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ABSTRACT
The area of fungal parasitism is attracting growing attention because of its great importance for aquatic organisms and their 
community dynamics. Despite increasing interest in this area, few studies have addressed baseline data on occurrence and envi-
ronmental factors associated with chytrid parasite infections in natural ecosystems. This work provides insights into occurrence, 
prevalence, and dynamics of parasitic infections by studying three freshwater reservoirs over a period of 6 years. Chytrid infec-
tions were detected in each of the studied water bodies, infecting species of cyanobacteria, green algae and diatoms. However, 
recurring and prevalent infections were observed in only one water body, which is classified as a natural aquatic ecosystem. The 
recorded infection prevalence (IPC) ranged between 0% and 20%, while the mean infection severity remained low. Infection 
rates were highest in summer and most prominent during cyanobacterial blooms. Yet, the most infected group of phytoplankton 
consisted of green algae. GLM revealed a significantly positive correlation between IPC and water temperature and precipitation. 
Overall, these results demonstrate the dynamic nature of chytrid infections, which are shaped by multiple environmental factors 
across space and time.

1   |   Introduction

The field of aquatic parasitism receives increasing attention from 
aquatic scientists, as parasites play an integral role in the food 
web (Kagami, de Bruin, et al. 2007; Rasconi et al. 2012; Frenken 
et al. 2017; Grossart et al. 2019; Thongthaisong et al. 2025). This 
has been partially driven by the increasing recognition and in-
vestigation of previously undocumented fungal diversity, com-
monly referred to as ‘dark matter’ fungi (Grossart et al. 2016), 
owing to their significant role in aquatic food web dynamics. 
Zoosporic parasites represent another ecologically significant 

group, characterised by a motile, free-living stage during which 
flagellated zoospores actively navigate through the water col-
umn, searching for suitable hosts (Ibelings et  al.  2004; Sime-
Ngando  2012). Among fungal taxa, members of the order 
Chytridiales (commonly known as chytrids) overlap with both 
of these groups, frequently exhibiting parasitic lifestyles by in-
fecting phytoplankton. Most available data on these fungi have 
been documented in temperate regions (Shearer et  al.  2007). 
However, our current understanding of chytrid parasites, their 
interactions with phytoplankton, and environmental drivers re-
mains limited and requires further investigation.
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Both biotic and abiotic environmental factors are known to in-
fluence chytrid parasites (Wolinska and King 2009). In temper-
ate water bodies, abiotic drivers of parasitic infection, such as 
temperature and precipitation, are primarily associated with 
changing seasons. However, accelerating global warming is 
predicted to alter these effects, leading to additional shifts in 
climate dynamics (Lee et  al. 2023). A previous study has hy-
pothesised that climate change may lead to either an increase or 
decrease in parasite pressure, depending on the context-specific 
interactions between hosts, parasites, and their environment 
(Marcogliese 2025). Notably, temperature has been identified as 
a key abiotic factor capable of shaping parasite-free refuges for 
hosts (Catlett et  al.  2023; Gsell et  al.  2023), further highlight-
ing its regulatory role. Yet with the increase in temperature, 
both the transmission rates and the virulence of pathogens and 
parasites are expected to rise (Marcogliese  2008; Lafferty and 
Mordecai 2016). This trend may also apply to chytrid parasites, 
as both experimental and environmental studies have docu-
mented a positive relationship between rising temperatures 
and increased infection prevalence and chytrid richness (Agha 
et al. 2018; Gsell et al. 2022; Rajarajan et al. 2025). Global warm-
ing also impacts precipitation patterns, intensifying severe 
rainfall events and/or drought periods (Lee et al. 2023). Intense 
rainfall may increase nutrient flushing into water bodies, accel-
erating eutrophication of aquatic ecosystems (Fong et al. 2020). 
As a consequence, the composition of phytoplankton communi-
ties can change, leading to alterations of parasite hosts (Frenken 
et al. 2021). This, in turn, can trigger a higher prevalence of ch-
ytrid parasite infections (McKenzie and Townsend 2007), which 
may act as a factor in the process of phytoplankton community 
assembly and, thus, influence biodiversity.

Several studies have suggested that chytrids exhibit a higher 
preference for bigger host cells and colonial species (Ibelings 
et al. 2004; Kagami, de Bruin, et al. 2007; Sime-Ngando 2012), 
and can target specific host cells, for example, akinetes during cy-
anobacterial blooms (Gerphagnon et al. 2013). Additionally, par-
asite densities are more prominent while their host populations 
are highly abundant, suggesting a positive correlation between 
infection prevalence and algal blooms, as the availability of suit-
able hosts is crucial for parasite presence, development, trans-
mission and infectivity (Ibelings et al. 2011; Rasconi et al. 2012; 
Sime-Ngando 2012). Beyond host size and density, some studies 
also suggest that the physiological condition of the host plays an 
important role in the infection success. Weakened algae experi-
encing environmental stress, such as elevated temperature and/
or high light intensity, tend to exhibit increased vulnerability to 
infection (Frenken et al. 2016; Wierenga et al. 2022). Yet, infec-
tion success is not always linked to host stress, as certain stud-
ies indicate that parasites may actually thrive better in healthy 
hosts (Van den Wyngaert et  al.  2014). High rates of chytrid 

infections can also cause host species decline, leading to a shift 
in phytoplankton community composition from large, inedible 
filamentous and colonial forms to smaller, easy-to-handle forms 
(Agha et al. 2016; Frenken et al. 2017, 2020; Abonyi et al. 2024).

In the face of global warming and advanced eutrophication, 
harmful cyanobacterial blooms are a pivotal topic, as they are 
predicted to proliferate in warming aquatic habitats (Paerl 
et al. 2011; Wilk-Woźniak et al. 2024). These blooms can alter 
energy transfer and community dynamics (Krztoń et al. 2019, 
2025), as cyanobacteria often serve as unfavourable or even in-
edible prey for zooplankton (Frenken et al. 2018; Thongthaisong 
et al. 2022, 2025). However, an alternative pathway known as 
‘mycoloop’ has emerged, linking phytoplankton to zooplank-
ton through fungal parasites (Kagami et  al.  2014; Frenken 
et al. 2018). These parasites produce zoospores that are released 
into the environment and can serve as a nutritious food source 
for zooplankton, altering food web structure and, ultimately, 
ecosystem dynamics (Gsell et al. 2022). Therefore, we want to 
know whether cyanobacterial blooms can be effectively con-
trolled by chytrid parasites in nature.

Here, we analysed data collected during 6 years of environmen-
tal monitoring of three shallow water bodies located in Southern 
Poland. The aim of the study was to infer occurrence, prevalence 
and dynamics of parasitic infections on phytoplankton under 
natural conditions in these eutrophic water bodies. Specific 
goals included: (i) studying temporal distribution of parasites; 
(ii) determining host species and the percentage of infected 
phytoplankton populations; (iii) assessing potential relations 
between parasite features and environmental factors such as 
nutrient concentration, host biomass, bloom presence and mete-
orological factors. We hypothesised that (i) the occurrence of ch-
ytrid infections and high infection prevalence would correspond 
to high phytoplankton biomass, particularly during cyanobac-
terial blooms; and that (ii) infection prevalence would increase 
with increasing temperature and nutrient concentrations.

2   |   Materials and Methods

2.1   |   Study Site

The study was conducted in three water bodies: an oxbow 
lake of the Vistula River (Tyniec; T) and two artificial ponds: 
Podkamycze 1 (P1) and Podkamycze 2 (P2) located in the area of 
Kraków (Southern Poland). All three water bodies are shallow 
and eutrophic, with cyanobacterial blooms occurring annually 
(Table 1). They are located in close proximity to each other, en-
suring similar weather conditions that are unlikely to influence 
differences in their functioning.

TABLE 1    |    Basic information about the studied water bodies.

Tyniec Podkamycze 1 Podkamycze 2

Geographical coordinates 50°01′28.1″ N, 19°48′47.7″ E 50°05′11″ N, 19°50′01.6″ E 50°04′59.6″N, 19°50′05.4″ E

Type of water body Natural Artificial Artificial

Max depth (m) 2.75 3.0 2.5

Area (ha) 8.61 16.82 17.28
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2.2   |   Sampling

Samples were collected monthly or fortnightly from April 
to October each year (69 time points) between 2019 and 2024 
(6 years, altogether 205 samples). Sampling has been performed 
with a 5 L Bernatowicz sampler at a central point of each water 
body at a depth of 1 m. Phytoplankton samples for microscopic 
analyses were concentrated over a 10 μm plankton mesh from an 
initial volume of 10 L, and the remaining ~60 mL of concentrates 
were fixed with Lugol's iodine solution. Water temperature and 
conductivity were measured in situ using a YSI 6600 V2 multi-
parameter probe (YSI, USA). Water samples for nutrient and pH 
analysis were immediately transported to the laboratory of the 
Institute of Nature Conservation Polish Academy of Sciences for 
further analysis. The dataset of physicochemical water parame-
ters is provided in Table S1.

2.3   |   Environmental Factors

Meteorological factors, including precipitation (PP), cloud cover 
(CC) and mean wind speed (WS), were obtained from the Institute 
of Meteorology and Water Management National Research 
Institute in Poland open-access database (Meteomodel.pl 2024) 
https://​meteo​model.​pl/​.

Analyses of ion concentrations (nitrate—NO3
−, phosphate—

PO4
3−, ammonium—NH4

+) were performed using a Dionex 
IC25 ICS-1000 ion chromatograph (Dionex, USA). The pH was 
measured using a Greisinger G1500 pH meter with a GE 114 
probe (Greisinger, Germany).

2.4   |   Phytoplankton and Chytrids Analyses

Qualitative and quantitative analyses of phytoplankton were con-
ducted using a Zeiss Jenaval light microscope at magnifications 
ranging from 40× to 400× in a 0.5 mL chamber. Phytoplankton 
identification was carried out based on taxonomic keys listed 
in Wilk-Woźniak (2009) and supplemented by Komárek (2013). 
Biomass was estimated as biovolume by comparing specimens 
to their corresponding geometric shapes, following the method 
outlined by Rott (1981).

Phytoplankton Lugol-fixed samples were used to determine ch-
ytrid presence by double-staining two 1 mL subsamples, which 
were previously de-stained using sodium thiosulfate. To visu-
alise chytrid sporangia, samples were stained with Calcofluor 
White (CFW) and Wheat Germ Agglutinin, conjugated to Alexa 
Fluor 488 (WGA) fluorescent dyes according to the protocol 
described by Rasconi et  al.  (2009) and Klawonn et  al.  (2023). 
Each sample was analysed in duplicate under an inverted mi-
croscope (Nikon eclipse Ti2 and Olympus IX71, fluorescence 
channels CFW: 387/11 nm excitation and 442/46 nm emission, 
WGA: 482/35 nm excitation and 536/40 nm emission), accord-
ing to the Utermöhl method (Utermöhl 1958). The analysis in-
volved sample pre-screening for the presence of chytrid fungi. 
If pre-screening detected infections, 300 cells of infected phy-
toplankton taxa were counted to determine the proportion of 
infected cells. Active infections were identified by the presence 
of mature sporangia, while empty sporangia indicated the end 

of an infection. The exact number of hosts with mature or empty 
sporangia was counted and photographed. The subsequent steps 
of the analysis included calculating infection prevalence (IPC) 
according to the formula: IPC (%) = [(𝑁𝑖/𝑁𝑡) × 100], where 𝑁𝑖 is 
the number of cells infected by chytrids and 𝑁𝑡 is the total num-
ber of cells. Additionally, we calculated infection severity, which 
translates to: IS = 𝑁ps/𝑁i, where 𝑁ps is the number of attached 
sporangia, and 𝑁𝑖 is the number of infected individuals within 
a host population.

For further analysis, data were classified according to cya-
nobacterial bloom presence: the pre-cyanobacterial bloom 
period (April–June) and the cyanobacterial bloom period (July–
October), based on the onset of the bloom as defined by Huisman 
et al. (2018).

2.5   |   Statistical Analyses

To test whether physical parameters (water temperature, con-
ductivity, and pH), chemical parameters (ion concentrations), 
and phytoplankton biomass differed between the studied water 
bodies, a Kruskal–Wallis test was employed for each variable 
separately. When significant differences were detected, a post 
hoc Dunn's test with Bonferroni correction was conducted to de-
termine pairwise differences between the water bodies.

PCA analysis was performed to assess the contribution of the 
principal components, ensuring that the model adequately repre-
sented the data (Figure S1). Factors were checked for collinearity 
and included or excluded as needed, by comparing variance in-
flation factors (VIF). Finally, generalised linear models (GLMs) 
were fitted to assess factors influencing infection dynamics in 
the studied reservoirs. A GLM with a quasi-Poisson distribution 
was used to examine infection prevalence, with temperature, 
precipitation, and cyanobacterial bloom presence as explanatory 
variables. Next, a GLM with a Gaussian distribution was used to 
analyse the effect of the above-mentioned factors on host spe-
cies biomass as the dependent variable, in order to account for 
their possible influence on the host. Data processing, statistical 
analyses and visualisations were performed in RStudio (R Core 
Team 2022). Significance levels were set at p < 0.05.

3   |   Results

Chytrid infections were found in 40 samples across the three 
examined water bodies, with 37 from Tyniec oxbow lake, one 
sample from Podkamycze 1, and two from Podkamycze 2. Both 
mature and empty sporangia were observed. The infected phy-
toplankton hosts belonged to cyanobacteria, diatoms and green 
algae. These include: Aphanizomenon gracile Lemmermann 
(cyanobacteria), Asterionella formosa Hassall (diatoms), 
Desmodesmus spp. (green algae) and Mougeotia sp. (green 
algae—desmid). In Podkamycze 1, the only infected species was 
the diatom A. formosa (Figure 1A), with an IPC of 11.6%, ob-
served in September 2021. In Podkamycze 2, the infected hosts 
included Desmodesmus spp. and Mougeotia sp. (chlorococcal 
and filamentous green algae, respectively), and Aphanizomenon 
spp. including A. gracile (cyanobacteria; Figure 1B,C). At the be-
ginning of September 2024, the IPC in Podkamycze 2 reached 
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0.02% for Desmodesmus spp., 3.2% for Aphanizomenon spp., 
and 1.7% for Mougeotia sp. Two weeks later, infections per-
sisted in Desmodesmus spp. and Aphanizomenon spp., with IPC 
values of 0.02% and 2.2%, respectively. In Tyniec oxbow lake, 
Desmodesmus spp. was the only infected host, exhibiting recur-
rent infections with an average infection rate of 4.71% ± 4.3% 
(mean ± SD; Figure 1D).

Weather conditions, including cloud cover, precipitation and 
wind speed, remained consistent across the studied water bodies 
due to their close proximity. The highest average precipitation 
and wind speed were recorded in 2024 (Table 2).

Water temperature exhibited similar patterns across the stud-
ied water bodies throughout the entire study period (Figure 2A), 

FIGURE 1    |    Examples of microscopic micrographs of phytoplankton hosts with attached chytrid parasites obtained during our seasonal surveys 
in (A) Podkamycze 1—Asterionella formosa, (B) Podkamycze 2—Aphanizomenon cf. gracile, (C) Podkamycze 2—Mougeotia sp. and (D) Tyniec—
Desmodesmus cf. armatus. The scale bar represents 50 μm. Abbreviations: BF, bright field; CFW, Calcofluor White; WGA, Wheat Germ Agglutinin.

TABLE 2    |    Weekly average values of selected meteorological parameters representing the weather conditions across studied water bodies, April–
October 2019–2024.

Cloud cover (oktas) Precipitation (mm) Wind speed (m/s)

AV SD Min Max AV SD Min Max AV SD Min Max

2019 4.5 1.26 2.39 6.59 2.37 2.90 0 10.3 2.91 0.77 1.7 4.56

2020 4.44 1.08 2.73 6.3 1.45 1.63 0.03 6.3 2.72 0.64 1.86 3.64

2021 4.36 1.29 2.33 5.93 4.60 4.60 0.21 12.3 2.93 1.09 0.76 4.1

2022 4.97 0.82 4.01 6.04 2.70 2.70 0.37 8.23 2.97 0.71 2.3 4.26

2023 4.74 1.35 2.7 6.59 2.19 2.78 0 9.57 2.25 0.68 1.3 3.47

2024 4.77 0.99 2.44 6.6 5.35 4.98 0 18.6 3.71 2.42 2.01 9.21

Abbreviations: AV, average; min–max, range of parameters; SD, standard deviation.
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FIGURE 2    |     Legend on next page.
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with no significant differences observed between them 
(Figure 2A). Similarly, conductivity levels followed a consistent 
pattern across all water bodies, although their absolute values 
varied (Figure 2B). The Tyniec oxbow lake consistently recorded 
the highest conductivity levels, followed by Podkamycze 2 and 
Podkamycze 1, with each water body being statistically differ-
ent from the others (p < 0.001; Figure 2B). In contrast, pH levels 
fluctuated over the 6 years (Figure  2C), with Tyniec showing 
significantly lower pH values compared to Podkamycze 1 and 
2 (p < 0.001; Figure 2C). In terms of ion concentrations, notable 
seasonal and inter-annual fluctuations were detected over the 
duration of the study period (Figure  2D–F). Nitrate ion con-
centrations were observed to be the highest in Podkamycze 1 
(p < 0.001), followed by Podkamycze 2 and Tyniec, with no 
significant differences between the latter two (Figure  2D). 
Similarly, ammonium ion concentrations were significantly 
higher in Tyniec (p < 0.001) compared to Podkamycze 1 and 
Podkamycze 2 (Figure 2E). In the case of phosphate ions, a sig-
nificant difference was detected (p < 0.001), with Podkamycze 2 
exhibiting the lowest concentrations. Post hoc analysis revealed 
no significant difference between Podkamycze 1 and Tyniec 
(Figure 2F).

Phytoplankton biomass and composition differed between the 
studied water bodies (Figure  2G; Figure  3), with Tyniec hav-
ing the highest total biomass compared to other water bod-
ies (p < 0.001; Figure  2G). The total biomass in Tyniec oxbow 

lake reached 876.2 mg/L and the phytoplankton composition 
was dominated by green algae and cyanobacteria (represent-
ing 50% and 46% of the total biomass, respectively). Notably, 
Desmodesmus spp., the only observed host of chytrid parasites 
in Tyniec oxbow lake, constituted 49% of the total biomass and 
almost the entire biomass (99%) of the green algae community. 
In Podkamycze 1, the total biomass equalled 88.8 mg/L and the 
major phytoplankton phyla were cyanobacteria (76%) and dia-
toms (15%). During September 2021, when chytrid infection was 
recorded, the total phytoplankton biomass reached 4.694 mg/L, 
with A. formosa, the only observed infected species, accounting 
for 4.013 mg/L, or approximately 85% of the total phytoplankton 
biomass. In Podkamycze 2 the biomass accounted for 429.9 mg/L 
and cyanobacteria dominated the phytoplankton composition 
(83% of the total biomass), with other groups contributing less 
than 10%. At the beginning of September, when chytrid in-
fections were detected, the total phytoplankton biomass was 
18.138 mg/L. During this period, the biomass of infected taxa 
was very low, with Desmodesmus spp. contributing 0.007 mg/L, 
Mougeotia sp. 0.107 mg/L, and Aphanizomenon spp. 0.063 mg/L. 
Two weeks later, Desmodesmus spp. and Aphanizomenon spp. 
persisted as hosts, with biomasses of 0.024 and 0.007 mg/L, re-
spectively, while Mougeotia sp. was no longer recorded.

The dominant cyanobacterial community in Tyniec oxbow 
lake consisted primarily of Microcystis aeruginosa (Kützing) 
Kützing. In Podkamycze 1, Aphanizomenon flos-aquae Ralfs ex 

FIGURE 2    |    Seasonal trends in (A) water temperature (°C), (B) conductivity (μS/cm), (C) pH, (D) nitrate (mg/L), (E) ammonium (mg/L), (F) phos-
phate (mg/L), and (G) total phytoplankton biomass (mg/L) in Tyniec, Podkamycze 1 and Podkamycze 2, measured from April to October 2019–2024. 
Total values of explanatory variables for selected water bodies.

FIGURE 3    |    Relative proportion of biomass in phytoplankton groups in the studied water bodies (Tyniec, Podkamycze 1, Podkamycze 2) during 
the study period (2019–2024).
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Bornet & Flahault and Aphanizomenon gracile were predomi-
nant, while in Podkamycze 2, the community was composed of 
Aphanizomenon gracile, Microcystis aeruginosa, and Microcystis 
wesenbergii (Komárek) Komárek ex Komárek. Phytoplankton 
blooms occurred annually from July to October in all reservoirs.

Due to non-recurring infection observations in Podkamycze 1 
and 2, these water bodies were excluded from statistical analy-
ses, which were limited to Tyniec oxbow lake, where infections 
were present in each year of sampling.

The minimum recorded IPC in Tyniec oxbow lake, if 
present, was 1%, while the maximum IPC reached 20% 

(mean ± SD = 4.71% ± 4.3%). Infections exhibited similar dy-
namics throughout the years 2019–2024, starting in early sum-
mer (June–July) and ending in autumn (September–October). 
The infections typically followed a consistent pattern: beginning 
with around 1%–3% infected cells, peaking at approximately 
8%, and then declining, as the number of empty sporangia in-
creased (Figure 4). Infection severity was generally low, rang-
ing from 1 to 2 sporangia per coenobium of Desmodesmus 
(mean ± SD = 1.14 ± 0.3 sporangia per host; Figure 4).

There were no statistically significant differences in IPC be-
tween years in Tyniec oxbow lake; however, the presence of 
cyanobacterial blooms was associated with significantly higher 

FIGURE 4    |    Time series of infection prevalence (IPC %, blue, left), empty sporangia (red, left), and infection severity (grey, right) in Tyniec oxbow 
lake, over the study period from April to October 2019–2024.

TABLE 3    |    Results of the generalised linear model analysis of infection prevalence (IPC) and Desmodesmus spp. biomass as dependent variables 
with water temperature (°C), precipitation (mm), pH, nitrates (mg/L), phosphates (mg/L) and cyanobacterial bloom presence as explanatory variables 
on observation data in Tyniec oxbow lake.

Estimate SE t-value Pr(> |t|)

Infection prevalence

Intercept*** −3.67 1.04 −3.52 < 0.001***

Precipitation* 0.06 0.03 2.29 < 0.05*

Water temperature** 0.15 0.05 −3.24 < 0.01**

Cyanobacterial bloom presence** 1.45 0.53 2.72 < 0.01**

Host biomass

Intercept 48.543 32.25 1.505 0.137

Precipitation −0.007 0.394 −0.018 0.986

Water temperature 0.293 0.353 0.829 0.410

pH −5.981 4.002 −1.495 0.140

Nitrates −0.191 0.060 −0.315 0.754

Phosphates −6.176 4.562 −1.354 0.181

Cyanobacterial bloom presence 1.509 3.345 0.451 0.653

Note: Bold values indicate significance levels: *p < 0.05, **p < 0.01, ***p < 0.001.
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IPC. Moreover, a significantly positive relationship was found 
between IPC and water temperature as well as precipitation 
(Table 3). In contrast, no significant differences were found be-
tween IPC and conductivity, pH, nitrate ions, ammonium ions, 
phosphate ions, wind speed, cloud cover or the biomass of the 
host. Similarly, the GLM analysis indicated that none of the 
tested environmental variables had a significant effect on host 
biomass (Table 3).

4   |   Discussion

All three studied water bodies belong to the most common type 
of stagnant water bodies on Earth, which are less than 3 m deep 
and smaller than 0.1 km2 (Reynolds  2004, 2006). Our assess-
ment of six years of environmental changes in these eutrophic 
water bodies revealed that chytrid parasite infections on phy-
toplankton were apparent and repetitive in only one of them 
(Tyniec oxbow lake), while the other two (Podkamycze 1 and 
Podkamycze 2) exhibited only unprecedented occurrences. The 
exhaustive and detailed examination of the environmental con-
ditions present in each of these reservoirs revealed differences 
in conductivity, pH and nutrient levels followed by differences in 
phytoplankton biomass and community composition with some 
seasonal fluctuations throughout the entire study period.

We observed infections on the cyanobacterium A. gracile 
(Podkamycze 2), the diatom A. formosa (Podkamycze 1), and 
the green algae Desmodesmus spp. (Tyniec, Podkamycze 2) and 
Mougeotia sp. (Podkamycze 2). Although chytrids are known to 
commonly parasitise cyanobacteria and diatoms, including A. 
formosa (Van Wichelen et al. 2010; Rasconi et al. 2012; Rohrlack 
et  al.  2015; Gsell et  al.  2022; Danz and Quandt  2023), we ob-
served infections on diatoms and cyanobacteria only occasion-
ally. In addition, we recorded chytrids infecting green algae, that 
is, Mougeotia sp. and Desmodesmus spp., which have previously 
been reported as hosts for chytrid parasites (Seto et  al.  2023). 
Notably, chytrid infections of A. gracile were observed for the 
first time (compare to Van den Wyngaert et al. 2025). The ma-
jority of infections were found on the green algae Desmodesmus 
spp., with nearly 55% of samples from Tyniec oxbow lake show-
ing signs of infection. Chytrid infections on Desmodesmus spp. 
occurred primarily in summer and autumn, suggesting that 
only from early summer onward host biomass and community 
composition became suitable to sustain detectable chytrid popu-
lations. However, no apparent relationship between the host bio-
mass and IPC was found. This is contrary to the first hypothesis 
of this study. Infection prevalence and severity observed in this 
study were generally lower or comparable to those reported in 
similar field surveys (Sime-Ngando 2012; Gsell et al. 2022; Van 
den Wyngaert et al. 2022; Ilicic et al. 2024), where IPC varied 
from 0% to 90%, and individual host cells could carry up to four 
sporangia.

Chytrid fungi can occur across a wide range of osmotic con-
ditions (Sime-Ngando  2012; Ilicic et  al.  2024), however, their 
presence in our study was most pronounced in the Tyniec 
oxbow lake, an aquatic system with relatively high conduc-
tivity levels (1.63 ± 0.15 mS/cm) compared to other sites (Gsell 
et al. 2022; Van den Wyngaert et al. 2022). Moreover, pH and 
nutrient availability also played an important role in shaping 

chytrid distribution. In particular, chytrids were most abundant 
at pH 7.8 in Tyniec, compared to the more alkaline conditions 
(8.2–8.3) in Podkamycze 1 and 2. These values fall within pre-
viously reported chytrid tolerance ranges (Van den Wyngaert 
et al. 2022), yet experimental studies have shown that growth 
declines at more extreme pH values, suggesting a potential ad-
vantage near neutral pH (Gleason et al. 2011). Across the study 
sites, nutrient concentrations differed, while chytrid occurrence 
also varied over time and space. Tyniec oxbow lake exhibited 
relatively high phosphate and ammonium concentrations, 
coinciding with higher parasite occurrence contrasting both 
Podkamycze 1 and 2. Environmental parameters and chytrid oc-
currences varied spatiotemporally, and detections were limited. 
Consequently, no robust statistical models could be applied, and 
the patterns reported here represent associations rather than 
causal relationships.

Organisms experience both seasonal fluctuations in their abiotic 
environment (Gsell et al. 2022; Van den Wyngaert et al. 2022) 
and broader ones driven by global environmental change (Altizer 
et al. 2013). The tolerance to a specific environmental factor is 
outlined by an optimum range, beyond which no response in 
a trait is observed (Gsell et al. 2023). In our study, occurrence 
and IPC were positively correlated with increasing temperature. 
However, IPC was not significantly related to nutrients, which 
only partially is in accordance with our second hypothesis. 
Chytrids were present in samples in which the temperature av-
eraged 21.7°C ± 3.1°C. The highest noted temperature with the 
parasitic infection present was 25.4°C, while the lowest tempera-
ture was 13.1°C; however, at that time point the infection was 
in decline. These results possibly suggest the presence of fungal 
species better adapted to warmer waters. The positive relation-
ship of temperature and infection prevalence was also observed 
in a laboratory study employing the bloom-forming cyanobacte-
rium Planktothrix spp. (Agha et al. 2018). Furthermore, similar 
trends have also been reported by Wierenga et al. (2022) in their 
work on Planktothrix rubescens parasitised by chytrid belonging 
to the order Rhizophydiales, where increased temperature leads 
to a greater increase in the prevalence of infection, and this ef-
fect was further enhanced by light levels.

Global warming and climate change are expected to alter 
precipitation and drought trends, both spatially and tempo-
rally increasing the odds of extreme weather events (Lee et al. 
2023). Increased rainfall can promote the runoff of nutrients 
from the catchment area to water bodies increasing their nu-
trient concentrations and promoting eutrophication (Paerl and 
Huisman 2008). In our study, IPC was positively correlated with 
precipitation; however, discussing this parameter is challenging, 
as very few studies have addressed it (Maier and Peterson 2017). 
Our data showed a trend different from the one observed in an-
other study on chytrid parasitism in diatom populations in the 
lower Columbia River, where a high IPC was associated with 
high host density, low precipitation and low orthophosphate con-
centrations (Maier and Peterson 2017). Precipitation in general 
can either directly or indirectly influence water quality, habitat 
conditions, species composition, and overall ecosystem health. 
These impacts are often interconnected and can vary depending 
on the scale, intensity, and frequency of rainfall events (Akhtar 
et al. 2021). Therefore, it is difficult to conclusively determine 
the role of precipitation in our dataset, and further research is 
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needed to better understand its influence on chytrid parasitism 
and ecosystem dynamics.

Several studies highlight the importance of host abundance in 
chytrid infections (Ibelings et al. 2011; Rasconi et al. 2012; Sime-
Ngando 2012). However, it is primarily the presence or absence 
of suitable hosts that dictates the success of a specific parasite 
(Ibelings et  al.  2004; Sime-Ngando  2012). In the three water 
bodies examined in this study, it is evident that this condition 
had the greatest impact on the outcome of chytrid infections. 
Each of the water bodies presents itself with a distinct phyto-
plankton community composition and different biomass. The 
biomass in Tyniec was 10 times higher compared to Podkamycze 
1, twice as high as in Podkamycze 2, and dominated by green 
algae with Desmodesmus spp. being presumably the sole host of 
chytrid parasites. On the contrary, in Podkamycze 2 which was 
dominated by cyanobacteria, at the two time points when infec-
tion occurred the host species was also Desmodesmus spp. and 
once Mougeotia sp. which highlights the fact that in some cases, 
the most abundant phytoplankton species won't be the most in-
fected one (Gsell et al. 2022). However, infections also occurred 
on Aphanizomenon spp. (including A. gracile) which belongs 
to the dominant group in Podkamycze 2. Additionally, another 
crucial trait, namely host specificity (Poulin et al. 2011), could 
play a significant role in the host–parasite interactions presented 
in this study. Host specificity has multiple dimensions, includ-
ing structural, spatial, and phylogenetic factors. For instance, 
the susceptibility of a host population to parasite infection can 
vary depending on the compatibility between specific parasite 
strains and the host genotype (Gsell et al. 2013). Thus, the puta-
tive reason for infections that only occur in Desmodesmus spp. 
may have its source in the specificity of the present parasite. 
Interestingly, chytrids were observed to infect only filamentous 
cyanobacteria, such as Aphanizomenon spp., with no infections 
occurring in colonial cyanobacteria (e.g., Microcystis spp.). In 
contrast, green algae were susceptible to parasitism, with ch-
ytrids infecting both colonial and filamentous forms. It is also 
worth noting that our observations include chytrids parasitising 
akinetes, which aligns with findings reported by Gerphagnon 
et al. (2013).

Cyanobacteria are known hosts to chytrid parasites in both nat-
ural and experimental conditions (Rasconi et al. 2012; Wierenga 
et al. 2022; Xu et al. 2025). These chytrids play a crucial role in 
aquatic ecosystems by mediating trophic transfer from inedible 
phytoplankton (e.g., cyanobacteria) to zooplankton through the 
production of zoospores via the mycoloop (Kagami et al. 2014). 
These zoospores are rich in polyunsaturated fatty acids (PUFAs) 
and contain high concentrations of phosphorus-rich nucleic 
acids (Kagami, von Elert, et al. 2007), hence facilitating nutrient 
cycling. Additionally, chytrids can support the aquatic food web 
dynamics by reducing the complexity and length of filamentous 
cyanobacterial colonies, making smaller cells more available for 
grazing (Gerphagnon et al. 2013; Rasconi et al. 2014; Frenken 
et al. 2018, 2020). However, it may happen that even if the cya-
nobacteria dominate the biomass, they are not readily infected 
by chytrids. Instead, chytrids primarily parasitise other phyto-
plankton groups, such as diatoms and green algae, as well as 
zooplankton and other fungi (Gleason et al. 2008, 2014). A study 
by Van den Wyngaert et al. (2022) in Lake Stechlin, Germany, 
found that fungal infections targeted 10.7% of diatoms, 1.5% of 

green algae, and only 1% of cyanobacteria. In our study, we did 
not observe infected cyanobacteria in Tyniec oxbow lake, despite 
their high biomass. However, IPC on Desmodesmus spp. (green 
algae) was positively correlated with the presence of a cyano-
bacterial bloom. Field observations showed that during healthy 
bloom conditions, with active growth, high photosynthesis 
and a favourable environment, chytrids infect a wider range of 
phytoplankton, while cyanobacteria infections stay relatively 
low (Van den Wyngaert et al. 2022). Similar observations were 
made in Lake Müggelsee, Germany, where commonly occurring 
cyanobacteria were rarely infected, while diatoms exhibited 
high infection rates (Gsell et  al.  2022). The lack of cyanobac-
terial infection may be explained by allelopathy, as cyanobac-
teria are known to produce a variety of secondary metabolites 
(Agha and Quesada 2014; Nandagopal et al. 2021), which may 
serve as a defence mechanism against parasitism (Sønstebø and 
Rohrlack 2011; Rohrlack et al. 2013). This suggests that fungal 
parasitism of other phytoplankton species may indirectly sup-
port the dominance of cyanobacteria by suppressing potential 
competitors and facilitating their population growth (Marino 
et  al.  2022) or/cyanobacteria could outcompete other species, 
creating conditions that allow other species to persist and reach 
the necessary cell densities for chytrid parasitism while avoiding 
infection themselves.

In our work, the chytrids observed are presumed to be obligate 
biotrophic parasites, which rely on live hosts for survival and 
reproduction. This narrowed their ecological niches more than 
those occupied by their hosts. As such, chytrid occurrence is 
generally expected to be shaped indirectly through environmen-
tal effects on host populations (Kagami, de Bruin, et al. 2007; 
Marcogliese  2008; Van den Wyngaert et  al.  2014). While this 
ecological dependence means their presence is tightly linked to 
host availability, our findings suggest that their responses to en-
vironmental variables may not always parallel those of the host. 
The results of our analyses revealed that host biomass was not 
significantly related to any of the tested parameters, whereas 
chytrid infection prevalence was associated with cyanobacterial 
bloom presence, precipitation and temperature. This indicates 
that chytrids may be responding directly to certain environmen-
tal conditions, rather than solely through host-mediated effects. 
A well-documented example of such decoupling is the existence 
of thermal refuges, where hosts tolerate temperatures at which 
chytrids cannot establish infections effectively (Gsell et al. 2013, 
2023; Rohrlack et al. 2015). Similarly, Gsell et al. (2022) found 
that long-term variation in chytrid infection prevalence was sig-
nificantly associated with temperature and phosphorus, even 
when infected host biomass remained relatively constant. A 
similar perspective is offered by Frenken et al. (2017), who pro-
posed that nutrient availability can influence host and parasite 
performance differently, due to their distinct stoichiometric re-
quirements and physiological demands. These findings support 
the idea that environmental drivers can shape infection dynam-
ics not only through their impact on host populations, but also 
via more direct effects on the parasites themselves and highlight 
the need to consider both host-mediated and parasite-specific 
responses when assessing environmental influences on disease 
dynamics in aquatic systems.

Podkamycze 1 and 2 ponds are clearly less stable ecosystems 
compared to Tyniec oxbow lake, partially because of their 
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artificial character (i.e., human-mediated functioning) resulting 
in pronounced fluctuations of water level and nutrient concen-
trations. The pattern found here corresponds to that of Valois 
and Poulin (2015) whose data synthesis reported that the largest 
source of variance in infection prevalence was among different 
water bodies, rather than among different parasite types, years 
or hosts. In this study, chytrids were assessed and analysed as 
a single ecological group based on microscopic observations of 
visible infection structures. While this approach allowed us to 
capture broad patterns in infection occurrence and prevalence, 
it does not account for the underlying taxonomic and func-
tional diversity within chytrid communities (Van den Wyngaert 
et  al.  2025). Many chytrids are species- or strain-specific par-
asites with distinct ecological niches and infection strategies, 
often tightly linked to the identity and condition of their phyto-
plankton hosts (Poulin et al. 2011; Frenken et al. 2016; Wierenga 
et al. 2022). This heterogeneity may influence how different ch-
ytrid taxa respond to environmental variability, either directly 
or through host-mediated pathways and highlights that these 
dynamics may be more complex than the resolution of our cur-
rent dataset. Future studies incorporating molecular tools and 
species-level identification will be essential to uncover how chy-
trid diversity shapes infection outcomes under varying environ-
mental conditions.

5   |   Conclusions

Our findings demonstrate that chytrids infect a wide range of 
phytoplankton hosts, underscoring their ecological ubiquity in 
freshwater systems. However, these infections were not consis-
tently present, indicating that chytrid occurrence is highly dy-
namic and potentially sensitive to environmental fluctuations. 
Interestingly, cyanobacteria were only weakly infected despite 
their dominance, which may reflect the influence of defensive 
traits such as the production of secondary metabolites. As cli-
mate change drives warmer temperatures and altered precip-
itation patterns, conditions favouring chytrid infection may 
become more frequent. Although chytrids in this study are con-
sidered parasites and thus, are dependent on their hosts, they 
exhibit their own physiological responses and may therefore 
respond differently to environmental change than their host. 
Together, these observations highlight the importance of con-
sidering both host-mediated and parasite-specific responses 
when assessing environmental influences of disease dynamics 
in aquatic systems and predicting how parasite–host–environ-
ment interactions may shift under future climate scenarios.
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Additional supporting information can be found online in the 
Supporting Information section. Data S1: Supporting Information. 
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