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Abstract

Abstract
Oomycetes are a diverse group of fungal-like organisms, representing one of the
eukaryotic groups which have the greatest impact on human health and ecosystem functioning.
As parasites, oomycetes cause mortality and population declines in a variety of terrestrial and
aquatic hosts. Oomycete parasites belonging to the genus Aphanomyces infecting the brood
pouch of female copepods are the most commonly reported parasitic infections in copepods. Yet,
we know very little about the ecology of this host-parasite system. The aims of this thesis were to
investigate the phylogeography of Aphanomyces brood parasitism and to describe the
development, transmission, and distribution of Aphanomyces infections.
Globally, reports of Aphanomyces infections in copepods are restricted to central Europe,
Norway, and New Zealand, with a distribution that cannot be explained by the biogeography of
their hosts. Genetic analysis revealed a high sequence similarity between New Zealand and
European strains, indicating that they belong to the same species. The restricted distribution of
Aphanomyces in Europe to lakes stocked with fish and the high sequence similarity to
Aphanomyces invadans, a fish parasite, suggests that fish can serve as a host, or may even
represent the primary target of the parasite. If so, Aphanomyces may have arrived in New
Zealand (and stocked lakes in Europe) with the movement of infected fish. This conclusion
warrants further investigation, particularly to further our understanding of how oomycetes can
invade and spread in new ecosystems.
Environmental conditions can have major impacts on host-parasite dynamics through
their influence on the survival and infectivity of free-living transmission stages. In laboratory
experiments, transmission of Aphanomyces was reduced in the presence of Daphnia. Filtering of
parasite zoospores by Daphnia has been shown in a number of other host-parasite systems, and
may represent an important energy pathway in lakes with Aphanomyces. The role of temperature
on transmission rates was unclear. Aphanomyces developed faster at higher temperatures,
suggesting a positive impact on parasite transmission. Sporangial development and zoospore
survival were significantly impaired, revealing an upper thermal limit for parasite persistence.
Although the distribution of parasites is constrained by that of their hosts, the occurrence
of Aphanomyces across a series of ponds was also affected by habitat variables, namely habitat
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size and substrate type. Small, ephemeral habitats lacking silt substrates may not be able to
support Aphanomyces infections due to reduced survival of resting stages necessary for
persistence in temporary ponds. The absence of Aphanomyces in ephemeral ponds in Europe
suggests that it is poorly adapted to long periods of drying. In New Zealand, ephemeral ponds
with Aphanomyces infections have shorter dry seasons and silt substrates that may facilitate its
persistence.
These small-scale ﬁndings were examined in a global context by evaluating the role of
habitat variables and transmission stage ecology in influencing host-parasite dynamics
worldwide. At a global scale, habitat size (particularly depth) had an effect on host-parasite
dynamics, with parasite prevalence increasing in shallower waterbodies. Parasites with mobile
transmission stages, like oomycetes, did not respond to the same habitat variables as parasites
with immobile transmission stages.
The factors that affect the distribution and survival of parasites in their host populations
are complex. This thesis provided evidence that the global distribution of Aphanomyces may
result from the introduction of fish populations. At smaller spatial scales, environmental
variables which affect the survivability of free-living stages limit the ability of Aphanomyces to
persist in certain habitats. Overall, a greater knowledge of the ecology of parasite free-living
stages and the mechanisms which influence the transmission of these stages to their hosts will be
essential for understanding parasite spread in aquatic ecosystems.
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Chapter One: General introduction

1.1 Zooplankton Community Dynamics
A fundamental goal of ecology is to understand the main drivers that determine structure
in biological communities. Freshwater zooplankton represent an ideal community for examining
the relative roles of various potential drivers on community dynamics due to their position at the
center of aquatic food webs, their short generation time and high fecundity, and ease in which
they can be collected in the field and maintained in the laboratory (Bohonak and Jenkins, 2003).
Physicochemical factors have long been considered to be the main group of factors structuring
zooplankton; for example, pH (Sprules, 1975), calcium levels (Tessier and Horwitz, 1990), and
lake morphometry (Keller and Conlon, 1994). The work of Hrbacek et al. (1961) and Brooks and
Dodson (1965) have demonstrated that zooplankton community structure can also be strongly
regulated by biological factors. For example, in lakes with large populations of planktivorous
fish, Daphnia are often lacking, and zooplankton species typically mature at a smaller size
(Rennella and Quiros, 2002). Planktivorous fish can also increase zooplankton diversity through
the removal of invertebrate predators (Yan et al., 1991) and can alter the outcome of competition
among species as size-selective predation allows smaller, competitively inferior, species to
increase in numbers (Lynch, 1979).
Although it is now agreed that many variables interact to structure zooplankton
communities, the role of parasitism and disease was, until recently, largely ignored by
limnologists. Like all other living organisms, zooplankton can be infected by a diverse range of
taxa, including bacteria, protozoa, microsporidians, fungi, oomycetes, and larval helminths. In
particular, the large zooplankton grazer Daphnia has emerged as a focal host for research on the
role of parasitism in freshwater plankton communities (as reviewed in Ebert, 2008; Cáceres et
al., 2014). A high diversity of parasites have been documented in Daphnia populations from rock
pools, ponds, and lakes throughout the world. For instance, Stirnadel and Ebert (1997) recorded
17 species of parasites infecting two species of Daphnia in three ponds over the course of a year.
Broad spatial studies of a number of lakes or ponds have found anywhere from 8 to 21 distinct
taxa infecting Daphnia (Ebert et al., 2001; Wolinska et al., 2009; Duffy et al., 2010) or
cladocerans in general (Goren and Ben-Ami, 2012). Microsporidians and bacteria represent the
most commonly encountered parasites of Daphnia (Stirnadel and Ebert, 1997; Ebert et al., 2001;
Ebert et al., 2008). More recently, molecular studies have documented hidden or ‘cryptic’
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diversity of parasite communities, particularly oomycete parasites, which were shown to be
widespread in lake zooplankton (Wolinska et al., 2009). This group of parasites remains largely
understudied, although they appear to be highly virulent (Prowse, 1954; Wolinska et al., 2008)
and capable of infecting a wide range of hosts (Wolinska et al., 2009).
1.2 Parasitism in Zooplankton Communities
The individual-level effects of parasites on their zooplankton hosts are varied, e.g.,
alterations of host behaviour, increased susceptibility to predators, and decreased fecundity
and/or life span (Bittner et al., 2002; Decaestecker et al., 2002; Duffy and Hall, 2008; Wolinska
et al., 2008), which all impact host fitness and in turn population dynamics. Experimentally, a
number of Daphnia parasites have been shown to reduce population density and even cause host
extinction (Ebert et al., 2000; Bittner et al., 2002; Duffy, 2007). Definite effects on host
population dynamics and fitness are more difficult to demonstrate in the field. Even though
parasites can reach high prevalence in zooplankton taxa, field studies cannot exclude the
possibility that parasites infect already weakened hosts and cause no additional mortality, and
that similar population dynamics would occur in the absence of these parasite (Ebert, 2005).
However, field studies which have analyzed birth and death rates in parasitized Daphnia
(Brambilla, 1983; Duffy and Hall, 2008) and copepod (Burns, 1985a; 1989) populations have
reported a decrease in population growth rates in the presence of parasitism ranging from 14% to
49%.
The ability of a parasite to impact its host population, i.e., the host is maintained at a
lower density than what would be achieved without the parasite present, is dependent on a
number of variables (Anderson and May, 1978). Hall et al. (2011) demonstrated that the yeast
parasite Metschnikowia bicuspidata can regulate the density of its host, Daphnia dentifera, but
only when parasite epidemics are sufficiently large (> 8% prevalence). The mechanisms that lead
to epidemics are complex and varied. Hall et al. (2010) outlined three overlapping routes in
which ecological factors may affect rates of parasitism in lake Daphnia populations which are
broadly applicable to lake plankton populations in general. These include differences in habitat
quality, through its influence on host (and parasite) growth and survival, changes in community
structure, and physical habitat differences that can alter contact between host and parasite. Table
3
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1.1 outlines the most common ecological factors that have been hypothesized to modulate
differences in prevalence among plankton communities. Most empirical evidence for these
hypotheses comes from Daphnia populations in north temperate lakes. However, extensive
studies of phytoplankton communities and their fungal parasites have also provided strong
evidence for the role of environmental factors in influencing parasite transmission (Canter and
Jaworski, 1981; Bruning and Ringelberg, 1987; Bruning, 1991a; Kagami et al., 2004). Together,
these studies illustrate the importance of understanding host-parasite interactions in an
environmental context to accurately predict impacts on host population dynamics.
A combination of factors can drive parasite prevalence from a few rare and almost
undetectable cases to a full-scale epidemic. The challenge in predicting which factors will lead to
which outcome is exacerbated by the fact that results are often specific to the lake, host, and/or
parasite. For example, the “healthy herds” hypothesis (Packer et al., 2003) states that predators
can reduce infection in host populations by selectively feeding on infected individuals. Support
for this hypothesis is evident in Daphnia populations infected by chytrid parasites. Johnson et al.
(2006) found that fish predators preferred chytrid-infected Daphnia over uninfected Daphnia and
that reduced fish predation on chytrid-infected Daphnia in turbid lakes resulted in higher
infection prevalence. However, selective predation does not always reduce infection prevalence
in host populations (Duffy, 2007) and prevalence can even increase with predation of infected
individuals. Duffy (2009) observed that spores of M. bicuspidata can survive consumption by
fish, with fish potentially increasing parasitism in Daphnia through the re-suspension of parasite
spores. The differences between these two systems may be due to the differential survival of
parasite spores. Chytrids are transferred between hosts by short-lived mobile zoospores
(Piotrowski et al., 2004) that most likely do not survive ingestion, while M. bicuspidata spores
are long-lived (Duffy, 2009). Determining which mechanism best explains observed differences
is also complicated due to correlations between factors. For example, links between changes in
parasite prevalence and algal quality are also often related to increases in turbulence (Hall et al.,
2009a). Water mixing promotes algal growth (Sommer et al., 1986), but also increases contact
between plankton hosts and parasite transmission stages (Johnson et al., 2009).
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1.3 Oomycetes as Parasites
Among the numerous parasite taxa that can infect freshwater zooplankton, oomycetes
(Phylum Oomycota) are often overlooked. This is surprising as this group contains some of the
most devastating plant and animal pathogens causing significant economic losses worldwide
(Kamoun, 2003). For example, disease control for oomycete pathogens occupies close to half the
total running costs of algal farms in Korea (Kim et al., 2014). Commonly called water moulds,
the term refers to their earlier classification as Fungi and the preference of many oomycetes for
moist conditions (Johnson et al., 2002). However, this diverse group contains both aquatic and
terrestrial microorganisms. Of the animal pathogenic taxa, oomycetes infecting mammals (e.g.,
Pythium insidiosum), fish (e.g., Aphanomyces invadans, Saprolegnia parasitica), and crayfish
(e.g., Aphanomyces astaci) represent the best studied groups (as reviewed in Fisher et al., 2012
and Gozlan et al., 2014).
Parasitic oomycetes have a number of important characteristics of emerging infectious
diseases, including a wide host range and ability to grow outside their host (Fisher et al., 2012).
For example, Phytophthora cinnamomi, an oomycete infecting woody plants, has a host range in
excess of 3000 species (Hardham, 2005), which may give it the highest ranking as a generalist of
any parasite species. Among oomycetes parasitizing zooplankton, Wolinska et al. (2009) found
that many oomycete species could parasitize hosts from different families (both cladoceran and
copepod species). Genetic studies have revealed that some species parasitizing Daphnia were
genetically near-identical to those parasitizing fish. Many oomycetes have alternative substrates
for growth outside the host as saprotrophs, particularly species in the genus Aphanomyces, e.g.,
A. laevis, A. stellus, A. repetans, and A. helicoides (Royo et al., 2004; Patwardhan et al., 2005).
This ability to survive for an extended period of time outside their host may account for many
unexplained introductions of oomycete pathogens of fish and crustaceans around the world (van
West, 2006; Small and Pagenkopp, 2011).
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Table 1.1 Summary of mechanisms hypothesized to contribute to observed differences in parasitism rates and the development or

Habitat quality

Community

Physical

termination of epidemics among lake plankton communities.
Factor

Mechanism

Host-parasite example

Turbulence

Increased prevalence through increased host contact with PTS’s*.

Daphnia-Chytrid fungus1

Decreased prevalence by impaired parasite attachment.

Diatom-flagellate2

Gravity currents

Increased prevalence through movement of PTS’s to pelagic zone.

Daphnia-Yeast fungus3

Predation

Reduced prevalence by selective predation on infected hosts by fish

Daphnia-Yeast fungus4

(“Healthy herds”).
Predation

Increased prevalence by behavioural changes that increase host exposure Daphnia-Bacteria5

Predation

Increased prevalence by invertebrate predators that increase host size.

Daphnia-Yeast fungus6

Predation

Increased prevalence through movement of PTS’s by invertebrates.

Daphnia-Yeast fungus7

Dilution

Other species reduce prevalence through the ingestion of PTS’s.

Daphnia-Yeast fungus8

Resource quality

Reduced prevalence from low food quality that reduces parasite

Daphnia-Bacteria9

replication.
Reduced prevalence from high host food quality that reduces

Daphnia-Yeast fungus8

transmission.
Pollution

Reduced prevalence from pollution that impairs parasite reproduction.

Daphnia-Yeast fungus10

*Parasite transmission stages (PTS)
1Johnson

et al., 2009; 2Kühn & Hofmann, 1999; 3Hall et al., 2010, 4Duffy et al., 2008; 5Decaestecker et al., 2002;6Duffy et al. 2011, 8Cáceres et al., 2009;9 Hall et al., 2009a;10Frost

et al, 2008;10Civetello et al., 2012.
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1.4 Taxonomic Description
The Phylum Oomycota is a distinct lineage of fungal-like organisms in the
Kingdom Chromalveolata (Adl et al., 2006) or Chromista (Cavalier-Smith and Chao,
2006), with their exact taxonomic affiliation still up for debate. Their name is owed to their
unique mode of sexual reproduction involving the production of oospores. The presence of
two unequally shaped flagella and cell walls composed primarily of cellulose (rather than
chitin) group the oomycetes with the diatoms and golden and brown algae (Beakes and
Sekimoto, 2009). They superficially resemble true Fungi, growing through the production
of hyphae, obtaining their nutrients via absorption, and reproducing through the formation
of spores (Beakes and Sekimoto, 2009). Because of this, many species of oomycetes are
still described or listed as types of Fungi, and are still studied by mycologists. A number
of unidentified fungal brood parasites have been documented in zooplankton studies (e.g.,
Duffy et al., 2010; Goren and Ben Ami, 2012) which may represent oomycete parasites.
Oomycetes parasitizing zooplankton
Oomycetes have been known to parasitize zooplankton since the late 19th century
(Table 1.2). Müller (1868) described an oomycete, later identified as a member of the
genus Leptolegnia by Petersen (1910), infecting the predaceous invertebrate Leptodora.
The majority of oomycetes which can infect freshwater zooplankton belong to the order
Saprolegniales and fall within the genera Aphanomyces and Saprolegnia, while a smaller
number of species belong to the genus Pythium (order Peronosporales) (Peterson, 1910;
Prowse, 1954; Burns, 1980; Miao and Nauwerck, 1999; Wolinska et al., 2008; 2009;
Thomas et al., 2011). The genus Aphanomyces is a common parasite of both cladocerans
and copepods. A number of genera appear to be restricted to one group, for example:
Leptolegnia, Phythium, and Saprolegnia in cladocerans, and Lagenidium in copepods. The
greater number of oomycete taxa (and parasite taxa in general) documented infecting
Daphnia in comparison to copepods may be partially explained by the greater research
effort targeted at Daphnia population. However, differences in feeding ecology, where
Daphnia have been shown to be less selective in their ingestion of particles than copepods
(Koehl and Strickler, 1981), may result in greater exposure to parasite transmission stages.
7
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Oomycetes infecting eggs of freshwater copepods are one of the earliest identified
groups of fungal-like parasites in zooplankton (Glickhorn, 1923). The genera
Aphanomyces and Lagenidium have been reported in copepod populations (Table 1.2),
however, copepods have rarely been the focus of parasite studies and so this group may
represent a reservoir of unexplored diversity of parasite taxa. For example, Miao and
Nauwerck (1999), while examining Aphanomyces infections in calanoid copepods in Lake
Mondsee (Austria), also observed another, unidentified oomycete species infecting single
eggs (rather than the whole clutch) in cyclopoid copepods.
Aphanomyces brood parasitism in copepods
For the present research, the study species is an oomycete brood parasite belonging
to the genus Aphanomyces. This parasite represents a species or group of closely related
species infecting the egg sacs of calanoid copepods. Because it acts like an epibiont, with
the majority of its growth occurring on the body of the copepod, infections are more easily
visible in comparison with many other parasitic species. This parasite was first noted in
Germany infecting the calanoid copepod Eudiaptomus gracilis (Gicklhorn, 1923). It was
initially identified as Aphanomyces ovidestruens, but it was later established that the initial
description was incomplete and based on multiple species and it remains unclassified
(Johnson et al., 2002).
Since Gicklhorn’s original discovery, Aphanomyces brood parasitism has now been
recorded in copepod populations in Europe (Austria, Italy) and New Zealand. The life
cycle of Aphanomyces has been described previously in a population of Boeckella dilatata
by Burns (1985b), and in Eudiaptomus in Italy (Rossetti et al., 2002). Aphanomyces, like
all oomycetes, are filamentous and their hyphae display an unlimited capacity for growth.
They reproduce asexually through the formation of motile zoospores. Infection results
from the attachment of these zoospores to the cuticle of the host. Infections have only been
found on reproductively mature females (Burns, 1985b; Rossetti et al., 2002). Rossetti
(2005) suggests that zoospores could be attracted to chemicals produced for mate location
by sexually receptive females, as he found that females that become adults outside of the
reproductive period do not become infected until the following year. Recognition of the
attachment site by Aphanomyces zoospores could be mediated by compounds located on
8
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the female’s body, for example, surface glycoproteins used for mate location and
spermatophore placement (Kelly et al., 1998).
The zoospore attaches to a female copepod by shedding its flagella and secreting a
cell wall of glycoproteins (Deacon and Donaldson, 1993). Attachment is typically followed
by germination (hyphal growth). In some Aphanomyces infecting animals (e.g., A. astaci),
zoospores may undergo repeated zoospore emergence (RZE) if a suitable host cannot be
found, releasing another generation of zoospores (Cerenius and Söderhäll 1985, DiéguezUribeondo et al., 1994). It is not known if the species of Aphanomyces investigated here
can undergo RZE. Hyphae grow by encircling the host’s abdomen and, once copepod egg
development begins, extend into the egg mass (Fig 1.1). Sporangia appear at the end of the
hyphae, eventually encompassing the entire egg mass. It is in the sporangia that the
zoospores are produced, first appearing as primary spores (non-motile), followed by the
development of a secondary spore, called a zoospore because it is motile (Cerenius et al.,
1987).
After the sporangium discharges its zoospores, the parasite can enter the sexual
phase. It is in the sexual stage that thick-walled oogonia are developed, presumably to
allow the parasite to survive periods of stress. The sexual phase has been lost (or is rare) in
a number of species pathogenic to animals, e.g., A. astaci and A. invadans (DiéguezUribeondo et al., 2009). Unique to Aphanomyces infecting copepods, the sexual phase
appears to be common. Burns (1985b) found that 42% of parasitized clutches contained
sexual structures. It is not known what, if any, environmental cues promote the
development of sexual structures.

9
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Table 1.2 Oomycete parasites documented in freshwater zooplankton taxa including study location (A = Austria, CR = Czech
Republic, D = Denmark, F = France, G = Germany, Isreal (Is), Italy = It, Lab = Lab culture, NZ = New Zealand, Sc = Scotland, Sw =
Switzerland, UK = United Kingdom, USA = United States of America).
Parasite

Host

Reference

Location

Cladocerans

Parasite

Host

Reference

Location

Copepods

Blastulidium

Daphnia

Pérez, 1903

F

Aphanomyces

Eudiaptomus

Gicklhorn, 1923

G

Leptolegnia

Leptodora

Petersen, 1910

D

Aphanomyces

Eudiaptomus

Barthelmes, 1961

Lab

Pythium

Daphnia

Petersen, 1910

D

Lagenidium

Leptdiaptomus

Redfied & Vincent,1979

USA

Aphanomyces

Daphnia

Prowse, 1954

Sc

Aphanomyces

Boeckella

Burns, 1980

NZ

Aphanomyces

Daphnia

Scott, 1956

USA

Aphanomyces

Boeckella

Whitehorse, 1980

NZ

Aphanomyces

Bosmina

Scott, 1961

USA

Aphanomyces

Boeckella

Burns et al., 1984

NZ

Aphanomyces

Daphnia

Seymour et al., 1984

Lab

Aphanomyces

Boeckella

Burns, 1989

NZ

Blastulidium

Daphnia

Green, 1974

France,

Aphanomyces

Eudiaptomus

Miao & Nauwerck,1999

A

UK
Blastulidium

Bosmina, Sida

Green, 1974

UK

Oomycete

Cyclopoids

Miao & Nauwerck,1999

A

Blastulidium

Simocephalus

Green, 1974

F, UK,

Aphanomyces

Eudiaptomus

Rossetti et al., 2002

It

Aphanomyces

Eudiaptomus

Riccardi & Giussani,

I

USA
Aphanomyces

Daphnia

Stazi et al., 1994

Lab

Saprolegnia

2007

Saprolegnia

Daphnia

Little & Ebert, 1999

F, G,

Oomycete

Daphnia

Tellenbach et al., 2007

Sw

Pythium

Daphnia

Wolinska et al., 2008

CR, G

Aphanomyces
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Parasite

Host

Reference

Location

Cladocerans

Parasite
Copepods

Saprolegnia

Daphnia

Wolinska et al., 2008

USA

Aphanomyces

Bosmina,

Wolinska et al., 2009

USA

Daphnia
Pythium

Daphnia

Wolinska et al., 2009

CR

Saprolengia

Daphnia

Wolinska et al., 2009

CR G

Saprolegnia

Diaphanosoma Wolinska et al., 2009

CR G

Oomycete

Daphnia

Duffy et al., 2010

USA

Oomycete

Daphnia

Wolinska et al., 2011

USA, CR

Oomycete

Daphnia

Goren & Ben Ami,

Is

2013
Blastulidium

Daphnia

Duffy et al., 2015

USA
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Environmental Factors influencing Aphanomyces brood parasites
The seasonal dynamics of the prevalence of Aphanomyces brood parasitism has
been studied in three New Zealand lakes; Hayes, Johnson, and Mahinerangi (Burns, 1980;
Burns, 1989). Compared to Daphnia parasites (e.g., Metschnikowia, Caullerya), which
have a strong seasonality (Bittner et al., 2002; Duffy et al., 2009), seasonal patterns of
Aphanomyces are less straightforward. However, a few generalizations can be made from
these lakes. Prevalence was generally highest during the winter and spring, with peaks
separated by a marked decrease in prevalence. In some years, a peak in infection rates also
occurred in late summer. Infected individuals were usually found throughout the year, but
may be absent in the summer (Burns, 1989). Cyclical patterns in prevalence within a lake
were often consistent between years. However, in Lake Johnson, the parasite was not
detected in one year, yet found in high prevalence the following year (Burns, 1980). In
contrast to New Zealand, where copepods typically reproduce throughout the year,
seasonal patterns of parasitism in Europe appear strongly related to the reproductive period
of the host, which often occurs only once a year (i.e., univoltine) (Rossetti et al.,
2002).Therefore, environmental variables, e.g., seasonal differences in temperature,
turbulence, and predators, should play a greater role in influencing seasonal patterns in
parasite prevalence in New Zealand lakes. The role these causal mechanisms play in
Aphanomyces transmission is still unclear.
Hosts of Aphanomyces Brood Parasites in New Zealand
In New Zealand, Aphanomyces has been detected infecting calanoid copepods
belonging to the genus Boeckella (Calanoida, Centropagidae). This genus is the most
widespread and common of the two native genera in New Zealand (Maly, 1984). Boeckella
is represented by eight species - five found in the South Island – B. dilatata, B. hamata, B.
propinqua, B. triarticulata, and B.delicata. Aphanomyces has not been recorded infecting
Calamoecia lucasi, the only other native genus of copepods in New Zealand, nor in any of
the introduced calanoids. It has also not been documented on cyclopoids. However, in
Europe, cyclopoid copepods appear to be infected by different oomycete taxa (Miao and
Nauwerck, 1999).
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Figure 1.1 Boeckella hamata infected by an Aphanomyces brood parasite. Infection begins
with the attachment of a zoospore on the host female and the growth of attachment hyphae
around the abdomen (see arrows) (a), followed by eventual penetration of the egg sac and
formation of sporangial exit tubes (b).

In comparison to temperate populations, there is lower seasonal variation in birth
rates and clutch sizes in New Zealand calanoid copepod populations, reflecting the absence
of extreme changes in temperature and lower rates of predation pressure (Burns, 1992).
Boeckella breed continuously throughout the year and exhibit irregular population
fluctuations. The various Boeckella species differ in size and life history parameters.
Boeckella triarticulata is the largest, with females growing up to 2.5 mm (Jolly, 1957).
They are good colonizers, possessing rapid growth and large clutch sizes (~25 eggs). They
can mature quickly and live up to 150 days. In this time females usually have 2-4 clutches.
Egg development can be very rapid; less than 2 days at 20oC (Jamieson, 1988a). Boeckella
triarticulata produces large clutches of resting eggs (which can be easily transported), and
therefore can colonize ephemeral ponds (Jamieson, 1998b). Boeckella dilatata are smaller
in size (females = 1.05 mm), have smaller clutches (2-26 eggs), and mature more slowly
13
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(Jamieson, 1988a). Boeckella hamata is the smallest of the three species. It can produce
resting eggs which have been shown to be important for recolonizing tidal lakes (Hall and
Burns, 2001). Egg development can take up to 185 hours when water temperatures are low
(Jamieson, 1988a). The fecundity of B. hamata was found to be significantly related to
temperature and food availability (Jamieson, 1986). In contrast to work on copepod life
history strategies, little has been done on how their parasites respond to these differences in
life histories.
1.5 Study Area
Ross Creek Reservoir
The majority of Aphanomyces-infected copepods used in the experiments described
in this thesis were collected from Ross Creek reservoir, Dunedin, New Zealand (45º 50’49
S, 170º29’54 E). Discovery of this parasite in Ross Creek represents the first record of this
parasite in this waterbody. Ross Creek Reservoir is a small (2.8 ha), artificially constructed
drinking water reservoir. The calanoid copepod Boeckella hamata is the dominant
crustacean zooplankton throughout the majority of the year, with Ceriodaphnia, Daphnia,
Chydorus, and cyclopoid copepods also occurring at various times. The sole host of
Aphanomyces in the reservoir, B.hamata, is present almost year round, except for midsummer when the absence of copepods may be due to blooms of inedible algae. Despite
the near-constant presence of its host, Aphanomyces does not appear in the copepod
population until August (austral winter), and begins to disappear again in late October –
early November (A. Valois, personal observation).
Lake Ohau Ponds
Additional infected populations were collected from glacial ponds (also called
tarns) located south of Lake Ohau in the Mackenzie Basin, Otago, New Zealand (44º19’13
S, 169º54’10 E). The ponds are small (typically less than 50 cm deep), temporary, and
subject to extreme temperature fluctuations (Fig 1.2). These ponds were sampled in 1980
as part of a survey of the invertebrates and macroalgae inhabiting temporary ponds and
tarns in glacial moraines (Burns, 1984). In that original study, two populations of B.
14
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triarticulata were found to be infected by Aphanomyces, one population in a pond near
Lake Ohau and the other population in another glacial moraine further north. As the
original sampling was performed in summer (December), the period in which the
prevalence of Aphanomyces brood parasitism is at its lowest, these ponds were revisited to
determine the presence and distribution of Aphanomyces, and to conduct further studies
described in the thesis.

Figure 1.2 Two study areas with populations of Aphanomyces-infected Boeckella used for
this thesis; a) Ross Creek Reservoir (Dunedin) – a small, drinking water reservoir with
B.hamata, b) Pond 4, and c) Pond 12– two ponds near Lake Ohau (McKenzie Basin) with
populations of B. triarticulata and B. dilatata respectively.
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1.6 Objectives
Since Gicklhorn (1923) first observed the presence of a unique fungal-like growth
infecting the eggs of Eudiaptomus copepods in Germany, only a few studies have
attempted to document the pathology and effects of Aphanomyces brood parasite infections
in copepod populations (Burns, 1985; Miao and Nauwerck, 1999; Rossetti, 2005). Many
aspects of the host-parasite life cycle remain to be investigated, including transmission
stage survival, host specificity, and host adaptations to infections. Even less is known
about what factors affect parasite distribution and development of epidemics among lakes,
as well as within a given lake over time. Its distribution appears to be restricted to alpine
regions of Central Europe, however, this may be an artefact of poor sampling or lack of
publications. The purpose of this study is to describe the phylogeny, life cycle,
transmission, and distribution of Aphanomyces infections in the calanoid copepod genus
Boeckella, and to identify the factors that influence the distribution and prevalence of this
parasite in New Zealand water bodies. Calanoid copepods, particularly Boeckella, are the
dominant planktonic grazer in many New Zealand lakes (Chapman et al., 1985; Jeppesen et
al., 2000) and I expect that the prevalence – and thereby the ecological significance – of
parasites in the copepods has been overlooked to a large extent.
The thesis had the following specific objectives:
1. To review the current knowledge of the distribution and ecology of Aphanomyces brood
parasites in copepods (Chapter Two).
2. To compare the phylogenetic and taxonomic relationships among Aphanomyces
parasites from different regions and hosts (Chapter Two).
3. To assess the extent to which abiotic and biotic factors affect parasite transmission
success (Chapter Three).
4. To examine key parasite life history attributes, including growth, zoospore production,
and zoospore motility, and how these characteristics are influenced by changes in
temperature (Chapter Four).
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5. To quantify the distribution of Aphanomyces brood parasitism with respect to landscape
and host factors, in a pond metapopulation of its host, Boeckella (Chapter Five).
6. To investigate large-scale patterns of parasitism in planktonic communities and quantify
how these patterns vary among different hosts and parasite species by compiling records of
parasitism in plankton communities from a diverse range of hosts, parasite types, and
waterbodies (Chapter Six)
1.7 Structure of the Thesis
Chapters Two, Three, Four, Five and Six are presented as stand-alone scientific papers
intended for publication, and as a consequence, there may be some repetition between
them. The references have been combined into a single list at the end of the thesis. I am the
first author of all manuscripts, which means that I have carried out the research, analyzed
the data, and written the text with technical advice, field assistance, and constructive
criticism from colleagues. The aims of this thesis are reflected in its structure:
Chapter One: General Introduction
Chapter Two: Phylogeny and biogeography of Aphanomyces brood parasitism in copepods
Chapter Three: Predation on parasites reduces transmission success: evidence for friendly
competition between Daphnia and copepods
Chapter Four: The effect of temperature on parasite transmission: evaluating trade-offs
between rapid growth and transmission potential
Chapter Five: Environmental heterogeneity and host-parasite dynamics in a pond
metapopulation
Chapter Six: Global drivers of parasitism in freshwater plankton communities
Chapter Seven: General Discussion
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CHAPTER TWO

Phylogeny and biogeography of Aphanomyces brood parasitism
in copepods
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2.1 Abstract
Aphanomyces is a diverse genus of saprotrophic and parasitic species in the Family
Saprolegniaceae (Phylum Oomycota). Aphanomyces infecting the eggs of calanoid copepods
represent one of the earliest identified animal parasites in the Oomycota. This brood parasite was
first documented in copepod populations in Europe and its discovery in New Zealand lakes is
unexpected, considering its apparent restricted geographic and host species range in Europe.
Genetic analysis revealed 99% similarity in the nearly complete SSU rRNA gene sequence
between the New Zealand strain and strains infecting zooplankton in Europe, suggesting it may
have been introduced to New Zealand sometime prior to its first observation in 1970. It displays
a high sequence identity with other Aphanomyces species infecting crayfish and fish (e.g., A.
astaci, A. invadans). Aphanomyces found infecting copepods may also be able to infect fish, and
fish may have provided a vector to its introduction to lakes stocked with fish. The potential of
Aphanomyces to infect a variety of hosts is an important characteristic of emerging infectious
diseases. A more complete understanding of the diversity of Aphanomyces within lakes,
including samples from a variety of microhabitats and hosts, will be essential for understanding
how this group utilizes different hosts and substrates and contributes to overall ecological
functioning in aquatic systems.
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2.2 Introduction
Fungi and fungal-like organisms (e.g., oomycetes and slime moulds), are key links in
aquatic food webs, transferring nutrients directly and indirectly up the food chain (Wong et al.,
1998). As decomposers, they aid in the breakdown of leaf litter, conditioning plant material for
consumption by macroinvertebrates (Aßmann et al., 2011). As parasites, they infect organisms at
all trophic levels, from phyto- and zooplankton species to crayfish and fish, and are even
hyperparasites on other fungal taxa (Sparrow, 1960; Dick et al., 2003; Phillips et al., 2008). Their
free-swimming zoospore stage can be consumed by zooplankton, directly transferring energy to
higher trophic levels (Kagami et al., 2004; 2007). Recent molecular studies (e.g., Richards et al.,
2005; Lefèvre et al., 2007; Lepère et al., 2008) have demonstrated that these fungal zoospores
contribute significantly to lake picoflagellates (organisms between 0.5–5 m in size- Lefèvre et
al., 2007). The majority of gene sequences analysed in those studies belonged to organisms
known as potential parasites, suggesting that we have underestimated the diversity and
importance of fungal parasites in planktonic lake food webs (Lefèvre et al., 2007; Lepère et al.,
2008).
In phytoplankton communities, chytrid fungus (Phylum Chytridiomycota) can be found
parasitizing most species of algae (Canter, 1979; Sparrow, 1960). In Lake Windermere (UK),
one of the most intensively studied lakes with respect to phytoplankton dynamics, over fifty
different fungal parasites have been recorded (Canter, 1979). Chytrid infections are more rarely
observed in zooplankton species, although infections have been observed in Daphnia (Johnson et
al., 2006; Duffy et al., 2010) and a number of rotifer taxa (Karling, 1946; Willoughby, 1959;
Meirinho et al., 2012). For example, ooymetes have been noted in Daphnia populations in North
America since the 1950’s (see Chapter 1). However, the first recorded chytrid disease of
Daphnia, Polycarum laeve, was not noted until 2003 (Johnson et al, 2006). ). Oomycetes, rather
than chytrids, appear to be the most common group of fungal parasites in zooplankton based on
number of reports of infections. Oomycetes are difficult to identify using morphology alone and
often recorded as unidentified brood parasites (e.g., Tellenbach et al., 2007; Duffy et al., 2010;
Wolinska et al., 2011). Genetic techniques are usually required to discriminate between taxa
(Wolinska et al., 2008; 2009). Detailed genetic studies have revealed high levels of cryptic
diversity in this group. In a broad survey of European and North American lakes, Wolinska et al.
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(2009) detected oomycetes in the majority (16/18) of Daphnia populations examined, making
them the most ubiquitous parasite group in their study. Diversity was also very high, with nine
distinct taxa identified. This suggests that oomycetes may represent an underestimated source of
biodiversity in aquatic ecosystems.
Oomycetes infecting eggs of freshwater copepods are one of the earliest identified groups
of fungal-like parasites in zooplankton. The conspicuous growth of this brood parasite on its
copepod host, which occurs externally on the abdomen of the female, was most likely
responsible for its early observation in zooplankton samples. Infections were first described by
Gicklhorn (1923) on the copepod Eudiaptomus gracilis from several ponds in Germany. The
parasite attacked only female copepods, existing as an epibiont on the female until egg
development commenced, at which time the oomycete penetrated the egg sac, causing the eggs
to degenerate. The oomycete was identified as a member of the genus Aphanomyces (Family
Saprolegniaceae) and assigned to a new species, Aphanomyces ovidestruens Gicklhorn. The
genus Aphanomyces is the most ancestral group within the Saprolegniaceae, with approximately
45 described species occurring in a range of ecological niches (Scott, 1961; Johnson et al., 2002;
Grünwald, 2003; Diéguez-Uribeondo et al., 2009). It contains animal (e.g., A. astaci, A.
invadans) and plant (e.g., A. euteiches, A. cochliodes) parasites as well as a number of aquatic
saprotrophic species (A. laevis, A. stellatus). The Aphanomyces genus is considered one of the
most economically important oomycete genera due to the highly pathogenic nature of many of its
species (Diéguez-Uribeondo et al., 2009).
A recent review of the Aphanomyces genus revealed that Gicklhorn’s original species
description was based on multiple species and excluded it from the list of valid taxa within this
genus (Johnson et al., 2002). Since Gicklhorn first observed this parasite in 1923, brood parasites
have been detected in copepod populations in Europe and New Zealand (Burns, 1980; Miao and
Nauwerck, 1999; Rossetti, 2002). Another genus, Leptolegnia, was recorded in a population of
copepods in North America (Redfield and Vincent, 1979). It is not known to what degree all
currently named Aphanomyces brood parasites are related and if they represent taxonomically
distinct species. Recent molecular work by Wolinska et al. (2009) uncovered high genetic
similarities among strains of Aphanomyces infecting zooplankton and fish, suggesting that
Aphanomyces taxa may be able to parasitize hosts at various trophic levels. Similarly, Rossetti
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(2005) observed that Aphanomyces-infected copepods occurred only in lakes recently stocked
with fish, suggesting that fish represented the original host. Many aspects of Aphanomyces brood
parasitism in copepods remain poorly understood, particularly host specificity, geographic
distribution, and the nature of the interactions between these parasites and their hosts.
In this study, I reviewed the current knowledge of the distribution, ecology, taxonomy
and phylogeny of Aphanomyces brood parasites in copepods, and supplemented published
information with novel data from my studies of Aphanomyces infections in New Zealand
copepods. Hosts and geographic ranges recorded to date were compiled. In addition, infected
copepods were obtained from lakes in New Zealand for sequencing and morphological studies of
brood parasites. I used morphological characteristics obtained from light microscopy and
scanning electron microscopy (SEM) and differences in the nuclear-encoded small subunit
(SSU) rDNA to determine the position of the unidentified New Zealand species relative to the
taxonomic key developed by Johnson et al. (2002). I also compared the genetic sequences
obtained to available sequences (Wolinska et al., 2009) and the phylogenetic relationships
outlined by Diéguez-Uribeondo et al. (2009) and Wolinska et al. (2009) to determine how this
possibly ubiquitous plankton parasite relates to known taxa.
2.3 Methods
Distribution and host range. A literature search was conducted to uncover all reports on
fungal brood parasites of copepods. Because oomycetes had originally been identified as Fungi, I
kept my search broad to include all reports of fungal, oomycete, and/or brood parasitism. I also
initially kept the host search open to all zooplankton hosts in order to identify incidental reports
of parasitism in copepods. As a starting point, I examined Redfield and Vincent (1979), Burns
(1980), and Johnson et al. (2002) for relevant references, including cross-references. I then
expanded this initial review by a Web of Science and Google Scholar search using the key words
“Aphanomyces“, “brood parasite”, “egg parasite” and “copepod”. Publications relevant to
copepods, including journals, reports and books on taxonomy, ecology and geographical
distribution of copepods were examined as a potential source of information on copepod
parasites.
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Morphology of New Zealand specimens. Samples of infected individuals of the
copepod Boeckella hamata (Calanoida, Centropagidae) were collected from Ross Creek
Reservoir (45o50’49 S, 170o29’54 E, Dunedin New Zealand) for morphological and genetic
analysis of Aphanomyces. I also obtained preserved zooplankton samples from Lake Mondsee
(Austria, Table 2.1) and Lakes Fjellfroskvatn, Takvatn, and Skogsfjordvatn (Norway, Table 2.1).
However, no infections were found in any of the European samples. I examined morphological
features at different developmental stages - early attachment and growth, development of
sporangia and zoospores, and development of sexual structures (oogonia and antheridia) - of
Aphanomyces infection in B. hamata using light and electron microscopy. Infected B. hamata
were mounted on slides and examined at 100–1000X using an Olympus BX51 compound
microscope equipped with a Nikon DXM1200 and ACT-1 image capture program (Nikon,
Melville, NY, U.S.A.).
For scanning electron microscopy, I fixed 50 infected copepods in 2.5% glutaraldehyde.
Copepods were post-fixed for 2 hours in 1% osmium tetraoxide prior to being dehydrated
through an ethanol series and critical point dried (Bal-Tec CPD-030). Specimens were coated
with approximately 15 nm 60:40 gold:palladium using an Emitech K575X Peltier-cooled high
resolution sputter coater (EM Technologies) fitted with an Emitech 250X carbon coater.
Copepods were observed with a Cambridge 360 scanning electron microscope fitted with a
Dindima Image Slave frame grabber at the Otago Centre for Electron Microscopy (OCEM,
University of Otago, New Zealand).
Measurements from SEM photographs were conducted using ImageJ
(http://rsbweb.nih.gov/ij/). The number of sporangia and oogonia per host and the number of
primary spores per sporangia were estimated from 9 individuals. Measurements of attachment
and nutritive hyphae width were recorded from 12 individuals. Oogonial and primary spore
width were measured from 9 individuals.
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Table 2.1 Distribution of known Aphanomyces infections in copepods. The name of the lake or pond, its location (country), and a
short description of the habitat (when available) are given. Hosts are represented by Eudiaptomus spp. in Europe and Boeckella spp. in
New Zealand. The maximum prevalence recorded, when available, is also given.
Country
Germany
Unnamed ponds
Fasanerie See
Italy
Lake Candia
Lake Scuro Parmense
Lake Santo Parmense
Gemio Superiore
Gemio Inferiore
Ballano
Verdarolo
Austria
Lake Mondsee
Norway
Lake Fjellfroskvatn
Lake Takvatn
Lake Skogsfjordvatn
New Zealand
Lake Hayes
Lake Johnson
Lake Aviemore
Lake Benmore
Lake Waitaki
Unnamed ponds

Habitat type

Host

Prevalence

Reference

Ponds
Quarry lake

E. gracilis
Diaptomus sp.

NA
NA

Gicklhorn, 1923
Wolinska et al., 2009

Eutrophic lake
Oligotrophic lake
Oligotrophic lake
Eutrophic lake
Eutrophic lake
Oligomesotrophic lake
Eutrophic lake

E. padanus
E. intermedius

72%
89%
75%
NA
NA
NA
40%

Riccardi and Giussani, 2007
Rossetti et al., 2002
Rossetti, 2005
Rossetti, 2005
Rossetti, 2005
Rossetti, 2002
Rossetti, 2005

Oligomesotrophic lake

E. gracilis

60%

Miao and Nauwerck, 1999

Oligotrophic lake
Oligotrophic lake
Oligotrophic lake

Eudiaptomus sp.
E. graciloides
Eudiaptomus sp.

NA
NA
NA

Knudsen, pers .com
Knudsen, pers. com
Knudsen, pers. com

Eutrophic lake
Eutrophic lake
Reservoir
Reservoir
Reservoir
Alpine tarns

47%
24%
NA
NA
NA
NA

Burns, 1980
Burns, 1980
Whitehouse, 1980
Whitehouse, 1980
Whitehouse, 1980
Burns et al., 1984

Lake Mahinerangi
Ross Creek Reservoir

Reservoir
Reservoir

B. dilatata
B. dilatata
B. dilatata
B. dilatata
B. dilatata
B. dilatata,
B. triarticulata
B. hamata
B. hamata

46%
85%

Burns, 1989
This study

E. intermedius
E. intermedius
E. intermedius
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DNA extraction, amplification, and sequencing. DNA was extracted from single,
ethanol-fixed Aphanomyces-infected copepod collected from Ross Creek Reservoir in
September, 2014. Crude DNA extractions were obtained by incubating infected copepods in 10
μL TE buffer at 95°C for 10 minutes in a heating block. 18S rDNA sequences were amplified
using PCR and the oomycete specific primers Oomyc62 (forward: 5- CAC TCG AGG TAT
AAA CAA YTT TGT ACT GTG-3) and Oomyc2256 (reverse: 5- CAG GAT CCC CTT CCT
CTA AAT GGC GAG GTT A-3) (Wolinska et al., 2009). PCRs were performed in a total
volume of 50 L, comprising 2 L of extracted DNA template and KAPA 2G Robust Hotstart
Polymerase reagents (KAPA Biosystems, Wilmington, MA) according to the manufacturer’s
instructions. PCR conditions began with an initial denaturation step of 3 min at 95°C, followed
by 12 iterations of the following cycle (20 s at 98°C, 15 s at 60°C, 2 min 30 s at 72°C),12
iterations of the following cycle (20 s at 98°C, 15 s at 56°C, 2 min 30 s at 72°C), and 13
iterations of the following cycle (20 s at 98°C, 15 s at 52°C, 2 min 30 s at 72°C), and final
extension at 72°C for 10 min. PCR products were visualised by agarose gel electrophoresis and
purified using Invitrogen Purelink PCR Purification Kit (Carlsbad, CA) according to the
manufacturer’s instructions; Sanger Sequencing was carried out by the Genetic Analysis Service,
Department of Anatomy, University of Otago. Sequences were assembled using Vector NTI
(Invitrogen, Carlsbad, CA) software.
Phylogenetic analyses. Sequences obtained were compared with homologous sequences
of Aphanomyces spp. retrieved from the GenBank/EMBL/DDBJ Nucleotide Sequence Database.
A total of 18 18S rDNA sequences were downloaded from GenBank in November, 2014. I
downloaded sequences of the closely related genera Leptolegnia and Saprolegnia. Sequences
corresponding to isolates of Pythium monospermum and Pythium aphanidermatum were
included as outgroups as in Wolinska et al. (2009). Sequences and their accession numbers and
host/substrate use are summarized in Table 2.2. Sequences were aligned using Muscle
implemented in MEGA: Molecular Evolutionary Genetics Analysis software v6 (Tamura et al.,
2013). Phylogenetic trees were constructed in MEGA, using a neighbour-joining method with
bootstrapping (1000 replicates).
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2.4 Results
Distribution and Host Range. The first reported Aphanomyces infections on copepods
date to 1923 (Table 2.1), when Gicklhorn discovered heavily infected Eudiaptomus gracilis in a
number of ponds in Germany (Gicklhorn, 1923). Subsequent collection attempts to find the
original population of Aphanomyces failed to find any infected copepods (Scott, 1961). The only
other reported infection in a German waterbody was incidental. An unidentified Diaptomus sp.
was sequenced during a molecular survey of Daphnia parasites and found to be infected by
Aphanomyces (Wolinska et al., 2009). Since Gicklhorn’s original discovery, subsequent reports
in Europe have been sporadic, initially limited to alpine and subalpine lakes in central Europe
(Table 2.1, Fig 2.1). In Italy, infected Eudiaptomus intermedius were detected in Lake Scuro
Parmense, a small glacial lake in the Northern Apennines in 1986 (Antonietti et al., 1988), as
well as a further four surrounding lakes (Rossetti et al., 2002). Riccardi and Giussani (2007)
observed infected eggs in a population of E. panadus in another small subalpine lake in northern
Italy. They attributed the infection to Aphanomyces but no detailed description of the parasite
was given. Miao and Nauwerck (1999) detailed the infection process in a population of E.
gracilis in Lake Mondsee, Austria, a short 700 km away from the discovery by Antonietti et al.
(1988). Recently, infected Eudiaptomus have also been documented in some Norwegian lakes
near Tromsø (Rune Knudsen, pers. com.). In Norway, the parasite was first observed in Lake
Takvatn the winter 1994-95 and again in 2003-04. It was also observed in the nearby Lake
Fjellfoskvatn in 2003-04. More recently, it was found in Lake Skogsfjordvatn.
Outside Europe, New Zealand appears to be the only other area where the parasite has
been detected (Table 2.2, Fig 2.1). Aphanomyces was first discovered in Lake Hayes in the South
Island in 1969. By 1989, it had been reported in a nearby lake (Lake Johnson), four reservoirs
(Mahinerangi, Aviemore, Benmore, and Waitaki) and two glacial tarns (near Lake Ohau). It also
has been detected in a number of North Island lakes when it was sequenced along with its host
(Ian Duggan, pers. com.) but its distribution has not been recorded. More recently (2012), it was
discovered in Ross Creek Reservoir (Dunedin). Aphanomyces has not been recorded in North
America; however, an oomycete brood parasite belonging to the genus Lagenidium infecting
individual eggs of Leptodiaptomus novamexicanus was identified in Castle Lake (California).
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All reported infections of Aphanomyces on copepods have been on calanoids, namely the
families Diaptomidae (Eudiaptomus, representing all European infections; E. gracilis, E.
padanus, E. intermedius) and Centropagidae (Boeckella, representing all New Zealand
infections). Cyclopoids have never been found to be infected by Aphanomyces (Miao and
Nauwerck, 1999; Rossetti, 2005), although they can be infected by other species of oomycetes
(Miao and Nauwerck, 1999). In Europe, other calanoids in the region, e.g., Mixodiaptomus
kupelwieseri and M. tatricus, were not found to be infected (Tavernini et al., 2003). Riccardi and
Giussani (2007) noted that in Lake Canida, the invading E. gracilus was not infected, despite
infections found in the native E. panadus. In New Zealand, Aphanomyces infections have been
recorded on three out of the nine Boeckella species present (Table 2.1). It has not been detected
in Calamoecia lucasi, the other calanoid genus in New Zealand.
Morphology of New Zealand specimens. The infectious stage of Aphanomyces, the free
swimming secondary zoospore, was only found attached to the abdomen of females and only on
the ventral side of the copepod (Fig 2.2). Each encysted zoospore gave rise to a single
attachment hypha. Most hosts were infected by multiple zoospores and had multiple attachment
hyphae, with up to 20 found on a single female. Infections appear to originate near the top of the
abdomen, with subsequent zoospores attaching further down. The attachment hypha will grow
until its leading edge is facing the gonopore of the female host (Fig 2.2c). Attachment hyphae
ranged between 11.5–18 μm in width (Table 2.3). Upon penetrating the egg sac, the attachment
hypha branches profusely into nutritive hyphae, with branches somewhat narrower than the main
attachment hyphae (Table 2.3). Sporangia develop at the ends of the undifferentiated nutritive
hyphae. Spore discharge is achlyoid, that is, the first spore stage, the primary spore, is an
aplanospore (non-motile spore) that encysts at the tips of the sporangia (Fig 2.3). The primary
spores can be seen under a light microscope moving distally towards the sporangial tip. The
encysted primary spores are spherical, 5.5 – 7 μm in diameter, with up to 30 spores found on
each sporangium. Once encystment has taken place, the primary spores remain together adhered
to the sporangial tip.
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Table 2.2 GenBank accession numbers of 18S rDNA sequences of Oomycete species used for
phylogenetic analysis. Isolate origin and known hosts (or most common hosts) are also given.
Isolate

Origin

Host(s)

Accession #

Aphanomyces (AP1)

Europe (lake)

Daphnia

FJ794894

Aphanomyces (AP2)

Europe (lake)

Bosmina

FJ794896

Aphanomyces (AP3)

Europe (lake)

Diaptomus

FJ794897

Aphanomyces astaci

Unknown (culture)

Crayfish

XR717099

Aphanomyces invadans

Unknown (culture)

Fish

XR608067

Leptolegnia caudata

Unknown (culture)

Leptodora

AJ238659

Leptolegnia chapmanii

Unknown (culture)

Mosquito

AJ238661

Saprolegnia (SAP1)

Europe (lake)

Daphnia

FJ794914

Saprolegnia (SAP2)

Europe (lake)

Daphnia

FJ794908

Saprolegnia (SAP3)

Europe (lake)

Daphnia

FJ794909

Saprolegnia (SAP4)

Europe (lake)

Daphnia

AY919745

Saprolegnia ferax

Unknown (culture)

Amphibians,

AJ238655

Fish
Saprolegnia parasitica

Japan (hatchery)

Fish, crayfish

AB086899

Freshwater eukaryote

U.S.A (lake)

Unknown

AY919760

Freshwater eukaryote

U.S.A (lake)

Unknown

AY919745

Freshwater eukaryote

U.S.A (lake)

Unknown

AY919696

Pythium monospermum

Unknown (culture)

Plants

HQ643697

Pythium aphanidermatum

Unknown (culture)

Plants

AY742755

Outgroups
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Figure 2.1 Global distribution of known Aphanomyces infections in lake copepod populations.
Infected populations occur in central Europe (Austria, Italy, and Germany) and in Norway. New
Zealand infections (see Figure inset) have only been recorded in South Island lakes but infections
have been observed but not recorded in the North Island. Lake names are given in Table 2.1
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Figure 2.2 Scanning electron micrographs of the progression of Aphanomyces sp. infecting the
copepod Boeckella hamata. A) Three encysted secondary zoospores (arrow) attached to the
ventral side of the abdomen (scale bar = 10 m). B) Growth of attachment hyphae (arrow) from
encysted zoospores (scale bar = 100 m). C) Multiple attachment hyphae wrapped around the
abdomen of the copepod (arrow). An attached spermatophore emerges from between the hyphae
(scale bar = 10 m). D) Branching hyphae (arrow) emerging from an infected egg sac (scale bar
= 10 m).
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Figure 2.3 Scanning electron micrographs of reproductive stages in Aphanomyces sp. infecting the copepod Boeckella hamata. a)
Infected egg sac covered in primary spores (arrow) which have encysted at the sporangial tip, forming a ball (scale bar = 100 m). b)
Secondary zoospores emerge and swim away from the primary spores, leaving behind empty spore capsules (arrow) (scale bar = 10
m). c) Ornamented oogonia (arrow) with blunt tubercles and antheridial branches (scale bar = 10m).
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Table 2.3 Morphological features of Aphanomyces described in from populations collected
from New Zealand (Burns, 1980; 1985b), Austria (Maio and Nauwerck, 1999), and this
study (New Zealand).
New Zealand

Austria

This study

Attachment hyphae

16 – 25 m

10 – 15 m

12 – 18 m

Nutritive hyphae

4 – 6.3 m

4.8 m

4.5 – 5.8 m

7.6 – 8.8 m

5 m

5.5 – 7 m

NA

NA

6.3 – 8 m

30 – 35 m

NA

23 – 29 m

1 – 17

NA

1 – 20

71.7 (n=42)

NA

52.5 (n=9)

Size

Primary spore
Secondary zoospore
Oogonia
Number
Attachment hyphae
Oogonia

In some infections, sexual reproduction followed the asexual stage. When sexual
reproduction occurred, the sexual structures, the oogonium and the antheridium, fused
together and haploid nuclei from the antheridia fertilized the eggs within the oogonia,
forming diploid oospores. The oogonia were spherical, 23– 29 um in diameter, and
ornamented. It is in the oogonia that the thick walled zygotes, the oospores, were formed.
The surfaces of the oogonia were covered with blunt tubercules (Fig 2.3c). Diclinous
antheridial branches could be seen attached to the oogonia. Infected egg sacs contained
between 45 and 62 oogonia.
Phylogeny. Parasite sequences obtained from all Aphanomyces-infected B. hamata
copepods from New Zealand were identical, and therefore assembled together into a single
1,621 bp contig with a consensus sequence that, according to BLAST analysis,
corresponded to sequences in the family Saprolegniaceae. BLAST analysis revealed that
the New Zealand parasite’s nearly complete SSU rRNA gene sequence was 99% similar to
that of an unidentified Aphanomyces (APH3) infecting a Diaptomus copepod in Germany
(Wolinska et al., 2009), with a single base pair substitution in this region. A tree generated
using the Neighbour Joining method revealed a distinct cluster formed by Aphanomyces
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parasites infecting zooplankton (Aphanomyces taxa AP1, AP2, and AP3), as well as A.
astaci, and A. invadans (Fig 2.4). Aphanomyces sequenced from the picoplankton in Lake
George, New York (uncultured freshwater eukaryote) also clustered together with
Aphanomyces infecting Daphnia in Europe. Sequence identity between Aphanomyces
infecting copepods and Aphanomyces infecting crayfish and fish (A. astaci and A.
invadans) was very high (99%), and differed from each other in only three base pairs.

Figure 2.4 Distance tree constructed by the neighbour-joining method from the 19 aligned
sequences of SSU rDNA (18S). Numbers on the branches indicate the bootstrap values
(based on 1000 replicates). Branch lengths are based on expected numbers of nucleotide
substitutions per site. The New Zealand sequence is indicated in bold. Pythium
monospermum and P. aphanidermatum were used as outgroups.
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2.5 Discussion
In recent years, there has been growing interest in the evolutionary phylogeny of
oomycetes and their importance as animal pathogens, particularly the genera
Aphanomyces, Saprolegnia, and Pythium (Phillips et al., 2008). Here, I examined the
distribution and host use of an Aphanomyces brood parasite of copepods as well as its
phylogenetic relationship to other members of the genus. Reports of Aphanomyces
infections in copepods revealed an unexpected distribution, with infections detected in
alpine regions of central Europe and a potentially widespread distribution throughout New
Zealand. Phylogenetic analysis indicated a close relationship between Aphanomyces
infecting copepods in New Zealand and strains infecting zooplankton in Europe. There was
also high sequence similarity to species of Aphanomyces infecting crayfish (A. astaci) and
fish (A. invadans), lending support to host-switching and rapid evolution within this genus.
A summary of current reports of Aphanomyces brood parasitism in copepods
revealed a patchy distribution, with most records centering in the alpine regions of Italy,
Austria, and Germany, and a number of records from Norway and New Zealand. To my
knowledge, there have been no observations of this parasite in North America, and given
the extensive zooplankton sampling that occurs throughout the United States and Canada,
it is unlikely that the parasite is present there. Although new zooplankton parasites
continue to be discovered (e.g., Polycarum laeve infections in Daphnia; Johnson et al.,
2006), the distinctive external growth form of the parasite would be immediately apparent
in most zooplankton samples. Host use appeared to be restricted to calanoid copepods,
although researchers have noted other oomycetes (e.g., Lagenidum sp.) parasitizing
cyclopoid eggs (Miao and Nauwerck, 1999).
In Europe, Aphanomyces has only been detected in the family Diaptomidae, a large
calanoid family of 515 species with a widespread occurrence across Europe, Asia, North
America, Africa and northern South America (Dussart and Defaye, 2002). Of the
diaptomid genera, it has only been detected in the genus Eudiaptomus, the most widely
distributed genus in continental Europe. Other diaptomid genera co-occurring with infected
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Eudiaptomus (e.g, Mixodiaptomus) were not found to be infected, suggesting an adaptation
to Eudiaptomus.
The biogeographic origin of Aphanomyces is unknown and more surveys are
needed to uncover its distribution. A survey of Daphnia parasites in European lakes found
oomycete infections in 80% of lakes sampled (Wolinska et al., 2009). In Israel, oomycetes
were recorded in only 8% of cladoceran populations (Goren and Ben Ami, 2013). Only
Rossetti (2005) has attempted to examine its regional distribution. Despite finding the host
Eudiaptomus in a number of waterbodies in the area, only 15% of these populations were
infected. The parasite may thus require specific habitat characteristics or other hosts (e.g.,
fish) to move between waterbodies. Experimental infections with a number of copepod
species, as well as other zooplankton species, will be important in understanding host
susceptibility of this parasite. This represents a growing challenge for fungal and fungal
like pathogens in general, which have the widest spectrum of host ranges of any pathogen
group (Fisher et al., 2012; Gozlan et al., 2014).
The discovery of Aphanomyces infecting calanoid copepods in the family
Centropagidae (Boeckella spp.) in New Zealand is interesting, considering its apparent
restricted geographic and host species range in Europe. Burns (1980) speculated that
resting stages (the fertilized zygotes or oospores) of Aphanomyces may have been carried
between the Northern and Southern Hemispheres on the plumage (or in the intestines) of
migratory waterfowl, although this now appears to be highly unlikely. The chance that the
fungus coevolved in both Europe and New Zealand was dismissed as being unlikely due to
the close morphological similarity between the strains. Although I was unable to obtain
samples from Europe for morphological analysis, GenBank sequences were available for
an Aphanomyces infecting zooplankton, including copepods, from central Europe
(Wolinska et al., 2009). I amplified the SSU region, a region which has been used
extensively in oomycete systematics (e.g., Wolinska et al., 2009; Lara and Belbahri, 2011).
I found that the SSU sequence of the New Zealand strain was nearly identical to an
Aphanomyces infecting a Diaptomus sp. in a German lake. It also only differed by three
base pairs from Aphanomyces infecting cladoceran zooplankton (Diaphanosoma, Daphnia,
and Bosmina) in lakes in Germany and the Czech Republic. No Aphanomyces infections
36

Chapter Two: Phylogeny and biogeography

were detected in the zooplankton communities of the three North American lakes studied
by Wolinska et al. (2009), however, that study only focussed on Metschnikowia infected
Daphnia and cannot be used to determine Aphanomyces absence. Homology of SSU
sequences, a slow evolving gene, is not always sufficient criterion to resolve species
identity, particularly recently diverged species, as closely related but distinct species may
have identical SSU sequences (O’Brien et al., 2005; Lara and Belbahri, 2011). This is best
illustrated by the small difference in the SSU region (only 3 base pairs) between
Aphanomyces infecting zooplankton and A. invadans and A. astaci, parasites of fish and
crayfish respectively. Morphologically, they are quite distinct, with A. invadans and A.
astaci having lost the sexual stage of their life cycle.
Morphological characters suitable in identifying Aphanomyces species are limited,
typically based on asexual (sporangia) and sexual (oogonia and antheridia) structures
(Seymour, 1970; Johnson et al., 2002). A high level of phenotypic plasticity occurs in this
genus and many species fail to produce any sexual stages (Johnson et al., 2002). The
presence of heavily ornamented tubercles on the oogonia of my New Zealand
Aphanomyces most resemble the species A. scaber, A. parasiticus, A. phycophilus, and A.
norvegicus, the former two parasites of freshwater algae. Although these species have not
been detected in zooplankton before, many Saprolegniaceae are considered opportunistic
facultative parasites, and the same species may infect a number of different hosts or live as
a saprotroph on decaying material (Neish, 1977; Czeczuga et al., 2002). Kestrup et al.
(2011) found high genetic similarity between an oomycete infecting amphipods and strains
infecting Daphnia. Hulvey et al. (2007) suggested performing phylogenetic analyses for
available oomycete isolates and then redefining species on the basis of both molecular and
morphological characteristics; however, no sequences of these species exist on GenBank
for comparison.
Phylogenetic sequence data for Aphanomyces are still far from complete, with
significant gaps in data for many of the less economically important taxa, such as
saprotrophic species and parasites of invertebrates, and the current analyses should be
viewed as a work in progress. The next step will be to examine a wider range of strains of
Aphanomyces brood parasites. It will be important to collect both morphological and
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genetic data of Aphanomyces infections from geographically broad area and a variety of
zooplankton species to determine if this particular Aphanomyces is a generalist parasite of
aquatic invertebrates. This parasite has been mainly found in lakes stocked with fish and I
suspect it may have arrived in New Zealand (and some stocked lakes in Europe) with the
movement of infected fish eggs. The potential of Aphanomyces (and oomycetes in general)
to infect a variety of hosts and have alternative substrates for growth outside the host as a
saprotroph is an important characteristic of emerging infectious diseases (Fisher et al.,
2012) and may account for many unexplained introductions of oomycete pathogens of fish
around the world.
From an ecological point of view, we have accumulated extensive knowledge on
the role of chytrid fungus in phytoplankton population regulation, seasonal succession, and
food web ecology (Kagami et al., 2007; Gleason et al., 2008). However, we know little of
the role of oomycetes in influencing aquatic invertebrates. Recently, Kestrup et al. (2011)
found evidence that the oomycete parasite Saprolegnia was responsible for facilitating the
co-existence of two amphipod species by reducing the abundance of the invasive
Echinogammarus in environments in which it might otherwise be dominant over the native
Gammarus. The diversity of oomycete parasites just in zooplankton communities alone
(Wolinska et al., 2009) suggests that the findings of Kestrup et al. (2011) are not unique,
and that we are greatly underestimating the ecological role of oomycetes in freshwater
environments. A more complete understanding of the diversity of oomycetes within lakes,
including samples from a variety of microhabitats and hosts, will be essential for
understanding how this group utilizes different hosts and substrates and contributes to
overall ecological functioning.
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CHAPTER THREE

Predation on parasites reduces transmission success: evidence
for friendly competition between Daphnia and copepods
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3.1 Abstract
This study investigated the extent to which abiotic and biotic factors affected the
transmission success of Aphanomyces, an oomycete brood parasite, to its copepod host,
Boeckella hamata. Changes in temperature or light levels did not alter parasite prevalence
in laboratory infection experiments; however, the presence of Daphnia significantly
reduced the proportion of infected copepods. This study confirms previous work in other
host-parasite systems, particularly chytrid fungus and their phytoplankton hosts, that
Daphnia can reduce rates of parasitism through feeding on infectious spores. This “friendly
competition” may off-set any negative impacts Daphnia may have on copepod populations
due to competition for shared resources. This study demonstrates the importance of
understanding the role of environmental factors and how they may interact to impair or
promote parasite transmission. In particular, predator-parasite links may explain some of
the observed variation in infection prevalence in copepod populations worldwide.
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3.2 Introduction
Parasites can have significant impacts on host populations, and can shape the
structure and functioning of communities through both density dependent and traitmediated effects (Mouritsen and Poulin, 2002; Press and Phoenix, 2005; Wood et al.,
2007). The importance of environmental factors as modulators of host-parasite dynamics
has long been recognized, but the mechanisms by which these factors alter transmission
success is far less characterized (Morely et al., 2006; Liang et al., 2007). Environmental
variables can influence a number of host and parasite characteristics, including the contact
rate between host and parasites, parasite infectivity and/or host immune response, parasite
developmental rate, and virulence (Ferguson and Read, 2002; Studer and Poulin, 2013;
Van den Wyngaert et al., 2014). Interactions between environmental variables and
competing effects on both the host and parasite can result in unexpected outcomes (e.g.,
Hock and Poulin, 2012; Mitchell et al., 2005; Hall et al., 2012), affecting our ability to
predict the impact of parasitism on a particular host or ecosystem.
In lake plankton communities, a number of factors have been hypothesized to affect
host-parasite dynamics, including lake depth (Decaestecker et al., 2002), resource quality
for hosts (Hall et al., 2009a), contaminants (Civitello et al., 2012), food web structure
(Duffy et al., 2005), and presence of alternative, less competent hosts (i.e., diluters) (Hall et
al., 2009b). Temperature and light penetration are two of the most fundamental properties
of lakes. Temperature exerts a major influence on the aquatic environment, affecting
biological activity and growth of aquatic organisms, water chemistry, and thermal
stratification (Westzel, 1983). Temperature has been one of the most investigated abiotic
factors influencing parasite transmission. It can greatly affect biochemical, physiological
and behavioural processes in hosts and can impact parasite development (Harvell et al.,
2002). Light intensity has also been shown to be an important, although much less studied,
factor influencing the transmission of parasites with mobile zoospores, some of which
require light for movement, attachment, or development (Gleason and Lilje, 2009).
Biotic factors are also significant, but often underestimated determinants of
successful parasite transmission. Thieltges et al. (2008) outlined six different types of
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biological factors that influence the transmission of free living trematode stages but are
also broadly relevant to a variety of aquatic parasites. Of these factors, predation has
recently been revealed as significant in influencing parasite epidemics in lake plankton
communities (Duffy et al., 2005; Cáceres et al., 2009). Parasites can end up as prey when
infected hosts are eaten (Johnson et al., 2010). For example, Duffy et al. (2005) concluded
that epidemics of Spirobacillus cienkowskii, a bacterial parasite of Daphnia, did not
develop during the summer due to high mortality of infected hosts (and therefore mortality
of their parasites) resulting from fish predation. Increased parasite prevalence during late
summer/early autumn was found to correlate with a decrease in fish foraging intensity.
Parasites can also become prey during their free living stage, as these stages can represent
a food source for filter feeding zooplankton like Daphnia (Kagami et al., 2007).
Zoosporic fungus belong to the Phylum Chytridiomycota (chytrids) and Oomycota
(oomycetes) are common parasites in aquatic ecosystems where they infect a wide variety
of organisms, including fish and fish eggs, zoo- and phytoplankton, and other aquatic
fungus (Sparrow, 1960; Van Donk, 1989). Free swimming fungal zoospores represent the
bulk of the diversity in freshwater picoflagellate communities (Lefèvre et al., 2007).
Chytrid fungus and their phytoplankton hosts provide one of the most remarkable
examples of ecosystem wide consequences of parasitism. They can infect phytoplankton
populations in epidemic numbers (Van Donk and Ringelberg, 1983; Holfeld, 1998). The
selective infection of large, grazing resistant phytoplankton by chytrids can alter
interspecific competition, allowing smaller phytoplankton species to increase in numbers
(Van Donk and Ringelberg, 1983). Additionally, free-swimming zoospores released by
chytrids provide a food source to Daphnia and other grazers, altering energy pathways in
lakes (Rasconi et al., 2014). The dynamics of this host-parasite system has been shown to
be linked to a number of environmental variables, such as light, temperature, turbulence,
nutrients and grazing pressure (Bruning, 1991b, 1991c; Kagami et al., 2004; Ibelings et al.,
2011). Since fungal epidemics develop faster and reach higher prevalence during warmer
springs, regional scale climatic fluctuations can also act to influence the outcome of these
interactions (e.g., Van Donk and Ringelberg, 1983; Ibelings et al., 2011). These studies
highlight the importance of considering the environment in which the host and parasite are
embedded when predicting the outcome of host-parasite interactions.
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Although there have been a considerable number of studies examining chytrid
fungus and their phytoplankton hosts, oomycete-zooplankton interactions are
fundamentally different for a number of reasons, including longer host generation times,
sexual reproduction (in copepod hosts), and greater host movement. The presence of
mobile transmission stages in oomycetes differentiate them from the majority of
zooplankton parasites currently studied (e.g., bacteria, microsporidians, Metschnikowia). In
Daphniid hosts, oomycete parasites can be highly virulent, which may account for their
underestimation in standard zooplankton surveys (Prowse, 1954; Scott, 1956; 1961;
Wolinska et al., 2008). A number of oomycete species are strictly brood parasites, and do
not affect host life span, such as Aphanomyces sp. infecting calanoid copepods (Burns,
1980; Miao and Nauwerck, 1999; Rossetti et al., 2002). Aphanomyces infections in
copepods occur when a free-swimming zoospore attached to the abdomen of a
reproductively mature female. The zoospore germinates and vegetative hyphae twist
around the abdomen. These hyphae can remain attached throughout the lifespan of the
female, waiting for egg development to commence. When eggs appear, the hyphae
penetrate the egg sac, consuming the host’s egg tissue and destroying the clutch. The
vegetative hyphae give rise to sporangia where more zoospores are formed and released
back into the water column. There is no evidence that this parasite affects the life span of
its host (Rossetti, 2005). However, due to the complete loss of the clutch, the impact on
population birth rate can be high (Burns, 1985).
The aim of this study was to assess the extent to which abiotic and biotic factors
affected the transmission success of an Aphanomyces brood parasite on its copepod host. I
hypothesized that the free living stage of Aphanomyces would be highly vulnerable to
environmental conditions, which would translate to differences in prevalence in their host
populations. I tested the effects of three factors hypothesized to influence parasite
prevalence; temperature, light, and predation, on experimental populations of the copepod
host Boeckella hamata. These factors have been found to facilitate or supress parasite
transmission in a number of lake host-parasite systems (e.g., Hall et al., 2006; Johnson et
al., 2006b; 2009), although results have been system specific. Furthermore, they are not
expected to act independently, but instead may interact to produce unexpected results. For
example, Hall et al 2006 demonstrated how predators can inhibit parasite epidemics in
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Daphnia host populations at warmer temperatures. Understanding the role of
environmental factors in shaping host parasite dynamics, particularly their interactive
effects across a broad range of systems, is important for predicting impacts of parasitism
on host populations, as well as forecasting the effects of anthropogenic changes on
community interactions.
3.3 Methods
A number of New Zealand calanoids belonging to the genus Boeckella have been
found to be infected by Aphanomyces. Here I focus on one species, the endemic Boeckella
hamata. It occurs in a variety of habitats, including glacial lakes, reservoirs, and coastal
lakes (Jamieson 1988). Boeckella hamata is multivoltine throughout its range. In Lake
Mahinerangi, a large, cold hydroelectric reservoir in the South Island (NZ), the B. hamata
population completes three to four generations in a year (Burns, 1980). The number of
clutches, number of eggs per clutch, and reproductive period of B. hamata are strongly
influenced by temperature and food levels (Jamieson and Burns, 1988).
Both host and parasite were collected from Ross Creek Reservoir, a small drinking
water reservoir located in Dunedin, New Zealand (45o50’49 S, 170o29’54 E). The
zooplankton community in this reservoir is dominated by B. hamata. Other zooplankton
present include Simocephalus, Daphnia, and cyclopoid copepods. This population has been
found to be heavily infected by Aphanomyces during the winter and spring seasons (July –
November), with prevalence exceeding 80% (Fig 3.1). Both host and parasite were
collected in July 2014 and maintained in culture in the laboratory at room temperature (1618oC) in 10 L aquaria filled with tapped natural spring water. Uninfected copepods were
isolated as nauplii (early instar copepods), and maintained separately from infected
cultures to ensure no cross contamination occurred. Copepods were fed non-limiting
amounts of cultured Cryptomonas which was grown in modified MBL medium
(Stemberger, 1981) at 15°C under a light:dark cycle of 16:8h and sub-cultured biweekly.
Experimental Set up. The experimental design was a fully factorial 2 X 2 X 2
design with two temperatures, cold and warm (10oC, 20oC), two light regimes, natural and
dark, and two predator levels (Daphnia present, Daphnia absent). The experiment was
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conducted in two temperature controlled rooms (10oC and 20oC) set on a light:dark cycle
of 12:12h. Dark treatments were accomplished by covering each experimental tank with an
opaque box. Daphnia were added to the predator treatment in densities reflective of those
seen in Ross Creek Reservoir during the late spring (20.3–54 Daphnia/L-1). As Daphnia
were not present in Ross Creek in July and August, they were collected from a similar
sized pond in Central Otago (44º19’13 S, 169º54’10 E). I added thirty mature Daphnia
carinata per tank in the Daphnia present treatment, resulting in a density of 30/ L-1.

Figure 3.1 Water temperature (solid line) and Aphanomyces infection prevalence (circles)
in B. hamata from July to November, 2014 in Ross Creek Reservoir (Dunedin, New
Zealand).
Experimental units were 12 X 7.5 cm rectangular tanks divided in half by mesh (86
m) and filled with 1 liter of tapped natural spring water. The mesh allowed Aphanomyces
zoospores to pass, but not the host. For each replicate, twenty copepods were placed into
one half of the experimental tank. In the other half, I placed four females with late stage
Aphanomyces infections (hyphae have penetrated the egg sac and sporangia are beginning
to form) as a source of infectious zoospores. The infected females that provided a source of
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infectious zoospores were a lab maintained population that originated from Pond 18, one of
the study ponds. Infected females were examined for sporangial exit pores during the
experiment to ensure zoospores were released.
Copepods (including infected copepods) were acclimatized at each temperature for
five days prior to the start of the experiment. In predator treatments, Daphnia were
included with the uninfected copepods in the exposure half. Infected females were
examined for sporangial exit pores during the experiment to ensure zoospores were
released. Two types of control tanks were used. In both set-ups, five uninfected females
were used instead of infected females. In the second set up I also added 30 Daphnia to the
exposure side. Infections in the control tanks would indicate contamination during
handling procedures or transfer of Aphanomyces spores by Daphnia. Uninfected controls
were also checked daily for infection and to ensure any mortality due to handling would be
represented in all replicates. Dead females were removed and preserved.
I used Cryptomonas as the sole food, and fed copepods daily. Each tank was gently
aerated which significantly reduced mortality over previous experimental attempts.
Copepods were exposed for fourteen days but were checked daily under a microscope and
infections were noted. Each treatment combination had nine replicates (72 experimental
tanks). Since it was not possible to run all experiments simultaneously, I ran the
experiments in three groups, with three replicates per treatment run at a time. At the end of
the experiment, all females were removed and preserved to check for infections.
Data Analysis. The parasite transmission success in the different treatments was
analyzed by means of generalized linear mixed models (GLMMs) using binomial error
distribution (number of infected versus number uninfected) and a logit link function
(logistic regression). This accounted for the variation in total numbers of copepods
surviving among the different treatments at the end of the experiment. I tested all possible
combinations of the main effects of temperature, light, and predators and their two-way
interactions. Model fitting involved specification of a full model, which included all terms,
followed by successive removal of unimportant terms until the most parsimonious model
was reached (Crawley, 2002). Log-likelihood ratio tests were used to assess the importance
of each term. I used Akaike's information criterion (AIC) to guide model selection. The
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best model was the one with the fewest parameters and within 1 unit of the lowest AIC
score. As experiments weren’t run simultaneously, the experimental block (1-3) was
included as a random factor. The statistical significance of the block effect was calculated
with Chi-squared likelihood ratio test. Marginal r2 values were calculated for all fixed
factors using the method of Nakagawa and Schielzeth (2013). Analyses were performed in
R (R Development Core Team 2014) using the package “lme4” (Bates et al., 2014).
3.4 Results
Infections were detected within two days of exposure. As copepods were examined
while alive, it was not possible to observe initial encystment of the zoospore, and so
infections were noted when hyphae could be seen extending from the abdomen of the
female (Fig 3.1). I observed faster hyphal growth at 20oC and as a result infections were
noticed first, on Day two, in that temperature treatment. In the 10oC treatments, infections
weren’t observed until Day four. However, new infections were recorded much later in the
10oC treatments, up until day ten (Fig 3.2). In all but two replicates, at least one copepod
became infected. Infection prevalence varied considerably, between 0 and 84 %, with an
overall average of 52 %.

Figure 3.2 Cumulative proportion of B. hamata infected in the cold (black line) and warm
(grey line) treatments over the fourteen day experiment.
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The best fit model explaining differences in prevalence included predator and temperature
factors (Table 3.1). The presence or absence of Daphnia explained the most variation in
prevalence (marginal r2 = 0.47, p < 0.001). In treatments with Daphnia, prevalence
averaged 34-42% while in non-Daphnia treatments prevalence averaged 62-71% (Fig 3.3).
In two replicates containing Daphnia, none of the hosts became infected, yet infections
occurred in all non-Daphnia treatments. The block factor was not significant (λ2 = 1.26, p
> 0.05).
Table 3.1 Generalized linear mixed models (with binomial error structure) were used to
model the prevalence of Aphanomyces infections in B. hamata with respect to three main
effects; temperature, predator presence, and light levels, and their two-way interactions.
Shown is the null model and the values for the best model (lowest AIC). Both models
contained experimental block as a random factor.
Variables
Estimate
SE
Null model, AIC = 335.1, d.f = 69
Best model, y ~ temperature + predator, AIC = 319.4 , d.f = 68
Intercept
-0.79
0.13
Temperature
0.20
0.12
Predator
1.16
0.12

p-value

<0.005
0.10
<0.005

All models contained block as a random effect.

Temperature did not have a significant effect on prevalence on its own (r2 = 0.06, p
> 05), although it was included in the model with predator presence. Infection prevalence
was much more variable at 20oC, particularly in the Daphnia treatment, compared to 10oC;
20oC = 0 -57% prevalence, 10oC = 25 – 57% (Fig 3.2). Host mortality was also higher at
20oC (up to 60% host mortality) compared to 10oC (maximum of 40% host mortality). This
was most likely due to thermal stress and not parasitism as high mortality with also seen in
the controls. There was no difference in prevalence between natural light treatments (12:12
light dark cycle) and those kept in constant darkness.
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Figure 3.3 Mean proportion of B. hamata infected by Aphanomyces in light (a) and dark
(b) treatments. Treatments also include predator (Daphnia) presence or absence and two
temperature levels, cold (10oC) and warm (20oC).
3.5 Discussion
These results show that both abiotic (temperature) and biotic (presence of Daphnia)
factors can mediate the effects of parasites through reducing infections in host population.
Although these factors have been hypothesized to affect transmission success of helminth
parasites (Thieltges et al., 2008) and chytrid fungus (Ibelings et al., 2004) quantitative
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assessment like these on other host-parasite models are needed to validate the generality of
these patterns amongst all aquatic parasites with mobile transmission stages.
Predation on either infected hosts or on free living transmission stages can be an
important source of mortality for parasites and may result in reduced prevalence in host
populations (Johnson et al., 2010). Predators of parasites can decrease the overall infection
rate in hosts, which has been demonstrated previously in lake plankton communities (e.g.,
Hall et al., 2005; Johnson et al., 2006). Large cladoceran grazers like Daphnia can
consume zoospores chytrid zoospores (Buck et al., 2011). This has been linked to
decreased infection prevalence in experimental populations of their hosts (Kagami et al.,
2004; Buck et al., 2011) and as a result, Daphnia have been proposed as an effective
biocontrol agent of chytrid infections in amphibian populations (Buck et al., 2011).
Because they are of similar size to chytrids, I expected that Daphnia would consume
Aphanomyces zoospores, which is supported by the significantly lowered infection
prevalence observed in the Daphnia treatments. This suggests that Daphnia were feeding
on the zoospores and that they did not survive passage through the gut. Aphanomyces could
have encysted on Daphnia as well, but I did not observe any cysts present on any of the
carapaces nor did I find hyphal growth on Daphnia.
Although copepods can benefit from Daphnia presence through reductions in
infection rates, they also compete with copepods for algal resources, and have been shown
to reduce copepod abundance in mesocosm experiments (Vanni, 1986; Matveev et al.,
2000). Boeckella may benefit by co-occuring with Daphnia due to decreased infection
rates. The idea of beneficial competition (“friendly competition”) in lake plankton
communities was developed by Hall et al. (2009b). They found reduced prevalence of the
parasite Metschnikowia in D. dentifera when other Daphnia species (D. pulicaria and D.
retrocurva) were present. These species were less competent hosts and feed on
Metschnikowia spores, diluting the effect of the parasite in the population of D. dentifera.
These Daphnia species also compete for algal resources; however, it appeared that the net
effect of the presence of competitors remains beneficial to D. dentifera.
I used mature (> 2mm) Daphnia carinata in the experiments; however research has
shown that the ability of Daphnia to regulate zoospore numbers is species specific. Searle
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et al. (2013) found that not all species of Daphnia could reduce chytrid infection rates in
tadpoles. In their experiment only D. magna, but not the smaller D. dentifera resulted in a
reduction in the proportion of tadpoles that became infected. Interestingly, D. dentifera
reduced zoospore densities in water, but that did not translate to decreased infection levels.
Therefore, the ability of predators to both consume parasites and reduce infection is likely
to vary depending on ecological context. The introduction and expansion of Daphnia
species, e.g., D. pulex and D. galeata, is expected to have significant consequences on lake
ecosystems in New Zealand (Duggan et al., 2012). The role these introductions may play
on oomycete and chytrid infections in zoo- and phytoplankton communities represent a
unique opportunity to understand how invasions may indirectly modify disease dynamics.
Temperature exerts a major influence on aquatic systems, affecting dissolved
oxygen, water chemistry, stratification, and the biological activity and growth of aquatic
biota (Wetzel, 1983). Temperature is also an important determinant of parasite
transmission, and can affect prevalence through a number of different pathways. Firstly,
temperature can directly alter infectivity, either through its effect on host immune function
or the thermal optima of the parasite (Schoebel et al., 2011). Secondly, temperature can
affect the production of transmission stages (by affecting parasite growth and reproduction
within the host) or the survival of free-living transmission stages, both altering the number
of transmission stages in the environment (Androu et al., 2009). Previous studies have
shown a trade-off between parasite reproduction, which increases at higher temperatures,
and transmission success, which is often lower at higher temperatures, most likely due to
decreased viability of transmission stages (Bruning, 1991a; Fels and Katz, 2006; Schoebel
et al., 2011). In some cases, both parasite reproduction and infectivity can increase with
increasing temperature (Mitchell et al., 2005). I did not find a significant effect of
temperature, but prevalence in high temperature treatments was highly variable
(particularly those treatments with Daphnia). At higher temperatures, Daphnia feeding rate
increases (Burns, 1969), and thus they would be eating more zoospores. Also, temperature
reduces zoospore longevity (see Chapter Four), which would account for some of the low
infection rates in some replicates. The role of temperature on infection rates might be better
tested in larger experimental units. In larger tanks, zoospores may die before reaching a
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suitable host and therefore the interaction between host density, zoospore longevity, and
temperature could be investigated.
Detrimental impacts of low light conditions on transmission stage infectivity have
been reported for chytrid species infecting phytoplankton (Canter and Jaworski, 1981).
Bruning (1991a) found that zoospores of the chytrid parasite Rhizophydium did not attach
to its phytoplankton host under dark conditions, yet other species of Rhizophydium can
(Barr and Hickman, 1967). If low light conditions reduce infection rates, the dark
hypolimnion of lakes may provide a refuge from parasitism. Additionally, the seasonal
shift to longer daylight hours may promote increase parasite transmission in the spring and
summer. I found no difference in prevalence between copepods kept under natural
conditions and those kept under constant darkness, although dark treatments were much
more variable, and that may result from impaired movement in the absence of light.
Although I have demonstrated that Aphanomyces can attach to its host in the absence of
light, other aspects of Aphanomyces development could be impacted. In chytrids, low light
conditions have been shown to result in arrested sporangial development (Barr and
Hickman, 1967), reduced number of zoospores produced (Eye et al., 1978), and increased
host mortality (Kagami and Urabe, 2002).
Inter- and intra-annual variation in the prevalence of Aphanomyces infections in
lakes is well documented. The parasite can be absent from its host population in some
years, despite high host densities, while reaching epidemic (~89%) infection levels in other
years (e.g., Lake Scuro Parmense; Rossetti et al., 2002). In European lakes, infections most
often occur in early or mid-summer, although autumn infections are not rare. Miao and
Nauwerk (1999) and Rossetti et al. (2002) have suggested that warmer water temperatures
favour the development of Aphanomyces, but no correlation between prevalence and
temperature was detected. To my knowledge, there have been no attempts to link variations
in Aphanomyces prevalence and biotic factors. In New Zealand, reproductive females are
often found year round; however, infection rates are highest during the winter months, with
Aphanomyces typically absent during the summer months (Burns, 1980; 1989). High
abundances of Daphnia in early summer in these lakes (Burns and Mitchell, 1980; Burns,
1992) may contribute to its absence. In European lakes, the presence of large, predatory
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cladocerans, e.g., Bythotrepes and Leptodora, which are absent in New Zealand, may
prevent Daphnia from having such an effect by reducing Daphnia abundance and altering
its behaviour (Pijanowska and Kowalczewski, 1997).
In conclusion, this study demonstrates the importance of understanding the role of
environmental factors and how they may interact to impair or promote parasite
transmission. Here I demonstrate that some of the predictions developed to explain
transmission dynamics in other parasite groups (e.g., chytrids, helminths) are applicable to
our host-parasite system. In particular, predator-parasite links may explain some of the
observed variation in infection prevalence in copepod populations worldwide. This
provides the first steps to modeling parasite dynamics in copepod communities and
understanding how they will respond to a changing environment. This is particularly
relevant in lake ecosystems which currently face a number of threats due to human
disturbance, including eutrophication, the introduction of invasive species, and climate
change (Brönmark and Hanson, 2002). The ability of scientists and resource managers to
prepare for and predict how these factors will alter ecosystem function include a more
complete understanding of disease dynamics in lake communities.
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CHAPTER FOUR

The effect of temperature on an Aphanomyces brood parasite of
copepods: evaluating trade-offs between rapid growth and
transmission potential
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4.1 Abstract
Temperature has been shown to play a key role in the dynamics of a number of
parasite species. Temperature can alter host susceptibility, parasite virulence, and the
growth rates of both host and parasite, which can in turn influence overall population
dynamics. Aphanomyces brood parasitism is one of the most commonly reported infections
in freshwater copepods. The host (and parasite) is exposed to a range of temperatures, yet it
is not known how this variation can affect the outcome of host-parasite interactions. Here, I
examined how temperature affects the growth, development, and zoospore motility of
Aphanomyces in laboratory cultures and infection experiments. Increasing temperature (in
the range of 10-25°C) favoured Aphanomyces growth and allowed for the rapid production
of zoospores; however, zoospore motility was impaired at high temperatures, reducing the
time for successful transmission to a new host. Rising temperatures also increased the
production of resting stages (oospores), a possible adaption to unfavourable conditions.
Understanding the influence of environmental factors, particularly temperature, on the
production and survival of transmission stages is important for predicting the impact and
spread of parasites in the aquatic environment.
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4.2 Introduction
The oomycete genus Aphanomyces (Family Saprolegniaceae) represents a
widespread and diverse group of saprotrophic and parasitic water moulds found in
terrestrial, freshwater, and marine habitats. This genus contains some of the most
destructive plant pathogens, resulting in diseases collectively referred to as Aphanomyces
root rot (ARR). Although Aphanomyces (and oomycetes in general) have largely been
studied with respect to diseases of plants, there are a number of zoopathogenic species
infecting a range of aquatic hosts including fish (Lilley et al., 1997), turtles (Sinmuk et al.,
1996), dolphins (Fowles, 1976), and freshwater zoo- and phytoplankton communities
(Prowse, 1954; Kadlubowska, 1968; Burns, 1980). In contrast to those taxa that infect
plants, their aquatic counterparts remain poorly studied. The causative agent of crayfish
plague, Aphanomyces astaci, has been studied extensively (as reviewed by Cerenius et al.,
2009), largely because of its devastating economic and ecological impacts on European
freshwater ecosystems (Souty-Grosset et al., 2006).
Recent molecular studies have revealed that zooplankton hosts may represent an
undiscovered reservoir of oomycete diversity (Wolinska et al., 2009). Laboratory studies
have demonstrated high virulence in this group (Prowse, 1954; Seymour et al., 1984),
suggesting they have the potential to cause significant selective pressures on their host
(Wolinska et al., 2008). As plankton parasites, oomycetes infect their hosts by way of
mobile transmission stages; short lived zoospores which actively swim through the water
column and attach externally to the host. Ingestion of zoospores has been shown as an
additional route of infection in larval mosquito hosts (Pelizza et al., 2008), but it is not
known how common this transmission route is. This mode of transmission is very different
from the more common zooplankton parasites currently studied (e.g., bacteria, protozoans,
and microsporidians), which are primarily transferred between hosts through ingestion of
long lived immobile spores (Ebert, 2005). Due to their limited life span, the production of
zoospores provides a short infection window which is essential to the transmission of these
parasites (Unestam, 1966). Upon attaching to its host, the parasite invades the host’s
tissues by hyphal growth. Sporangia eventually arise from these vegetative hyphae,
producing the next generation of infectious zoospores. The dynamics of the infection
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process can be affected by a number of host specific and environmental factors that
influence parasite growth rate, the number of sporangia and or/zoospores produced, and
zoospore motility and infectivity. For example, Pelizza et al. (2008) observed faster
parasite growth (and therefore zoospore production) at higher temperatures in mosquito
larvae infected by the oomycete Leptolegnia. Zoospore survival decreased with increasing
temperature, reducing the period of infectivity, and illustrating how environmental factors
can have contrary impacts on different aspects of the infection process.
Temperature has been shown to play a key role in the dynamics of a number of
parasite species. Prevalence of the malaria causing protozoan, Plasmodium, is strongly
influenced by temperature, which impacts a number of vector and parasite life history traits
(Gething et al., 2011). Higher temperatures increased the development rate and survival of
the parasite within the mosquito, facilitating transfer to the next host (Noden et al., 1995;
Paaijmans et al., 2010). Not all parasites necessarily benefit from elevated temperatures.
Fungal parasites in particular are often restricted to cool, moist conditions. The prevalence
and intensity of Batrachochytrium dendrobatidis (Bd), the pathogen responsible for
chytridiomycosis in amphibian populations, is highest during cooler months and in higher
elevations (Ron, 2005). Epidemics of fungal parasites in lake phytoplankton communities
also occur primarily during periods of low water temperature, and can even develop under
the ice (Canter and Lund, 1951; Van Donk and Ringelberg, 1983). The relationship
between temperature and parasite development in plankton hosts can be complex, with
trade-offs occurring between parasite growth, virulence, and infectivity (Bruning, 1991b;
Mitchel et al., 2005; Hall et al., 2006). Fels and Kaltz (2006) demonstrated that although
higher temperatures increased the development of bacterial infections in the ciliate
Paramecium caudatum, parasite transmission was significantly impaired.
In some copepod populations, epidemic level infections by an Aphanomyces brood
parasite have been observed, reaching high prevalence (~80%) and exhibiting significant
impacts on birth rate and population growth (Burns, 1989; Rossetti et al., 2002). This hostparasite interaction provides an excellent system for examining the role of environmental
heterogeneity in parasite development. Infections occur only on female copepods, resulting
in the loss of their clutch with no evidence of impacts to host life span (Rossetti, 2005).
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Infections occur externally, allowing for easy observation of parasite developmental stages.
Like all oomycetes, their development is characterized by hyphal growth and the
development of sporangia, followed by the release of mobile zoospores. Temperature
optima for the growth and development of the parasite may differ from that of the free
living zoospore stage, which would suggest a trade-off between growth and transmission.
In most of the alpine lakes in Europe with infections, copepod hosts often have only a
single reproductive phase in a year (univoltine) and parasite infections are restricted to the
reproductive season (Rossetti et al., 2002). In New Zealand, copepods are multivoltine,
with up to four reproductive periods in a single year in some South Island lakes (Burns,
1979). Aphanomyces infections have been shown to be present year round (Burns, 1980;
Burns, 1989), occurring in a wide range of temperatures (5.6 – 20oC; Burns, 1979).
Infections do exhibit seasonality, with highest infection rates occurring in the winter
months and disappearing during mid-summer (Burns, 1980; Burns, 1989). This suggests
that Aphanomyces has a wide temperature tolerance, but may be best adapted for cold
conditions.
In this study, I investigated the role of temperature in Aphanomyces infections
isolated from the copepod Boeckella hamata from a reservoir in the South Island of New
Zealand. In this host population, infections were restricted to the late winter and spring,
despite reproductive females occurring throughout the summer. Here, under experimental
conditions, I examined three key life history attributes of the parasite, hyphal growth, the
development of sporangia, and zoospore motility, and how these characteristics are
influenced by changes in temperature. I hypothesized that colder temperatures represented
an optimum for parasite growth and/or transmission, which would explain the dynamics of
this parasite in natural host populations.
4.3 Methods
Parasite Collection. Aphanomyces infected copepods (Boeckella hamata) were
collected from Ross Creek Reservoir (45o50’49 S, 170o29’54 E), Dunedin, New Zealand,
during August and September 2014, when infection prevalence was at its peak (50-88%)
and water temperatures ranged between 6.2 and 12oC. Infected copepods were used within
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ten days of collection and prior to experiments were maintained at room temperature (1618oC) in a 5 L aquarium filled with tapped natural spring water. Copepods were fed nonlimiting amounts of cultured Cryptomonas daily which was grown in modified MBL
medium (Stemberger, 1981) at 20°C under a light:dark cycle of 16:8h and sub-cultured
biweekly.
Zoospore densities and motility estimates (see below) were determined using a
hemocytometer (Neubauer/Bright-Line) and an Olympus CX41 microscope. For density
estimates, 100 l of a well-mixed sample was fixed with 10% buffered formalin and
examined in the haemocytometer. Pictures were taken of the four 0.1 mm3 corner squares
with an Olympus DP25 camera and DP2-BSW v. 1.4 software attached to the microscope
and the number of zoospores per square were counted. The total density of zoospores in the
sample was calculated by multiplying the average zoospore count per square by 104. For
longevity experiments, the percentage of swimming zoospores at different time intervals
were required, which moved too rapidly to accurately assess in each square. For these
counts, 20 l of a zoospore sample was mixed with 20 l of 2.5% glycerol to reduce
zoospore motility according to the method developed by Andreou et al. (2009). Active
zoospore counts were made in each of the four corner 0.1 mm2 corner squares and
expressed as percentage of swimming zoospores.
Life cycle. To document the infection process, experimentally infected females
were held at different temperatures to observe parasite development. I exposed sixteen
newly mature females with spermatophores attached (to promote fertilization) to zoospores
(~5,000/mL) in individual 80 mL jars containing 60 mL of natural spring water. Females
were placed in four growth chambers at 10, 15, 20 and 25°C, representing four replicates
per temperature. They were exposed to zoospores for six days under 12:12 h light and fed
non limiting amounts of Cryptomonas. The experiment was repeated again four weeks later
to result in eight replicates per temperature. Females were observed at eight hour intervals
until parasite hyphae were visible, than at three-four hour intervals until the parasite had
completed its life cycle. The following characteristics of the parasite’s life cycle was
recorded under a dissecting microscope at each interval: whether or not infection was

60

Chapter Four: Temperature and transmission

successful, time before the first visible hypha appeared, the time required for sporangial
development and zoospore release, and whether or not oogonia developed.
Culturing. Aphanomyces had not been brought into culture prior to this study and
so a number of culture media developed for A. invadans and A. astaci were tested. The
fastest growth observed was on an Isolation Medium (IM) developed by Alderman and
Polglase (1986). Using aseptic dissection techniques, Aphanomyces hyphae were removed
from the abdomen of B. hamata and transferred to a Petri dish (9 cm diameter) containing a
modified IM comprised of 12 g agar (Catalog No. A1296, Sigma–Aldrich Corp., St. Louis,
M), 1 g yeast extract (Sigma Y1625), 5 g of glucose and 1 L of spring water, with 100
units/mL of penicillin and 100 g/mL streptomycin (Sigma P4333) added after autoclaving
and cooling to 50°C. Inoculated culture plates were sealed with Parafilm ® and incubated
at room temperature (19-23°C) under 12:12 light dark cycle. Plates were examined daily
for twelve days and hyphae were repeatedly excised and transferred to fresh plates of IM
until no contaminating bacterial growth was noted.
Hyphal growth. In order to standardize growth experiments, a small section of
hyphae from ten day-old colonies were transferred to 250 ml flasks containing 50 ml of
Glucose-Yeast (GY) broth, consisting of 5 g of glucose and 2 g of yeast extract in 1 L of
autoclaved ground water (Griffin 1978). The flasks were shaken gently at one oscillation
per second for ten days at room temperature (17-20oC) under artificial laboratory lighting
(approximately 10:12 light:dark cycle). The resultant hyphal growth from each flask was
washed in distilled water before use before being place on a Petri dishes containing GY
agar. Five petri dishes with hyphal inocula were incubated at each of 10, 15, 20, and 25oC.
The hyphae were photographed and measured immediately after on the culture
plates and at 12 h intervals thereafter. Two measurements were taken from each culture
plate: the largest diameter and a diameter bisecting it at right angles, resulting in a mean
colony diameter per plate (Fraser et al., 1992). Measurements were obtained from
photographs using ImageJ (Schneider et al., 2012). All temperature treatments consisted of
five replicates and were repeated twice, for a total of ten replicates per temperature.
Experiments were run for fourteen days or until hyphal growth reached the edge of the
culture plate. The growth rate (mm/day) of Aphanomyces in culture was calculated by
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taking the mean daily growth rate over two days (days 3-5) as in Diéguez-Uribeondo et al.
(2009).
Zoospore sporulation and motility. Infected copepods (Aphanomyces hyphae
present) were maintained at four temperatures (10, 15, 20, and 25°C) and paired with
males to allow their infected eggs to develop. Zoospores were isolated from infected egg
masses within 4 hours of release from the sporangia and suspended in 250 mL of
autoclaved spring water. Zoospore density was determined microscopically and adjusted to
a final concentration of 1000 zoospores/ml. From this zoospore suspension, 10 mL was
distributed among eight 50 mL conical flasks per temperature treatment. As Aphanomyces
on copepods maintained at 10°C developed sporangia more slowly than Aphanomyces on
copepods maintained at 20°C, experiments were not started simultaneously. No sporangia
developed at 25°C and so Experiment 1 consisted of three temperatures (10, 15, and 20°C)
of eight replicates (n = 24) of the zoospore suspension. Zoospores were examined for
movement at 8 h intervals by removing 20 L of zoospore suspension from each flask and
counting the number of swimming and inactive zoospores on a hemocytometer. As it was
not possible to determine what proportion of inactive zoospores were ‘‘resting’’ at any
given time, all inactive zoospores were considered non-viable. Although this approach
underestimates the number of active zoospores, it still allows for the temporal
characterization of active zoospore (Androu et al., 2009). The experiment was run until no
active zoospores were detected in any of the replicates on three successive observations (no
swimming zoospores in any of the four corner 0.1 mm2 corner squares of the
hemocytometer).
This experiment was repeated with all females kept at 15oC until zoospore release
(Experiment 2). This was done to examine how temperature, particularly high
temperatures, affected zoospore motility. Zoospore suspensions in conical flasks were
incubated at 10, 15, 20, and 25oC. I ran Experiment 2 twice, each run containing four
replicates per temperature treatment, for a total of eight replicates per temperature.
Zoospores isolation, distribution, and examination was undertaken as described for
Experiment 1.
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Statistical analysis. Generalized linear mixed models (GLMMs) were used to
analyze the effect of temperature on hyphal growth and zoospore motility. For hyphal
growth, I used the growth rate in mm/day calculated between day three and day five as our
response variable. Temperature was included as a categorical variable (10, 15, 20, 25oC).
All temperature treatments consisted of five replicates and were repeated twice. Zoospore
motility was designated as the number of hours until no motile zoospores were detected in
the sample. Zoospore motility was examined twice, once in experiment one, in which
zoospores were allowed to develop and sporulate within each temperature, resulting in
three temperatures (10, 15, 20oC), of eight replicates each. In experiment two, sporulation
occurred at 15oC, and zoospores were allocated among four temperatures (10, 15, 20,
25oC). All motility treatments in experiment two consisted of four replicates each and were
repeated twice, for a total of eight replicates. Experiment date was included as a block
factor in all experiments. The statistical significance of the block effect in all experiments
was calculated with chi-squared likelihood ratio test. All statistical analyses were
conducted in R (R Development Core Team, 2014).
4.4 Results
Life cycle. The life cycle of Aphanomyces in its host, Boeckella hamata, is
represented in Figure 4.1 Parasite development was more rapid at 20oC than 10oC (Table
4.1). The time from observed infection until zoospore release occurred within 22 h at 20oC
but took up to 64 h at 10oC. Infections first appeared (as determined by visible hyphae
under a microscope) between 8 and 18 h from exposure. Most females had more than one
attachment hyphae indicating multiple zoospores encysted on the host. Dissection of
females after the experiment ended revealed between one and six attachment hypha.
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Figure 4.1 Life cycle of an Aphanomyces brood parasite. A free swimming biflagellate
secondary zoospore(s) attaches to the abdomen of a reproductively mature female calanoid
copepod – the host (1) leading to germination and growth of hyphae which twist around the
female’s abdomen (2). When the female copepod develops eggs, the hyphae enter the egg
sac and sporangia form at the hyphal tips (3). Primary spores are formed in the sporangia
and those spores exit via the sporangial tip where they encyst (3A) and release mobile
secondary zoospores (4). After the release of secondary zoospores, the egg sac is either
shed or the parasite enters sexual reproduction, forming oogonia (5) and antheridia (not
shown) which fuse to develop resistant oospores. Oospores eventually germinate, releasing
secondary zoospores, which go on to infect another host.
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Table 4.1 Aphanomyces growth (in culture) and development (on its host Boeckella
hamata) in different temperature treatments. Time until sporangial development and
zoospore release is reported to the nearest 3 h while zoospore motility is reported to the
nearest 12 h.
Hyphal
growth
2 mm/day
4.1 mm/day
6.5 mm/day
10.7 mm/day

10°C
15°C
20°C
25°C

Sporangial
development
8 hours
3 hours
3 hours
N/A

Zoospore
release
20 hours
4 hours
3 hours
N/A

Zoospore
motility
172 hours
148 hours
72 hours
24 hours*

Oospores
present
75%
37.5%
100%
N/A

*Sporulation occurred at 15°C and zoospores were incubated at 25°C as sporulation would not occur at this
temperature

The hyphae did not penetrate the egg sac as soon as egg development began but
occurred once discrete eggs were formed. At this point, the finer, nutritive hyphae
penetrated the eggs, branching extensively, and replaced most of the copepod egg tissue
with parasite tissue within 6 h (20oC) to 24 h (10oC). The tips of the nutritive hyphae
differentiate into sporangia where the primary zoospores are formed (Fig 4.2). This occurs
once the eggs had been nearly consumed and hyphal tips can be seen protruding from the
degenerating egg sac. The development of primary zoospores was rapid and they were
observed forming a single row in the sporangia within three hours at 15 and 20oC (up to 8
h at 10oC). They travelled to the sporangial exit pore (at the hyphal tip) and encysted upon
exiting, forming a discrete cluster that is visible with the naked eye (Fig 4.2). Secondary
zoospores were released between 3 and 20 h from encystment at the exit pore of the
sporangia. After the release of secondary zoospores, the egg sac was either shed or sexual
reproduction began and oogonia and oospores were produced (Fig 4.2). At 10oC, the sexual
stage occurred in 75% of infected egg sacs, while at 20oC, all infected egg sacs developed
oospores.
Hyphal growth. Hyphal growth was rapid at 25°C, reaching the edge of the culture
plate by Day 6 (Fig 4.3). There was a significant effect of temperature on Aphanomyces
growth with hyphal growth increasing with increasing temperature (F3,28 = 42.8, p < 0.01).
The block factor was not significant (λ2 = 1.9, p > 0.05). The mean daily growth rate
(calculated between day 3 and day 5) at 25oC ranged between 9.8 and 15 mm per day,
while at 10oC, it ranged between 1.6 and 3.1 mm per day (Figure 4.4).
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Figure 4.2 Boeckella hamata infected with the brood parasite Aphanomyces sp. a) The
copepod egg tissue has been replaced by parasite tissue. Primary zoospores encyst at the
sporangial tips, and appear as groups of balls. b) Hyphae extend out from the egg sac and
sporangia form at the emerging hyphal tips. c) Oogonia develop during the sexual stage.
Their walls are ornamented and covered with blunt tubercles.
Zoospore sporulation and motility. Sporulation occurred at 10, 15, and 20oC but
not at 25°C (Table 4.1). At this temperature, hyphae penetrated the egg sac, but no
sporangia were formed and egg sacs were rapidly shed by the females (~ 2 days).
Therefore, in Experiment 1, a zoospore suspension from the remaining three temperatures
were allocated into 8 conical flasks per temperature and examined within the hour. Initial
zoospore motility in all three temperatures was greater than 99%. Temperature had a
significant effect on motility (F2,21 = 56.5, p < 0.001), with zoospores remaining active 5-8
times longer at 10°C than at 20°C (Figure 4.5a). In the 10oC treatment, motile zoospores
were detected up until day seven, while at 20°C, no motile zoospores were observed after
day two. After 24 hours, more than half of the zoospores at 20oC were no longer motile
(Figure 4.5a).
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In Experiment 2, infected females kept at 15oC were allowed to sporulate and the
resulting zoospores were distributed among the four temperature treatments. A similar
relationship with temperature was also observed (F3,28 = 62.4, p < 0.001), with zoospores
remaining motile longer at lower temperatures (Fig 4.5b). Zoospores survived at 25oC;
however, rapid encystment was observed, with 70% of the zoospores encysting within 6
hours. No motile zoospores were observed after day 1. Motility in all treatments decreased
over time (Fig 4.5a,b). Approximately 50% of zoospores remained motile after 18 h. By 24
h, approximately 5% of the zoospores still were swimming.

Figure 4.3 Mean radial growth (n =10) per day of Aphanomyces grown on agar and incubated at
four temperatures. Cultures were measured daily until growth reached the end of the culture plates
(Day six at 25°C, Day thirteen at 10 °C).
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Figure 4.4 Growth rate (mm/day), taken as the average growth between Day three and Day
five, of Aphanomyces cultures (n = 10 per treatment) incubated at 4 temperatures (10, 15,
20, and 25°C). Error bars represent the standard error of the mean. The letters indicate the
results of the Tukey HSD test, whereas no differences in hyphal growth existed between
temperatures with the same letter (p < 0.001).
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Figure 4.5 The change in the proportion of motile zoospores in different temperature
treatments over the course of seven days. In Experiment 1 (a), hosts were maintained at
each temperature treatment but zoospore development was halted at 25°C. In Experiment 2
(b), zoospore release occurred at 15°C, and zoospores were randomly assigned to one of
four temperature treatments (10, 15, 20, 25°C).
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4.5 Discussion
A significant effect of temperature on Aphanomyces development was found, with
increased survival of transmission stages at colder temperatures, supporting my hypothesis.
Increasing temperature (in the range of 10-25°C) favoured Aphanomyces growth and
allowed for the rapid production of zoospores. However, zoospore motility was impaired at
high temperatures, reducing the time for successful transmission to a new host. At 20°C,
Aphanomyces could complete its life cycle within 22 hours while at 10°C, parasite
development took up to three times as long (up to 60 hours). Post-zoospore release, the
potential period to re-infect a new host, increased with declining temperature. Zoospores
remained mobile for up to seven days at 10°C, while above 20°C zoospores rapidly
encysted within 12-36 hours. These results indicate that a trade-off exists between rapid
parasite growth at high temperatures, which reduced the time between successive
transmission stages, and the mobility and survival of these transmission stages in the
environment, which can be very short at high temperatures.
The life cycle of Aphanomyces in copepods has been investigated previously in
populations of B. dilatata (Burns, 1985) and Eudiaptomus intermedius (Rossetti, 2005).
Infection began with the encystment of a secondary zoospore on the dorsal abdomen of a
mature female and subsequent growth of an attachment hypha (or multiple hyphae) which
encircles the female’s abdomen. I did not detect hyphae attached anywhere else on the
copepods body, consistent with observations by Rossetti et al. (2002) and Miao and
Nauwerck, (1999), indicating zoospores may be attracted to chemical cues released by the
female near the gonopore for mate location (Rossetti, 2005). The number of attachment
hyphae ranged between one and six, but up to sixteen have been detected on a single
female (Burns, 1980). Despite multiple attachment hyphae on each copepod host, I found
that most did not penetrate the egg sac, but remain coiled around the abdomen. It is not
known if there exists a priority effect (first to attach) or proximity effect (closest to the
developing eggs) in determining why some hyphae do not enter the egg sac.
Each attachment hyphae represented growth from a single secondary zoospore. The
distal end of the attachment hypha tapered prior to entering the eggs, becoming nutritive
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hyphae and once inside the egg sac, branched extensively. Primary zoospores were formed
within the sporangia, which were located on the distal branching tips of the nutritive
hyphae. The primary zoospores could be seen moving under a light microscope. They were
released from the sporangia but encysted in a cluster at the sporangial mouth, before being
released as secondary zoospores (the infective stage). This type of spore release, in which
primary zoospores encyst as a cluster is called achyloid spore release. Although I was
unable to measure the time required for encystment and initial vegetative growth,
Aphanomyces was able to complete the remainder of its life cycle in less than a day (22
hours) at 20°C. In Daphnia, oomycete infections also proceeded rapidly, killing the host
within 8-24 hours (Prowse, 1954; Wolinska et al., 2008)
Hyphal growth in culture increased with increased temperature, with rapid growth
detected at 25°C. This is typical for parasitic oomycetes, many with optimal growth
between 20-25°C (Alderman and Polglase, 1986; Allain-Boulé et al., 2004; Koeypudsa et
al., 2005; Davis et al., 2006). Oomycete parasites in hot climates, such as the root-rotting
Pythium species infecting peppers in Australia (Stirling et al., 2004) or those infecting
mammals (e.g., Pythium insidiosum) can grow well at temperatures above 35°C. Although
increasing temperatures allowed Aphanomyces to grow rapidly in this study, completing its
life cycle quicker, it was unable to produce zoospores at high temperatures (25°C).
Similarly, A. astaci can produce primary zoospores at 24°C, but they remain encysted and
do not develop into secondary zoospores (Alderman and Polglase, 1986). In many pond
ecosystems, where temperatures can easily exceed 25°C during the day, zoospore output
may be restricted to the evening or may not occur at all in the summer. Most infections to
date in Europe have been recorded in large, deep lakes (e.g., Lake Mondsee, Miao and
Nauwerck, 1999) where even in summer temperatures rarely reach such extremes. In New
Zealand, infection prevalence is highest in the winter, with often no infections detected
mid-summer, which may result from temperature constraints of sporangial development.
Faster parasite development time in this study was countered by the decreased
motility, and presumed longevity of transmission stages at high temperatures. I found that
sporulation occurred between 10 and 20°C, with later onset and longer production of
zoospores at lower temperatures, a trend consistent with other parasites with mobile
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transmission stages. Andreou et al. (2009) observed a longer lifespan of the zooflagellate
stage of the fish parasite Sphaerothecum destruens at lower temperatures, with active
zoospores present for twenty-six days at 4°C, but reduced to seven days at 25°C. At 10°C,
I found active zoospores up to seven days (172 hours) post-release, although most had
ceased movement between days five and six. At 20°C and above, rapid encystment
occurred and the time for infectivity was dramatically shortened to less than a day. The
long active period at 10°C does not necessarily imply that zoospores can remain active for
the entire time period. Swimming zoospores of the chytrid fungus Bd have been observed
in lake water cultures between one and seven weeks; however, periods of no activity of
zoospores were apparent at times, indicating they can enter a temporary resting stage
(Johnson and Speare, 2003). Zoospores of A. astaci can encyst and emerge from these
cysts a number up to three times (Cerenius and Söderhäll, 1984).
A sexual stage is present in many, but not all species of Aphanomyces. This stage of
the life cycle accounts for the genetic variability and allows for the formation of resistant
oospores. The sexual stage is rare or absent in species pathogenic to animals, and most
often occurs in plant parasites, most likely as an adaptation to drying conditions (DiéguezUribeondo et al., 2009). Aphanomyces infecting zooplankton appear to be exception, as
infections in Daphnia (Prowse, 1954) and copepods can result in sexual reproduction. The
sexual stage did not always follow asexual development. At 15 °C, oospores developed in
three out of eight females (37.5%). This was similar to observations by Burns (1985), in
which 42% of parasitized clutches developed oospores. In Lagenidium infections in
calanoids, an oomycete brood parasite which infects eggs individually, the sexual stage
follows in just 10% of all eggs. It is not known what environmental cues promote the
development of sexual structures. I found that 100% of females infected at 20°C developed
oogonia and oospores, suggesting higher temperatures promoted the development of
resting stages. This cue could be coming from the environment or the parasite may be
responding to changes in the copepod host.
It has only been recently that the role of parasitism in shaping plankton community
structure has been recognized (Brambilla, 1983; Burns, 1985a; Kagami et al., 2007; Hall et
al., 2011). These studies have demonstrated that population impacts by parasites is
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dependent on environmental conditions (e.g. temperature, food availability) which could
promote or supress epidemics. Here I found that the development of the copepod brood
parasite Aphanomyces is significantly influenced by water temperature. Higher
temperatures allowed the parasite to complete its life cycle more rapidly but it shortens the
period in which the free-living transmission stages (zoospores) can find a host.
Understanding the influence of environmental factors, particularly temperature, on the
production and survival of transmission stages is important for predicting the impact and
spread of parasites (Andreou et al., 2009).
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CHAPTER FIVE

Environmental heterogeneity and host-parasite dynamics in a
pond metapopulation
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5.1 Abstract
Although parasites can have considerable impacts on their hosts, they too are
dependent on particular habitat features and other members of the community to persist
within a host community. In this study, I examined the distribution of the copepod brood
parasite Aphanomyces in a metapopulation of its host, the calanoid copepod Boeckella. I
surveyed 42 ponds in the Mackenzie Basin (New Zealand), and collected data on parasite
(Aphanomyces) and host (Boeckella) presence. Among the 35 ponds with host populations
present, I evaluated the effects of isolation, susceptibility, and habitat variables on
Aphanomyces distribution. Eight habitat variables related to physical-chemical and
biological features of the ponds were recorded and were used to explain Aphanomyces
presence-absence using logistic regression. There was no evidence that Aphanomyces
distribution was related to dispersal barrier or host susceptibility, with infections induced
experimentally in all host populations. Rather, Aphanomyces distribution was related to
environmental variables that influenced the free-living stages of the parasite.
Aphanomyces was associated with deeper, permanent water bodies with silt substrates.
Aphanomyces may have been excluded from short-lived ponds with grass substrates due to
factors which influenced the survival of resting stages.
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5.2 Introduction
Species are rarely randomly or uniformly distributed across the landscape but vary
among habitats in association with environmental variables that influence their
reproductive success or life span (Brown, 1984). Explaining spatial patterns in species
distributions and understanding how these patterns are influenced by environmental change
remains a central objective of ecology, providing important information for conservation
and resource management (e.g., Austin and Meyers, 1996; Pearson and Dawson, 2003).
Standing freshwater habitats, which exist along a gradient from small, ephemeral ponds to
large, permanent water bodies, provide an opportunity to investigate how species
distributions are affected by environmental heterogeneity (Wellborn et al., 1996).
Structural differences among aquatic communities often arise due of fitness trade-offs that
limit species distributions along this hydroperiod gradient (Cook and Streams, 1984;
Turner and Montgomery, 2009). Regional processes, such as dispersal and extinction, also
act in concert with hydroperiod and other physicochemical characteristics to structure
aquatic communities, although the relative importance of environmental versus regional
factors varies considerably among taxa (Shurin, 2000; Valois et al., 2010). For example,
fish community composition can significantly structure zooplankton communities in highly
connected ponds, particularly when barriers to dispersal are low (Cottenie and De Meester,
2004). However, zooplankton species can differ in their colonization abilities, and priority
effects can result in different communities developing in similar habitats (Cáceres and
Soluk, 2002).
Parasites, like free-living organisms, also exhibit patterns in their biogeographic
distribution (Poulin et al., 2011). The distribution of parasites is considered to be
determined mainly by their hosts (Price, 1990). Hosts represent a habitat patch, providing
the parasite space for growth and reproduction; but every parasite is not found in every
host population (Poulin et al., 2011). The presence or absence of a parasite in a host
population has been explained by founder effects, extinction events, distance from the
source population, and competition among parasite species (Dobson, 1985; Fallon et al.,
2005; Phillips et al., 2010; Poulin et al., 2011b). For example, it is well established that
fewer parasite species are found in non-native species when compared to the host’s native
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range (Torchin et al., 2003). This often results from the small number of individuals that
often characterize the initial introduced population, which would not contain the full
assemblage of parasites found in the source host population, as well as a loss of parasites
due to population bottlenecks. The absence of some parasite species in the introduced
range may result from environmental conditions not favourable to free-living transmission
stages (Dybing et al., 2013) or the absence of other hosts in the case of multi-host parasite
species (Dobson and May, 1986). Recent reviews (e.g., Thieltges et al., 2008) have
highlighted the importance of environmental variables in affecting the survival of freeliving parasite transmission stages. Research is still needed on how environmental
gradients and connectivity influence parasite transmission and survival (e.g., Blasco-Costa
et al., 2013). Understanding the environmental variables that influence where parasites
occur will help to determine those factors which explain parasite persistence, and will be
necessary for predicting the impacts of global climate change and species introductions on
host-parasite interactions (Thieltges et al., 2008).
In freshwater zooplankton communities, oomycete parasites, fungal-like parasites
belonging to the Phylum Oomycota, are one of the most widespread and diverse parasitic
groups (Wolinska et al., 2009). They can be highly virulent, but their presence is often only
characterized by inconspicuous infection hyphae (Wolinska et al., 2008), which may
explain their underrepresentation in most zooplankton surveys. It has been difficult to
compare their distribution across different habitats or between studies as a result of their
oversight and/or misidentification. Molecular studies have been instrumental in revealing
their importance, both as parasites (Wolinska et al., 2009) and as key components of the
food web during their free living transmission stage (Lefèvre et al., 2007). In copepods,
oomycete infections are conspicuous, altering the size and appearance of their egg sacs
through the development of hyphae which can be seen with the naked eye (Burns, 1985).
As brood parasites of copepods, oomycetes have major consequences for reproduction but
rarely affect host life span (Rossetti, 2005).
Oomycetes of the genus Aphanomyces have been documented in copepod
populations in central Europe and New Zealand (Burns, 1980; 1989; Miao and Nauwerck,
1999; Rossetti, 2005), but their distribution appears to be quite patchy at a regional scale.
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For instance, in mountain lakes of Northern Italy, Aphanomyces infections were found in
26% of host populations (Rossetti, 2005). This parasite only occurred in permanent water
bodies and only in those that were naturally fishless but had been stocked with fish. Their
absence may result from dispersal constraints or niche requirements independent of their
host.
In New Zealand, Aphanomyces infected copepods (Centropagidae, Boeckella) were
first discovered in two South Island lakes in 1973. Infections have since been noted in a
number of lakes, reservoirs and ponds in both the South and North Island of NZ (Burns,
1980; 1989; Burns et al., 1984; Ian Duggan, pers. com.). In one lake, prevalence of
infection approached 50%, depressing birth rates and regulating copepod populations
during portions of the year (Burns, 1989). Parasitism may be a significant regulator of
copepod populations in these lakes as a result of a lack of specialized aquatic invertebrate
and vertebrate predators in NZ (Burns, 1989). In this study, I examined the distribution of
the copepod brood parasite Aphanomyces in a metapopulation of its host, the calanoid
copepod Boeckella. The specific objectives were to test if the distribution of Aphanomyces
was linked to the distribution or susceptibility of its host, or if local habitat characteristics
or dispersal constraints exclude Aphanomyces from susceptible populations. I hypothesized
that hydroperiod and predation, two factors which strongly influence aquatic communities
(Wellborn et al., 1996), will affect the distribution of Aphanomyces. Specifically, I predict
that Aphanomyces will be absent from temporary ponds, as noted by previous studies (e.g.,
Rossetti, 2005), possibly due to short-lived resting stages which cannot survive long
periods of drought. High densities of invertebrate predators should also contribute to
increased mortality of infected hosts, possibly excluding Aphanomyces from these habitats.
5.3 Methods
Study Area. The study was conducted in a glacial moraine (650-680 m elevation),
located along the southern edge of the Mackenzie basin in the central South Island of New
Zealand (Fig. 5.1). The climate in this area is sub-continental, characterized by cold
winters and hot summers with rainfall around 500 mm annually (Espie et al., 1984).
Numerous ponds are scattered throughout the moraine. These are often referred to as kettle
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tarns; they consist of shallow depressions in the landscape, lacking any inflow or outflow
but filling with water during the wetter months. Most ponds are temporary, fluctuating in
depth over the year. Highest water levels occur in spring, typically September and October,
with most ponds dry by early summer (November-December). A few ponds were found to
be permanent, at least for the duration of this study, but they may dry in some years. The
surrounding vegetation in the moraine is composed of fescue grassland and tussock, and is
subject to grazing by sheep and cattle (Meurk et al., 2002).

Figure 5.1 Pictures of four of the study ponds, including surface area and maximum depth.
(a) Pond 19, a large, permanent pond with early spring Typha sp. growth (23.2 ha, 1.75 m).
(b) Pond 21, a large, permanent pond (13.6 ha, 2 m). (c) Pond 16, a small, deep, temporary
pond (0.20 ha, 0.8 m). (d) Pond 7, a shallow, temporary pond (3.2 ha, 0.30 m).
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In 1980, this area was sampled as part of a survey of invertebrate and algal
diversity in kettle tarns (Burns et al., 1985). In this survey, two copepod species of the
genus Boeckella, Boeckella dilatata and Boeckella triarticulata, were found to be common
inhabitants of most ponds, with Aphanomyces infections recorded from B. triarticulata
populations in two ponds. In August 2012, when the ice had melted from all ponds, this
area was revisited as part of a pilot survey to 1) to determine how many of the original 42
ponds remained, and 2) how many of these ponds contained populations of Boeckella.
After eliminating ponds without Boeckella populations and a small number of original
ponds that had been filled in, 35 ponds were selected for further study of Aphanomyces
distribution. These ponds ranged from 354-254,517 m2 in surface area, and distances
between one pond and its nearest neighbour ranged from 38.7 to 1095 m.
Host and parasite collection. To determine the presence of Aphanomyces, each of
the 35 ponds were visited eight times between September 20th and December 17th, 2012, at
six-ten day intervals, to collect zooplankton (and infection) data. This sampling regime was
chosen as the seasonality of the parasite was unknown, and so I focused on the period from
ice-off (August) to pond drying. Data collection ceased in mid-December when the
majority of ponds were dry. Duplicate horizontal (2 meter distance) net hauls (0.15 m
diameter, 100 m mesh size) for zooplankton were collected from each pond and samples
were preserved in 80% ethanol. Mature female Boeckella (both B. dilatata and B.
triarticulata) were examined for the presence of Aphanomyces and prevalence was
expressed as the proportion of adult females parasitized. Host density was calculated as the
abundance of mature females (no/L).
Host density (

no
No. hosts/sample
)=
(𝜋 ∗ (0.075𝑚)2∗ 2) ∗ 1000
L

Laboratory experiment. To determine whether each copepod population was
susceptible to infection, copepods were collected live from all ponds between August and
October. In two ponds, both copepod species (B. triarticulata and B. dilatata) were present
and therefore the two populations were tested separately for those ponds. This resulted in
37 copepod populations from 35 ponds. Host populations from ponds with infections were
also included to ensure experimental exposure induced infection. Approximately 200 late
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instar females from each population were isolated in 1 L beakers filled with 500 ml of
natural spring water. Copepods were fed non-limiting amounts of cultured Cryptomonas
which was grown in modified MBL medium (Stemberger, 1981) at 15°C under a light:dark
cycle of 16:8h and sub-cultured biweekly. Females were allowed to mature (7-10 days)
prior to the start of the experiments.
Experimental units were 12 X 7.5 cm rectangular tanks divided in half by mesh (86
μm) and filled with 1 L of spring water. The mesh allowed Aphanomyces zoospores to
pass, but not infected hosts. For each host population, twenty copepods were placed into
one half of the experimental tank. In the other half, I placed four females with late stage
Aphanomyces infections (hyphae have penetrated the egg sac and sporangia are beginning
to form) as a source of infectious zoospores. The infected females that provided a source of
infectious zoospores were a lab maintained population that originated from Pond 18, one of
the study ponds. Infected females were examined for sporangial exit pores during the
experiment to ensure zoospores were released. The twenty copepods from each population
were exposed for 7 days and individuals from all tanks were checked daily under a
microscope for infections. At the end of the experiment, all females were removed and
preserved to check for infection. Three replicates of this exposure experiment were
performed for each copepod population (37 populations, 3 replicates, 111 samples).
Control conditions were created by exposing copepods to uninfected females rather than
infected females. Infections in the control tanks would indicate contamination during
handling procedures or prior infection in the population. No infections were detected in
any of the control tanks.
Pond habitat variables. Ponds were characterized using eight variables describing
pond morphology, hydroperiod, biological community composition, and productivity
(Table 5.1). Morphometric characteristics (maximum depth and surface area) of each pond
were measured in September, during the high water period. Surface area was measured by
walking the perimeter of the pond using a hand-held GPS unit (Garmin International Inc.,
Olathe, KS, U.S.A.). Water depth was measured along two perpendicular transects at
intervals of 1 m (ponds less than 10 meters wide) or 2 meters (ponds greater than 10 meters
wide). Ponds were categorized as permanent or temporary depending on whether they had
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still had water at the end of the summer (March). Geographic coordinates were recorded
using a GPS location taken at the centre or near centre of the pond.
Table 5.1 Summary of the environmental variables used to characterize the 35 ponds in the
Mackenzie Basin, NZ. The Mann-Whitney U test (continuous) and contingency tables
(categorical variables) were used to test for differences between ponds with and with
Aphanomyces present. Significant differences (p < 0.05) are highlighted in bold. Median
values (continuous variables) and percentage (categorical variables) are also given.

Number of ponds
Hydroperiod
Temporary ponds
Morphology
Maximum depth
Surface area
Substrate (Silt)
Biology
Daphnia abundance1
Predator abundance2
Productivity
Total Nitrogen
Total Phosphorus

Aphanomyces Present
8

Aphanomyces Absent
27

p

25%

92%

> 0.05

0.73 m
16,866.7 m2
87.5%

0.35 m
8,764.2 m2
7%

0.004
> 0.05
> 0.05

50 no/L
12

79 no/L
25

> 0.05
> 0.05

775.75 ug/L
59.2 ug/L

924 ug/L
70 ug/L

> 0.05
> 0.05

1

Maximum abundance per sample over 6-8 sampling dates, 2 Maximum abundance (CPUE) per sample over
2 sampling dates

The nutrient status of each pond was determined by collecting a single, unfiltered
water sample per pond during late spring (October) in a 50-mL falcon tube for analysis of
total nitrogen and total phosphorus. Samples were transported to the laboratory on ice and
stored at -20 °C until analysis following standard protocols (APHA, 2005).
Semi-quantitative samples of benthic macroinvertebrates were collected twice from
each pond, once in mid-September (Sept 20th-27th) and once in mid-November (Nov 14th21st). Depending on pond size, one to three macroinvertebrates samples were collected
from each pond in each of the two sampling seasons. Each sample consisted of a 30 second
kick and sweep using a 500 um mesh kick net. The sampling effort was to ensure that
collections represented less than 25% of these small ponds. Macroinvertebrates were
preserved in 80% ethanol for later sorting and identification. Samples were processed in
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their entirety and taxa were identified to genus or family according to Chapman et al.
(2011). The abundance of a species on a sampling occasion was expressed in terms of
catch-per-unit-effort (CPUE; mean number of individuals per 30 second sampling effort). I
focused on the abundance of two macroinvertebrate predators that have been shown to feed
on Boeckella in preliminary laboratory experiments; the beetle larvae Rhantus sp. and the
backswimmer Anisops sp. The abundance of these two species, expressed as CPUE, where
combined for all analyses.
Zooplankton samples collected for infection data were processed in their entirety
and all crustacean zooplankton taxa were identified to genus or species according to
Chapman et al. (2011). Zooplankton species were expressed as densities (no/L). The
maximum density of Daphnia in each pond (over 8 sampling dates) was calculated for use
in the models described below.
Data analysis. The spatial distribution of Aphanomyces infections was examined
using the Average Nearest Neighbour (ANN) analysis, which indicates whether the
distribution of ponds with infections were more clustered than expected by chance (Clarke
and Evans, 1954). This method measures the ANN index (R) value of the particular
distance between each pond location and its nearest neighbour’s location. The index ranges
from 0 (clustered) to 2.15 (uniform). An index of 1 indicates a random distribution of
ponds. If the index is greater than 1, the trend is toward dispersion. The statistical
significance of R was determined by calculating the z-statistic. I calculated R for all ponds
and just for ponds with Aphanomyces present to determine if ponds with infections
clustered more closely together. R was calculated using the equation:
𝑅=

𝐷𝑜
𝐷𝐸

where DO is the observed mean distance between each pond and its nearest neighbour and
DE is the expected mean distance of the ponds given a random pattern.
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𝐷𝑜 =

∑𝑛𝑖=1 𝑑𝑖

𝑛

and 𝐷𝐸 =

0.5
𝑛
𝐴

√

where di equals the distance between pond “i” and its nearest neighbour, n corresponds to
the total number of ponds, and A is the area of the study area.
The laboratory experiment evaluating the proportion of hosts infected was analyzed
using a generalized linear mixed model (GLMM) with a binomial error distribution
(logistic regression). Pond type (Aphanomyces present or absent) and species identity (B.
triarticulata or B. dilatata) were modeled as a fixed effects. As replicates were run on
different days, they were included as a block factor (random factor). Likelihood ratio (LR)
tests were used to assess significance of the block (random) effect.
The association between Aphanomyces presence and pond characteristics was
evaluated using Mann–Whitney U-tests on the difference between the environmental
variables in the group of ponds with Aphanomyces present and the group of ponds lacking
Aphanomyces. For hydroperiod and substrate type, discrete variables, contingency tables
were used to evaluate differences in the frequency of temporary habitats among ponds.
Environmental correlates of Aphanomyces distribution was also examined using
generalized linear modeling (GLM) with a logit link function and a binomial error
distribution (logistic regression). I used a model selection approach to examine the most
appropriate statistical model for predicting parasite presence or absence. Three candidate
models were formulated, using a subset of explanatory variables, based on models
developed by Van Buskirk (2005) for predicting the distribution of amphibians among
temporary ponds. The three models were represented by a morphological model (surface
area, maximum depth, substrate type, and hydroperiod), a biological community model
(Daphnia abundance, predator abundance), and a productivity model (TP and TN). The
Akaike Information Criteria (AIC) was calculated to select the best model and
Nagelkerke’s R2 was calculated as a measure of predictive efficiency of the models.
Analyses were performed in R (R Development Core Team, 2014) using the package
“lme4” (Bates et al., 2014) and “rms” (Harrell, 2015).
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5.4 Results
Aphanomyces infections were found in 22% (8 out of 35) of the ponds in the study
area (Fig 5.2). Infections were already well established in the 8 ponds when sampling
commenced in early spring, with prevalence ranging between 5 and 42%. Both species of
Boeckella (B. dilatata and B. triarticulata) were susceptible to infection. Boeckella
triarticulata was more common, and was found in 22 ponds, whereas B. dilatata occurred
in 15 ponds. Two of the ponds had both species present. Out of the 8 ponds with infections,
6 ponds had B. triarticulata and 3 ponds had B. dilatata (one pond had both species
present). Infected hosts were typically found until mid to late October even though hosts
were present in the ponds much longer, although low levels of infections persisted in some
ponds until December.

Figure 5.2 Location of the 35 study ponds. The ponds are located in the center of the South
Island of New Zealand (a), in a moraine to the south of Lake Ohau which forms part of the
Mackenzie basin (red square). Ponds with Aphanomyces infected Boeckella populations are
indicated with red dots while uninfected populations are indicated with white dots (b).
The 35 ponds covered a combined area of 33.2 km2. An ANN analysis of all ponds
revealed a clustered distribution pattern, with an R value of less than 1 (R = 0.53; Z = 5.29; p < 0.01). Ponds were often grouped together in clusters of three or four (Figure 5.2).
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In contrast, Aphanomyces infected ponds did not appear to cluster together. ANN analysis
indicated that infected ponds demonstrated a dispersed distribution pattern, with an R value
significantly greater than 1 (R = 1.24; Z = 1.33; p < 0.05).
Boeckella populations from each pond were exposed to Aphanomyces zoospores in
the laboratory to determine if all host populations were susceptible to infection. Infections
were observed in every population and both host species. After seven days of exposure,
infection prevalence in B. dilatata and B. triarticulata ranged between 15 and 75%.
Infection was usually noted much earlier in B. dilatata, resulting in higher infection
prevalence in these experimental populations in comparison to B. triarticulata. There was
no effect of pond type (Aphanomyces present or absent) on infection prevalence (F1,109 =
1.54, p > 0.05). There was a small effect of species identity (B. triarticulata or B. dilatata)
on infection prevalence, with a higher proportion of B. triarticulata individuals infected in
comparison to B. dilatata ( F1,109 = 12.23, p < 0.01). There was no

Figure 5.3 Results of laboratory infection experiments comparing the susceptibility of
Boeckella triarticulata and B. dilatata to infection by Aphanomyces (mean ± S.E). Black
bars represent Boeckella collected from ponds where Aphanomyces has been detected
while white bars represent Boeckella collected from ponds where Aphanomyces has not
been detected. Numbers above bars indicate the number of replicates in each treatment
combination.
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The ponds spanned a gradient of depth, surface area, and hydroperiod (Table 5.1).
They ranged considerably in size from small depressions less than a two meters wide to
larger (> 20 ha) lagoon like ponds (Fig 5.1). The majority were quite shallow, between 30
and 75 cm deep, with grass substrate that was not covered with water for most of the year.
Most of these ponds were dry by early December, with a few remaining wet until midsummer (January/February). The three deepest ponds had substrates composed of silt and
cobble rather than grass and were most likely permanent, at least in most years. Most
ponds either had B. dilatata or B. triarticulata. However, in two ponds, both species cooccurred. Other zooplankton species included the cladoceran genera Daphnia,
Ceriodaphnia, Simocephalus, Ilyocryptus, Chydorus, Alona, and the cyclopoid
Acanthocyclops. Macroinvertebrate predators included mites (Piona sp., Hydrachna sp.),
water boatmen (Sigara sp.), back swimmers (Anispos sp.) and beetle larvae (Rhantus sp).
Predator abundance was always higher in the late spring samples (November).
Ponds with Aphanomyces differed from ponds without Aphanomyces in a number
of habitat characteristics (Table 5.1). Ponds with Aphanomyces infections were more often
permanent ponds and were deeper than ponds without Aphanomyces present. Aphanomyces
did occur in some temporary ponds although they generally had a longer hydroperiod, and
did not dry until December or later, while most other temporary ponds were dry by midNovember. There was no difference in surface area of ponds with and without
Aphanomyces. None of the biological variables (predator or Daphnia abundance) differed
between ponds.
Table 5.2 summarized the model selection results, including the AIC weights and
Nagelkerke’s R2 (variance explained). The best model suggested that physical habitat
features; maximum depth, surface area, hydroperiod, and substrate type, were important in
explaining Aphanomyces presence. This model explained 80 % of the variation in the data.
An examination of the model averaged parameters revealed that substrate type was largely
responsible for differentiating ponds with and without Aphanomyces. According to the AIC
values, there was much less support for the models based on biological (predator and
Daphnia abundance) and nutrient (TP and TN) variables.
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Table 5.2 Generalized linear models (with binomial error structure) were used to model
the distribution of Aphanomyces among the 35 study ponds and eight environmental
variables (see Table 5.1). Environmental variables were organized into three models; a
physical, biological, and nutrient model. The Akaike Information Criteria (AIC) and the
Nagelkerke’s R2 is given for each model. The average regression coefficient (b),
unconditional standard error (SE), and significance (p) is given for each environmental
variable.
Model
Physical
Biological
Nutrients
Variable
Physical
Depth
Area
Substrate – silt
HP – temporary
Nutrients
TP
TN
Biota
Predators
Daphnia

N
4
2
2
b

AIC
21.33
41.41
43.41
SE

R2
0.80
0.09
0.01
p

0.9946
-4.0889
16.979
5.6715

3.3478
3.7822
32.392
31.64

0.01
0.37
<0.001
0.33

0.3997
-0.8587

2.4095
1.6134

0.72
0.66

0.5909
-0.3364

0.4065
0.5774

0.17
0.89

5.5 Discussion
Although the geographic distributions of parasites are constrained by their hosts,
they are also dependent on dispersal barriers, which limit their access to host populations,
and environmental conditions and interactions with other organisms which affect their
survival. This study investigated the role of these factors in influencing the distribution of
Aphanomyces, a brood parasite of copepods, in a pond metapopulation of its host, calanoid
copepods in the genus Boeckella. The independence of parasite and host distribution
observed in this study indicated that factors other than host distribution influenced
Aphanomyces distribution. Spatial factors and host susceptibility did not explain
Aphanomyces absence from many host populations, rather environmental conditions
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related to pond hydroperiod and substrate type may have limited parasite distribution
through reduced survival of transmission stages.
The host Boeckella, particularly B. triarticulata, is a common inhabitant of
ephemeral habitats due to the production of large clutches and presence of diapause eggs in
the life cycle, increasing its success of colonizing newly formed water bodies (Twombly et
al., 1998; Alfonse and Belmonte, 2008). I found Boeckella populations in both permanent
and temporary ponds, including ponds that remained dry for up to six months. Despite the
widespread occurrence of the host in a range of habitats, the parasite, Aphanomyces, was
only found in a small subset of these ponds. Host densities were high in all ponds, and
Boeckella was often the most dominant plankton taxa, suggesting that host density was not
a barrier to parasite persistence.
There was no evidence of spatial clustering of infected sites, indicating that
Aphanomyces was well dispersed across the study area. The parasite was more dispersed
than expected by chance, suggesting its presence may be related to an underlying
environmental gradient. With increasing isolation of ponds, colonization by parasites
becomes less likely, and so isolated ponds should be the least likely to be infected. I
observed that although one of the ponds was more than 2 km from the nearest infected
pond, surrounding ponds less than 30 m from a pond with Aphanomyces present remained
uninfected. Water birds such as oyster catchers (Haematopus finschi), spur-winged plovers
(Vanellus miles), and swans (Cygnus atratus) used these ponds as feeding and breeding
habitats. Additionally, livestock (i.e., sheep and cattle) would also wade through the ponds.
Both water birds and livestock have been implicated in connecting plants and other
invertebrates across ephemeral habitats and facilitating their re-colonization (Green et al.,
2008; Adams et al., 2013) and most likely play a large role in connecting pond
communities in this area.
Host genetic factors can be important in determining patterns of parasite
distribution (Wassom et al., 1986). In the southwest of Finland, there exists a well-studied
metapopulation of Daphnia, which inhabits the highly dynamic rock pools along the coast
(Bengtsson and Ebert, 1998). In this system, only a fraction of Daphnia populations may
be infected with a given parasite species, and limited dispersal of parasites suggests that
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colonization of host populations by parasites may involve only a small number of genetic
strains of a particular parasite species (Haag et al., 2005). Genetic variation for resistance
exists in this metapopulation and there is frequent local extinctions of hosts and parasites
followed by re-colonization (Haag and Ebert, 2004; Haag et al., 2005). I investigated
whether the absence of Aphanomyces in some ponds may also be due to an evolved or
innate resistance to parasitism. Hosts populations from every pond were capable of being
infected. This indicated that population-level differences in susceptibility were not
responsible for the observed distribution of Aphanomyces.
Geographic variation in susceptibility to Aphanomyces has been observed in other
host-parasite populations. Gruber et al. (2014) found geographic variation in resistance and
immune defense to Aphanomyces astaci (the causative agent of the crayfish plague) in its
host, the noble crayfish Astacus astacus within the Oulujoki watershed (Finland). It is not
known if copepods can be immune to Aphanomyces infections. Copepods can mount an
immune response to parasites and can even exhibit memory in their immune response
(Kurtz and Franz, 2003); however, it was generally thought that epibionts are not subject to
the immune response of their zooplankton hosts (Ebert et al., 2001). However, a recent
study by Pauwels et al. (2014) documented clonal variation in infection intensity in
Daphnia populations infected by an epibiotic rotifer. Although Aphanomyces exists as an
epibiont, it also enters the host’s egg tissue, functioning as an endoparasite. Aphanomyces
is thought to respond to chemical cues released by the host, which could be subjected to
selection. In infection experiments, Burns (1985) found that some Boeckella did not
become infected, even after 28 days of exposure to infectious spores. Some females were
able to rid themselves of infection, losing their parasite hyphae, and subsequently
producing normal clutches of eggs. Further research into behavioural and genetic
adaptations to parasitic infections in copepod populations is needed which would
complement the extensive work on asexual plankton populations (e.g., Daphnia).
A number of abiotic and biotic factors have been shown to be important in
predicting parasite distribution in aquatic habitats; for example, temperature and salinity
(Sheehan et al., 2011), lake basin shape (Hall et al., 2010), and host population age in
temporary or newly formed habitats (Ebert et al., 2001). In pond environments, animals
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and plant communities are influenced by a hydroperiod gradient that is structured by both
physical factors, such as pond drying and anoxia, and biotic effects mediated by ecological
interactions (Wellborn et al., 1996). These differences can have important consequences on
parasite transmission and survival. The ponds in this study varied considerably in size,
productivity, and community composition. Most ponds were very shallow and had grass
substrate that would flourish during the considerable dry period, lasting from late
November until April or May. The ponds often had high densities of invertebrate predators,
particularly beetle larvae, which feed heavily on copepods. Although the parasite was
found in ponds of varying sizes and productivities, Aphanomyces preferred permanent
ponds. Among the temporary ponds with infections, only ponds with silt rather than grass
substrates contained Aphanomyces. The correlation between substrate type and parasite
presence in this study could be driven by two mechanisms, both related to the survival of
resting stages (i.e., oospores). Aphanomyces infecting copepods can undergo both asexual
and sexual reproduction. During sexual reproduction, oospores are formed which can stay
dormant for an indeterminate amount of time before germinating (Dick, 1969). It is not
known how long oospores can lay dormant for or what factors influence their survival and
germination. Oospores may not be able survive for the 5-6 months out of the year that
ponds with grass substrates remain dry. Spores of the bacterial parasite Octosporea bayeri,
which infect Daphnia populations in ephemeral habitats, were shown to remain viable for
long periods after desiccation (Ebert, 2005; Vizoso et al., 2005). Although oospores of
plant pathogenic Aphanomyces can remain viable for years (e.g., Dyer and Windels, 2003),
the survival time of aquatic or animal pathogenic species it not known.
In Italy, Aphanomyces was not observed in any of the host populations colonizing
temporary or semi-permanent habitats. The absence of the parasite from temporary ponds
in that area may result from it requiring the stocking of infected fish to reach these isolated
habitats. In this study system, the ponds are located close together and are well connected
by livestock and water fowl. The parasite may have first arrived in the Ohau basin using
fish as a vector and subsequently spread to the surrounding fishless ponds by way of
livestock and water fowl. Only one of the study ponds contained fish and so I was unable
to examine the role of fish stocking and Aphanomyces prevalence. However, this work
shows that Aphanomyces is present in temporary, fishless ponds.
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In the highly dynamic rock pool Daphnia metapopulation, Ebert et al. (2001)
showed that pools recolonized by Daphnia are usually free of parasites. Many of these
pools experienced local extinctions of their parasite communities and must wait to be
recolonized annually. They hypothesized that removal of spores by water or wind may
result in the extinction of parasites from these habitats during the dry periods. Similarly, in
this metapopulation, Aphanomyces resting stages may be removed by wind in ponds
without silt substrates. Vizoso et al. (2005) suggested that the presence of sediment
enhances resting stage survival, by offering some protection from light and a source of
moisture. The development of oospores in species of Aphanomyces that infect animals is
either rare or has never been observed (Diéguez-Uribeondo et al., 2009). Further research
into oospore viability and how it compares to oospores in plant pathogenic Aphanomyces
will be necessary for a full understanding Aphanomyces distribution and dispersal.
From a community context, a number of studies have found that interactions
between hosts and other members of the community (competitors and predators) as well
resource availability can strongly influence parasite dynamics. For example, the presence
of filter feeding zooplankton like Daphnia can reduce the prevalence of fungal parasites in
phytoplankton by reducing the abundance of fungal zoospores (Kagami et al., 2004). The
healthy herds hypothesis (Packer et al., 2003) suggests that predators, by consuming prey
and therefore their parasites, may reduce the prevalence of infection by decreasing the
length of time an infected animal is in the population, thus making it less likely infected
animals will contact and infect others (Grenfell and Dobson 1995). In addition, many
predators preferentially kill diseased prey (Poulin, 1994; Packer et al., 2003). When this
occurs, the predation rate on the parasite will exceed that on the prey population at large,
further restricting the conditions that allow a parasite to persist in a host population (Packer
et al., 2003). Duffy et al. (2005) attributed the low prevalence of bacterial parasites in
Daphnia during the summer to seasonal changes in planktivorous fish abundance, which
would be highest during the summer. Therefore, the presence of predators, both predators
on the free living stages of the parasite and preferential predation on the infected host, can
reduce levels of parasitism and possibly exclude parasites from certain habitats.
Aphanomyces infections in this study were found across a gradient of macroinvertebrate
densities and in ponds with and without Daphnia, suggesting that predation of either
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infected copepods (by macroinvertebrates) or parasite transmission stages (by Daphnia)
did not influence Aphanomyces distribution.
In summary, I found evidence that the distribution of the copepod brood parasite
Aphanomyces is not determined solely by the distribution of its host, but that habitat
differences among ponds may affect parasite survival outside the host. These results call
for more detailed investigations into the underlying mechanisms that are driving
differences among ponds. Specifically, how long can oospores remain dormant and still
successfully germinate and what role does substrate play in oospore survival, dispersal, and
germination? Although this analysis revealed that Aphanomyces distribution among
copepod populations could be largely explained by habitat differences, the role of
resistance in this host-parasite association warrants further investigation. Could there be
differences among copepod individuals in the ability of Aphanomyces to successfully infect
females and do these differences have a genetic basis? An analysis of the distribution
patterns of parasites in pond communities such as this study can provide insights into the
metapopulation dynamics that shape parasite communities.
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CHAPTER SIX

Global drivers of parasitism in freshwater plankton
communities
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6.1 Abstract
Zooplankton and phytoplankton communities play host to a wide diversity of
parasites, which have been found to play a significant role in a number of ecosystem
processes, such as facilitating energy transfer and promoting species succession through
altering interspecific competition. Yet we know little about the mechanisms that drive
parasite dynamics in aquatic ecosystems. Recent mathematical models have shown how
habitat can shape parasite dynamics through influencing the efficacy of parasite
transmission, however, these predictions have yet to be tested at larger ecological scales.
Here I present a comparative analysis of parasitism in planktonic communities, assembling
data from a range of host and parasite taxa, habitat types, and geographic regions. These
results suggest that the prominent depth-prevalence relationship observed in studies on
Daphnia in temperate lakes of North America is applicable to a wide range of aquatic
habitats, hosts, and parasites, but that different transmission strategies between parasites
can lead to considerable variation in parasite dynamics. Observational studies which
incorporate a diversity of habitat types will be important in uncovering the mechanisms
which underlie this relationship. In particular, more experimental work on transmission
stage survivability and infectivity in aquatic environments will be necessary to make
accurate predictive models of parasite spread in these ecosystems.
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6.2 Introduction
Microparasites are a common component of freshwater plankton communities and
their diversity, particularly in larger host taxa (e.g., Daphnia or Asterionella) can be
remarkably high (Sparrow, 1960; Green, 1974; Ebert, 2005). Daphnia represents one of
the most commonly investigated hosts, with studies documenting anywhere from 16 to 20
epi- and endoparasitic taxa infecting a single population or metapopulation (Stirnadel and
Ebert, 1997; Ebert et al., 2001). The full extent of this diversity has only recently begun to
be appreciated through advances in molecular systematics, particularly of those parasites
belonging to the Phyla Oomycota and Chytridiomycota (Lefèvre et al., 2007; Wolinska et
al., 2009). Although there exists a large number of taxa capable of infecting plankton
species, most populations coexist with only a small subset of their potential parasites
(Ebert et al., 2001) and some populations appear not to harbour any parasites at all. In Lake
Brienz (Switzerland), for instance, a comprehensive survey over two years found no
parasites within its Daphnia population, despite infections occurring in the surrounding
lakes (Wolinska et al., 2007). Similar landscape scale studies (e.g., Gaiser and Bachmann,
1993; Schoebel et al., 2010; Goren and Ben-Ami, 2013) have found that the distributions
of plankton parasites are not strongly dependent on their host range, but point to a more
complex relationship than that predicted by epidemiological models.
A number of ecological factors have been proposed to explain the variation in the
presence or absence of specific parasite taxa as well as changes in parasite prevalence and
duration of epidemics among lakes. Hall et al. (2010) outlined three overlapping routes in
which among-lakes differences may affect rates of parasitism. These include differences in
habitat quality, through its influence on growth and survival of both the host and parasite,
changes in community structure (e.g., competitors, predators) and physical habitat
differences that could promote the transfer of free-living (transmission) parasite stages.
Transmission to a new host is a fundamental challenge for parasites and the success of
transmission stages is a key determinant of parasite fitness (Anderson and May, 1979). In
the aquatic environment, parasites infect new hosts using either immobile or mobile
transmission stages. Immobile stages drift in the water column until they are ingested by a
susceptible host and can remain infective for months, especially at cold temperatures
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(Decaestecker et al., 2004), while mobile stages actively swim through the water column in
search of a host and are generally shorter lived (Sparrow, 1960). Parasite transmission
stages are highly vulnerable; grazing, temperature, irradiance and UV radiation have all
been implicated as factors which can significantly affect their survival (see reviews by
Gleason and Lilje, 2009 and Pietrock and Marcogliese, 2003).
Within lakes, annual and seasonal parasite dynamics are common and are thought to
be driven by environmental variables which can affect transmission stage decay rates as
well as encounter rates with susceptible hosts (Altizer et al., 2006). These seasonal drivers
include factors such as temperature and lake stratification as well as host density (Doggett
and Porter, 1996, Perez-Martinez et al., 2001; Vale et al., 2008). For instance, in Lake
Maarseveen (The Netherlands), the severity of infection of the diatom Asterionella by a
chytrid fungus was shown to be lower in years with mild winters, which reduced
Asterionella densities, suggesting a tight coupling between host and parasite densities at
the lake scale (Ibelings et al., 2011). A similar relationship was not evident in Daphnia
parasitized by the fungus Metschnikowia bicuspidata in lakes in southern Michigan (USA),
where interactions between lake morphology and late summer cooling resulted in large
fluctuations in maximum prevalence irrespective of host density (Cáceres et al., 2006).
Relationships between seasonal changes in host density and parasite prevalence, intensity
and diversity have been shown to be quite variable and may be modulated by differences in
parasite life history strategies (e.g., Cote and Poulin, 1995; Morand and Poulin, 1998;
Arneberg, 2001).
Ecological patterns are dependent on the spatial and temporal scale at which they are
viewed, and patterns in parasite prevalence are no different (e.g., Duffy et al., 2010;
Thieltges et al., 2013). Combining studies from a number of different regions can be
informative because, although rates of parasitism are proximately driven by local
environmental conditions, ultimately those factors may be correlated over large spatial
scales (Byers et al., 2008). Using a cross-continental dataset of trematode infections in
marine gastropods, Thieltges et al. (2013) were able to establish a strong positive
relationship between local prevalence and the geographical distribution of trematodes. In
addition, they were able to identify the type of definitive host (fish versus bird) as a
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significant driver of this relationship, pointing to a stronger role of definitive host dispersal
than local environmental factors in shaping the biogeographic distributions of these
parasites. More studies such as these are needed to resolve the role of local and regional
processes in explaining global patterns in parasite distribution and prevalence.
The primary objective of this study was to examine large-scale patterns of parasitism
in planktonic communities and how these patterns vary among different hosts and parasite
species. To do this, a large data set of prevalence data was compiled from a number of
studies representing a diverse range of hosts, parasite types, and waterbodies. The first
objective was to examine within-lake patterns of parasite prevalence; e.g., relationships
with host density, seasonality, and annual variation in maximum prevalence. The second
objective was to examine the relative contribution of among-waterbody (e.g., size and
trophic status) and within-waterbody factors to variation in maximum parasite prevalence
and how this how this may differ relative to parasite life history strategies using methods
similar to those of Duffy et al. (2010). By revealing patterns in prevalence across such a
broad spatial scale and encompassing a diversity of parasites and hosts, this study can offer
general insights into the most likely drivers of parasite prevalence in planktonic organisms.
6.3 Methods
I searched Web of Science and Aquatic Sciences and Fisheries Abstract Database
(and the references cited therein) for studies that examined the inﬂuence of parasitism on
zoo- and phytoplankton populations. All relevant combinations of the search term
“parasite” with one host specific term (zooplankton, phytoplankton, cladoceran, copepod,
rotifer, algae, cyanobacteria, diatom, and dinoflagellate) and one parasite specific term
(epibiont, bacteria, protozoa, Fungi, microsporidia, chytrid) were used across multiple
searches. I included studies considering either internal or external parasites, including
epibionts which don’t feed directly on the host, but use the surface of the host as a living
environment. Although they don’t cause direct harm, epibionts can have effects due to
increased drag, respiration, and/or predation (Willey et al., 1990; Allen et al., 1993). They
also utilize zooplankton hosts in the same manner, occupying their plankton host for
growth and reproduction, spreading throughout the population by way of free-living
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transmission stages (Threlkeld et al., 1993). After elimination of irrelevant hits, the
searches yielded 103 studies. These studies were examined individually, of which 66 met
the inclusion criteria (the reporting of maximum prevalence, summarized below). These
studies represented zooplankton collected between 1946 and 2011.
I compiled estimates of parasite prevalence from plankton samples that were used
in the linear mixed models described below. Prevalence estimates were reported in a
number of ways, typically the number of infected individuals of a specified host taxon in a
single sample (or a number of pooled samples), often with a minimum number of hosts
examined per sample. I only included studies that allowed us to estimate maximum
prevalence, either by collecting multiple samples over the course of a season or a year or
by reporting maximum prevalence directly (e.g., Canter and Lund, 1953; Duffy et al.,
2010). Most studies sampled the same waterbody over multiple years and therefore I have
more than one estimate of maximum prevalence for these waterbodies. Maximum
prevalence was chosen as it can represent how successful a parasite is in occupying all the
available habitat patches (i.e., hosts) available, it is a commonly reported metric, and it can
be compared between studies. I also compiled data on the strength of the relationship
between parasite prevalence and host density from a set of studies that provided a measure
of this relationship in the form of a correlation coefficient (r) or provided sufficient data to
calculate this coefficient. Some of the studies provided data only in figure format. In these
cases, I used digitizing software (GetData Graph Digitizer ver. 2.24; http://www.getdatagraph-digitizer.com/index.php) to obtain both parasite prevalence and host density
estimates.
For each prevalence estimate from a plankton sample, parasite and host taxonomy
was recorded to the lowest taxonomic level provided by the study. It was not possible to
carry out the analysis at the level of individual host and parasite species and so I also
assembled variables that described host and parasite life history attributes (Table 6.1). For
zooplankton, hosts were grouped into cladocerans or copepods. Phytoplankton hosts were
categorized as cyanobacteria, diatoms, dinoflagellates, or algae (encompassing green,
brown, and golden algae). Parasite taxa were grouped into 8 categories with the goal of
keeping taxa separate when large differences in virulence or ecology are known (e.g.,
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among bacterial taxa) while grouping taxa into appropriate taxonomic units to maintain
adequate sample sizes, particularly when virulence differences are negligible or not
published (e.g., microsporidians). Due to the large number of taxonomic groups present
among epibiont taxa, they were not subdivided further. I also grouped parasites based on
their transmission mode; those with immobile infectious stages (represented by
Spirobacillus, Pasteuria, Caullerya, Metschnikowia, microsporidians, and diatom
epibionts) and those with mobile infectious stages (represented by chytrids, oomycetes, all
other epibionts).
Table 6.1 Description of predictor variables used in the linear mixed models.
Variable
Parasite descriptors
Transmission
Parasite Taxa
Host descriptors
Host Taxa
Lake descriptors
Trophic status
Maximum depth
Surface area
Temporal descriptors
Season
Year

Description
Immobile, Mobile
Epibiont, Pasteuria, Spirobacillus, Caullerya,
Microsporidia, Metschnikowia, Chytrid, Oomycete
Cladoceran, Copepod, Cyanobacteria, Diatom, Algae,
Dinoflagellate
Eutrophic, Mesotrophic, Oligotrophic
Range (0.5 – 232 m)
Range (0.00007 – 5802000 m2)
Spring, Summer, Autumn, Winter
Nested random effect

General waterbody descriptors (maximum and mean depth, surface area,
stratification, hydroperiod, trophic status, geographic coordinates) were also recorded.
When these variables were not given in the original study, they were obtained from online
databases (e.g., North Temperate Lakes Long Term Ecological Research database) or other
published studies. An important objective of the present study was to look for general
characteristics that would explain differences in parasite prevalence among waterbodies.
After some preliminary analyses, I focused on three waterbody descriptors (Table 6.1);
maximum depth, surface area, and trophic status, which are commonly recorded in
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limnological studies and have been hypothesized to affect parasite prevalence (e.g.,
Cáceres et al., 2006; Hall et al., 2009a; Hall et al., 2010). I focused on predictor variables
that would remain relatively constant over time, and so water chemistry variables were not
included. Geographic coordinates were not included in the analyses because there was
distinct clustering in the distribution of the data (Fig. 6.1). As the data set included data
from both the Northern Hemisphere (NH) and Southern Hemispheres (SH), sampling
month as a predictor was not informative. Therefore, the month in which maximum
prevalence was observed was classified into 1 of 4 seasons; 1) Spring; March to May (NH)
or September to November (SH), 2) Summer; June to August (NH) or December to
February (SH), 3) Autumn; September to November (NH) or March to May (SH), and 4)
Winter; December to February (NH) or June to August (SH).
Data Analysis. Due to the spatial and temporal non-independence within the data
set (several samples representing the same host-parasite pairs, and multiple years per
waterbody), I used hierarchical (multi-level) linear mixed effect models (LME) to account
for this. The first objective was to examine the relative contribution of among-lake and
within-lake factors to variation in maximum parasite prevalence. I created an LME model
with an intercept-only fixed effect term and parasite group and waterbody identity as
nested random factors to quantify this variation at multiple levels: among parasite types,
among waterbodies within each parasite type, and within each waterbody (residual
variation, which can represent variation among hosts or among year within a waterbody).
As not every waterbody had multi-year data and multi-host data, I adopted a dual modeling
approach. Firstly, to look at within waterbody differences in prevalence due to year effects,
only waterbodies with multi-year data were used in the LME. Secondly, this was repeated
for waterbodies represented by multiple hosts. Variance at each scale was converted to a
percentage of the total variance to allow for comparison between the different subsets of
the data.
I looked at specific waterbody factors as drivers of differences in maximum
prevalence after accounting for the nested structure of the data. To accomplish this,
maximum depth, surface area, and trophic status were included as fixed factors in a LME
on the full data set. Parasite group and waterbody remained as random factors. Both
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random and fixed effects were tested by single term deletion with subsequent model
comparison. The depleted model was then compared with the full model using an F-test of
the likelihood ratios for the LMEs. Restricted maximum likelihood was used to compare
nested models in which only the random effects differed and maximum likelihood was
used when comparing nested models where the fixed effects differed (Pinheiro and Bates,
2000). I also included the Pearson product moment correlation coefficient (r) between host
density and parasite prevalence in a subsequent set of LMEs to determine if any of the
waterbody factors could explain the variation in this relationship. Prior to analysis, effect
sizes were transformed using the Fisher’s Z transformation to account for differences in
sample sizes. Not enough studies reported lake surface area, and therefore this variable was
not included.
As I also wanted to examine the potential for differential responses by parasites with
immobile versus mobile transmission stages, I achieved this by splitting the data into two
sets according to transmission mode (immobile, mobile) and re-running the models to
highlight the differences between these two modes of infection. For all analyses I used the
lmer program (lme4 package; Bates et al., 2014) in the R system for statistical computing
(R Development Core Team, 2014). As most studies did not provide sample sizes (i.e.,
number of individual hosts examined per sample), providing only calculated prevalence
values, I was unable to explore the underlying binomial sampling process that characterizes
prevalence estimates, and therefore LMEs using logit-transformed prevalence data (Hall et
al., 2010) and assuming a normal distribution were used throughout.
6.4 Results
A total of 66 studies published between 1948 and 2013 were included, which
represented plankton populations from 118 waterbodies from across the globe, although
temperate lakes of North America and Great Britain were disproportionately represented
(Fig. 6.1). Waterbody types ranged from small rockpools, alpine ponds, sewage lagoons,
and farm ponds to hydroelectric reservoirs and large lakes. The ranges in physicochemical
parameters are included in Appendix B. A total of 45 unique parasite taxa were reported
(Table 6.2), covering four Kingdoms (Bacteria, Protozoa, Chromista, and Fungi). Among
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zooplankton hosts, microsporidians and oomycetes were the most commonly reported
parasites in this data set. A bias towards Daphnia hosts was evident (59% of host-parasite
pairs). Among phytoplankton taxa, parasites consisted solely of chytrids (Phylum
Chytridiomycota) and oomycetes (Phylum Oomycota). As hosts, diatoms, in particular
Asterionella, were the most common taxa examined, although green and golden algae,
cyanobacteria, and dinoflagellates were also represented. In total, the present analyses are
based on 482 samples, each representing a different host-parasite-waterbody combination.
Within lake differences: Host density and Seasonality. I obtained 94 correlation
coefficients illustrating the linear relationship between host density and parasite prevalence
for a number of different host-parasite associations. The relationship varied considerably,
from highly significant (in both the positive and negative direction) to no relationship. The
mean correlation coefficient across all relationships was positive (𝑟̅ =0·15). The weightedmean effect size, which accounted for differences in sample size, was Zr = 0.18. The
homogeneity of the weighted effect sizes among studies was tested with the Q test, which
indicated heterogeneity across the studies (lakes) (Q=372.8, n = 93, p < 0.001, critical x2 =
139.7). This indicated significant differences among the relationships between host density
and prevalence. I compared the responses of the two transmission modes (immobile versus
mobile) and found that for parasites with mobile transmission stages, typically chytrid
fungus and their phytoplankton hosts, parasite prevalence was positively associated with
host density (Zr =0.27, Fig. 6.2). For parasites with immobile transmission stages,
particularly Metschnikowia and bacteria and protozoan parasites (e.g., Caullerya,
Pasteuria, Spirobacillus) in Daphnia, prevalence was often negatively associated with host
density (Zr = -0.26, Fig. 6.2)
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Table 6.2 Summary of the parasite groups included in the analyses and their ranges in maximum prevalence. Epibiont taxa were not
subdivided in the analyses. The list of hosts is not exhaustive but includes those with enough data to calculate maximum prevalence.
Parasite Type
Phylum (Phyla)
Zooplankton Epibionts
Myzozoa
Ellobiopsids
Ciliophora
Ciliates

Genera

Hosts

Prevalence

Ellobiopsis
Tokophyra, Epistylis, Carchesium, Vortichella

17-25.5%
0.5-100%

Ochrophyta, Euglenoza,
Chlorophyta
Zooplankton Endoparasites
Firmicutes
Bacteria
Proteobacteria
Choanozoa
Protozoans
Amobozoa
Myzozoa
Dinoflagellates
Microsporidia
Microsporidia

Synedra, Characidiopsis, Colacium, Amoebidium

Copepods
Alona, Copepods, Daphnia,
Diaphanosoma
Calanoid, Daphnia

Pasteuria
Spirobacillus
Caullerya
Pansporella
Class Syndinea
Glugoides, Thelohania, Larssonia, Binucleata,
Octosporea, Amblyospora, Hyalinocyst
Metschnikowia
Agglomerata, Olpidium, Polycaryum
Aphanomyces, Blastulidium, Lagenidium, Pythium,
Saprolegnia

Daphnia
Daphnia
Daphnia
Sida, Simocephalus
Calanoids
Cyclopoids, Daphnia,
Rotifers
Daphnia
Daphnia, Rotifera
Calanoids, Daphnia,
Chydorus, Rotifers

0.1-100%
0.19-12%
2.8-50%
2.2-5.4%
2.5-26%
0.04-100%

Chytriomyces, Chytridium, Rhizidium
Rhizophydium, Rhizosiphon, Zygorhizidium
Aphanomycopsis

Algae, Cyanobacteria,
Diatoms, Dinoflagellate
Copepod, Chydorus,
Daphnia

1.4-100%

Photoautotrophs

Yeast Fungi
Chytrids
Oomycetes

Ascomycota
Chytridiomycota
Oomycota

Phytoplankton Endoparasites
Chytridiomycota
Chytrids
Oomycetes

Oomycota

105

2.2-100%
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0.5-41%
0.8-89%
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Figure 6.1 The distribution of the lakes represented by the 66 studies used in the analyses. With
the exception of the United Kingdom (13 studies) and the USA (18 studies), the remaining 20
countries are represented by less than then 4 studies.
Plankton sampling was often restricted to the ice-free season in north temperate lakes
(May through October), but seasonal differences in prevalence among parasite groups were
apparent (Fig. 6.3), with many parasite groups favouring a particular season. The bacterial
parasites, Spirobacillus and Pasteuria, always reached their highest prevalence in summer.
Caullerya and Metschnikowia peaked much later in the year, typically in the autumn, or in the
case of Caullerya, into the winter. Both oomycetes and epibiont taxa often reached their highest
infections rates in the summer. Microsporidian were seasonally variable, with maximum
prevalence recorded in most seasons. Maximum prevalence of chytrid parasites occurred in
every season and prevalence often peaked a number of times throughout the year. Seasonal
patterns in prevalence appeared to be temporally stable, but there was not enough data to
examine long-term seasonal trends.
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Figure 6.2 Frequency distribution of the correlation coefficient between host density and
intensity of parasite prevalence (n = 94). Parasites with immobile transmission stages (white
bars) and those with mobile transmission stages (black bars) are displayed separately.

Figure 6.3 Seasonal distribution of maximum prevalence observations for each parasite group.
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Among lakes differences: Parasites and Hosts. Maximal prevalence was highly
variable, both within and between parasite groups (Table 6.2). Variation between parasite groups
was significant (p < 0.01), accounting for 30% of the total variance explained (Fig. 6.4). Among
these groups, the highest maximum prevalence values were observed in zooplankton hosts
infected by the bacterium Pasteuria, microsporidians and epibiotic taxa as well as chytrids
infecting phytoplankton hosts. Infection levels by these parasites regularly reached 100% in their
host population. Slightly more moderate infection rates were observed in hosts parasitized by
Metschnikowia (41.6%) and Caullerya (50%). Oomycete infections were also high (89%), but
only in copepods hosts. In contrast, maximum prevalence of the bacterium Spirobacillus was
always low (< 10%), with prevalence in most waterbodies never exceeding 1%. Variation
among the different waterbodies within each parasite group was also significant (p < 0.01),
accounting for 35% of the total variance explained. Residual variation, representing differences
in prevalence within each waterbody, was 26%. This variation represents differences in
maximum prevalence among host types and among different sampling years. I explored these
differences further by restricting the data set to only those waterbodies with data for multiple
host species or multiple years. The variation represented by these two levels were similar (30%
and 26%), both exceeding the variation among different parasite groups.
To compare the responses of the two transmission modes (immobile versus mobile), I
looked at the variation within each group separately (Fig. 6.4). Maximal prevalence of parasites
with immobile transmission stages varied considerably among waterbodies within each parasite
type. A smaller amount of the variance was represented by parasite group (19%) and within
waterbody variation (15%). Among parasites with mobile infectious stages, the variance
explained by waterbody identity was much lower (32.4%), but still significant, with most of the
variation contained at the within-waterbody scale. There was no evidence that a difference
between parasite types contributed to the observed variation in maximal prevalence as its
inclusion in the multi-level model was not significant.
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Figure 6.4 Variance in maximum parasite prevalence as a percentage of total variance explained
for each level in hierarchical linear mixed effect models: parasite group, waterbody identity
(nested within parasite group) and within waterbody (residual) variation. Values are derived
from hierarchical linear mixed effect models run for the entire data set (white bars) and for each
transmission mode, immobile (black bars) and mobile (grey bars) separately.
Among Lake Differences: Lake Characteristics. Of the three predictor variables
included in the LME as fixed factors (maximum depth, surface area, and trophic status), only
maximum depth was found to be a significant predictor of maximum prevalence (p = 0.009), but
only for parasites with immobile transmission stages (Table 6.3). Shallower waterbodies had
higher maximum prevalence than deeper waterbodies. This was most evident in zooplankton
communities infected by microsporidians and the bacterial parasite Pasteuria. In shallow
waterbodies, microsporidian prevalence was typically over 75% while maximum prevalence
rarely exceeded 5% in deeper waterbodies (Fig. 6.5). This effect was more striking in
communities infected by Pasteuria (waterbodies < 4 m maximum depth = 32-100%, waterbodies
> 4 m maximum depth = 0.2-18%) and microsporidians (waterbodies < 4 m maximum depth = 3100%, waterbodies > 4 m maximum depth = 0.5-21.5%) Among those with mobile infectious
stages (chytrids, oomycetes, epibionts), none of the predictor variables were able to explain the
large variation in prevalence that occurred within these taxa.
109

Chapter Six: Global drivers

I also included the weighted correlation coefficient (Zr) as a response variable in a LME
to determine if lake specific characteristics may influence the strength of this relationship. As
lake area was missing from a number of these studies, I was only able to examine the effects of
lake depth and lake trophic status; however, none of these variables showed a significant effect
on the host density – prevalence relationship.
Table 6.3 Results of linear mixed-effect analyses investigating the determinants of (1) maximum
prevalence and (2) correlation between host density and prevalence (Zr) in planktonic host
populations. Logit-transformed prevalence values were modeled as a function of three fixed
effects: maximum depth, surface area, and trophic status index (TSI). Weighted mean-effect
sizes (Zr) between host density and parasite prevalence were modeled as a function of two fixed
effects: maximum depth and TSI. Waterbody identity was treated as a random effect, nested
within each of the eight parasite groups. Likelihood ratio (LR) tests were used to assess
significance of the fixed effects. Significant effects are denoted with an asterisk (p < 0.001).

Max prevalence
Fixed effects
Maximum depth
Surface area
TSI - Eutrophic
TSI - Mesotrophic
TSI - Oligotrophic
Random effects
Parasite
Parasite/Waterbody
Correlation (Zr)
Fixed effects
Maximum depth
TSI - Eutrophic
TSI - Mesotrophic
TSI - Oligotrophic
Random effects
Parasite
Parasite/Waterbody

All data
t Value
LR

Immobile
t Value
LR

-0.72
0.16
-2.89
-2.30
-2.37
Variance
0.09
0.12

0.57
0.04
3.06

13.57*
1.09

SD
0.30
0.35

-3.95
0.92
0.78
-0.54
-0.66
Variance
0.04
0.11

t Value

LR

-1.35
-1.50
1.58
0.69
Variance
0.07
0.03

1.13
5.12

SD
0.26
0.18

Mobile
t Value
LR
1.86
0.91
1.77

SD
0.21
0.33

1.49
-0.98
0.49
-0.04
-0.03
Variance
0.16
0.13

t Value

LR

t Value

LR

-0.27
-0.94
0.22
0.06
Variance
< 0.01
< 0.01

1.40
1.22

-1.07
-1.45
1.68
0.98
Variance
0.01
0.13

1.04
4.15
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< 0.01
< 0.01

SD
0.07
0.37

SD
0.01
0.36
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Figure 6.5 Relationships between maximum depth and surface area (log transformed) in each waterbody and the logit transformed
maximum prevalence for parasites of planktonic populations, shown separately for those with immobile and mobile transmission
stages (see Table 6.2 for a full list of these parasite taxa).
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6.5 Discussion
Host-parasite dynamics are highly variable, with host populations exhibiting marked
variation in prevalence across space and time. This variation in prevalence has been linked to
differences in parasite virulence (Tack et al., 2012), host susceptibility (Ganz and Ebert, 2010),
and environmental variability through its effects on both parasite epidemiology and host
demography (Duncan et al., 2013). In this study, I found that the largest source of variance in
maximum prevalence within this data set was among different waterbodies, rather than among
different parasite types, years, or hosts. Although local and regional differences in prevalence
have been observed in other studies (e.g., Canter and Lund, 1953; Wolinska et al., 2011; Ibelings
et al., 2011), it has only been quantitatively addressed by Duffy et al. (2010). These authors
demonstrated that differences in host susceptibility and habitat characteristics (among-lake
differences) are responsible for the majority of the variation in their multi-parasite system. As the
maximal infection prevalences of the various parasite species were correlated, at least for one
host species, their results suggested that different parasite types may be responding similarly to
the same lake characteristics. Although these results generally agree, the inclusion of a greater
range of parasites revealed that the differences were not consistent among all parasites.
Density-dependent transmission has been shown in the laboratory for a number of Daphnia
species (Ebert, 1995; Bittner et al., 2002) but it is rarely shown in the field (Ebert, 1995). I found
density-dependent responses in prevalence for phytoplankton and their chytrid parasites, as well
as epibionts and oomycete parasites of zooplankton. Yet density-parasite prevalence
relationships for those parasites with immobile stages were not significant. It may be that lake
specific characteristics play a larger role in increasing host contact for parasites with immobile
transmission stages (which are also long lived). Although I was unable to explore the role of lake
mixing, temperature gradients, and lake size, Hall et al. (2010) found evidence for physical
mechanisms in increasing host-parasite contact in a Daphnia-Metschnikowia system. On the
other hand, turbulence may reduce the ability of mobile stages to attach to their host (Kuhn and
Hofmann, 1999), and therefore parasites with this transmission strategy may be responding
primarily to factors that affect the density of their host.
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The significant contribution of among-waterbody differences, rather than between different
parasite types, to variation in maximum prevalence was particularly evident when analyses were
restricted to parasites with immobile transmission stages. The production, dispersal, and
infectivity of transmission stages are key factors in the spread of parasites in a population
(Anderson and May, 1979). Transmission stages are exposed to a number of abiotic and biotic
factors that can influence their success by altering their survival or infectivity (Thieltges et al.,
2008). In the aquatic environment, transmission stages of bacteria and protozoan parasites drift
in the water column until they are ingested by a host and are dependent on the external
environment to ensure host contact. Among-lake differences in transmission rates have been
attributed to elevation, through its effect on temperature and therefore infectivity (Wolinska et
al., 2007), fish community composition through its role in selective predation of parasitized
individuals (Willey et al., 1993; Duffy et al., 2005), and hypolimnion size and stratification
strength which affect the abundance of diluters and predators (Penczykowski et al., 2014). I
found that the majority of variation in maximum prevalence among parasites with immobile
transmission stages was between different waterbodies, indicating a prominent role for amonglake factors, such as thermal regimes, community composition, and lake morphology in shaping
host-parasite dynamics for parasites exhibiting this transmission strategy.
To assess specific waterbody characteristics that may be responsible for differences in
prevalence, I looked at two aspects of waterbody size, maximum depth and surface area, and
trophic status, which is a general measure of habitat productivity. I found that prevalence
increased with decreasing waterbody depth, although only among parasites with immobile
transmission stages. For example, maximum prevalence of Pasteuria ranges between 32 and
100% in shallow (< 2.5 m) UK ponds . Whereas in the deeper lakes (4 – 23 m) of the USA,
maximum prevalence was never greater than 2.2%. A number of causal mechanisms have been
offered to explain how waterbody morphology may alter host exposure to parasite transmission
stages. For many parasites (e.g., Spirobacillus, Metschnikowia), infectious stages are released
from dead hosts, congregating at the sediment-water interface after host decomposition (Thomas
et al., 2011), therefore requiring turbulence to reconnect them with living hosts in the water
column (Cáceres et al., 2006). Turbulence is affected by depth, surface area, and basin shape
(Imboden and Wuest, 1995). Sediments of shallow habitats are subject to more wind induced
turbulence, ensuring transmission stages are in constant contact with hosts, and temperatures are
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higher, which may result in longer periods of infectivity and higher overall prevalence. In deeper
habitats, which stratify for a portion of the year, transmission stages trapped in the sediment will
only be suspended during lake turnover or mixing, which is thought to explain the seasonality of
many parasite epidemics (Bittner et al., 2002; Cáceres et al., 2006). Mixing between nearshore
and offshore areas also occur due to gravity currents resulting from temperature gradients. These
currents are faster and stronger in waterbodies with steeply declining littoral zones (Hall et al.,
2010). Although I was unable to examine the mechanisms responsible for the relationship
between maximum prevalence and depth, the low prevalence of microsporidians and Pasteuria
infections in deeper waterbodies was striking. Are there shallow habitats in which Pasteuria
remains at low prevalence or alternatively, do Pasteuria infections reach host saturation in lakes?
Parasites with mobile transmission stages do not necessarily respond similarly to
differences in morphology and mixing. For instance, chytrid infections in Daphnia reached peak
prevalence under the ice (Johnson et al., 2006a), while oomycetes and epibionts often peak in the
summer months (Wolinska et al., 2011; Dubovskaya et al., 2005), both periods of waterbody
stability. For these parasites, turbulence can reduce prevalence by interrupting the chemosensory
host-finding behavior of these mobile stages (Kühn and Hofmann, 1999). Mixing can re-suspend
resting spores of chytrids and oomycetes, and therefore may be more important for initiating, not
maintaining, infections (Doggett and Porter, 1996). Most evidence has shown that transmission
of many of these parasites is significantly related to host density (Prasad et al., 1989;
Møhlenberg and Kaasm, 1990; Chiavelli et al., 1993; Ibelings et al., 2011), and the short-lived
nature of their transmission stages may explain the tight coupling between host density and
prevalence. Among-lake differences may be manifested through factors that affect transmission
success over short time scales, such as light levels (Johnson et al., 2006b), which affect motility
and host recognition of transmission stages (Bruning, 1991a). Oomycete and chytrid taxa remain
poorly studied in zooplankton populations, despite their high diversity (Wolinska et al., 2009)
and potential for significant regulatory effects (Burns, 1985; Johnson et al., 2006b).
Although I have demonstrated that the prominent depth-prevalence relationships seen other
systems extend to a variety of host-parasite combinations, I revealed that these relationships are
not consistent across all parasite taxa. Parasites with mobile transmission stages appear to exhibit
more within-lake variability, which may be explained by their strong relationship with host
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density and climatic variables that affect host succession (Ibelings et al., 2011). The smaller
amount of variation explained by both host as well as year effects may result from the omission
of zero prevalence reports due to few studies reporting an absence of parasitism. However, as
Jovani and Tella (2006) point out, a zero prevalence is just as informative if calculated using
appropriate sample sizes. By excluding zero prevalences, potential habitats with characteristics
that prevent parasite establishment are omitted. For example, Ibelings et al. (2011) found that
chytrid parasitism in Asterionella populations of Lake Maarseveen was temporally stable over a
period of almost 30 years, occurring with high prevalence every single year. Yet, many other
parasites (i.e., Caullerya; Schoebel et al., 2010) don’t appear to be present every year. In addition
to its exclusion of zero prevalence values, this data set has other limitations. For instance,
because most samples are clustered within a narrow latitudinal band in the northern temperate
zone, it was not possible to test for latitudinal gradients in parasitism. Furthermore, this data set
did not include reports of parasitism of zooplankton by the juvenile stages of helminth parasites,
like cestodes. The few available estimates of prevalence by these parasites in freshwater
copepods indicate that they typically infect less than 1% of the host population (Marcogliese,
1995), suggesting that they have little impact on host population dynamics.
Despite these limitations, the analysis nonetheless provides a clear and strong signal
indicating that most of the variance among plankton populations in the prevalence of parasites is
accounted by differences in the type of waterbody occupied. I’ve also identified one key factor
(lake depth) influencing the prevalence of infection across various taxa of host and parasites,
though only for those with immobile infectious stages. The analysis sought global drivers of
parasite infection in planktonic organisms; I uncovered one whose influence emerges above the
strong idiosyncratic effects of local factors. In order to understand the role of parasites in aquatic
food webs, particularly in influencing succession and altering energy flows, basic knowledge on
the ecology of transmission stages is needed, i.e., their longevity, their abundance in the
environment, and how abundance of transmission stages actually relates to prevalence of
infection in host populations. As a way forward, I recommend greater study of multi-parasite
systems to determine how different parasites respond to the same local conditions.
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Freshwater zooplankton communities are parasitized by a number of different organisms,
including bacteria, protozoans, microsporidians, Fungi, oomycetes, and larval helminths (Green,
1974; Ebert, 2005). The individual-level effects of these parasites are varied and have been well
documented in Daphnia populations. For example, they include altered migration patterns
(Decaestecker et al., 2002), increased susceptibility to predation (Duffy and Hall, 2008), reduced
fecundity (Bittner et al., 2002), and shortened life span (Wolinska et al., 2008). In contrast to the
work on Daphnia, few studies have explored the role of parasitism in copepods. Copepods are
fundamentally different for a number of reasons. Firstly, copepods reproduce sexually. Although
working with parthenogenetic species like Daphnia confers a number of advantages, e.g., ability
to establish clonal lines, assessing the effects of parasitism in sexual populations can allow for
the examination of sex biases in infection and mate choice of infected individuals (e.g.,
Wedekind and Jakobsen, 1998). Secondly, while parasitic infections in Daphnia most often
result from the passive filtering of parasite spores (Ebert, 2005), copepods are suspension
feeders, which involves sensory inputs for detection and ingestion (Paffenhoefer et al., 1982). As
a result, parasites infecting copepods must either evolve mechanisms to resist detection during
feeding or attach directly to the copepod host. The overall aim of this thesis was to assess the
effects of an oomycete brood parasite belonging to the genus Aphanomyces on its host, the
calanoid copepod genus Boeckella. Specifically, I set out to summarize the geographic
distribution and phylogenetic placement of Aphanomyces brood parasites and to investigate the
factors influencing parasite growth, transmission, and distribution.
Aphanomyces brood parasitism has been documented in calanoid copepod populations in
Europe, specifically Germany (Gicklhorn, 1923), Austria (Miao and Nauwerck, 1999), Italy
(Rossetti et al., 2002), and Norway (R. Knudsen, pers .com), as well as in New Zealand (Burns,
1980). The results presented in Chapter Two revealed that the New Zealand parasite’s nearly
complete SSU rRNA gene sequence was 99% similar to that of an Aphanomyces infecting a
Diaptomus copepod in Germany (Wolinska et al., 2009), with a single base pair substitution in
this region. Copepod samples obtained from Austria and Norway for comparison were
uninfected, so I was unable to compare Aphanomyces infections from other European regions. It
appears that at least the strains from New Zealand and Germany are closely related, if not the
same species. It seems likely that the parasite originally evolved in Europe and was introduced to
New Zealand prior to 1969 (Burns, 1980). Fish have been introduced to New Zealand from the
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United States and Europe since the 1860s and it is conceivable that Aphanomyces could have
been transported on fish eggs. A number of Aphanomyces species have been isolated from fish
eggs, e.g., A. frigidophilus (Kitancharoen and Hatai, 1997), and fish dermal tissue, e.g., A. laevis,
A. stellatus, A. salsuginosus and A. invadans (Shanor and Saslow, 1944; Hoshina et al., 1960;
Dykstra et al., 1986). There was a high sequence similarity to species of Aphanomyces infecting
fish (A. invadans), lending support to host-switching within this genus. This corresponds to
observations made by Rossetti (2005), who found Aphanomyces only in lakes that had been
stocked with fish. He suggested that fish may represent the primary target of Aphanomyces.
Similarly, the Norwegian lakes where Aphanomyces have been found are also stocked with fish
(R. Knudsen, pers .com). Unfortunately, SSU sequences of other fish parasites (A. frigidophilus
and A. salsuginosus) are not currently available for comparison.
Morphological characters suitable for identifying Aphanomyces species are limited and
typically based on sexual (oogonia and antheridia) structures (Seymour, 1970; Johnson et al.,
2002). Aphanomyces was first described and identified as A. ovidestruens by Gicklhorn (1923);
however, the original description was shown to be based on multiple species and is no longer
considered valid (Johnson et al., 2002). Scanning electron micrographs (Chapter Two) confirmed
the presence of blunt tubercules on the oogonia, a character trait shared with A. scaber, A.
frigidophilus, A. salsuginosus, A. parasitica, A. norvegicus, and A. phyophilus. The latter two
species are parasites of algae, while A. frigidophilus and A. salsuginosus parasitize fish and A.
scaber is a saprotroph. Although these species have not been detected in zooplankton before,
many oomycetes are considered opportunistic facultative parasites, and the same species may
infect a number of different hosts (Neish, 1977; Czeczuga et al., 2002). For example, Kestrup et
al. (2011) found high genetic similarity between an oomycete infecting amphipods and strains
infecting Daphnia. Hulvey et al. (2007) suggested performing phylogenetic analyses and then
redefining species on the basis of both molecular and morphological characteristics. Currently,
no sequences of these species exist on GenBank for comparison and sequencing them will be
necessary to elucidate the placement of Aphanomyces infecting copepods (and zooplankton in
general) within the phylogeny constructed by Diéguez-Uribeondo et al. (2009).
The sexual phase is well developed in a number of plant parasites as an adaptation to
drying conditions. The sexual phase has been lost (or is rare) in a number of species pathogenic
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to animals (e.g., A. astaci, A. invadans). Unique to the animal parasites, the sexual phase appears
to be common among Aphanomyces parasitizing copepods. Burns (1985) found that 42% of
parasitized clutches in a laboratory experiment contained sexual structures. Similarly, I found
37.5% of parasitized clutches developed sexual structures (Chapter Four). It is not known what
environmental cues promote the development of sexual structures, though it appears that it can
be affected by environmental conditions. At high temperatures, all parasitized clutches
developed sexual structures, while fewer developed at cooler temperatures. High temperatures
are often correlated with a reduction in the number of ovigerous host females (A. Valois, pers.
obv) and with pond drying in ephemeral habitats. High temperatures may serve as a cue to the
parasite that long-lived resting stages will be needed as the host is soon to become unavailable. If
so, it is unclear whether this cue is coming from the environment or the parasite is responding to
changes in the copepod host.
Many aspects of the host-parasite relationship between Aphanomyces and copepods have
not been investigated. In Chapter Three, I explored the factors that influenced the transmission of
Aphanomyces to one of its known hosts, the calanoid copepod Boeckella hamata. Aphanomyces
transmission dynamics most closely resembles that of chytrid fungus infecting lake
phytoplankton communities. Chytrid fungus are transmitted by mobile zoospores which are
attracted to chemical cues released by their hosts (Brunning, 1991). Chytrid zoospores have been
shown to be influenced by a number of abiotic and biotic factors which affect their successful
transmission to a new host, and therefore the prevalence and development of epidemics in host
populations (Ibelings et al., 2004). Similar to observations made with parasitic chytrids (e.g.,
Kagami et al., 2004), I found that Aphanomyces transmission was dramatically reduced in the
presence of Daphnia. Although Daphnia can compete with copepods for algal resources (Brooks
and Dodson, 1965; Fulton and Paerl, 1988), they can also benefit copepods by reducing infection
rates. This type of relationship, labelled as ‘friendly competition’, was first described in Daphnia
dentifera and its yeast parasite Metschnikowia bicuspidata (Hall et al., 2009b). The presence of
other Daphnia species in the community, which also competed with D. dentifera for algal
resources, reduced Metschnikowia prevalence in D. dentifera through the consumption of
parasite spores (Hall et al., 2009b). Daphnia are only occasionally dominant members of the
planktonic community in New Zealand (Chapman et al., 1975; Jeppesen et al., 2000). The
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introductions of invasive Daphnia to New Zealand (i.e., Duggan et al., 2006) could have
unexpected effects on host-parasite dynamics.
Two other factors hypothesized to have an effect on Aphanomyces transmission,
temperature and light levels, did not influence prevalence in experimental treatments. If low
light levels impaired transmission, it would mean that the hypolimnion of lakes as well as ice
cover could provide a refuge from parasitism for copepods. Detrimental impacts of low light
conditions on transmission stage infectivity have been reported for some chytrid species
infecting phytoplankton (Canter and Jaworski, 1981). Aphanomyces was able to successfully
attach to and grow on the copepod in the absence of any light, suggesting that light is not
necessary for successful transmission. Although Aphanomyces developed faster at warmer
temperatures, temperature did not have a significant effect on infection prevalence. This was
unexpected as peak prevalence in many New Zealand lakes occurs during the winter or early
spring, when water temperatures are lowest (Burns, 1980; 1989; A. Valois, pers. obv). Impaired
infection at high temperatures has been noted in other host-parasite systems, e.g., the ciliate
Paramecium caudatum and its bacterial parasite, Holospora undulata (Fels and Katz, 2006).
Although there was no clear effect of temperature, prevalence was much more variable at the
highest temperatures, suggesting some aspects of the transmission process may be affected.
Temperature has the potential to affect a number of aspects of host-parasite interactions,
not just transmission success. In Chapter Four, I explored the role of temperature in greater
detail, examining how it affected the growth and development of Aphanomyces and the survival
of transmission stages. The growth of Aphanomyces (hyphal growth) on culture medium was
faster at higher temperatures. This translated to faster parasite development on its host, B.
hamata. At 20oC, the time from observed infection until zoospore release was very rapid, and
occurred within 22 hours. At 10oC, development took almost three times as long. Faster
development should be beneficial to the parasite; however, high temperatures negatively
impacted other aspects of Aphanomyces development. Sporulation, the development and release
of zoospores, did not occur at 25oC. This suggests an upper thermal limit for parasite
transmission and subsequent survival. Higher temperatures also had a detrimental impact on
zoospore survival, with zoospores remaining active 5-8 times longer at 10°C than at 20°C.
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Zoospores survived at 25oC; however, no motile zoospores were observed 24 hours after
exposure to this temperature.
Regional differences in climate can have major effects on host-parasite interactions
(Altizer et al., 2006). Although the distributions of parasites are largely determined by their
hosts, local environmental variables play a role in the successful survival and transmission of
their free-living stages. Thus, climate impacts directly on the geographic distribution of parasites.
Moreover, there are other exogenous factors, such as the presence of other organisms, which can
influence the distribution of parasites in a particular region. The work presented in Chapter Five
highlights how examining host-parasite interactions in pond metapopulations can prove useful in
determining the role of abiotic and biotic factors in shaping parasite distribution. Among 35
ponds containing host populations, the parasite was present in relatively few. Aphanomyces
distribution was not the result of dispersal constraints or differences in host susceptibility, rather
environmental variables acting on parasite survival appeared to limit Aphanomyces distribution.
Ponds with Aphanomyces infections were more often permanent ponds and were deeper than
ponds without Aphanomyces present. Aphanomyces did occur in some temporary ponds although
these generally had a longer hydroperiod. Sexual reproduction by Aphanomyces allows for the
development of oospores, which are long-lived resting stages (Dick, 1969). It is not known how
long these resting stages can survive desiccation. Neither nutrient status nor biological variables
(predator or Daphnia abundance) differed between ponds with and without Aphanomyces. The
best model suggested that physical habitat features were important in explaining Aphanomyces
presence, explaining 80 % of the variation in presence-absence, with Aphanomyces only
occurring in ponds with silt substrates. The relationship between Aphanomyces presence and
substrate type is likely to be caused by the inability of the parasite to persist in very short-lived
habitats. Vizoso et al. (2005) suggested that the presence of sediment enhances resting stage
survival, by offering some protection from light and a source of moisture.
Transmission to a new host is a fundamental challenge for parasites and the success of
transmission stages is a key determinant of parasite fitness. In Chapters Three and Four, I
established a role for abiotic (temperature) and biotic (Daphnia) factors in influencing
Aphanomyces transmission. Although Daphnia reduced the prevalence of Aphanomyces, it did
not exclude Aphanomyces from host populations, with Aphanomyces occurring in ponds with
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and without Daphnia (Chapter Five). In Chapter Five, I show that Aphanomyces distribution is
not strongly linked to the distribution of its host, but can be explained by habitat factors
influencing parasite survival. To examine how habitat can influence parasitism at larger
ecological scales, I undertook a comparative analysis of parasitism in planktonic communities,
assembling data from a range of host and parasite taxa, habitat types, and geographic regions
(Chapter Six). In the analysis, I found that parasite prevalence increased with decreasing
waterbody depth but parasites with mobile transmission stages, like oomycetes and chytrid
fungus, do not respond to the same habitat variables (i.e., depth and mixing) as parasites with
immobile transmission stages. This study revealed that in order to make predictions in how hostparasite interactions will be affected by environmental changes, we need basic knowledge on the
ecology of transmission stages, i.e., their longevity, their abundance in the environment, and how
abundance of transmission stages actually relates to prevalence of infection in host populations.
7.1 Suggestions for future research
From this study, I have identified a number of interesting areas that require further
investigation.
1) Molecular studies elucidating the relationship between Aphanomyces species will be
necessary to determine the degree of relatedness among animal pathogenic species.
Diéguez-Uribeondo et al. (2009) has provided the foundation to this work, evaluating the
relationship among twelve species of Aphanomyces. However, only four animal
pathogenic species were included due to limitations of sequence availability. None of the
four animal parasite isolates produces sexual structures, and so it is not known how
animal parasites which do form sexual structures (like those infecting copepods) fit into
Diéguez-Uribeondo’s three clade structure (e.g., animal, plant, and saprotroph clades). In
particular, it would be interesting to explore the relationship between
saprotrophic/opportunistic species (e.g., A. laevis, A. repetans, A. stellatus), fish parasites
(e.g., A. salsuginosus) and plankton parasites (e.g., A. bosminiae, A. daphniae, A.
norvegicus, Aphanomyces infecting copepods), many of which have yet to be sequenced.
Additionally, more sequences of Aphanomyces infecting copepods from other regions of
Europe (Norway, Italy, and Austria) will be necessary to examine within-species genetic
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variation. Sequences of the internal transcribed spacer regions (ITS1 and ITS2) are often
used because of their rapid evolution and subsequent high variability (Irwin, 1997), yet
have not been successfully obtained from Aphanomyces infecting copepods. This region
will need to be sequenced for a more complete phylogenetic analysis of Aphanomyces in
general.
2) Recent molecular studies have revealed a surprising diversity of oomycetes in aquatic
ecosystems (Lefèvre et al., 2008; Nechwatal et al., 2008; Wolinska et al., 2009).
Evaluating the hypothesis that Aphanomyces in copepods can complete its life cycle on
fish and arrived in New Zealand with the stocking of Aphanomyces-infected fish would
require whole-lake molecular studies, both in New Zealand and Europe. Analyses of
other oomycete genera genomes have shown that they are largely autotrophic and can use
diverse molecules as substrates for metabolism, which may be the case for Aphanomyces.
Such a study could collect samples from a variety of habitats, substrates, and hosts from a
lake to obtain a full picture of lake oomycete diversity. It could also verify overlap in host
use or determine how various oomycete species or strains utilize different substrates (i.e.,
species which grow both as saprotrophs and as parasites).
3) A number of Aphanomyces species, especially those colonizing animals, do not form
sexual stages (Diéguez-Uribeondo et al., 2009). The sexual stage in Aphanomyces
infecting copepods is common, although it does not always occur. The use of sex in this
species may be an adaptation to the absence of hosts during much of the year. As
Aphanomyces requires ovigerous female copepods, it is at risk of going extinct from its
host population outside the host’s reproductive period. Sexual reproduction allows for the
development of oospores, which are long-lived resting stages (Dick, 1969). These resting
stages allow the parasite to remain dormant until the return of ovigerous female hosts. If
the use of resting stages is an adaptation to survive periods of host absence, than
Aphanomyces infecting copepods in New Zealand lakes should rely less on sexual
reproduction as ovigerous females are present most of the year. Examining the
development of sexual structures in Aphanomyces from a variety of habitats (i.e.,
ephemeral versus permanent) and host life history strategies (univoltine versus
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multivoltine) can offer insights into the flexibility of Aphanomyces to switch between
sexual and asexual reproduction.
Moreover, determining the cues that trigger the development of sexual structures will be
a necessary first step in understanding the evolution of sex in this species and
Aphanomyces in general. The parasite could be responding to cues from the host itself or
from the environment (e.g., increasing temperature). Unlike in Europe, Aphanomyces in
New Zealand also occurs in ephemeral habitats. In these habitats, the parasite could be
responding to environmental changes, such as increased water temperature, that trigger
the production of resting stages. Follow-up experiments manipulating various
environmental cues will help to assess which variables may be important in either
promoting or suppressing sexual reproduction.
4) In many zooplankton parasites, infective spores are kept in the water column through
turbulence. Predators facilitate contact either by keeping spores in the water column or
forcing zooplankton to seek shelter in the sediment, increasing contact with parasite
spores. Turbulence can also impair the ability of mobile zoospores to recognize and
attach to their hosts (Kühn and Hofmann, 1999). The role these causal mechanisms play
in Aphanomyces transmission is not clear. Understanding how environmental factors
influence host-parasite contact will be necessary for modeling the effects of parasitism in
copepod communities.
5) Rossetti (2005) found Aphanomyces in lakes with contrasting trophic characteristics, but
the rate of parasitism was far higher in less productive water bodies. Similarly, in New
Zealand, Aphanomyces reached much higher prevalence in the mesotrophic Lake
Mahinerangi than the eutrophic Lake Hayes. Although I did not see an effect of nutrients
on Aphanomyces distribution, the role of nutrients on host-parasite dynamics (i.e.,
maximum prevalence reached, duration of epidemic, and termination of epidemics) still
needs to be explored.
6) Reviews of parasites of cladocerans (Green 1974) and specifically Daphnia (Ebert, 2005)
have been compiled, yet copepods have largely remained ignored in the study of
planktonic parasite systems, except when considered as intermediate hosts for fish
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parasites. A number of the observations of Aphanomyces infections in copepods are
unpublished and indicative of a lack of reporting of copepod parasites. Cáceres et al.
(2014) stressed that if we are to incorporate parasitism into our understanding of plankton
ecology, we need more studies on other zooplankton, especially copepods. Comparative
work between Daphnia and copepod populations offer the opportunity to determine if
hypotheses generated using Daphnia-parasite models can be applied to planktonic
organisms in general. This will require much more basic research into the taxonomy and
distribution of copepod parasites.
In conclusion, Aphanomyces infecting copepods in New Zealand are closely related to, if not
the same species as Aphanomyces infecting copepods in Germany. This species or species
complex appears to have a restricted geographic range in Europe and may represent an
introduced species in New Zealand. The close genetic relationship with Aphanomyces infecting
fish revealed a probable introduction route to New Zealand. Host-parasite dynamics are
influenced by factors that affect the survival of free-living transmission stages (zoospores) and
possibly resting stages (oospores). High temperatures, the presence of Daphnia, and the lack of
appropriate substrate can exclude Aphanomyces from certain habitats or reduce prevalence in
host populations. Understanding the role of environmental factors in shaping host parasite
dynamics, particularly their interactive effects across a broad range of systems, is important for
predicting impacts of parasitism on host populations, as well as forecasting the effects of
anthropogenic changes on community interactions.
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