskie) and five control lakes (Budzistawskie, Gopto,
Skulskie, Skulska Wie$ and Suszewskie). Each lake was
sampled once per season throughout 2020 and 2021, with
the exception that no summer samples were obtained in
2021 and all lakes were sampled twice in autumn 2020
(Fig. S1, Table S1). All lakes, except for the control lakes
Suszewskie and Budzislawskie, are connected by water
channels, potentially enabling dispersal, migration and
colonization [23, 44].

Water from the lakes Gostawskie, Lichenskie,
Mikorzyniskie, Patnowskie and Slesiriskie has been used
to cool lignite-combusting power plants situated in
Konin (since 1958) and Patnéw (since 1970), with the
heated effluent subsequently discharged back into the
lakes. This discharge occurs year-round in all heated
lakes except Slesiriskie, which receives thermal effluent
only from May to September. On average, heated lakes
exhibit water temperatures 2 °C higher than control lakes.
Beyond temperature, these lakes also show elevated con-
centrations of total and soluble reactive phosphorus, par-
ticularly in the autumn [8]. While used for recreation and
fish-farming, regular monitoring confirms that hot water
discharge does not cause chemical pollution. All study
lakes are subject to some level of anthropogenic distur-
bance including agricultural runoff, aquaculture and
urbanization.
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To obtain eDNA samples, 2 L of surface water was col-
lected at each sampling event using a clean HDPE bottle.
Water was filtered through a glass fiber mesh (Whatman
GF/F, 25 mm diameter, 0.7 pm pore size) using vacuum
filtration at 200 mbar. Filters were first frozen at —80 °C,
freeze-dried at — 45 °C for 8 h and finally stored at —20 °C
until DNA extraction.

Generation of sequence data

Molecular laboratory procedures and sequencing

Molecular laboratory procedures are reproduced from
Beng et al., [8]. Filters containing eDNA were pulver-
ized by adding one stainless steel bead (5 mm diameter,
Qiagen GmbH, Hilden, Germany) and tissueLyser (Qia-
gen), and shaking three times for 90 s at 30 Hz in a mixer
mill MM301 (Retsch GmbH, Haan, Germany). The tubes
were briefly centrigfuged to collect the material into a
pellet. DNA was extracted using the NucleoSpin Plant
II extraction kit (Sinhahery-Nagel, Diiren, Germany),
following the manufacturer’s protocol, and stored in TE
buffer at —20 °C until further processing.

For DNA amplification, two primer sets were used:
“EUK15” TAReuk454FWD1: 5-CCAGCASCYGCGG
TAATTCC-3’; TAReukREV3: 5-ACTTTCGTTCTTGAT
YRA-3’; both primers from Stoeck et al.,, [92], target-
ing a fragment of the 18S rRNA gene of eukaryotes, and
“CHY” ITS4ngsF: 5-GCATATCAATAAGCGSAGGA-3’
[99], LF402R: 5-TTCMCTTTNMRCAATTTCAC-3
[95], targeting a fragment of the 28S rRNA gene of fungi.
For the “EUK15” primer set, 10 ng template DNA was
used in 25-pL PCR reactions with the following condi-
tions: an initial denaturation at 95 °C for 30 s, followed
by 30 cycles (95 °C for 30 s, 45 °C at 30 s, 72 °C at 30 s),
with a final extension of 72 °C for 5 min. PCR products
were normalized to 5 ng/pL and used as templates for
the second PCR, where Illumina Nextera indexes were
added to 25-pL PCRs under these conditions: 95 °C for
2 min, followed by 8 cycles (95 °C for 20 s, 52 °C for 30 s,
72 °C for 30 s), and a final extension at 72 °C for 3 min.
For the “CHY” primer set, 10 ng template DNA was used
in 25-uL PCRs with the following conditions: an ini-
tial denaturation at 96 °C for 30 s, followed by 20 cycles
(90 °C for 30 s, 50 °C for 30 s, 72 °C for 60 s), with a final
extension of 72 °C for 3 min. 1 pL of PCR product was
used as template to repeat the enrichment PCR using the
same conditions except that the final extension at 72 °C
was for 5 min. PCR products were purified using a mag-
netic bead protocol (Agencourt AMPure XP, Beckman
Coulter, Indianapolis, IN, USA), following the manufac-
turer’s instructions. DNA was quantified using a Quantus
fluorometer and QuantiFluor dsDNA system (Promega,
Madison, WI, USA) and PCR products were normal-
ized to a concentration of 5 ng/pL for use in indexing.
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Indexing PCR was performed with the following cycling
conditions: initial denaturation at 95 °C for 2 min, fol-
lowed by 8 cycles (95 °C for 20 s, 52 °C for 30's, 72 °C for
30 s), with a final extension at 72 °C for 3 min. Barcoded
samples were pooled in equimolar concentrations and
paired-end sequenced on the Illumina MiSeq (600 cycles,
v3 chemistry) platform at the Berlin Center for Genomics
in Biodiversity Research (BeGenDiv). Each sequencing
run included one no-template negative control.

Bioinformatics

Each library (EUK15 and CHY) was sequenced in two
runs: the first run included samples from winter 2020,
spring 2020, summer 2020 and autumn 2020, while the
second run included samples from winter 2021, spring
2021, autumn 2021 and an additional set of samples
taken in autumn 2020. Bioinformatic processing was per-
formed as described in Beng et al., [8]. The first sequenc-
ing run yielded 2.4 million raw reads for EUK15 and
1.9 million raw reads for CHY [8], while the second run
yielded 643,742 raw reads for EUK15 and 741,018 raw
reads for CHY. Primer sequences were removed with cut-
adapt [67] and reads were processed using the package
DADAZ2 v 1.28 [14] in R v 4.3.0 [82]. Forward and reverse
reads were respectively: filtered with maximum expected
errors set to 2.6 and 2, then truncated at 260 bp and
200 bp respectively before merging (see separate supple-
mentary R scripts). Quality filtering and de novo chimera
removal retained 59% of EUK15 and 58.3% of CHY reads.
Reads from the two runs were combined into a “protist
dataset” (EUK15) and a “fungal dataset” (CHY). Ampli-
con Sequence Variants (ASVs) were identified for each
dataset using the dada function, and ASV-count tables
were prepared. Taxonomic assignment of ASVs in the
protist dataset was conducted using the Protist Riboso-
mal database PR2 v.5.0.0 [42]. For the fungal dataset, tax-
onomic assignment was performed using BLAST +with a
custom database (see below).

Despite the lower sequencing depth in the second runs,
all rarefaction curves plateaued (Fig. S2), confirming suf-
ficient sequencing depth. Thus, all samples were retained
for further analyses without rarefaction. Contaminant
ASVs, defined as those present in negative controls, were
removed using the phyloseq package in R [68]. Specifi-
cally, 17 contaminant ASVs were removed from the first
run of the protist dataset, while 3 and 2 contaminant
ASVs were removed from the first and second runs of the
fungal dataset, respectively, comprising<0.01% reads in
each dataset. Bioinformatic processing resulted in 3297
ASVs in the protist dataset and 4243 ASVs in the fungal
dataset.
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Classification of ASVs as parasites

ASVs were classified as parasites using a modified
approach from Beng et al. [9] (detailed in Fig S3). Two
custom parasite sequence databases were created for this
purpose: one containing sequences from the NCBI nucle-
otide database representing 10 higher taxa discovered
in the protist dataset (Fig. S4), and the other containing
NCBI sequences of 9 taxa discovered in the fungal data-
set (Fig. S5). Additionally, we incorporated (i) ribosomal
sequences from NCBI (18S, 28S, and ITS), (ii) sequences
from parasite groups reported to occur in the Konin
lake complex (Cestoda, Nematoda, Monogenea, Dige-
nea, Trematoda and Acanthocephala), which infect fish
[77], mussels [112], and snails [18], and (iii) sequences
of eukaryotic taxonomic groups known to contain para-
site species, identified through Web of Science literature
searches performed for each unique phylum listed in the
Fungal Names database [102], using the terms “[Phy-
lum name] AND [parasit* OR pathogen*]” (Table S2).
Duplicate sequences were removed using seqkit [87].
Each ASV was then identified to species- or higher tax-
onomic level using its respective custom database and
BLAST +on a high-performance computing cluster [10].
Only the top ten hits with>90% sequence similarity
and 100% query cover were processed further. For each
ASYV, “host” entries within GenBank metadata of the top-
bitscore BLAST hit [9] were extracted using the rentrez
package [107].

Species names from the protist and fungal datasets (for
ASVs that were assigned to species level) were used for
literature searches on Web of Science with the search
terms “[Species name] AND [parasit* OR pathogen* OR
infect*]”. Relevant articles were checked for evidence
of parasitism and host association. BLAST hits of ASVs
with no associated host entries in GenBank or host infor-
mation from literature searches were classified as non-
parasitic (Fig. S3).

Host entries obtained from GenBank were manually
categorized into host groups (see Fig. 1). Only ASVs asso-
ciated with live hosts were classified as parasites; those
associated with abiotic environmental samples (e.g.,
water, soil, mud sediment) or non-living substrates (e.g.,
“decaying log’, “fallen branch”) were excluded. ASVs rep-
resenting symbionts (e.g., algal endosymbionts of pro-
tists, lichen-associated ASVs, dinoflagellate symbionts
of sponges) or organisms within the pathobiome of dis-
eased hosts were also excluded. This rigorous classifica-
tion ensured that only ASVs with confirmed parasitic
lifestyles were included in the final analysis, enabling an
accurate assessment of parasite richness and distribution
across the studied lakes (Fig. S3).
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Fig. 1 Parasite ASV count in the A Protist and B Fungal datasets. Colors represent broad host taxa to which identified hosts of the parasite ASVs
belong (see Methods and Fig. S3 for details). Note that Fungal ASVs from the protist dataset were not considered for statistical analyses

Statistical analyses

Individual lakes of each type (heated, control) were con-
sidered replicates in all statistical analyses but included
independent sampling events over two consecutive years
(Table S1). Sample sizes differed for the seasons in our

ASVs indicative of heated or control lakes

analyses: winter (n=10), spring (n=10), summer (n=>5)
and autumn (n=15) (Figs. 2 and 3).

To assess whether certain parasite ASVs were indica-
tive of either heated or control lakes, we used the
signassoc function (9999 permutations) from the indic-
species package in R. This analysis was performed



Rajarajan et al. Environmental Microbiome (2025) 20:76 Page 6 of 16

% Control Lakes | Heated Lakes
Order: Rhizo hydlales 534 100 min niang 1 B m
*Order; Rhizophydiales (263) - I K i | ]
*Elliptio complanata (462) - - mu
*Rhlzoprc}'dlum chlorogonii (521) 992 X
tilago esculenta (368) 100 Al ]
Dinomyces arenysensis éS 100 mii il | i DEEERCER R
Dangeardia mamillata (235) 931
Quaeritorhiza haematococci (452) 936 ]
Quaeritorhiza haematococci (749) 999 Relative abundance
phelidium desmodesmi (246) 97.6 N | 1.000
Aphelidium desmodesmi (364) 958 i i 0.100
Aphelic "lm desmodesmi (422) 97.9 - s | |
3 phelidium desmodesmi 576 9.9 - HNNmEE 0 0.010
2 Group Chytrdgomycota 66) 95.7 0.001
- Group: Chytridiomycota (267) 959 -
$ Order: R |zopﬁy jales (179) 97 - ]
< *Qrder: Rhizophydiales (210) 982 | i
*Family: Chytridiaceae (317) 921
Family: Aphelidiaceae (194) 100 [0 NN
Family: Ap |H|( aceae (101) 985 [ ] |
Family: Aphelidiaceae (220) 982 E
Famil :Kphel diaceae éGO 100 B
*Class: ozeIIomycota (1558) 916 |
Group; Cryp omycota (795) 95 -
Genus: Rozella (418) 96.5
Class: Dlnophyceae 110) 984 1 1 1 W 1
*Family: Leptophryidae (289) %08
*Family” Peronosporales (286) 96.4
*Order: Abeoformidae (882) 93.1
Winter  Spring  Summer Autumn Winter ~ Spring Summer Autumn

Fig. 2 Relative abundances of ASVs indicative of control (left panel) and heated (right panel) lakes. Each square represents the relative abundance
of indicator ASVs (rows) in individual lakes (columns), grouped by the season of sampling indicated on the x-axis. Sampling occurred over two
consecutive years (See Methods). Of the 39 indicator ASVs identified (Table S5), 29 are presented here as they were present in more than 20%

of samples. ASV numbers are specified in brackets. For ASVs in the protist dataset (marked with an asterisk), the lowest taxonomic classification
assigned using the PR2 database is reported with values in the blue “%" column indicating sequence similarity to the BLAST hit used to obtain host
information (host entry from GenBank metadata). For ASVs from the fungal dataset, the lowest known classification from the BLAST hit is reported,
with the blue “%" values indicating sequence similarity between the ASV and the BLAST hit. The classification of £. complanata as a parasite

was based on a literature search (Table S5)
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Fig. 3 ASVrichness of the four most ASV-rich parasite groups: A Chytrids, B Aphelids, C Peronosporomycetes (=Oomycetes) and (D) Cryptomycota.
Colors indicate lake type and symbols indicate the season of sample collection. Filled symbols denote individual data points, whereas larger open
symbols indicate seasonal mean values. Note that the y-axis scales differ across panels to optimize visualization

using presence-absence data for parasite ASVs implemented using the Sidak method within the indic-
[21] (mode=0). Multiple testing correction was species package.
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ASVrichness differences in dominant parasite groups
between heated and control lakes

Parasite groups were scrutinized to identify those asso-
ciated with aquatic hosts (see Fig. 1). The four parasite
groups with the highest ASV count were selected for
comparisons across lake types and seasons. For example,
in the protist dataset, 66 ASVs were identified as Gyr-
ista (Stramenopiles phylum), but only 31 Gyrista ASVs
belonged to Peronosporomycetes after excluding ter-
restrial hosts. Consequently, only Peronosporomycetes
(=Oomycetes, Subdivision: Gyrista) representing 7.9%
of ASVs in the protist parasite dataset were included in
ASV richness analyses. Additionally, 216 ASVs in the
protist dataset were identified as fungi, but only fungi
from the fungal dataset were considered for further anal-
yses. In the fungal dataset, 297 and 86 ASVs belonged to
Ascomycota and Basidiomycota respectively, but 86.8%
and 87.2% of these ASVs were associated with terres-
trial hosts (such as metazoans, plants and humans; see
Fig. 1B) and were therefore excluded. Chytrids (Phylum:
Chytridiomycota), aphelids (Phylum: Aphelidiomycota)
and Cryptomycota infecting aquatic hosts were analyzed,
collectively representing 50.3% of ASVs in the fungal par-
asite dataset.

The ASV richness for each selected group was log-
transformed and analyzed using a Generalized Linear
Mixed Model (GLMM). The most parsimonious model
with the best fit was used to examine parasite richness
across lake types, seasons and years: parasite ASV rich-
ness ~lake type * season+(1 | lake)+(1 | sequencing
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run)+ (1 | year), family=poisson, using the glmer func-
tion of the lme4 package [7] in R. The significance of
fixed effects was assessed with a Type III ANOVA using
the Anova function of the car package [29]. For chytrid
parasite richness, a separate model was employed to
investigate its correlation with host richness (see below).

Correlation of chytrid parasite richness and host richness

A second GLMM was used to test whether differences in
chytrid parasite richness correlated with differences in
host richness across heated and control lakes [8]. Here,
“chytrid parasite richness” was defined as the count of
chytrid parasite ASVs in the fungal dataset, while “host
richness” referred to the count of ASVs from the Sub-
divisions Chlorophyta, Charophyta, Chromista, Gyr-
ista, and Dinoflagellata in the protist dataset. These host
groups were selected because 98% of chytrid parasite
ASVs were associated with one or more of these groups
(see Fig. 1B). 2% chytrid parasite ASVs were excluded
from this analysis because they associated with salaman-
der hosts and the richness of salamander hosts was not
surveyed (see Table S3). Both host and parasite richness
values were log-transformed. We then used the following
GLMM structure: chytrid parasite richness~lake type
* season+host ASV richness+(1 | lake)+ (1 | sequenc-
ing run)+(1 | year), family=poisson. Fixed effects
were evaluated with a Type III ANOVA. After observ-
ing significant effects of host richness, lake type, season
and lake typeXxseason interaction on parasite richness
(see Results), we calculated confidence intervals and
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Chytrid parasite ASV richness

Lake type

@ control
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Fig. 4 Correlation between chytrid parasite ASV richness (from the fungal dataset) and host ASV richness across Chlorophyta, Charophyta,
Chromista, Gyrista, and Dinoflagellata (from the protist dataset). Shaded areas represent 95% confidence intervals. Colors differentiate between lake

types, and symbols indicate the season of sample collection
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visualized a general linear model for host and parasite
richness separately for each lake type (see Fig. 4). The
model was plotted using the “geom_smooth” argument
(method ="glm’, se=TRUE) from the ggplot2 package
[105] in R.

After discovering the significant effect of lake type, host
richness and the lake type X season interaction on chytrid
parasite richness (see Table 1), we computed partial R?
values to assess the effect sizes of host richness and sea-
son on parasite richness. This was done separately for
heated and control lakes. Random effects were excluded
from this test because mixed-effects structures resulted
in a singular fit. Instead, GLMs were specified for each
lake type with the structure: parasite richness ~ host rich-
ness+season. Partial R? values for each fixed effect were
computed using the rsq package in R [114].

Results

Characterization of parasite assemblages and hosts

in the protist and fungal datasets

In the protist dataset, 390 ASVs (12% of the dataset)
were classified as parasites. These included: 43 ASVs
confirmed as parasitic based on both literature evidence
and GenBank host entries, 55 ASVs classified as parasites
using literature evidence alone, and 292 ASVs classified
based solely on GenBank host entries (Table S2). A total
of 151 parasite ASVs (39%) were identified to the species
level, representing 54 species from 23 genera (Table S3),
which were further grouped into 14 higher taxa (Fig. 1A).
The highest ASV richness was observed among Fungi,

Table 1 Results of a type Il ANOVA of GLMM investigating ASV
richness for the four most ASV-diverse parasite groups across lake
type and season

2

Parasite group Fixed effect X p value
Chytrids Lake type 50.1 <0.001*
Season 42 0.241
Host richness 34 0.066
Lake type x season 234 <0.001*
Aphelids Lake type 12.1 <0.001*
Season 6.3 0.097
Lake type x season 19.9 <0.001*
Peronosporomycetes Lake type 0.00 1
(=Oomycetes) Season 64 0.094
Lake type x season 1.6 0.662
Cryptomycota Lake type 1.5 0216
Season 84 0.038*
Lake type x season 13 0.073

Lake and sequencing run were specified as random effects. The chytrid parasite
richness model uniquely incorporated host richness (Chlorophyta, Charophyta,
Chromista, Gyrista, and Dinoflagellata) as a predictor. Significant results

(*p <0.05) are marked with an asterisk
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Gyrista, and Ichthyosporea (Fig. 1A). Most parasite ASVs
(66%) were associated with hosts such as green algal, dia-
tom, or terrestrial-plant hosts (Fig. 1A, Table S3).

In the fungal dataset, 683 ASVs (16% of the dataset)
were identified as parasites: 198 ASVs were classified as
parasitic using both literature evidence and GenBank
host entries, 298 ASVs based on GenBank host entries
alone, and 187 ASVs using literature searches of spe-
cies names. A total of 496 ASVs (73% of parasite ASVs)
showed >90% sequence similarity and 100% query cover
with known species in GenBank (Table S4). Based on
these criteria, the fungal dataset contained 268 putative
species across 218 genera, classified into 15 higher taxa.
The highest ASV richness was observed among Ascomy-
cota, Chytridiomycota and Cryptomycota (Fig. 1B). Simi-
lar to the protist dataset, a notable proportion of parasite
ASVs (45%) in the fungal dataset were linked to hosts
such as green algae, diatoms, or terrestrial plants (Fig. 1B,
Table S4).

ASVs indicative of lake type

A total of 39 parasite ASVs were indicators of lake type:
5 ASVs were specific to control lakes, and 34 ASVs were
specific to heated lakes (Fig. 2). Among these were 19
chytrids, 8 aphelids, 4 Cryptomycota, 7 protists from
diverse lineages, and 1 metazoan (Table S5). Control
lakes indicators included chytrids ASVs (263 and 34)
from unclassified members of the Order Rhizophydiales.
In contrast, heated-lake indicators comprised various
taxa, including chytrid species Dinomyces arenysensis,
Dangeardia mamillata, Rhizophydium chlorogonii, Qua-
eritorhiza haematococci and an unknown Rhizophydiales
parasite (ASV 210). Other heated-lake indicators were
Elliptio complanata (Unionidae mussel), Ustilago escu-
lenta (Basidiomycete fungus) along with unclassified
ASVs from Dinophyceae (ASV 110) and Peronosporales
fungi (ASV 286). Additionally, Aphelidium desmodesmi
and four unclassified ASVs from the Family Aphelidi-
aceae (ASVs 60, 220, 194 and 101) showed a preference
for heated lakes.

Parasite ASV richness

Among the four parasite groups with the highest ASV
richness—chytrids,  aphelids, = Peronosporomycetes
(Oomycetes), and Cryptomycota—chytrids and aphelids
had significantly higher ASV richness in heated lakes
(Fig. 3, Table 1), with a significant interaction between
lake type and season. Chytrid ASV richness peaked
in heated lakes during autumn and summer (Fig. 3A).
Aphelid richness was higher in heated lakes in all seasons
except spring (Fig. 3B). Peronosporomycete ASV rich-
ness varied seasonally, with higher values in spring and
a peak in summer (Fig. 3C). Both Peronosporomycetes
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and Cryptomycota exhibited lower ASV richness in 2021
compared to 2020 (Fig. 3C and D, Table 1).

Correlation between host and parasite richness

Chytrid parasite richness showed a marginally significant
positive correlation with host richness (Table 1, Fig. 4).
Heated lakes harbored particularly high host richness
during summer (Fig. 4), which aligned with the observed
elevated chytrid richness for that season (Fig. 3A). How-
ever, when examining the correlation between parasite
and host richness separately within each lake type, a
deviation from the linear model was found: chytrid rich-
ness was exceptionally high in heated lakes, despite com-
parable host richness between heated and control lakes
(Fig. 4). This discrepancy aligned with the significant
interaction between lake type and season.

Post-hoc tests conducted separately for each lake type
showed that in heated lakes, both host richness (partial
R?=0.72, p<0.05) and season (partial R*=0.58, p <0.05)
strongly correlated with variation in parasite richness.
In control lakes, the correlation between parasite rich-
ness and host richness (partial R?=0.32, p<0.05) and
season (partial R>=0.11, p<0.05) was less pronounced
(Table S6). These results indicated that while host rich-
ness and season significantly impacted chytrid parasite
richness in both lake types (Table S6), heated lakes exhib-
ited stronger seasonal variation and a higher correlation
with host richness.

Discussion

Heated lakes received hot water discharge since 1958 and
are on average 2 °C warmer, allowing us to investigate the
long-term effects of warming on parasite assemblages.
We identified parasites from seasonally sampled eDNA
to assess differences in parasite species richness and
assemblages between five artificially heated and five non-
heated control lakes over two years, using parasite-spe-
cific sequence databases, their metadata, and literature.
Our rigorous approach of identifying ASVs as parasites
identified a diverse array of confirmed aquatic parasites,
spanning major eukaryotic taxa Alveolates (Apicompl-
exa, Ciliophora, Dinoflagellata), Stramenopiles (Bigyra,
Oomycetes), basal fungi (Chytrids, Rozellomycota) and
Ichthyosporeans, highlighting the undocumented para-
site diversity in natural lakes.

We found that certain parasite species exhibit a strong
preference for either heated or control habitats, indicat-
ing that long-term warming can shape assemblages of
parasite species. Chytrid and aphelid parasite richness
was notably higher in heated lakes, supporting the idea
that warming can enhance genotypic richness of para-
sites [2]. However, this trend was not observed for Peron-
osporomycetes (=Oomycetes) or Cryptomycota, which
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instead showed similar seasonal patterns of richness in
all lakes (Peronosporomycete richness peaked in spring
and summer, Cryptomycota richness peaked in autumn
and winter). As predicted by the host-diversity-begets-
parasite-diversity hypothesis [56, 60], chytrid parasite
richness showed a positive correlation with host rich-
ness, but warming altered the strength of the correlation.
Post-hoc analyses revealed that season and host richness
correlated more strongly with parasite richness in heated
lakes than control lakes, suggesting that warming may
both amplify seasonal variation and increase the strength
of correlation between host and parasite richness. Over-
all, these findings support the idea that thermal condi-
tions strongly influence the composition and dynamics of
parasite communities, possibly through a combination of
direct effects on parasites and indirect effects via hosts.

The Konin lake complex harbors ecologically relevant
parasites, though a majority are unidentified
Our study identified 269 parasites that were assigned to
species level in the protist dataset, or were >98% similar
to a known parasite in GenBank. However, 86% of para-
site ASVs in the protist dataset and 53% parasite ASVs in
the fungal dataset could not be identified to species level
(see Tables S3 and S4). This highlights the acute short-
age of taxonomic information and reference sequences
for freshwater parasites. Despite limited research,
microeukaryotic parasites are known to impact eco-
system function. For example, zoospores of the chytrid
Zygorhizydium affluens released from parasitized diatom
blooms, provide a nutritious food source for Daphnia,
thereby establishing a trophic link between producers
and primary consumers [55]. In addition to Z. affluens
(ASVs 31 and 717 in the current study), other parasite
ASVs were >95% similar to known but as yet uncharac-
terized chytrid parasites, such as the chitin-degrading
Rhizoclosmatium pessaminum (ASV 1901) [79], Endo-
chytrium ramosum (ASVs 1418 and 2290), and Stau-
rastromyces oculus (ASVs 1236, 1328 and 3041). These
chytrids parasitize the diatom Asterionella [80], and
green algae Chara, Cladophora [89], and Straurastrum
([101]; see Table S4). Other ecologically relevant para-
sites detected in our study included two ASVs (181 and
1195; see Table S3) that showed > 98% sequence similarity
with Psorospermium haeckeli (Class: Ichythyophonida), a
parasite of the crayfish Ascatus ascatus [83], a host spe-
cies that is impacted by the devastating Europe-wide
crayfish plague [108]. We also identified four ASVs (1156,
2064, 1231, and 1305, see Table S3) of the Apicomplexan
parasite Nematopsis temporariae, which infects a range
of amphibian hosts [17].

ASV 286 (Family: Peronosporales) showed a strong
preference for heated lakes (see Fig. 2) and exhibited
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96.4% sequence similarity with Pythium insidiosum, a
generalist oomycete parasite known to cause devastating
root rot in commercial crops [38], as well as disease in
mammals [70] including humans [71]. Pythium releases
motile zoospores from infected plant roots or skin
lesions [71]. The close similarity of ASV 286 to a clini-
cal sample from a patient with pythiosis ([59]; GenBank
BBXB02000196) suggests that heated lakes might func-
tion as a reservoir providing suitable habitats or alterna-
tive hosts for this parasite.

We additionally found three parasite ASVs that showed
90-93% sequence similarity to Batrachochytrium sala-
mandrivorans (Bsal), of which ASV 764 was predomi-
nantly detected in winter within heated lakes Gostawskie,
Lichenskie, Mikorzynskie, and Patnowskie (see Table S5,
Fig. S6). Bsal is responsible for global chytridiomyco-
sis outbreaks in amphibians [5, 61, 111]. Bsal produces
motile, water-borne transmission stages (zoospores) that
are active within a thermal range of 10—15 °C but capable
of surviving at temperatures as low as 5 °C [66]. Conse-
quently, epidemics are generally observed during colder
months, such as late autumn, winter or spring [85]. Geo-
spatial models predict a reduction in climatically suitable
habitats for Bsal under global warming scenarios [40].
However, recent chytridiomycosis outbreaks at water
temperatures as high as 26.4 °C [61] suggest a broader
thermal niche than previously anticipated. Although
Bsal infections have so far not been detected in Poland,
its sister species B. dendrobatidis is widespread [76]. The
detection of a close relative of Bsal in the heated Konin
lakes during winter suggests that warm-winter condi-
tions may provide a favourable environment for this par-
asite. These findings underscore the need for additional
research, particularly regarding host demographics [12],
to assess the potential presence and implications of Bsal
in the heated environments of the Konin lakes.

Warming-induced shifts in parasite distribution

and elevation in richness are mirrored by similar shifts

in host taxa

A total of 39 parasite ASVs exhibited a strong prefer-
ence for specific lake types, indicating distinct parasite
assemblages in heated versus non-heated habitats. Of
these, 34 were more prevalent in heated lakes, including
Aphelidium desmodesmi and four other ASVs belonging
to Aphelidiaceae. Although the thermal preference of
aphelid parasites remains underexplored, A. desmodesmi
infections in the green alga Scenedesmus were previously
shown to increase under elevated summer temperatures
(22-25 °C) and phosphorus-limiting conditions in a mes-
ocosm study [3]. Consistent with this, green algal and
diatom hosts of A. desmodesmi, including Desmodesmus
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armatus (= Scenedesmus armatus, ASV 27), have shown
a preference for, as well as higher relative abundance in
heated lakes [8]. D. armatus typically shows optimum
growth at high temperatures (~27 °C; [103]), match-
ing the summer water temperatures of the heated Konin
lakes. This suggests that warming may increase aphelid
parasite richness both by directly facilitating epidem-
ics at elevated temperatures and indirectly by promoting
host species growth. Similarly, the parasitic dinoflagel-
late Dissodinium pseudolunula (ASV 110) which infects
copepod eggs also showed a preference for heated lakes,
suggesting that warming may favor this parasite as well.
Conversely, two unidentified chytrid ASVs (34 and 263;
Order: Rhizophydiales) showed a preference for non-
heated lakes and were associated with the diatom host
Ulnaria (= Synedra), which similarly showed a preference
for control lakes [8]. The thermal preferences of other
indicator parasites have not been extensively investigated
in semi-natural or laboratory settings. Overall, these find-
ings suggest that long-term warming has led to the devel-
opment of distinct parasite assemblages, likely influenced
by host distribution patterns despite the potential flow of
water between heated and non-heated lakes [113].

The richness of chytrid parasites in our study (which
was elevated in heated lakes) showed a general positive
correlation with host richness despite known variation
in the extent of their host-specificity. The host-diversity-
begets-parasite-diversity hypothesis is proposed to be
driven by host-specificity of parasites [60]. While some
chytrid parasites are highly host-specific [100], other
evidence suggests that the specificity might be flexible,
particularly during the initial “attraction” phase when
motile zoospores find and attach to potential host cells.
The chemical cues that attract motile zoospores, such
as dimethylsulfoniopropionate (DMSP), are derived
from algal cells and are non-specific, suggesting that the
attraction might not be limited to particular algal spe-
cies [30, 98]. Additionally, genotype-specificity of some
chytrids may shift across thermal regimes, as seen in
Zygorhizidium planktonicum infecting the diatom A. for-
mosa [41]. Nevertheless, the positive correlation between
host and parasite richness in our study suggests some
degree of specificity between chytrid parasites and their
compatible host species (or genotypes). Increased host
richness may also support a greater richness of generalist
parasites. Chytrids that exhibit a ‘generalist’ versus ‘spe-
cialist’ infection strategy often occur at different times of
the year [54, 99]. For example, the seasonal abundance
of chytrid parasites often corresponds with fluctuations
in their specific phytoplankton host taxa (e.g. diatoms,
cyanobacteria) [81], suggesting that parasites may “track”
the most abundant host species. During spring diatom
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blooms, chytrids tend to specialize on the dominant dia-
tom species, while an even host community towards the
end of the bloom supports the persistence of generalist
chytrids [84]. Thus, for chytrid parasites, increased host
richness may support higher parasite richness regard-
less of whether the parasites are specialist or generalist,
potentially at different times of the year, contributing to
their overall increased richness in heated lakes.

Warming alters seasonal richness patterns of parasitic
chytrids, but not Peronosporomycetes (= Oomycetes)
or Cryptomycota
The richness of chytrid parasites in heated lakes
exceeded expectations based on host richness alone dur-
ing autumn. One potential explanation for this finding
is the significantly higher soluble phosphorus content
observed in heated lakes during this season [8]. Phos-
phate levels can affect both hosts and parasites. Elevated
phosphorus is linked to increased infection prevalence
of some chytrids, such as Rhizosiphon crassum infecting
its cyanobacterial host Anabaena flosaquae [81]. Con-
versely, low phosphorus levels can reduce the growth rate
of diatom hosts such as A. formosa without impacting the
growth rate of their Rhizophydium parasites, leading to
epidemics at lower host densities [13]. Heated lakes har-
bor cyanobacterial blooms in the autumn, which could
grow to high densities due to elevated phosphorus, and
serve as alternative hosts—albeit none of the chytrid par-
asites in our study associated with cyanobacterial hosts
(see Fig. 1B). Thus, the increase in phosphorus levels in
heated lakes during autumn [8] could underlie the unex-
pectedly high chytrid parasite richness in autumn.
Warming is hypothesized to induce shifts in the host
range of parasites [104], or favor generalist parasites due
to their ability to infect multiple hosts [19]. Four indica-
tor parasites—the mussel Elliptio complanata, fungus
Ustilago esculenta, and chytrids Dinomyces arenysensis
and Dangeardia mamillata, all known host generalists —
were more prevalent in heated lakes (see Fig. 2). E. com-
planata (ASV 462) is an ectoparasite [34] that can attach
to at least 40 fish host species spanning 14 families [64].
U. esculenta belongs to a hybridizing species complex of
multicellular fungi that parasitize multiple hosts within
the Poaceae grass family (reviewed in [69]). The chytrid
Di. arenysensis infects at least four genera of dinoflagel-
lates [65], whereas Da. mamillata infects green algae
from at least three genera [100]. Other indicator taxa,
including the aphelid Aphelidium desmodesmi and the
chytrids Quaeritorhiza haematococci and Rhizophydium
chlorogonii (=Aquamyces chlorogonii), were also more
prevalent in heated lakes, but their host ranges remain
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unknown [8, 22, 46]. Further research on host ranges [2,
104] is needed to test the potential for warming to favour
generalist parasites [19].

In contrast with chytrids, warming did not alter sea-
sonal richness patterns of oomycetes or Cryptomycota.
Oomycete richness peaked during spring and summer in
the current study, potentially aligning with the elevated
abundance of airborne [62] and freshwater [43] oomy-
cetes documented in spring and summer. However, there
are no studies investigating seasonal variation in oomy-
cete parasite species richness, especially among fresh-
water taxa. Cryptomycota are known to hyperparasitize
chytrids (reviewed in [11]), and are thus proposed to
impact phytoplankton communities [37]. In the current
study, Cryptomycota richness peaked in autumn and
winter. This could potentially be linked with the peak in
parasitic chytrid richness in autumn; however, further
investigation at greater temporal resolution is required
to confirm this. Furthermore, not all Cryptomycota
hyperparasitize chytrids: some are also reported to infect
amoebae [86], highlighting how research on the host
ranges or thermal preferences of these enigmatic groups
(Cryptomycota and oomycetes) is currently insufficient
to model their potential responses to warming.

Limitations of eDNA-based monitoring for disease ecology
eDNA metabarcoding is a powerful tool for biodiversity-
monitoring, but has well-documented limitations [33].
Key limitations are the lack of quantitative estimates of
taxon abundance and the inability to distinguish between
the presence of live organisms and that of dormant life
stages such as spores. Overcoming these issues by com-
plementing eDNA metabarcoding with quantitative and
organismal approaches could improve our insight into
the effects of warming on disease.

One important aspect of disease ecology is the abun-
dance of hosts which cannot be estimated from a meta-
barcoding approach alone, and significantly impacts
parasitism in the environment. In our study, heated lakes
exhibited stronger seasonal variation in parasite richness
than control lakes, which may be due to the unexpectedly
high chytrid parasite richness in autumn. This suggests
that seasonal ecosystem-wide processes driven by warm-
ing may contribute to the peak in parasite richness in
autumn. Moreover, the higher parasite richness and dis-
tinct species assemblages in heated lakes, combined with
previously reported elevation in host richness in these
environments [8], raises the possibility that warming
may foster novel host-parasite encounters. For instance,
heated lakes harbor the invasive tape grass Vallisneria
spiralis, which peaks in biomass during autumn [46].
Vallisneria macrophytes can increase the abundance of
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their epibiont taxa that include green algae, diatoms, and
dinoflagellates [22], all of which serve as phytoplankton
hosts for a broad range of chytrid parasites (see Fig. 1B).
We speculate that this may promote abundance of hosts
and generate ‘hotspots’ for novel encounters between
potential host species and motile zoospores of general-
ist parasites. This conceivably increases the likelihood of
host shifts, and potentially contributes to the high chytrid
parasite richness in heated lakes observed in autumn.
However, testing such hypothesized outcomes of warm-
ing [2] requires quantifying host and parasite abundance
in addition to richness to gain a complete understanding
of the effects of warming on disease.

Another limitation of eDNA is that detected taxa may
not be biologically active or may originate from dor-
mant dispersal stages. This aligns with our observation
that 27% of parasite ASVs from the protist dataset and
41% from the fungal dataset were unexpectedly associ-
ated with terrestrial hosts, including plants, animals and
humans (See Fig. 1). As one example, the fungal ASV 259
shared 100% sequence similarity with Botrytis cineria
(Phylum: Ascomycota, GenBank AY544651), a patho-
gen that disperses through airborne spores and causes
grey mold in terrestrial plant hosts [106]. B. cineria has
also been shown to cause severe developmental abnor-
malities and fitness loss in aquatic organisms like the
zebrafish Danio rerio [88], see Table S4). This illustrates
how some fungal parasites although typically associ-
ated with terrestrial hosts, may impact aquatic species.
Despite such a possibility, we cannot rule out that this
taxon was detected from dormant spores. eDNA-based
detection must therefore be complemented with organ-
ismal approaches such as microscopic counts to confirm
the presence and abundance of live parasites in situ.

Conclusion

Our study revealed a vast diversity of eukaryotic para-
sitic plankton species with warming shown to increase
parasite richness for some groups such as chytrids and
aphelids. Parasites exhibited distinct habitat preferences,
favouring either heated or non-heated lakes resulting
in unique parasite species assemblages. These prefer-
ences might be linked to host species distributions. For
chytrid parasites, increased richness in heated lakes can
be partially attributed to greater host richness in these
environments. For chytrid parasites, warming amplified
seasonal variation in richness and increased the strength
of correlation between host and parasite richness. Habi-
tat preferences of parasites suggest that warming can
shape species assemblages by impacting both abiotic
factors (such as thermal conditions in heated lakes) and
biotic factors (such as host richness) demonstrating how
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parasite richness and assemblages may shift under global
change.
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