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Fresh water Biology (1983) 13,24 i-251

The effect of fungal parasitism on the succession of diatoms
in Lake Maarsseveen I (The Netherlands)

ELLEN VAN DONK and J. RrNGF.LBERG Department of Aquatic Ecology.
University of Amsterdam. The Nctherkinds

SUMMARY. During late winter and early spring, diatoms are predomi-
nant in Lake Maarsseveen I and show a succession in blooming. To
elucidate the role of parasitism in this succession, samples were taken once
a week in 1^78. 1979 and 19S() and examined tor fungal parasites, further,
factors which presumably influenced the phytoplankton growih. including
temperature and chemical compounds,were studied. Parasites were tound
on Astericftiellii Jormosa Hass., Stcphanodi.scus astraeit (Ehr) Grun. and
Cycloietla comia (Ehr) Kiitz. The chytrid fungus Zygorhizidium plank-
toniciim Canter was parasitic tin Asterionella formosa. This was the only
case w here high infection percentages were registered. The developmental
phases of Zy^orliizidium plunktonicum on Asterionella formosa were
studied. The fungus was capable of affecting the spring increase and
bringing about ;i premature eni.1 to the bloom. Orily when the fungus was
temporarily mhibited in its parasitic activity (this phenomenon coincided
with periods of frost) was A. formosa able to reach a high abundance.
Severe parasitism on A. formosa favoured the development of other
diatoms (mainly t>f Fragilarla crotoricnsis Kitt.. Stephanodiscus ImntzschU

Grun . andStcphanodiscusastraea).

Host-parasite interrelationship studies performetl in the laboratory
showed that temperature can be an impt)rtanl environmental factor
associated with epidemics ol Zygorhizidium plankiomcum on Asterionella
formosa. At very low temepralures (L5± 1°C) the fungal activity was
inhibited while Asterionella fortnosa still grew well. However, at 5,10 and
ISX" the fungus manifested a high infection rate and was able to overtake
Asterionella.

Introduction veen I (The Netherlands) was initiated in 1977.
A detailed investigation of the phyloplankton '" l;>"-' winter and early spring, diatoms are
(Dorgelo, van Donk & dc Graaf-Bierbrauwer, prcdnniinant in the phytoplankton standing-
1981) and zooplankton standing-crop (Butter. <-*'"op. while zooplankton is scarce. Every year
1981) in the open-water zone of Lake Maarsse- Asterionella formosa, Stephanodiscm himtzschii

,, ^,, „ , „ and Stephttmnlisais astraea are the first to
Correspondence: Dr Ellen van Donk. Deniirlmcnt J , , u ui . i_

or Aquaiic Fcology. Universiiy (,f Amsicrdr.ni. develop and they bloom more or less synchro-
Kriiisi;i;in 32(1. UWK SM Ainsicrdiim, Tlic Ncihcr- nously. Generally they arc succeeded by Fragi-
liinds. hiriii irotonensis and . thereafter, by Cychtella
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comta. However, yearly variations in the lime,
amplitude and duration of ihc growth periods
were ohserxed (Dorgelo ct ai. 1981).

i:)urmg Ihe lasl 2 years a research programme
has been carried out, aimed at understanding
the factors governing this succession. It is well
known that several environmental faetors. such
as light, temperature, turbulence, nutrient-
availahility. parasitism and grazing, are of
importance (Reynolds, 197.̂ : Lund. 1950). In
this article, the role of fungal parasitism as a
steering factor is studied. Although many fresh-
water algae are known to be susceptible to
parasitic attacks, detailed knowledge of this
phenomenon, especially with respect to algal
growth, is lacking (Lund. 1965). Studies of
chytrid fungal parasitism, carried out in the
English Lake District, indicate that infection of
desmids. diatoms and green algae is fairly
common (Canter. 1979). In other lakes too.
significant fungal parasitism is recorded, espe-
cially on AsterioncUa formosa (Kmib. 1966;
Paterson. 1958: Reynolds. 1973; Youngman,
Johnson & Farley. 1976).

In Lake Maarsseveen, fungal parasites were
found on AstcrionctUi fornumi. Stephanodi.scus
astraea and Cyclotella comta. High infection
percentages were only registered for Astcr-
ionella fornuisa. Cells were parasitized mainly
by the chytrid Zygorhizidimn plankioniciim
Canter (for an e.\tensive description of the
fungus see Canter, 1967). In order to elucidate
the significance of parasitism in Lake Maarsse-
veen. a detailed quantitative study of the
developmental phases of Zygorhiziditun plank-
tonicum on AsterioncUa formosa is necessary.

We were able to distinguish three phases in
the life cycle of ZvKorhizidhmi planktonicum:
zoospores. sporangia and resting spores (Fig.
1). Free-swimming zoospores are the main
dispersive agents of the fungus. They settle on
diatom cells, penetrate the cell via the girdle
zone and form a rhizoidal system internally.
Nourishment is conveyed back to the zoospore.
which enlarges and becomes a sporangium. The
sporangium matures and new zoospores are
produced. Sexual reproduction takes place by
gamctangial copulation. The female thallus
develops from a /oospore in the same way as
described for the sporangium, except that no
zoospores are formed. Other zoospores remain
small and behave :ts male thalM. emptying their
contents into the female thalli through conjuga-

Sporangiun

saiMaa on
a fliaietm ceir

g«m«iangiat copulation

FIG. i. Life cycle o( Zygorhizidhim planktorticum.

tion tubes. After receiving a male protoplast,
female thalli develop into thick-walled resting
spores, which are the only known diploid phase
in the life cycle.

Beside the description of the infection course
in the lake during the spring. laboratory experi-
ments were carried out to analyse the relation
between the parasitic activity of Z. planktoni-
cum and water temperature.

Description of the lake

Lake Maarsseveen was fi»rmed by excavation
of sand in a peat-bt>g area, in 196(J. The
trough-shaped lake is oligo-mesotrophic. Ils
water content is principalK supplied by pre-
cipitation and ground-water. It is drained via an
outlet. The maximum depth is 30 m. Thermal
stratification begins in Apri l-May and over-
turn is completed in November. A more com-
prehensive description of the lake is given by
Ringelberg (I9K1J.

Methods

Samples taken in 1978. 1979 and 1080 were
examined for fungal parasites. Tliese samples
were taken once a week around midday with a
3-litre van Dom sampler from a raft in the
centre of the lake. The depth of water at the
raft is 30 m. The water was sampled at I m
intervals to a depth t>f 10 m; samples were then
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pooled and a I litre subsample was preserved
with LugoPs iodine for later counting of the
algae and fungi by means of an inverted
mieroscope (Rcichert MeF>). Samples were
settled in 10 ml flat-bottomed tubes {diameter
24 mm) and transects of the bottom area of the
tube were counted. Asterionella formosa was the
only aIgH heavily infected hy a chytrid fungus.
When ct)unting at a high magnification (objec-
tive lOOx. ocular lOx) we were able to
distinguish A. formosa cells infected with zoo-
spores, sporangia and resting spores. Some-
times, in the very last stage of an epidemic,
more than one developmental fungal sttige was
present on one A. formosa cell.

When zoospores as well as sporangia were
present, the particular cell was counted among
the eells with sporangia. Cells with resting
spores, notwithstanding the fact that they often
bore zoospores and sporangia, were always
counted as cells with resting spores. Healthy
eells of A. formosa possessed well-defined
parietal chromatophores covering a consider-
able part of the inner surface of the cell. Single
zoospores occurred frequently on such cells,
but when well-developed sporangia or resting
spores were present, the chromatophores were
either considerably disorganized or completely
destroyed. Empty ceils were not counted.

Analyses were made of those chemical fac-
tors which were thought to exert an influenee
on phytoplankton growth. The water samples
were filtered through 0.45 \x.xn filters pre-
soaked in distilled water. Orthophosphate was
measured according to Murphy & Riley (1962).
Spectrophotometric readings were made using
4 em cuvettes, allowing determination of as
little as I /Ltg PO4-P r ' .

Reactive silicate was determined according to
Armstrong (1951). Nitrate was measured
according lo the method of Stainton, Capel &
Armstrong (1974). after a quantitative reduc-
tion to nitrite by a cadmium—copper couple
(Woods, Armstrong & Richards. 1967; Nydahl.
1976), For both determinations a Ceneo auto-
mated analyser was used. The nitrite concentra-
tion in the lake was negligible.

Temperature profiles were measured weekly
at I m intervals with a YSl-teletliermonieter,

Laboratory experiments

Uninfected Asterionella formosa cells iso-
lated from Lake Maarsseveen were cultured in

batch cultures (1 litre Pyrex Erlenmeyer flasks)
in freshwater medium "WC (Guillard. 1975).
Tliese cultures were set up in duplicate at four
different temperatures under standard light
conditions (25 "Wm"-. 12 h light—12 h dark).
At the start of our experiment the uninfected
A. formosa cells were growing in log phase and
the eight cultures were brought lo equal density
(around 300(1 uninfeeted cells per ml). Then :it
each temperature one of the two cultures was
also inoculated with A. formo.sa cells which
were highly infected by Zygorhizidium planklo-
nicuin (9(r̂ ^ of the cells was covered with
zoospores and sporangia). We added the
infected eells to a concentrntion of 1500
infected cells per ml. These A. formosa cells
were collected from the lake by means of a
plankton net of approximately 50 /Ltm mesh
during an epidemic of Z. planktonicttm.

Zooplankton was removed by filtering
through 150 /ini mesh. Before incubation with
the uninfected cells, these cells were adapted
for 3h to the incubation temperature. TTie
cultures were shaken manually twice a day. To
study the effect of temperature on the course of
the infection, the number of uninfected A.
fnrmosa cells was followed over 6 days in both
the cultures inoculated with the fungus and the
uninfected cultures. From the number of
infected and uninfected cells in the infected
cultures the percentage of infected cells was
calculated during incubation.

Results

Seasonal sticcession

Fig, 2 shows the pattern of succession of
the dominant algiil species during the springs of
1978.1979 and 1980. Diatoms are predominant.
Every year Asterionelht formosa. Stepfianodis-
cus astraea and Stephanodiscus hantz.schii were
the first to develop. The greatest abundance of
A. formosa (7(XX) cells ml'') was found in 1978.
In 1979 and 1980 the maxima were 2500 cells
ml ' and 180 eells mT' respectively. In both
1979 and 1980 A. formosa showed two spring
maxima. In 1980 when A. fonnosa did not
become dominant, the Stephanodisctts blooms
were prolonged and followed by a Fragilaria
crotonensis bloom. Cycloiella comta started to
grow in May.
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FIG.2.Thesuceessionofdiatomspeeiesintheupper lOmof Lake Maarsseveen I during the springs of 1978.1979
and 1980. • . Asterionella formosa; A. Steph<tnodi.\cus hantzschii. A. Siephanodiscus asrraea: x . Fragilaria.
crotonensis', o . Cvcloletlu comta.
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Diatom population, fimguspopulation in the
lake

High infection percentages were only reg-
istered tor Asteriotiella formosa. In Fig, 3 the
spring blooms of A. fontiosa and the develop-
mental phases of Zygorhizidium planktonicum
are given for the three successive years. No
samples were available for January 1978 and
1979.

197H. In the first week of February. 50% of
the diatom cells were infected. During it period
of frost at the end of the month, the number of
cells with zoostK)res and sporangia decreased
and resting spore-like structures were formed
which looked like real resting-spores but no
gametangial copulation was observed. These
spores possessed a rhizoiJat system similar to
that known for ihc real resting spores of Z.
planktonicum and had the same size and form.
From now on we will call these structures
thick-walled spores, to distinguish them from
the resting spores formed sexually. The thick-
walled spores were present until the end of
March. In March, the number of cells wllh
zoospores again increased, and after about I
week cells with sporangia appeared. Until the
end of April the percentage of infected celLs was
fairly constant and remained less than 15%.
Obviously, parasitism was not the primary
cause of the end of the bloom in that year.

1979. From January until March the lake was
covered with ice. Under the ice-cover A.
formosa reached a maximal population density.
In February, cells with zoospores and thick-
walled spores were present but their number
did not change significantly until March. As
soon as the ice had melted the thick-walled
spores disappeared and an enormous infection
developed. At the end of March (the peak
of the epidemic), more than 9()% of the
Asterionella ceils were parasitized. During the
last stage of the epidemic resting spores were
observed. During the first week of May a new
Z. planktonicum epidemic started, and at the
end of May 74% of the cells were infected.

1980. Following a small epidemic at the end
of December 1979, in January 1980 the fungus
was chiefly present in resting spore stage. At
that time, the lake was frozen over for 6 days.
In February, cells with zoospores appeared and
a few days later more cells with sporangia were
seen. At the time of the maximum infection
(the beginning of March) more than 90% of the

cells were parasitized. In the later stage of the
epidemic resting spores were formed. In April a
second bloom of A. formo.sa began and by 13
May 65% of the cells appeared to be infected.

Ntitrients and temperature
Nutrient data are presented in Fig. 4. The

results are given as mean values for the upper
10 m of the water column. The nitrogen-nitrate
concentrations were not plotted, since they
remained high and varied less (between 0.3 and
0.5 mg 1~'). In the three successive years the
nutrient concentrations at the start of the spring
bloom were almost identical (SiO2-Si±2 mg
r' :NOrN±0.5 mg r':PO4-P±6 ;ugV'). The
decrease in concentrations started very early
and occurred at the highest rate in 1978. when
the increase in diatom concentration was high-
est (Fig. 2). During ihe spring the nitrate and
silicate concentrations were relatively high for
diatom growth (Lund. 1950).

The lowest concentration of silicate
(0.5 mg r ' ) was measured in 1978. The

1978

-10

JAN FEB MAR APR MAY
FIG. 4. Mean values olsiiicalc (•) and phosphiitc (o)
conccntriilions mcjisuretl in the upper tl) m of Lake
Maarssevccn I diiring ihe springs ol' {'•)7H. \97^) und
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orthophosphate concentration, on the other
hand, was often very low. decreasing some-
times to less than 1 /xg PO4-P I" ' .

In 1979 and 19S() the nutrient concentrations
were, as compared with I97S. rekitivcly high at
the moment of the collapse of Asicrionella:

15.iv.78, SiO2-Si cone, 0.7 mg I"'. PO4-P
cone. 1 /i-g r ' . NO_,-N cone0.38 mgl"'

11iii.79. SiO-Si cone. 1.4 m g l " ' , PO4-
P cone. 2 ^g r ' . NOi-N eone. 0.43 mg 1"'

15.11.80. SiO2-Si cone. 1.9 mg I" ' . PO4-P
cone. 2.5 ii% I"'. NO3-N eonc. 0.46 mg mg P '

Temperature data are given in Fig. 5 as
depth-time diagrams of isotherms (°C). When
ice-cover was present in 1978 and 1979 the
mean temperature of the upper 10 m fell below

0

'e
X '

a. '̂
LU

Q 16

20

24

, 'CQ, IT9781

4339^7 3 2 Oft ? 3 4 'l.S 5 5.5 fi 7 B 9inni?1314

ice
T

, h979|
-1.M.4 4̂ ? \f)

ice

0 4.4 4 1 3 3,6 3.6 3.7 4.4 4 &£,
'.2

[1980

4£ 910111213 15
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FIG, S. Deplh-iinifdiagraimut isotherms (X) in Lake Maarsseveen during the springs of 1978. 1979 and 1980,
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F IG . 6. The nutnhcr nf uninrecled .Asterionella cell.s tliiririii d diiys ot" inculmlion in the uninfeeletl (~) and
infected ( • ) eul tures ot Asicrionella ;il lour different tempera lures. At day zero ihc • cultures were ii ioculaled
with infected Asterionelia cells (around 1500 infected cells ml ' ) .

3°C. Every year thermal stratification begins in
April-May.

Laboratory e.xperiments

In Fig. 6 Ihc number of uninfected cells is
plotted for the infected and uninfected Aster-
ionella cultures at the four incubation tempera-
tures. The percentages of infected cells during
incubation in the infected Asterionella cultures is
given in Fig. 7. At \.S"C the fungus did nut

display any signifieanl parasitic aetivity. while
Asterionella was still growing well. There was.
however, no formation of thiek-walled spores
as observed in the lake. At 5. It) and 18T the
fungus demonstrated a high parasitic activity.

Discussion

<)\er ihc three siitvessive years, great differ-
ences in maximal spring abundance of Aster-
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days from start of the experiment

FIG, 7. The percenlages of infected cells during 6
days of incubation in the infected cultures of A.
formosa at four different I em pc rat u res.

ionella formosa were observed, in spile of the
tact thai the concetitrations of P, Si iind N at the
start of the spring hloom were almost identical
(Figs. 3 and 4). In 197^ and 19S11 high pereen-
tages of infected cells were registered. As
compared with 197K. the maximal number of y4.
formosa remained low bu( ihe P. Si and N
concentrations were relatively high ai the
moment of the collapse of the population. In
those two years, fungal parasitism and not
shortness of P. Si and N was probably the
primary cause of the premature end of the
bloom.

The degree of infection of the population
depends on the relative growth rates of host and
parasite (Sparrow. 1968: Canter & Lund.
1951). It seems th;tt. if conditions are faxour-
able for the parasite, the parasite can mulliply
faster Ihan A. formosa (Fig. 6). However, low
water-temperatures seem to inhibit the fungus

in its parasitic activity. In our laboratory experi-
ments, the fungUN was unable to multiply at
1 .f'^C and in Ihc lake inhibition ol the fungus in
I97K and 1979 coiticidcd with periods of frost,
when the mean temperature of the upper 10 m
fell below .^"C. During ice-cover we observed a
decrease in ihe number of cells with /oospores
and sporangia and form;itii>n of thick-walled
spores (Fig. 3). Some fungi can survive
unfavourable conditions by means of thick-
walled resting spores {Hawker. 195(1: Sussnian.
I9(t6). Canter & Lund (194S) found that resting
spores, formed by gamelangial LOpuhition.
occur in the later stages of epidemics, when
several parasites ean be seen to have infected a
single diatom cell. In 1979 and 19X0 we also
observed these resting spores at the etid of an
epidemic (Fig. 3). However, in I97S and 1979
thick-walled spores appeared at the beginning
of an infection when the lake was covered with
iee. Here we observed n() gametangial copula-
tion. Perhaps the low water-temperature
induced the formation uf these spores. Anyway
we did not see this phenomenon in our experi-
ment. Canter & Lund (1948) did not find any
inhibition of fungal activity under ice. Very few
data are available with regard to low tempera-
ture inhibiting the activity of chytrid fungi. Barr
& Hickman (1967) found no growth of the
chytrid Rhyzophidium spaerocarpum on Spir-
ogyrit below HfC. but with increase in tempera-
ture growth increased to an optimum at 3(rC.

In contrast to 1978. in 1979 an enormous
attack by the chytrid fungus was observed
within a week after melting of ihe iee. During
this period the water-temperature rose above
4'̂ C. The question is how this difference in
fungal activity was caused. Perhaps the time
needed for ripening of the thick-walled spores
played an important part. In 197K the period of
ice-cover was short. Although after the frosi
period the temperature rose lo 4^0' within 10
days, it took another 10 days for a noticeable
reinfection to begin. Thick-walled spores per-
sisted for more than a monlh. It is probable thai
this time is needed for maturation. Therefore
the fungus could not overtake the fast-growing
diatom population. In that particular year, the
bloom of A. formosa was most likely not
impeded by the fungus. At the end of (he frost
period in 1979 ihe thick-walled spores were
already present for at least a month. Within a
week after the ice melted, as soon as the
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temperature rose above 4''C. Z. phmktotucum
demonstrated enormous activity. In January
1980. resting spores of an epidemic that occur-
red in the previous month were still present. At
that time the number o\ A. formosa cells was
small. A short period of ice-cover in January
had no appreciable effect on the fungus
(already in resting spore stage) nor on Aster-
ionella (no apparent growth, probably due to
the low light conditions in this month). With
temperatures rising above 4''C at the end of
January, the parasite increased rapidly and
soon overtook A. formosa.

From these observations over the three suc-
cessive years and the laboratory experiments
we may conclude that Zygorhizidium phmkto-
nicton can display high parasitic activity at
temperatures above 4"̂ ,̂ Whether the fungus is
able to overtake A. formosa after the ice has
melted, appears to be dependent on the length
and start of the cold period.

Parasitism on one diatom species favours the
development ol nthcr algae anil in this way can
be one of the factors influencing seastmal
succession (Canter & Lund. 1953; Reynolds.
1973). An example is the replacement of highly
infected Asterionella formosa by Fragilaria cro-
tonensis and Tahcllaria feni'strata in Lsthwaite
Water in 1949 (Canter & Lund. |9.S|). In our
lake, in 1978 and 1979. when the fungal activity
was impeded. A. formo.sa could reach a great
abundance, while Fragilaria crotonensis
appeared only in small numbers (197S) or not at
all (1979) (Fig, 2), This is in contrast to 1980.
when the number of A. formosa cells remained
low due to parasitism and Stephanodiscm bant-
zschii, Stephanodi-sctts astraea and Fragilaria
crotonensis were able to bloom (Fig, 2),

Bioassays. performed in 1980. demi)nstrated
that beside fungal parasitism, competition for
phosphorus is an important factor in this
succession. The two Stvphanodiscus species
were the first to become limited in growth by
phosphorus. Later in the spring Fragilaria
crotonensis became phosphorus-limited. Aster-
ionella formosa, heavily infected by Zygorhizi-
dium planktimiinm. did not demonstrate any
growth stimulation with addition of nutrients
(van Donk, unpublished). Competition experi-
ments in continuous cultures between unin-
fected Asterionella formosa, Stephanodiscus
hantschii and Fragilaria crotoneasis. isolated
from Lake Maarsseveen, showed that Aster-

ionella is able to outcompete the others at tow
phosphorus concentrations, Asterionella for-
mosa has the highest affinity for phosphorus,
followed by Fragilaria crotonensis and Stepha-
nodi.scu.s hantzschii (van Donk. unpublished).
When, however, in the lake at an early stage of
growth Asterionella formosa becomes elimin-
ated by the fungus (see Fig, 2, 1980), the other
diatoms have a chance to compete for the
phosphorus and show a succession in hlooming.
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