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Abstract

Parasitism is arguably the most commonly occurring consumer strategy. However, only a few food web studies assess how
well stable isotopes reflect the trophic position of parasitic consumers and results are variable. Even fewer studies have
measured the nutrient transfer by parasitic consumers, hindering an assessment of their role in nutrient transfer through
food webs. Here we used a food chain consisting of a diatom as host, a chytrid as its parasitic consumer and a rotifer as the
predatory consumer of the chytrid, to assess the trophic position of all three food-chain components using their natural '3C
and 1N isotope signatures, and to measure the nitrogen transfer from the host via the chytrid to the rotifer by tracing N of a
labelled host up the food chain. Additionally, we measured the carbon to nitrogen (C:N) ratios of all food-chain components.
Natural isotope abundance results showed no clear >N enrichment in the chytrid or rotifer relative to the primary producer.
However, estimates of nitrogen transfer indicated that about 14% of host nitrogen was transferred per day from host to chytrid
during infection epidemics and that some of this nitrogen was also transferred onward to the rotifer. Moreover, C:N ratios
decreased with trophic level, suggesting that the chytrid provided a high-quality food source to the rotifer. In conclusion,
our results support the “mycoloop”. The mycooloop proposes that chytrid infections allow the transfer of nutrients bound
in large, inedible phytoplankton to zooplankton through the production of edible transmission spores, thereby rerouting
nutrients back into the food web.
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Introduction

Food webs describe the transfer of energy and nutrients
through ecosystems based on trophic interactions. A sub-
stantial portion of consumers in food webs is parasitic con-
sumers of free-living organisms (Dobson et al. 2008; Kuris

Communicated by Bryan Brown. et al. 2008), but the occurrence and role of parasitic consum-
ers have been neglected in most food web studies, including
Here we report one of the few studies including parasites as aquatic ones (Lafferty et al. 2008). Even though parasitic
consumers but also as prey into food web research using a . .
. - - e . consumers dominate food web links (Lafferty et al. 2006),
planktonic food chain, ecological stoichiometry and stable isotope . R o
analysis. only few studies assess the trophic position of phytoplank-
ton parasitic consumers and their role in nutrient transfer
Electronic Supplementary material The online version of this from host via parasitic consumer to Zooplankton (Kagaml

article (https://doi.org/10.1007/s00442-020-04721-w) contains

supplementary material, which is available to authorized users. et al. 2007). Chytrids, fungal parasitic consumers of phyto-

plankton, have been proposed to add previously unrecog-
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Extended author information available on the last page of the article Rasconi et al. 2014). Chytrids also play a role in regulating
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the dynamics and population densities of phytoplankton
hosts and in the structure of pelagic plankton food webs
(Ibelings et al. 2004). For instance, epidemics of parasitic
chytrids on phytoplankton can increase host genetic diver-
sity (Gsell et al. 2013), decrease uni-algal bloom size and
duration, allowing competing species to thrive [see refer-
ences in (Frenken et al. 2017a)] and thereby play a role in
the seasonal succession of phytoplankton (Van Donk and
Ringelberg 1983). Nevertheless, physical and chemical fac-
tors, together with grazing, have been considered to be the
major controlling factor of phytoplankton populations, and
most aquatic food web models still exclude parasitic con-
sumers (Frenken et al. 2017a).

Chytrid infections of large phytoplankton have been
suggested to be ecologically important for food web func-
tioning. The “mycoloop” proposes that chytrid infections
of phytoplankton transfer elements from large or inedible
phytoplankton to zooplankton through the production of
edible transmission propagules and thereby change the flow
of nutrients through the food chain (Kagami et al. 2014). For
example, large diatom species such as Synedra (25-400 pm)
are inedible to common zooplankton species such as the roti-
fer Keratella, and the elements contained in the diatom cells
were thought to be lost from the pelagic food web by sedi-
mentation (Ibelings et al. 2004). However, chytrid fungi par-
asitizing these large diatoms take up nutrients from the host
cells and produce free swimming zoospores, which in turn,
can be eaten by zooplankton (Kagami et al. 2007), including
rotifers such as Keratella (Frenken et al. 2018, 2020). In this
way, chytrids directly link inedible phytoplankton to zoo-
plankton (Kagami et al. 2014) (Fig. 1). Excretion of organic
matter from phytoplankton cells may be taken up by bacteria
which then can be consumed by small-bodied zooplankton,
leading to an alternative pathway for nutrient transfer from

Fig. 1 Diagram of the
mycoloop. The food web
system includes the inedible

diatom (Synedra), the obli- =™

gate parasitic consumer of the
diatom (chytrid) with a sessile
(sporangium) and a motile
(zoospore) life stage, and the
rotifer (Keratella), which can
consume the chytrid zoospores
but not the host diatom. While
Synedra is inedible to Keratella,
its nutrients may still be trans-
ferred to the rotifer via infection
propagules (zoospores)

Synedra

Sinking
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inedible phytoplankton to zooplankton (Shniukova and Zolo-
tareva 2015). This leakage of organic matter may increase
with chytrid infection, possibly leading to higher bacteria
numbers that could intensify this route (Senga et al. 2018).
Thus, the mycoloop may be an important route establish-
ing or enhancing the flow of nutrients in food webs that
include inedible phytoplankton and parasitic consumers
(Frenken et al. 2018; Haraldsson et al. 2018). To the best of
our knowledge, the actual amount of nutrient transfer via the
mycoloop has not yet been measured.

The presence of chytrids may not only affect the quantity
of food that is transferred from the inedible phytoplankton
to zooplankton, but also its quality in terms of nutritional
value. Zoospores of chytrids are assumed to provide a source
of high-quality food to zooplankton as they are nutrient rich
as shown by their relatively low carbon to nutrient ratio
(Kagami et al. 2007; Frenken et al. 2017b), transfer host-
derived essential lipids and synthesise sterols de novo (Ger-
phagnon et al. 2018). Yet, little is known about the ecologi-
cal stoichiometry of the mycoloop, and only limited data is
available about the actual amounts of carbon (C) or nitrogen
(N) transferred from freshwater phytoplankton to chytrids
(see Grami et al. 2011; Haraldsson et al. 2018; Rasconi et al.
2014 for carbon fluxes and Frenken et al. 2017a, b for a
review).

Natural abundances of 1*C and N isotopes can be used
to analyse food web structure and to estimate contribution
of different food sources (Layman et al. 2012). Nitrogen iso-
topic ratios (8'°N) show a gradual enrichment with trophic
transfer (Minagawa and Wada 1984) and can be used to
estimate the trophic position of organisms (Phillips et al.
2014). Carbon isotopic ratios (8'3C), on the other hand,
stay relatively constant with trophic transfer and, therefore,
inform about the food source of the consumer (Rounick and
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Winterbourn 1986; Post 2002). Consumers normally show
an enrichment of approximately 3.4 %o in >N and of 1 %o in
13C compared to their resource (Tilley et al. 2013). However,
trophic fractionation (i.e. isotopic difference between con-
sumer and resource) has been shown to vary considerably
in laboratory and field studies with particularly variable out-
comes for herbivores (Vander Zanden and Rasmussen 2001).
Part of this variability has been associated with species iden-
tity, type of tissue analysed and the quantity or quality of the
resource (Brauns et al. 2018). Trophic fractionation between
parasitic consumers and their host shows large variability,
where parasitic consumer >C or '°N may either become
depleted, remain unaltered or become enriched relative to
its host (see Sabadel et al. 2019 for a review), rendering the
question of the trophic position of parasitic consumers based
on isotopic signatures inconclusive. Additionally, stable iso-
topes can be used for labelling studies or “stable isotope
probing” studies (SIP) (Fry 2006). By enriching organisms
with known amounts of heavy isotopes, 13C and/or N, the
transfer of this label can be traced along trophic interactions
to quantify the flux of nutrients from one trophic level to
the next (Fry 2006). Hence, stable isotope analysis offers
opportunities for improving our understanding of the role
of chytrids in transferring nutrients and its trophic position
in freshwater food chains.

Here, we assessed the trophic position of chytrids based
on isotopic signatures and the transfer of N using a trophic
chain of the diatom host Synedra sp., its chytrid parasitic
consumer Zygophlyctis planktonica, and the rotifer Kera-
tella cochlearis. These three species form a linear food
chain as the rotifer can consume the zoospores of the chytrid
(Frenken et al. 2020) but not the relatively large diatom host.
First, to test whether stable isotope signatures reflected the
trophic positions of all food chain components, natural abun-
dances of N and '*C were assessed in host, infected host,
chytrid zoospores and in rotifers exposed to a diet of either
uninfected Synedra (inedible) or infected Synedra (produc-
ing edible zoospores). Second, to assess N-transfer through
the food chain, the same experimental set up was repeated
using '*N-enriched host to trace the flow of >N from host
to chytrid zoospores (quantitatively) and from uninfected
or infected diatom host cultures to rotifers (qualitatively).
Concomitantly, we assessed the C:N elemental ratios of all
food chain components to evaluate changes in their nutri-
tional quality.

Materials and methods

Model system

The experiments were performed using cultures of Synedra
sp. (also referred to as Ulnaria sp. (Williams 2011); strain

HS-SYN?2 isolated from Feldberger Haussee, Germany),
its host-specific chytrid parasitic consumer (strain SVdW-
SYN-CHY1 isolated from Melzer See, DE) and Keratella
cochlearis (isolated from Lumen Pond, The Netherlands).
The chytrid has been identified as Zygophlyctis planktonica
(Seto et al. 2020).

Synedra sp. is a single-celled, needle-shaped pennate
diatom. The average cell length of our Synedra population
was about 70 pm, which is larger than the reported pre-
ferred algal particle size of < 12 um for the rotifer Keratella
(Edmondson 1965), making Synedra cells likely too large
to be easily ingested by Keratella (Frenken et al. 2016).
Chytrid infection of the diatom host starts with free swim-
ming zoospores (diameter ca 2-3 um; Seto et al. 2020) find-
ing and attaching to a host cell. Subsequently, the zoospores
encyst and form epibiontic sporangia while penetrating and
digesting the host through a rhizoidal system. Within the
sporangium, the next generation of zoospores is formed and
finally released through rupture of the sporangium (Doggett
and Porter 1996). Each infection is fatal and prohibits fur-
ther reproduction of the host (Canter et al. 1992). Zoospores
are small enough to be consumed by the rotifer Keratella
cochlearis and their relatively low carbon to nutrient ratios,
essential fatty acid profiles and de novo synthesis of sterols
make them a valuable food source to zooplankton (Frenken
et al. 2017a, b; Kagami et al. 2014; Gerphagnon et al. 2018).
The tested Keratella species has been shown before to prey
on zoospores of chytrids, even surviving and reproducing
on a zoospore diet if food quantity was sufficient (Frenken
et al. 2017a, b, 2020).

All organisms were grown under laboratory conditions
on artificial WC medium (with addition of silicate, Guillard
and Lorenzen 1972) at 18 °C and an incident light inten-
sity of 60 pumol photons m™2 s~ at a 16 h light: 8 h dark
cycle in an incubator (MLR-350, Sanyo Electric Co., Ltd.
Japan). Prior to the experiments, diatom and chytrid cultures
were acclimatised to the experimental conditions in semi-
continuous batch cultures for at least 2 weeks (about 10-12
generations). Diatom and chytrid cultures were grown in
1 L glass Erlenmeyers. Rotifers were cultured in 4 mL wells
using 12-well plates (VWR collection, Radnor, USA) as they
did not grow well in large glass Erlenmeyers and were fed
ad libitum with the green alga Chlorella sorokiniana on WC
medium under the same temperature and light conditions
as the experiments. All cultures were monospecific but not
axenic.

Experimental set-up
The same experiment was performed twice, first without,
and subsequently with N labelling of the host population.

The natural-abundances experiment assessed the trophic
position of the diatom host, chytrid and rotifer in a simple
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food chain based on their natural >N and !*C isotope ratios.
The N-transfer experiment quantified the transfer of nitrogen
(N) from the host to the chytrid and assessed the qualitative
transfer of N onwards to the rotifer. Both experiments were
set up identically, except for labelling the Synedra culture
used to start the N-transfer experiment with 10 atom% >N
nitrate (N NaNO;, Sigma-Aldrich).

Each experiment consisted of three treatments (Figure
ESM 1). Treatment 1 acted as control for Synedra popula-
tion growth and population growth dilution of >N label-
ling. Treatment 2 assessed rotifer population growth with
Synedra as only food source and N-transfer when co-cul-
turing Synedra and Keratella. Treatment 3 consisted of two
consecutive steps, with 3a) quantifying infection dynamics
and N-transfer from host to chytrids by exposing Synedra to
chytrids, followed by 3b) co-culturing half of the infected
Synedra cultures with Keratella to assess rotifer population
growth with Synedra and chytrid zoospores as food source
and N-transfer. The experiments were run in batch cultures
and each treatment was replicated three times. Before start-
ing the N-transfer experiment, the Synedra stock culture was
I5N-labelled by growing it in 10 atom% '°N NaNO; enriched
WC medium for 16 h, followed by filtrating the culture over
a 5 um mesh size plankton net, resuspending it in unlabelled
WC medium and starting the experiment within an hour.

The experiments were started with an average initial
concentration of 650 cells mL™! of Synedra in all three
treatments, which allows several generations of population
growth before nutrients can become limiting. Treatments
1 and 3a were conducted in 1 L glass Erlenmeyer flasks.
Exposure to chytrids in treatment 3a was realised by adding
a chytrid zoospore suspension to achieve a starting concen-
tration of 500 zoospores mL~!. The zoospore suspension
was prepared by gravity filtration of a heavily infected Syn-
edra culture through a 5 um mesh size plankton net. This
mesh size excludes Synedra (average cell length 70 pm)
and let zoospores pass through as their average diameter is
2-3 um (Seto et al. 2020). At day 8 of treatment 3a, half of
the volume of these Synedra-chytrid cultures was harvested,
set to 20% infection prevalence by adding uninfected Syn-
edra cells (N labelled for the N-transfer experiment) and
used to start treatment 3b. Treatments 2 and 3b were con-
ducted in 24-wells (i.e. 2 x 12-well) per replicate. Rotifers
were collected by pipetting and washed five times in WC
medium to remove any remaining Chlorella cells. Each
well then received 25 rotifers and either 4 mL of uninfected
Synedra culture (Treatment 2) or 4 mL of 20% infection
prevalence Synedra-chytrid culture (Treatment 3b). As about
900 rotifers were needed to surpass the detection limit of
the elemental and isotope analysis, 24 wells constituted one
replicate.

During the experiments, Erlenmeyer flasks and plates
were shaken daily and redistributed randomly in the
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incubator to ensure averaged light conditions. Treatment 1
was run for 4 days (~ four host generations), to allow assess-
ment of exponential population growth of the host, Treat-
ments 2 and 3b were run for 5 days each (~ one rotifer gen-
eration), to allow incorporation of nutrients derived from
feeding on zoospores or bacteria into the body tissue, and
Treatment 3a was run for 8 days (~ 8 chytrid generations),
to allow high infection prevalence and, therefore, sufficient
zoospore biomass build up for stable isotope analysis.

Sampling

Each replicate was sampled at start and end of the treatment.
Start and end samples for treatments in glass Erlenmeyers
were taken as subsamples from each replicate Erlenmeyer
(Treatments 1 and 3a). To achieve sufficient biomass for sta-
ble isotope analysis, start samples for treatments in 12-well
plates were taken as subsamples from the starting cultures
used to fill the three sets of 12-well plates per treatment,
while end samples were taken by pooling 24 wells (i.e.
2 x 12-well plates) per replicate (Treatments 2 and 3b). In
treatment 3a, samples of Synedra-chytrids cultures were also
taken at days 4, 5 and 6 to monitor population growth. Syn-
edra and Synedra-chytrid populations of treatments 1, 2 and
3a were sampled for uninfected and infected host population
counts, zoospore counts, infection prevalence and particulate
organic carbon (POC) and nitrogen (PON) of two size frac-
tions (> 5 um: hosts + hosts with attached infections; <5 um:
zoospores). Rotifers were sampled at the end of treatments 2
and 3b by counting the rotifer population per well, collect-
ing and subsequently pooling rotifers of 24 wells for iso-
tope analysis and elemental analysis. After removal of the
rotifers, the Synedra and Synedra-chytrid cultures were also
pooled by 24 wells and sampled for population counts, infec-
tion prevalence, POC and PON analysis. Population count
samples were fixed with Lugol’s iodine solution (for dia-
toms, final concentration of 1% v/v) or with Glutaraldehyde
(for zoospores, final concentration of 0.5% v/v) and stored
at 4 °C in the dark until counting. To assess POC and PON
of Synedra, Synedra-chytrid as well as pre-filtered zoospore
suspensions, known volumes of each experimental unit were
filtered at the start and end of the treatments over glass fiber
filters (GF/F Whatman 1825-047, pore size ~0.7 um). To
determine the contribution of bacteria to POC and PON,
we filtered the same amount of culture also over GF/C fil-
ters (Whatman 1822-024, pore size ~ 1.2 um) assuming that
most bacteria will not be retained on filters of this pore size.
Rotifers were counted, collected by pipetting, washed in
demi-water and transferred into a droplet of water in a tin
capsule (standard size 8 X 5 mm) per replicate (i.e. 24 wells
pooled). Filters and tin cups were dried at 60 °C and stored
dry and dark until analysis.
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Sample analysis
Population growth rates and infection prevalence

Population counts of Synedra, chytrid-infected Synedra
and zoospores were performed using an inverted fluo-
rescence microscope (DMI 4000B; Leica Microsystems
CMS GmbH, Mannheim, Germany) following the Uter-
mohl method (Lund et al. 1958). Prior to counting, the
chytrid-infected samples were stained with Calcofluor
White (C,oH44N,0,,S, Fluorescent Brightener 28; Sigma-
Aldrich), which binds to the chitinaceous structures of
chytrid sporangia and fluoresces under UV light (Rasconi
et al. 2009). As zoospores did not react with the stain,
we relied on visual detection in unstained samples. For
each sample, at least 400 cells or 40 fields of view (FOV)
were counted which allows a+ 10% accuracy (Lund et al.
1958). Rotifer populations per well were counted using a
stereomicroscope (Leica WILD MZ8, Leica Microsystems
B.V., Son, The Netherlands).

Elemental analysis and isotopic ratios

The POC and PON samples were used to measure the ele-
mental C and N composition as well as the §'3C and 6N
values in the different trophic levels of both, the natural abun-
dances and the N-transfer experiment. The samples on filters
were prepared for analysis according to standard methods
(Teece and Fogel 2004). The samples were analysed using
an elemental analyser (EA) (Flash 2000 Elemental Analyser,
Thermo Scientific Bremen, Germany) coupled to an isotope-
ratio mass spectrometer (Delta V Advantage Isotope Ratio
Mass Spectrometer, Thermo Scientific Bremen, Germany)
via a Conflo IV. Three internationally recognized standards
[Arndt Schimmelmann Biogeochemical laboratories Indi-
ana University; acetanilide, mean + standard deviation (SD):
8°C=—129.53+0.01 %0 and 8'’N=1.18 +0.02 %o, used for
calibration; urea (mean =+ SD: 813C=- 8.02+0.05 %o and
8N =20.17 + 0.06 %o, used as standard and casein (Ele-
mental Microanalysis Ltd; mean + SD: 813C=-26.98+0.13
%o and 8'°N =5.94+0.08 %o used as standard] were repeat-
edly measured during the analysis to monitor instrument
performance (i.e. 02 %o for '*C and 0.3 %o for °N) and cal-
culate the isotopic composition (*C and °N) of the samples.

The isotope ratio 6'°C and §'°N of the samples were
expressed as the relative difference in isotope ratio
between the sample and international reference standard
in parts per thousand:

Rsample

5X(%o) = < - 1) % 1000, 1

standard

where X is either 8 1°C or § '’N and R is the isotope ratio
13C/2C or N/™N in the sample and in the standard, respec-
tively. The R, ,4.:g t0 Which the samples were compared
to were Vienna PeeDee Belemnite (V-PDB; 0.0112372)
for carbon and air-N, (AIR-N,; 0.003663; (Merriam et al.
2002)) for nitrogen. A positive 6X value indicates a higher
proportion of the heavy isotopes in the sample relative to the
respective standard (Hobson and Clark 1992).

Data analysis
Population growth rate and infection prevalence

The counts of Synedra, infection and rotifers were used to
calculate their net population growth rate per replicate and
treatment using the following equation:

Growth ratep(d_l) = M, 2)
L —1
where X, and X, are the cell densities at the start and end
of the treatment, respectively; and #,—¢; the duration of the
treatment in days. To determine the prevalence of infection,
Synedra cells carrying living infections (i) and uninfected
Synedra cells (ui) were counted. The prevalence of infection
(P) was then calculated according to Rasconi et al. (2009):

3

C:N ratio

The carbon to nitrogen (C:N) ratio of uninfected Synedra,
infected Synedra, zoospores and rotifers was calculated
based on the C and N elemental composition of the samples.
Comparison of the EA measurements obtained from GF/F
and the GF/C filters allowed to assess the contribution of
bacteria to the C:N ratio. The C:N ratio was expressed by
atom, which was calculated by dividing the mass of C and
N by their respective molar masses.

Trophic position and N-transfer

The trophic position of the chytrid in respect to its host
Synedra and its predatory consumer Keratella was assessed
using the 8'3C and 8'°N values obtained from the natural-
abundances experiment. The N-transfer within our experi-
mental food chain was quantitatively calculated for the trans-
fer from Synedra to the chytrid and qualitatively assessed for
the transfer from chytrids to rotifers using the 5'°N values
of the N-transfer experiment based on GF/C filters to reduce
the isotope signal from bacteria as much as possible.
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We expressed the N-transfer from Synedra to zoospores
as the atom% '°N excess ('°N,) which is the increase of
atom% >N values in the zoospores relative to the atom% >N
values in the relevant source (i.e. Synedra population). The
calculations are based on the equations described by Werner
and Brand (2001) and Dugdale and Wilkerson (1986). By

reformulating Eq. 1, R, was calculated as

6N
Rsample = << 1000) + 1) X Rslandard’ (4)

which was then used to calculate the atom% "N as

Rsample

1+R

sample

Atom%'N = % 100, 5)

and consequently, N « Which is the atom% '°N excess in
the sample over the source as

N, = atom%"°N — atom%" N ree- 6)

sample

The relevant atom% >N source for the zoospores har-
vested on day 8 is the atom% >N of uninfected Synedra
cells they have been growing on. Given the chytrid genera-
tion time of about 26 h (unpublished data), we estimated
the atom% '°N value of the Synedra cells of day 7 while
taking into account the >N label dilution in the host during
exponential growth by fitting an exponential model to the
I5R data of the host control (treatment 1) (Merriam et al.
2002) as

In(15R,) — In (1SR
DilutionSR (d™") = n(°Rs) =In (PRy) (7)
h—h

where 1R, and R, are the isotopic ratio ’N/!*N at start
and end of treatment 1, respectively; and ¢,—¢, the duration
of the treatment in days. Using the dilution 'R rate, we
extrapolated the '°R value of the Synedra population on day
7 to calculate the atom% '°N source value for Eq. 6. The
N-uptake rate of the zoospores was calculated assuming a
relevant assimilation time of one chytrid generation.

Finally, we assessed the '°N uptake rate by the chytrid on
the sampling day as

BN, x ug NL™
SN uptake rate(ﬂg NL™! h_l) = = ’fg —,
Generation time parasite

®)
considering the uninfected part of the Synedra popula-
tion on day 7 of treatment 3a as relevant N source to the
zoospores. Hence, we multiplied the mean N content of
uninfected Synedra cells (mean: 0.0034 u g N cell™!; SD:
0.0001 u g N) by the population density of uninfected Syne-
dra (mean: 20,337 cells mL~"; SD: 5611 cells mL_l) present
on day 7 in treatment 3a.
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The nitrogen transfer from the zoospores to Keratella was
qualitatively assessed by comparing the 15NXS of rotifers in
the N-transfer experiment to that of rotifers in the unla-
belled controls (natural-abundances experiment) within their
respective treatments (2 and 3b). While rotifers in treatment
2 were presumably starving due to the inedibility of Synedra,
the rotifers in treatment 3b had food available in form of
chytrid zoospores.

Statistical analysis

Data were tested for normality and equality of variance
prior to analyses. Outliers in the EA-IRMS analysis were
detected following the criteria by Rousseeuw and Hubert
(2011), resulting in the removal of five out of 114 §'°N val-
ues (Table ESM 2). All confidence intervals are at 95% level.
95% confidence intervals were run to determine differences
in the same treatments between experiments and between
comparable treatments within experiments. We compared
for differences in population growth rates of the same treat-
ments between experiments to assess whether 1°N labelling
had an influence on the growth rates; and between treatments
within experiments to test for treatment effects. Specifically,
we compared population growth rates of Synedra with and
without exposure to rotifers (treatments 1 vs. 2) as well as
the infection rate and zoospore production with and without
exposure to rotifers (treatments 3a vs. 3b). Significant dif-
ferences in population growth of rotifers exposed and non-
exposed to infection were assessed with a 7 test. We also run
 tests to determine significant difference in atom% >N of
rotifers fed with uninfected or infected Synedra (treatments
2 and 3b). Changes in C:N ratio with increasing trophic level
were tested with a linear regression by numerically coding
trophic levels (Post 2002) as host=1; host-chytrid mixed
cultures = 1.5; chytrids =2, rotifers = 3. Qualitative differ-
ences in "N, of rotifers exposed to infected and uninfected
Synedra cultures were assessed with T tests analyses. Sta-
tistical analysis and graphing were performed in R (R-Core-
Team 2012) using RStudio (RStudioTeam 2015).

Results
Population growth rate

While the main focus of our study was on stable isotope
results, we assessed population growth rates of uninfected
and infected Synedra, chytrids and rotifers exposed to
either uninfected or infected Synedra cultures to evalu-
ate whether the overall performance of populations was
similar between comparable treatments or between experi-
ments. We expected high-population growth rates of unin-
fected Synedra alone and in co-culture with rotifers and
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much reduced or even negative population growth rates of
infected Synedra due to mortality inflicted by chytrids. We
also expected no population growth in rotifers exposed to
uninfected Synedra and low but positive population growth
in rotifers exposed to infected Synedra. The confidence inter-
val results indicate that population growth rates per species
per treatment showed some differences between experiments
but responded overall similarly (Fig. 2). Population growth
rate of uninfected Synedra in treatment 1 and 2 were clearly
higher than Synedra growth rates in the infected treatments
in both experiments (i.e. non-overlapping confidence inter-
vals in natural-abundances and N-transfer experiment), with
the highest population growth rate under labelling condi-
tions. In treatment 2 of both experiments, the confidence
intervals of population growth rates of Synedra exposed
(glass Erlenmeyer) and non-exposed to rotifers (plastic
plates) overlap, indicating a comparable population growth
rate under both conditions. In treatment 3, the confidence

Fig.2 Summary of population
growth rates (95% confidence
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intervals of population growth rates of infected Synedra
(treatment 3a) and infected Synedra exposed to rotifers
(treatment 3b) do not show much difference between the
experiments. The confidence intervals of population growth
rate of rotifers from treatment 2 (exposed to uninfected
Synedra) and treatment 3b (exposed to infected Synedra)
showed little difference between treatments or experiments;
however, population growth rates of rotifers in treatment 2
were much less variable and closer to zero while the popula-
tion growth rates of rotifers in treatment 3b showed wider
spread and included higher values. Additionally, the ¢ test
results showed that in treatment 3, the population growth
rate of rotifers was significantly higher than in treatment 2
(t(12)=3.49, p=0.0075). The growth rates of infection per
treatment were similar in both experiments. The confidence
intervals showed that population growth rates of infection
(treatment 3a) are significantly higher compared to infection
exposed to rotifers (treatment 3b, Fig. 2).
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Trophic position

Natural-abundances experiment—trophic position based
on §"°N and §"3C values

To test whether §'°N and 8'°C values reflect the prede-
termined trophic position of diatom host, chytrids and
rotifers, we calculated the means and standard deviations
of the 8'°N and 8'3C values per species using the values of
the natural-abundance experiment (Fig. 3). Rotifers were
enriched in 8'°C relative to Synedra and chytrid zoospores,
while zoospores showed no 8!>C change relative to their
host (Fig. 3). Moreover, rotifers showed no or even nega-
tive 1N fractionation relative to Synedra or the chytrids
while zoospores had variable but on average 1.5 %o higher
8!N values than Synedra.

C:N ratio of trophic groups

The C:N ratio of Synedra samples showed a wider varia-
tion compared to that of parasitic consumers and rotifers
(Fig. 4). Moreover, the C:N ratio decreased with increas-
ing trophic level (F(2, 2)=28.89, p=0.032, with an R? of
0.91). Additionally, GF/F filter-based results (i.e. filters
including bacteria) showed slightly but consistently lower
C:N ratios than the GF/C filters (excluding most bacteria).

Natural abundance
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Fig.3 Bivariate plot of means and standard deviations of 8'3C vs.
8N values from the different predetermined trophic levels: unin-
fected Synedra, infected Synedra, Synedra with zoospore suspension,
zoospores and rotifers without (treatment 2) and with zoospores of
chytrids as food source (treatment 3b)
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Fig.4 C:N ratios of the predetermined trophic levels: Representation
of ratio of molar carbon to nitrogen (C:N ratio) of the filters GF/F
(including bacteria, pore size~0.7 pm) and the filters GF/C (exclud-
ing bacteria, pore size~1.2 pm) filter measurements of Synedra,
infected Synedra, zoospores and rotifers

N-transfer
Quantitative N-transfer from Synedra to zoospores

The 85N values obtained from the N-transfer experiment
were used to quantify the nitrogen transfer in our system.
The N-uptake by zoospores on day 8 was expressed as >N
of zoospores relative to Synedra, and showed an average
of 0.098 (£0.025; Table 1). The average N-transfer rate
from Synedra to the zoospores was 191.6 (+57.3) ug N
L~'h~! given a standing stock of uninfected host contain-
ing 1.8 g N L™! (Table 2). Hence, at day 7 of the experiment,
when the prevalence of infection was 55%, about 14% of
the N content of uninfected Synedra was transferred to the
chytrids per day.

Qualitative N-transfer from zoospores to rotifers

The nitrogen transfer from the zoospores to the rotifers
was assessed qualitatively by comparing the atom%
5N of rotifers in the N-transfer experiment relative
to that of rotifers in the unlabelled controls (natural-
abundances experiment) within their respective treat-
ments (not exposed to chytrids: treatment 2, exposed to
chytrids: treatment 3b). The difference in §!°N values
in the N-transfer experiment samples was significant
for treatment 2 (mean=137.9; SD =16.2) and treatment
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Table1 Atom% °N values of

15 Atom% SN zoospores Extrapolated atom% 15N Synedra on day 7 based on N __ of zoospores
zoospores and }.IOSt and "N, of growth dilution of label relative to Synedra
zoospores relative to the host
show parasite enrichment 0.629 0.555 0.074

0.653 0.555 0.098
0.688 0.555 0.133
0.626 0.555 0.070
0.648 0.555 0.093
0.678 0.555 0.123

Average 0.098

SD 0.025

An exponential loss model on the Synedra control (treatmentl) (Eq. 7) was used to calculate the growth
dilution of the "N label to estimate the atom% "N of the host for day 7. Uptake by zoospores on day 8 was
expressed as 1°N, of zoospores relative to the Synedra host. Average and standard deviation (SD) of 1SN,
of zoospores relative to their host was calculated for subsequent N-uptake rate estimation

Table 2 N-uptake rates (ug Type filter ug N L~ zoospores Uptake (ng  Absolute N-uptake Time (h) N-uptake rate

e .
caleulatad using the sheohute NLTH  eNLT (hgNL™h-D)
uptake (g N'L™") based on GF/F 64,7723 0.042 2708.83 26.4 181.27
the GF/F and GF/C zoospore GFIC 56,173.8 0.066 3690.47 26.4 208.01
suspension filters of day 8
(Table 2) GF/F 57,354.0 0.101 5777.97 26.4 288.51
GF/C 42,039.8 0.038 1605.19 26.4 111.86
GF/F 51,199.8 0.061 3108.14 26.4 179.91
GF/C 38,729.8 0.091 3508.16 26.4 179.92
Average 191.58
SD 57.27

Average and standard deviations (SD) N-uptake rates by zoospores was then calculated based on the period
of one generation time of the parasite

Table 3 Higher >N enrichment in the rotifers with zoospores as food ~ took up some Synedra derived N in both treatments, but
source: atom% '*N of rotifers in the N-transfer experiment relative to that they took up relatively more Synedra derived N in
rotifers in the (unlabelled) natural-abundances experiment per treat- treatment 3b

ment suggest that uptake of Synedra derived N took place in both ’

treatments 2 and 3b but there was relatively more uptake in treatment

3b
Treatment N-transfer experiment Natural-abundances . .
experiment Discussion
15 15 15 15

o N Atom% "N o N Atom% "N To the best of our knowledge, this study is the first that
2 126.422 0.411 0.815 0.365 examined the relative trophic position of a phytoplankton

149.312 0.419 2.343 0.366 host, its chytrid parasitic consumer and a rotifer as predatory

NA NA 1.590 0.366 consumer of the chytrid using their natural abundance stable
3b 344.171 0.490 0.109 0.365 of 1N and '3C isotopes and tracked the change in molar
3b 321.089 0.482 0.837 0.365 C:N ratios with trophic level. Additionally, we assessed the
3b 332.349 0.486 1.541 0.366 N-transfer from host to chytrids (quantitatively) and from

chytrids to rotifers (qualitatively) using '*N-labelled host.
Our results show no clear >N enrichment in the chytrids or
rotifers relative to the host, but a decreasing molar C:N ratio
3b (mean=332.5; SD=11.5) with t (1.69)=— 14.699, with increasing trophic level. Moreover, in our experimental
p=0.0087 (Table 3). This result suggests that rotifers  conditions, chytrids took up about 14% of the host’s standing
stock of N per day and passed N on to rotifers, showing that
chytrids are well integrated in the food web.

NA denotes not sufficient rotifer biomass for measurement
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Population growth rate

Our results show that population growth rates were largely
comparable within treatments and between experiments.
The population growth rates of uninfected Synedra
exposed and non-exposed to rotifers (treatments 1 and 2)
were relatively similar, suggesting that Synedra growth is
not affected by the presence of rotifers. Our results also
show that there were only small differences in Synedra
population growth rates between treatments performed
in glass Erlenmeyer flasks (i.e. Synedra non-exposed to
rotifers) or in plastic well plates (i.e. Synedra exposed to
rotifers) and, therefore, we consider that Synedra growth
rate is not affected by container type.

In the treatment 3, the infection strongly reduced the
net population growth of Synedra overall. The net popu-
lation growth rates of infection (based on prevalence of
infection) as well as those of uninfected Synedra differed
significantly between treatments 3a and 3b. In treatment 3a
(no exposure to rotifers, performed in glass Erlenmeyers),
prevalence of infection was higher, and the net population
growth rate of uninfected Synedra was lower. These results
align with previous studies performed by Van Donk and
Ringelberg (1983), which showed that chytrid parasitism
can drastically reduce a dominant diatom species popu-
lation. Contrarily, in treatment 3b (exposure to rotifers,
performed in plastic plates), the net population growth rate
of uninfected Synedra was higher and the infection preva-
lence was lower. This result may indicate that the rotifers
preyed on the zoospores and, therefore, fewer zoospores
were available to infect Synedra. Rotifers have been shown
to reduce chytrids zoospore density in another phytoplank-
ton—host systems, although rotifer population growth
showed to be limited by energetic needs and when zoo-
spore density was insufficient, rotifer population decreased
due to starvation (Frenken et al. 2017a, b, 2020).

The net population growth rate of Keratella in treat-
ment 2 was lower or negative compared to the zoospore-
exposed rotifer population growth in treatment 3b, sug-
gesting that Synedra is not a suitable food source and as a
consequence rotifer’s mortality was higher than the repro-
duction rate. The net population growth rates of Keratella
in treatment 3b (0.07-0.08 d~') are largely in line with
population growth rates of 0.07-0.1 d~! reported in the
literature for Keratella cochlearis feeding on good qual-
ity food sources at comparable temperatures (Walz 1983;
Frenken et al. 2018). However, our experiment was shorter
than the reproductive cycle of the rotifers (Frenken et al.
2020). Keratella exhibits a low population growth rate and
limited offspring compared to other species of rotifers that
can reach maximum growth rates of up to 0.8 d~! at 18 °C
(May and Bass 1998).

@ Springer

Trophic position based on natural §'*C and §'°N
values

Natural abundance carbon isotopic composition

Estimates of 8'3C were variable, showing little difference
in § 13C values between the chytrid and its host but a clear
difference between rotifers and Synedra or chytrids. Douc-
ett et al. (1999) proposed that parasitic consumers should
be more enriched in '3C relative to their hosts, but the lit-
erature on host—parasitic consumer systems do not show a
clear pattern of enrichment (see references in Sabadel et al.
2019). Rotifers showed an expected 1-2 %o enrichment in
813C relative to Synedra and chytrid zoospores, aligning with
the typical increase in 8'3C per trophic level. Zoospores did
not show a clear enrichment in 8'3C relative to Synedra. The
8'3C values were largely comparable between the different
trophic levels, suggesting that rotifers, chytrids and Synedra
were part of the same food web.

Natural abundance nitrogen isotopic composition

Results of §!°N were variable, showing a slight increase
in 8"°N in zoospores relative to Synedra, but no or even
negative 8'°N for rotifers relative to either Synedra or
chytrids. Although zoospores showed a 1.5 %o higher
mean 8'°N value relative to Synedra, variability between
replicates was very high. Hence, it was not possible to
distinguish trophic levels in our food web based on §'°N
values of chytrids and rotifers. Doucett et al. (1999)
argued that parasitic consumers that obtain all their
nutrients from the host should show the same theoretical
3.4 %o enrichment in 8'°N as predators feeding on prey.
This number is based on a mean of variable measure-
ments ranging from 1.3 to 5.3 %o (Minagawa and Wada
1984) and is related to the nitrogen compounds that are
transferred from the host to the parasite. Therefore, if the
parasite does not modify the structural composition of
the nitrogen compounds, it will show an isotopic com-
position more comparable to its food source (Chikaraishi
et al. 2007). However, variability in 815N values across
species can be rather high, even in very closely related
species, which have been on the same diet (Macko et al.
1982; Hobson and Clark 1992). In some systems, para-
sites do show the expected >N enrichment relative to
their host (Doucett et al. 1999) but in other systems, the
results of stable isotope analysis have been less clear or
even contradictory. For instance, parasites in fish showed
BN depletion relative to their host (Deudero et al. 2002).
Other studies (Deudero et al. 2002; Lafferty et al. 2008)
showed that parasites can be depleted, enriched or have
similar 8'°N as compared to the host depending on the
species of parasite and the host. In addition, the same
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parasite species in different hosts or different parasites
species on the same host might have very different 8'°N
values (Lafferty et al. 2008). The reason for this incon-
sistency in the stable isotope response of parasites is still
unresolved. Part of this variation in trophic discrimination
factors of parasites may come from selective feeding on
specific host substrates that differ in isotopic signature
resulting in different enrichment patterns in the para-
site (Deudero et al. 2002; Sabadel et al. 2019). In our
host—parasite system, the chytrid infection kills the host
and leaves an empty host cell without apparent residual
cell contents. However, it remains unclear whether the
chytrid actually consumes all cell contents of the diatom
or whether there is leakage of specific compounds during
the infection that could explain our result in a slight, but
variable !N enrichment in the parasite.

The rotifers also did not show enrichment in °N rela-
tive to Synedra or the chytrid. Contrarily, they seemed to
be depleted in N compared to the zoospores. The 8N
values obtained from the rotifers from treatment 2 (rotifers
exposed to Synedra) were similar to those of uninfected
Synedra. Low or even negative net population growth rates
of rotifers in treatment 2 suggest that rotifers were starv-
ing. Moreover, pre-experiments showed that the popula-
tion of Keratella exposed to Synedra as only food source
collapsed and died within 9 days. This would agree with
other studies that suggested that the size of Synedra cells is
too large to be ingested by Keratella (Frenken et al. 2016).
However, under starvation, an increase in 8'°N would be
expected (Gaye-Siessegger et al. 2007) which we do not
observe in our results. Rotifers that were exposed to zoo-
spores (treatment 3b) also showed >N depletion compared
to the 8°N values of Synedra and the zoospores, even
though the population growth rate of rotifers in this treat-
ment was comparable to growth rates under good food
conditions (Frenken et al. 2018). It is also unlikely that
the rotifer 8'°N values are a legacy of the culture mainte-
nance conditions as the food source (Chlorella sorokini-
ana) showed a higher 8N (mean=23.611; SD=0.425,
data not shown). However, we cannot fully exclude that
the low 8'°N of rotifers might reflect a change in their
internal use of N due to starvation. How rotifers adjust
their physiology when they undergo starvation conditions
is not well understood (Kirk 1997). The protein content of
rotifers can be very changeable and it is strongly related to
their diet and cultivation conditions (Makridis and Olsen
1999). In other rotifer species, biomass, nitrogen and
amino acid content decrease exponentially with time when
they experience deprivation of food quantity or quality,
especially at high temperatures (20-28 °C) (Makridis and
Olsen 1999). These internal changes could explain why
the rotifers did not show enrichment in §'°N compared to
their food source.

Carbon to nitrogen ratio

In line with expectations, Synedra showed the highest and
most variable C:N ratio, while zoospores and rotifers dis-
played a narrower range with lower C:N ratios. Elemental
composition of C, N and P differ between consumers and
primary producers and these stoichiometric differences can
be used as indicators of ecological processes such as nutrient
cycling and trophic structure (Frost and Elser 2002).

Grazers typically have higher nutritional demands with
lower and less flexible C-to-nutrient ratios than primary pro-
ducers (Sterner and Elser 2002). Our results support these
findings, where the nitrogen content relative to carbon of
zoospores and rotifers is significantly higher (i.e. lower C:N
ratio) compared to that in Synedra. Consequently, chytrids
may stoichiometrically upgrade the food for rotifers, which
in turn may do so for higher trophic levels. We expected that
the C:N ratio would decrease with higher trophic position
as carbon is used in heterotrophic metabolisms while at the
same time nutrients are becoming concentrated in higher
trophic levels (Sterner et al. 1998; Boersma et al. 2008). We
note that Synedra is relatively N rich in comparison to the
Redfield C:N ratio of 6.6, suggesting that the diatoms were
not N limited during the experiment. Also, the chytrid is
relatively N-rich in comparison to literature values for patho-
troph fungi (Zhang and Elser 2017) or aquatic saprophytic
fungi (Danger et al. 2016).

The zoospore elemental composition seemed closer to
that of rotifers while the infected Synedra values were more
similar to uninfected Synedra. Herbivorous consumers gen-
erally have higher nutrient demands than their plant food
source and this higher requirement is reflected in their lower
C:P and C:N ratios (Van de Waal et al. 2010; Hessen et al.
2013). Paseka and Grunberg (2019) showed that parasite
C:N ratios can differ depending on life-cycle stage with
lower C:N ratios during active reproduction. In line with
earlier work (Frenken et al. 2017b, 2018), our findings show
that zoospores appear to be efficient in transferring nutrients
from their host to rotifers. This process can work in two
ways: first by direct transfer of Synedra biomass to rotifers
and upgrading the quality of the food, e.g. lower C:N ratios,
for the rotifers. Second, the presence of chytrids might be
linked to higher amounts of bacteria (personal observa-
tion), potentially through leakage of organic matter from
the infected host. If we compare the GF/F filters (including
bacteria) and the GF/C (excluding most bacteria), filters with
more bacteria seem to show a lower C:N ratio, suggesting
that the bacteria may also improve the quality of the food.

N-transfer based on '°N labelling experiment

Based on tracing the >N label from host to the chytrid,
we showed that ~14% of the N content of Synedra was
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transferred to the parasitic consumers per day when the
prevalence of infection was 55%. Although there are to
date no studies that quantify the transfer of nutrients from
phytoplankton to chytrids, Grami et al. (2011) developed
a model to predict changes in carbon transport in a natural
lake community due to chytrid parasitism on phytoplankton.
According to this model, around 22% of the carbon of the
phytoplankton is transferred to chytrid sporangia, 18% to
the zoospores and 12.5% to zooplankton, resulting in less
sedimentation loss of phytoplankton carbon and longer car-
bon path lengths. Our N-flux estimates suggest a compara-
ble percentage of N transferred from hosts to zoospores and
supports the hypothesis that chytrid parasitism can affect
nutrient flows in aquatic food webs.

We assessed qualitatively the transfer of N from zoo-
spores to rotifers as expressed in 1°N_ . Rotifers exposed to
infected Synedra showed higher atom% >N compared to
rotifers exposed to Synedra only, indicating an overall larger
flux of N from resource to the rotifers when zoospores were
available as food source. However, the rotifers experienc-
ing starvation (Synedra only treatment) still showed a low
amount of '°N labelling, suggesting that the rotifers were
obtaining some '°N either directly from excreted extracel-
lular material of Synedra or from bacteria feeding on these
Synedra exudates. Rotifers exposed to chytrid-infected Syne-
dra culture showed relatively more labelling compared to the
Synedra only treatment, suggesting that these rotifers were
obtaining more diatom host-derived nutrients. The mech-
anism for this is presumably through the direct intake of
labelled zoospores as infected Synedra cells did not become
more edible for the rotifer as the host silica frustules remain
intact during and after infection. However, increased organic
matter, including nitrogen, recycling through heterotrophic
bacteria as a result of the parasitic infection (Senga et al.
2018) and, therefore, indirect labelling of the rotifers cannot
be entirely excluded. Nevertheless, the labelling signal of the
rotifers was very low when compared to zoospores and Syn-
edra and we cannot exclude that rotifers were starving also
in presence of zoospores. Rotifers can ingest ~5-10 pL d~!
(Rothhaupt 1995) and the density of zoospores at the end
of the experiment was ~20 zoospores uL~!. The density of
zoospores might have been too low for the rotifers to thrive
despite zoospores being a good food quality source (Gleason
et al. 2008).

Conclusions

Our results of the natural-abundances experiment confirm
current knowledge that chytrids completely depend on their
host as food source as their 8'*C was indistinguishable from
their host. However, the expected I5N enrichment relative
to their host was absent. Hence, assessment of the trophic
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position of the chytrid based on measuring stable isotopes
of whole tissue (“bulk”) samples remains inconclusive.
The potential of using stable isotopes for assessing the food
web position of rotifers remained unresolved. Despite clear
13C enrichment of 1 to 2 %o relative to the food source as
expected, we observed no 15N enrichment relative to host
and parasitic consumer. While we cannot exclude starva-
tion despite the presence of edible zoospores, net population
growth rate in the zoospore-exposed treatment seemed not
to support a severe starvation scenario. Our C:N ratio results
showed that zoospores are relatively N rich and have a rela-
tively similar C:N ratio as rotifers, suggesting that they are
a high-quality food source for zooplankton. We could also
confirm substantial transfer of N from host to chytrids and
show some evidence that the host N was also transferred via
chytrid infections to zooplankton, supporting the mycoloop
concept and suggesting a role for chytrids in rerouting N
flows from inedible producers to predatory consumers.

Future assessments of the trophic position of parasites
may profit from using more informative stable isotope meth-
ods such as the compound-specific isotope analysis of amino
acids, which allows much higher accuracy in trophic posi-
tion estimation (Chikaraishi et al. 2007; Steffan et al. 2013;
Sabadel et al. 2016). Furthermore, linking information on
elemental ratios of organisms to their stable isotope signa-
tures may help to assess the parasite trophic position, and
understand the underlying mechanism of elemental imbal-
ances between hosts, parasitic consumers and predatory con-
sumers of parasitic consumers.

Acknowledgements We would like to thank Nico Helmsing, Ronald
van Bommel, Jort Ossebaar and Emilia Hannula for stable isotope
measurements and analysis advice. Further, we thank Thijs Frenken for
providing Keratella cultures and advice and three anonymous review-
ers for constructive and thoughtful comments and suggestions. ASG
was supported by a NWO Innovational Research Incentives Scheme
grant (016.Veni.171.063). MK was supported by the Japan Society for
the Promotion of Science KAKENHI grant numbers JP25281012 and
JP15KK0026, SVAW was supported by the German Science Founda-
tion (DFG, grant WY175/1-1- project number 347469280). The data
belonging to this publication are stored open access at dataverse.nl
under the handle https://doi.org/10.34894/Z6TWLY.

Author contribution statement VSB, ASG, MK and DBVdW con-
ceived and designed the experiments. SVdW provided cultures. VSB
performed the experiments. VSB, MvdM and ASG analyzed the data.
VSB and ASG wrote the manuscript; all authors commented and pro-
vided editorial advice.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, 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



Oecologia (2020) 194:541-554

553

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/.

References

Boersma KF, Jacob DJ, Eskes HJ, Pinder RW, Wang J, Van Der A RJ
(2008) Intercomparison of SCIAMACHY and OMI tropospheric
NO,columns: Observing the diurnal evolution of chemistry and
emissions from space. J Geophys Res Atmos 113

Brauns M, Boéchat IG, de Carvalho APC, Graeber D, Giicker B,
Mehner T, von Schiller D (2018) Consumer-resource stoichi-
ometry as a predictor of trophic discrimination (A*C, A>N) in
aquatic invertebrates. Freshw Biol 63:1240-1249

Canter H, Jaworski G, Beakes G (1992) Formae speciales differen-
tiation in the chytrid Zygorhizidium planktonicum Canter, a
parasite of the diatoms Asterionella and Synedra. Nova Hed-
wigia 55:437-455

Chikaraishi Y, Kashiyama Y, Ogawa NO, Kitazato H, Ohkouchi N
(2007) Metabolic control of nitrogen isotope composition of
amino acids in macroalgae and gastropods: implications for
aquatic food web studies. Mar Ecol Prog Ser 342:85-90

Danger M, Gessner MO, Birlocher F (2016) Ecological stoichiom-
etry of aquatic fungi: current knowledge and perspectives. Fun-
gal Ecol 19:100-111

Deudero S, Pinnegar JK, Polunin NV (2002) Insights into fish host-
parasite trophic relationships revealed by stable isotope analy-
sis. Dis Aquat Org 52:77-86

Dobson A, Lafferty KD, Kuris AM, Hechinger RF, Jetz W (2008)
Homage to Linnaeus: how many parasites? How many hosts?
Proc Natl Acad Sci USA 105:11482-11489. https://doi.
org/10.1073/pnas.0803232105

Doucett RR, Giberson DJ, Power G (1999) Parasitic association of
Nanocladius (Diptera: Chironomidae) and Pteronarcys biloba
(Plecoptera: Pteronarcyidae): insights from stable-isotope anal-
ysis. J North Am Benthol Soc 18:514-523

Dugdale R, Wilkerson F (1986) The use of 5N to measure nitrogen
uptake in eutrophic oceans; experimental considerationsl, 2.
Limnol Oceanogr 31:673-689

Edmondson W (1965) Reproductive rate of planktonic rotifers
as related to food and temperature in nature. Ecol Monogr
35:61-111

Frenken T, Velthuis M, de Senerpont Domis LN, Stephan S, Aben R,
Kosten S, van Donk E, Van de Waal DB (2016) Warming acceler-
ates termination of a phytoplankton spring bloom by fungal para-
sites. Glob Change Biol 22:299-309

Frenken T, Alacid E, Berger SA, Bourne EC, Gerphagnon M, Grossart
HP, Gsell AS, Ibelings BW, Kagami M, Kiipper FC, Letcher PM,
Loyau A, Miki T, Nejstgaard JC, Rasconi S, Refié A, Rohrlack T,
Rojas-Jimenez K, Schmeller DS, Scholz B, Seto K, Sime-Ngando
T, Sukenik A, Van de Waal DB, den Wyngaert S, Van Donk E,
Wolinska J, Wurzbacher C, Agha R (2017a) Integrating chytrid
fungal parasites into plankton ecology. Research gaps and needs.
Environ Microbiol 19:3802-3822

Frenken T, Wierenga J, Gsell AS, van Donk E, Rohrlack T, Van de
Waal DB (2017b) Changes in N: P supply ratios affect the eco-
logical stoichiometry of a toxic cyanobacterium and its fungal
parasite. Front Microbiol 8:1015

Frenken T, Wierenga J, van Donk E, Declerck SA, de Senerpont Domis
LN, Rohrlack T, Van de Waal DB (2018) Fungal parasites of a
toxic inedible cyanobacterium provide food to zooplankton. Lim-
nol Oceanogr 63:2384-2393

Frenken T, Miki T, Kagami M, Van de Waal DB, Van Donk E, Rohrlack
T, Gsell AS (2020) The potential of zooplankton in constraining
chytrid epidemics in phytoplankton hosts. Ecology 101(1):02900

Frost PC, Elser J (2002) Effects of light and nutrients on the net accu-
mulation and elemental composition of epilithon in boreal lakes.
Freshw Biol 47:173-183

Fry B (2006) Stable isotope ecology. Springer, New York

Gaye-Siessegger J, Focken U, Abel H, Becker K (2007) Starvation
and low feeding levels result in an enrichment of '*C in lipids
and N in protein of Nile tilapia Oreochromis niloticus L. J Fish
Biol 71:90-100

Gerphagnon M, Agha R, Martin-Creuzburg D, Bec A, Perriere F, Rad-
Menéndez C, Gachon CMM, Wolinska J (2018) Comparison of
sterol and fatty acid profiles of chytrids and their hosts reveals
trophic upgrading of nutritionally inadequate phytoplankton by
fungal parasites. Environ Microbiol 21(3):949-958

Gleason FH, Kagami M, Lefevre E, Sime-Ngando T (2008) The ecol-
ogy of chytrids in aquatic ecosystems: roles in food web dynam-
ics. Fungal Biol Rev 22:17-25

Grami B, Rasconi S, Niquil N, Jobard M, Saint-Béat B, Sime-Ngando
T (2011) Functional effects of parasites on food web properties
during the spring diatom bloom in Lake Pavin: a linear inverse
modeling analysis. PLoS ONE 6:€23273

Gsell AS, Domis L, Verhoeven KJF, van Donk E, Ibelings BW (2013)
Chytrid epidemics may increase genetic diversity of a diatom
spring-bloom. ISME J 7:2057-2059. https://doi.org/10.1038/
ismej.2013.73

Guillard RR, Lorenzen CJ (1972) Yellow-green algae with chlorophyl-
lide C1, 2. J Phycol 8:10-14

Haraldsson M, Gerphagnon M, Bazin P, Colombet J, Tecchio S, Sime-
Ngando T, Niquil N (2018) Microbial parasites make cyanobac-
teria blooms less of a trophic dead end than commonly assumed.
ISME J 12:1008

Hessen DO, Elser JJ, Sterner RW, Urabe J (2013) Ecological stoichi-
ometry: an elementary approach using basic principles. Limnol
Oceanogr 58:2219-2236

Hobson KA, Clark RG (1992) Assessing avian diets using stable iso-
topes II: factors influencing diet-tissue fractionation. Condor
94:189-197

Ibelings BW, De Bruin A, Kagami M, Rijkeboer M, Brehm M, van
Donk E (2004) Host parasite interactions between freshwater
phytoplankton and chytrid fungi (Chytridiomycota). J Phycol
40:437-453. https://doi.org/10.1111/j.1529-8817.2004.03117.x

Kagami M, von Elert E, Ibelings BW, de Bruin A, Van Donk E (2007)
The parasitic chytrid, Zygorhizidium, facilitates the growth of the
cladoceran zooplankter, Daphnia, in cultures of the inedible alga,
Asterionella. Proc R Soc B-Biol Sci 274:1561-1566

Kagami M, Miki T, Takimoto G (2014) Mycoloop: chytrids in aquatic
food webs. Front Microbiol 5

Kirk KL (1997) Life-history responses to variable environments:
starvation and reproduction in planktonic rotifers. Ecology
78:434-441

Kuris AM, Hechinger RF, Shaw JC, Whitney KL, Aguirre-Macedo
L, Boch CA, Dobson AP, Dunham EJ, Fredensborg BL, Huspeni
TC, Lorda J, Mababa L, Mancini FT, Mora AB, Pickering M, Tal-
houk NL, Torchin ME, Lafferty KD (2008) Ecosystem energetic
implications of parasite and free-living biomass in three estuaries.
Nature 454:515-518

Lafferty KD, Dobson AP, Kuris AM (2006) Parasites dominate food
web links. Proc Natl Acad Sci USA 103:11211-11216. https://doi.
org/10.1073/pnas.0604755103

Lafferty KD, Allesina S, Arim M, Briggs CJ, De Leo G, Dobson AP,
Dunne JA, Johnson PTJ, Kuris AM, Marcogliese DJ, Martinez
ND, Memmott J, Marquet PA, McLaughlin JP, Mordecai EA, Pas-
cual M, Poulin R, Thieltges DW, Martinez ND (2008) Parasites

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1073/pnas.0803232105
https://doi.org/10.1073/pnas.0803232105
https://doi.org/10.1038/ismej.2013.73
https://doi.org/10.1038/ismej.2013.73
https://doi.org/10.1111/j.1529-8817.2004.03117.x
https://doi.org/10.1073/pnas.0604755103
https://doi.org/10.1073/pnas.0604755103

554

Oecologia (2020) 194:541-554

in food webs: the ultimate missing links. Ecol Lett 11:533-546.
https://doi.org/10.1111/j.1461-0248.2008.01174.x

Layman CA, Araujo MS, Boucek R, Hammerschlag-Peyer CM, Har-
rison E, Jud ZR, Matich P, Rosenblatt AE, Vaudo JJ, Yeager LA,
Post DM, Bearhop S (2012) Applying stable isotopes to exam-
ine food-web structure: an overview of analytical tools. Biol Rev
87:545-562

Lund J, Kipling C, Le Cren E (1958) The inverted microscope method
of estimating algal numbers and the statistical basis of estimations
by counting. Hydrobiologia 11:143-170

Macko SA, Lee WY, Parker PL (1982) Nitrogen and carbon isotope
fractionation by two species of marine amphipods: laboratory and
field studies. J Exp Marine Biol 63:145-149

Makridis P, Olsen Y (1999) Protein depletion of the rotifer Brachionus
plicatilis during starvation. Aquaculture 174:343-353

May L, Bass JA (1998) A study of rotifers in the River Thames, Eng-
land, April-October, 1996. Rotifera VIII: a comparative approach.
Springer, Dordrecht, pp 251-257

Merriam JL, McDowell WH, Tank JL, Wollheim WM, Crenshaw CL,
Johnson SL (2002) Characterizing nitrogen dynamics, retention
and transport in a tropical rainforest stream using an in situ 5N
addition. Freshw Biol 47:143-160

Minagawa M, Wada E (1984) Stepwise enrichment of °N along food
chains: further evidence and the relation between 8'>N and animal
age. Geochim Cosmochim Acta 48:1135-1140

Paseka RE, Grunberg RL (2019) Allometric and trait-based patterns in
parasite stoichiometry. Oikos 128:102—-112

Phillips DL, Inger R, Bearhop S, Jackson AL, Moore JW, Parnell AC,
Semmens BX, Ward EJ (2014) Best practices for use of stable iso-
tope mixing models in food-web studies. Can J Zool 92:823-835

Post DM (2002) Using stable isotopes to estimate trophic position:
models, methods, and assumptions. Ecology 83:703-718

Rasconi S, Jobard M, Jouve L, Sime-Ngando T (2009) Use of cal-
cofluor white for detection, identification, and quantification
of phytoplanktonic fungal parasites. Appl Environ Microbiol
75:2545-2553

Rasconi S, Grami B, Niquil N, Jobard M, Sime-Ngando T (2014) Para-
sitic chytrids sustain zooplankton growth during inedible algal
bloom. Front Microbiol 5

R-Core-Team (2012) R: a language and environment for statistical
computing, 3.0.0 edn. R Foundation for statistical computing,
Vienna, Austria

Rothhaupt K (1995) Algal nutrient limitation affects rotifer growth rate
but not ingestion rate. Oceanogr Limnol 40:1201-1208

Rounick J, Winterbourn M (1986) Stable carbon isotopes and carbon
flow in ecosystems. Bioscience 36:171-177

Rousseeuw PJ, Hubert M (2011) Robust statistics for outlier detection.
Wiley Interdiscip Rev Data Min Knowl Discov 1:73-79

RStudioTeam (2015) RStudio: integrated development for R, vol 42.
RStudio Inc, Boston, p 14

Affiliations

Virginia Sanchez Barranco'®

Copernicus Institute of Sustainable Development, University
of Utrecht, Utrecht, The Netherlands

Department of Marine Microbiology and Biogeochemistry,
Royal Netherlands Institute for Sea Research (NIOZ)
and Utrecht University, Utrecht, The Netherlands

Graduate Schools of Environment and Information Sciences,
Yokohama National University, Yokohama, Japan

@ Springer

Sabadel A, Woodward E, Van Hale R, Frew R (2016) Compound-
specific isotope analysis of amino acids: a tool to unravel complex
symbiotic trophic relationships. Food Webs 6:9-18

Sabadel A, Stumbo A, MacLeod C (2019) Stable-isotope analysis: a
neglected tool for placing parasites in food webs. J Helminthol
93:1-7

Senga Y, Yabe S, Nakamura T, Kagami M (2018) Influence of parasitic
chytrids on the quantity and quality of algal dissolved organic
matter (AOM). Water Res 145:346-353

Seto K, Van den Wyngaert S, Degawa Y, Kagami M (2020) Taxonomic
revision of the genus Zygorhizidium: Zygorhizidiales and Zygoph-
lyctidales ord. nov. (Chytridiomycetes, Chytridiomycota). Fungal
Syst Evol 5:17-38

Shniukova E, Zolotareva E (2015) Diatom Exopolysaccharides: a
review. Int J Algae 17:50-67

Steffan SA, Chikaraishi Y, Horton DR, Ohkouchi N, Singleton ME,
Miliczky E, Miliczky E, Jones VP (2013) Trophic hierarchies
illuminated via amino acid isotopic analysis. PLoS ONE 8:¢76152

Sterner RW, Elser JJ (2002) Ecological stoichiometry: the biology of
elements from molecules to the biosphere. Princeton University
Press, Princeton

Sterner R, Clasen J, Lampert W, Weisse T (1998) Carbon: phosphorus
stoichiometry and food chain production. Ecol Lett 1:146-150

Teece MA, Fogel ML (2004) Preparation of ecological and biochemical
samples for isotope analysis. Handbook of stable isotope analyti-
cal techniques. Elsevier, pp 177-202

Tilley A, Lopez-Angarita J, Turner JR (2013) Diet reconstruction and
resource partitioning of a Caribbean marine mesopredator using
stable isotope Bayesian modelling. PLoS ONE 8:¢79560

Van Donk E, Ringelberg J (1983) The effect of fungal parasitism in the
succession of diatoms in Lake Maarsseveen 1 (The Netherlands).
Freshw Biol 13:241-251

Vander Zanden MJ, Rasmussen JB (2001) Variation in 8'°N and §'*C
trophic fractionation: implications for aquatic food web studies.
Limnol Oceanogr 46:2061-2066

Van de Waal DB, Verschoor AM, Verspagen JMH, Van Donk E, Huis-
man J (2010) Climate-driven changes in the ecological stoichi-
ometry of aquatic ecosystems. Fron Ecol Environ 8(3):145-152.
https://doi.org/10.1890/080178

Walz N (1983) Individual culture and experimental population dynam-
ics of Keratella cochlearis (Rotatoria). Hydrobiologia 107:35-45

Werner RA, Brand WA (2001) Referencing strategies and techniques
in stable isotope ratio analysis. J] Rapid Commun Mass Spectrom
15:501-519

Williams DM (2011) Synedra, Ulnaria: definitions and descriptions—a
partial resolution. Diatom Res 26:149-153

Zhang J, Elser JJ (2017) Carbon: nitrogen: phosphorus stoichiometry
in fungi: a meta-analysis. Front Microbiol 8:1281

- Marcel T. J. Van der Meer? - Maiko Kagami? - Silke Van den Wyngaert* -
Dedmer B.Van de Waal® - Ellen Van Donk’ - Alena S. Gsell®

Department of Experimental Limnology, Leibniz-Institute
of Freshwater Ecology and Inland Fisheries, Berlin, Germany

Department of Aquatic Ecology, Netherlands Institute
of Ecology (NIOO-KNAW), Wageningen, The Netherlands


https://doi.org/10.1111/j.1461-0248.2008.01174.x
https://doi.org/10.1890/080178
http://orcid.org/0000-0002-5801-7847

	Trophic position, elemental ratios and nitrogen transfer in a planktonic host–parasite–consumer food chain including a fungal parasite
	Abstract
	Introduction
	Materials and methods
	Model system
	Experimental set-up
	Sampling
	Sample analysis
	Population growth rates and infection prevalence
	Elemental analysis and isotopic ratios

	Data analysis
	Population growth rate and infection prevalence
	C:N ratio
	Trophic position and N-transfer

	Statistical analysis

	Results
	Population growth rate
	Trophic position
	Natural-abundances experiment—trophic position based on δ15N and δ13C values

	C:N ratio of trophic groups
	N-transfer
	Quantitative N-transfer from Synedra to zoospores
	Qualitative N-transfer from zoospores to rotifers


	Discussion
	Population growth rate
	Trophic position based on natural δ13C and δ15N values
	Natural abundance carbon isotopic composition
	Natural abundance nitrogen isotopic composition

	Carbon to nitrogen ratio
	N-transfer based on 15N labelling experiment

	Conclusions
	Acknowledgements 
	References




