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ABSTRACT

Transmission is a key point in parasitic life cycles and should be accurate for
specific hosts if parasites are particular in their host requirements. Occasionally
breadth of host range is correlated with mode of transmission: many pérasites
are discriminating in their transmission and have narrow host ranges, while some
with indiscriminate transmission have broad host ranges, reflecting relaxed host
requitements or a similarity between hosts. This thesis investigates the mode of
transmission and host range of parasite Psexdodelphis oligocott; (Nematoda:
Dracunculoidea) because it poses a problem: P. o/gocos#: infects nine fish species
but only completes development in two - Apodichthys flavidus and Gobzesox
meandricus. Presumably, the seven other fishes serving as unusual hosts are
inappropriate for parasite development due to some physiological reason, yet the
two successful host species seem vefy different. I propose that P. o/gocott/'s mode
of transmission accounts for this pattern. To determine the life cycle and host
range of P. oligocotts, 1 sutveyed 24 coastal fish species from nine British Columbia
localities for prevalence and intensity of infection, stages of parasite
development, and their disttibution in host tissues. Psexdodelphis oligocotsi infects
nine species of coastal marine fishes. It infects 4. flavidus at the highest‘rate and
intensity: prevalence of infection was as high as 80%, and mean intensity was as
high as 19 worms per infected host at certain localities. Subadult and adult P.
oligocotti occurred in the body cavity of all nine fish hosts. Larvigerous P. oligocotti
were only recovered from A. flavidus and one specimen of G. meandricus, where
they occurred in the hepatic sinus. Infective first-stage larvae were recovered
from gills and associated tissues of A. ﬂaw’a’és. Histology and scanning electron
microscopy confirmed that larvae breach the gills to gain access to the external

environment. I experimentally infected potential intermediate host Tigrigpus

californicns with larvae from larvigerous P. oligocotts, recording mortality rates due




to infection and larval development. Up to 57.1% of the copepods became

infected with an average 1.26 worms per infected host. Larvae developed to the

third-stage (infective to fish) in 14 to 15 days at 15 — 24.4°C. Copepod mortality
did not increase as a result of infection. Intermediate hosts containing third-stage
larvae were fed to uninfected A. flavidus. Infections were established in two of
the 10 specimens. Results demonstrate that P. o/gocosts 1s transmitted between
fishes by ingestion of infected free-living copepods. Fishes that P. o/igocot# infects
share habitat with 4. flavidus and many ingest free-living copepods. To examine
whether ecological association between hosts predicts how far P. o/gocotts
develops in those hosts — an indication of host suitability — I characterized
fishes by their diets, microhabitats, and taxonomy from literature sources. Hosts
that are more ecologically similar to 4. flavidus support more advanced stages of

P. ofigocotti than those that are phylogenetically related. This suggests that

opportunity for infection determines parasite host range.
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CHAPTER 1: GENERAL INTRODUCTION

Introduction

One of the key points in a parasite’s life cycle that determines its reproductive
success is the transmission of its progeny to the next host. This may occur by
way of an intermediate host, vector, or free-living stages. Assuming that parasites
have particular host requirements and that all hosts are not equal, natural
selection should act to make transmission as accurate as possible. However, for
those parasites that depend on intermediate hosts and their ingestion by final
hosts for transmission, there is little opportunity to choose the final host.
Transmission and host ecology play important roles in creating a parasite’s host
range (Adamson and Caira 1994). Parasites’ ability to develop in a range of hosts
determines potential ways in which parasites may speciate: by cospeciation with

hosts, ot by capturing unusual hosts (Chabaud 1959, Holmes and Price 1980).

Any organism in (on) which a parasite lives for all or part of its life cycle is a Aosz.
Implicit in the use of this term is that the parasite as a species meets certain
developmental requirements in a host and/or is successfully transmitted by that
host. However, for practical reasons, the fate of a parasite cannot always be
ascertained, and Aost often refers to any organism infected by a parasite,
regardless of that parasite’s fate. Some parasites require multiple hosts to
complete one reproductive cycle. The host in which sexual reproduction occurs
is called the definitive ot final host, while hosts in which younger or non-sexually
reproducing stages occur are referred to as insermediate hosts if they are required
for the parasite’s continuing development. [/ectors are a special subset of hosts:
they actively transport parasites between (other species of) hosts (Dogiel et al.
1964). In this study, distinction is drawn between final hosts that the parasite



merely infects without developing to maturity, and those that it infects and
develops to maturity in regularly: I refer to them as unusual (final) host and principal
(final) host respectively. When a parasite completes its development in an unusual
host while retaining its normal morphology, Chabaud (1959) refers to it as
parasite transfer. 1f that parasite then becomes isolated in the newly acquired

unusual host and subsequently speciates, host captare is said to have taken place

(Chabaud 1959).

Method of transmission and host ecological relationship with other potential
hosts are occasionally correlated with parasite host range. The number of hosts
and their taxa that makes up a parasite’s host range is used to indicate a parasite’s
host specificity. Host specificity is defined as the “degree to which a parasite is able
to mature in more than one host species” (Roberts and Janovy Jr. 1996). All
parasites show host specificity, but the degree varies. Many parasites are highly
host specific: Monogenea, whose transmission between fish hosts is restricted
(direct contact between hosts is often necessary), are renowned for their high
degree of host specificity (Rhode 1979). There are at least two exceptions, both
Hawaiian monogeneans. One species infects seven families of fish hosts, while
the other infects 11 families of fish hosts. In both cases, host species live
sympatrically in diverse coral reef systems (Rhode 1979). Host specificity of
monogeneans may result from strict requirements to match host physiology or
simply restricted opportunities for parasite exposure to multiple hosts. Certain
pinworms of Anurans have broad host ranges when there are many sympatric
hosts available (Adamson and Caira 1994, data from Adamson 1981). However,
these pinworms are in fact specific to certain host types (tadpoles) that do not
group together by conventional taxonomy but may nonetheless be alike

physiologically and are definitely ecologically associated.



This thesis examines the previously unknown life cycle and host range of an
endoparasitic nematode of marine fishes, Psexdodeiphis oligocott; (Dracunculoidea:
Guyanemidae), which although first described from tidepool sculpin, Olgocottus
maculosus, was never observed to develop into mature stages in this host
(Adamson and Roth 1990). It is not unusual for a parasite to frequently infect
hosts that are essentially dead ends for the parasite. Of 20 metazoan salmonid
parasites investigated by Leong and Holmes (1981), 10 of these infected hosts in
other fish families in addition to Salmonidae, but only 2 parasite species reached
maturity in these other fish hosts. Another study reports that sockeye salmon are
frequently infected by 3 main species of parasitic helminths only one of which
can mature in sockeye: the other 2 parasites come from other fish hosts in the

lake (Bennett, Adamson, and Margolis 1998).

Cleatly within a parasite’s host range as we perceive it, hosts vary in their
suitability. Holmes (1976) observes using data collected by Leong (1975) thata
parasite’s host range commonly includes multiple hosts of variable suitability in
which development may or may not proceed, with one ideal host that is most

commonly infected in nature.

In Chapter 2 I characterize P. oligocot#’s host range by examining its abundance,
frequency of infection, and development in various hosts. I identify its primary
host as that in which P. o/jgocotti completes its development. In hosts that it
infects but does not complete development in (such as type host Oligocottus
maculosus) 1 record where along its developmental sequence P. o/igocot#s eventually
fails. Since P. oligocott’s degtee of developmental success is variable and reflects
variation in host suitability, in Chapter 5 I explore the question: what qualities do

more suitable hosts share?

Pseudodelphis oligocotsi’s host distribution may reflect its method of transmission.

Typical of dracunculoids, which occupy sites in their hosts other than the



intestine, Pseudodelphis oligocotti lives in the blood of definitive fish hosts. Members
of the Dracunculoidea use very different transmission strategies, involving
vectors or free-living intermediate hosts: certain species are transmitted b‘etween
fish hosts by blood-sucking arthropods (Tikhomirova 1975), while species like
the renowned Guinea worm (Dracunculus medinensis) deposit larvae directly into
the water where free-living copepods ingest them, to in turn be ingested by the
next vertebrate host (Moorthy 1938). In Chapter 3, I demonstrate that P. o/igocotts
is transmitted between fish hosts by a free-living harpacticoid copepod, a
common food item for many small nearshore fishes inhabiting eelgrass (Zostera
marinus) beds and rocky intertidal zones where P. o/gocotti is found (Miller et al.
1980). Larvae extracted from larvigerous female nematodes living in the hepatic
sinus of penpoint gunnel, Apodichthys flavidus, were fed to lab-cultured splashpool
harpacticoid copepods Tigriopus calfornicus. Ingestion of parasitic nematode larvae
by a copepod is described for the first time. Psexdodeiphis oligocotts's
morphogenesis to the fish-infective third-stage in T. calfornicus is formally

described, and is indicative of T. californicus’ suitability as an intermediate host.

By protecting parasites from adverse environmental conditions and packaging
them in an attractive (to final hosts) manner, intermediate hosts extend a
parasite’s distribution in space and time relative to that of free-hviﬁg or directly
transmitted nematodes (Chabaud 1957, Inglis 1965, in Anderson 1984). This
may have been an important adaptation on the part of the parasite for
transmission in the highly dispersive aquatic environment (Inglis 1971). In
Chapter 3, intermediate host T. californicus mortality due to infection by P. olgocotts
is investigated because premature death of the intermediate host limits a

parasite’s availability to infect final hosts.

Dracunculoids occupy extra-intestinal sites (such as blood, skin, ez cezera) in the

vertebrate definitive host (Adamson 1986), sites from which they must gain




access to the external environment when the time comes to transmit. Blood-
dwelling dracunculoids access the external environment either by active
migration of the larvigerous females to peripheral arteries, or by the intervention
of haematophagous vectors. Psexdodelphis oligocotti does neither. In Chapter 4, 1
demonstrate the unique nature among zooparasitic nematodes of P. o/gocott’s
meﬁhod of transmission from the vertebrate host. By observing P. o/gocots’s
distribution within the host by stage of development, the tissue sites occupied by
larvigerous female parasites and first-stage copepod-infective larvae indicate that
it is the larvae themselves which breach the gills and gain access to the external
environment. It has already been suggested that we look for this mode of host
egress among certain blood-dwelling nematodes whose life cycles are as yet

unknown (Appy et al. 1985).

In summary, in this thesis I present the life cycle of a parasite with a broad host
distribution. Upon determining P. o/igocot#’s life cycle, I have discovered that it
transmits to fish final hosts by ingestion of free-living copepods, which acquire
the parasites by ingesting latvae that actively breach the fish host’s gills. This
goes far in explaining the diversity of fish species infected by P. o/igoco#i, many of
which eat copepods. However, further life cycle observations indicate that many
of these hosts ate unsuitable. In the final chapter I demonstrate that the most
suitable of these alternate hosts are the most similar in diet and habitat but not
necessarily related in form, phylogeny, or presumably physiology. This essentially
correlates a host’s rate of exposutre to a parasite with that host’s suitability in
terms of parasite development. The ability to develop in hosts that are

ecologically associated but not necessarily phylogenetically related is essential for

an important mode of parasite speciation, that by host capture (Chabaud 1959).




CHAPTER 2: PSEUDODELPHIS OLIGOCOTTI DISTRIBUTION IN COASTAL
MARINE FISHES

Introduction

Psendodelphis oligocotts Nematoda: Dracunculoidea) occurs in at least 9 species of
coastal marine fishes. Although P. o/igocott; was first described from tidepool
sculpin (Olgocottus maculosus) captured at Popham Island, Stanley Park,
Vancouver, and Bamfield Marine Station, Bamfield, British Columbia, fully
mature stages (larvigerous females) of the parasite were not found in the 344 fish
examined (Adamson and Roth 1990). Under the suspicion that O. maculosus is
not in fact the principal host for P. o/igocot#s, I surveyed fishes at various localities .
around the southern British Columbia coast to determine P. o/goco?#’s host
distribution and identify its primary host(s). In this chapter I examine P. o/igocot#’s
abundance in different hosts at different localities. I chart its development in
various hosts and by doing so identify P. okgoco#t’s primary host and determine

where it fails in other hosts.

Although parasites vary in their host range (Rhode 1979), which may depend on
a number of historical and ecological factors (Adamson and Caira 1994), most
parasites are host specific to some degree according to the number of taxa ot
types of hosts they infect (Holmes and Price 1980, Adamson and Caira 1994).
Even when a parasite’s host range includes multiple hosts, often there is a
particular host in which it grows more quickly, grows larger, produces more
progeny, and is present more frequently and in greater abundance. In other
hosts, parasites may occut less frequently, and growth and development may be
retarded, even halted at an early stage (Dogiel et al. 1964; data from Leong 1975,
cited in Holmes 1976). Because hosts vary in their suitability, one might expect

P. oligocotti to vary in its abundance, growth and development in different host




species. The host (or hosts) in which it regularly completes development is the
principal host contributing to P. o/zgoce?#’s propagation in nature. The frequency
with which P. o/gocott; infects various hosts and its abundance in those hosts
reflects the principal host’s ecological and/or physiological relationship with
other fishes. We might expect this relationship to vary geographically, since
different habitats may be more or less supportive of P. o/gocottz. Numerous sites
are surveyed for P. o/igocot?i and characterized by fish host community, wave
exposure, and types of substrate to determine parasite geographic range and

suitable habitat.

The definitive host fish for P. 0/zgocotﬁ transmits parasite larvae into an aquatic
environment, and we expect these larvae to go through an intermediate host
before they are infective to another fish (as do all other members of the
superfamily Dracunculoidea, see Anderson 1992 for review). Not all parasites
make it back into an appropriate fish host. I describe the fate of parasites in
unusual hosts whetein they do not complete development. These unusual hosts
vary in some respect, since there is variation in the point at which a parasite’s
development is halted (see Chapter 5). A parasite is said to #ansfer to an unusual

host when its development reaches completion in that host (Chabaud 1959).

The point along a parasite’s developmental sequencé where it 1s interrupted 1s
variable in P. o/igocotti depending on the host species, and may indicate vatiation
in host qualities. The closer a parasite gets to completing its development in a
host, the fewer the chance modifications necessary before successful transfer to
that host occurs. In host environments that are most unsuitable, the parasite
never establishes, dying immediately after ingestion. Hosts that are more suitable
may provide appropriate chemical cues for the parasite to proceed further along

the sequence of generalized developmental steps: exsheathment, penetration,

migration, growth, or finally, transmission (Maclnnis 1976).




The goal of this chapter is to determine P. o/gocott’s primary definitive host(s).
This requires examining the parasite’s development, abundance and frequency of
infection in a range of hosts at different localities. P. o/gocozts’s development in
various hosts will be characterized by whether development is completed, and if

not, where along the developmental sequence the parasite fails.

Methods

Field Collections

Fish were captured from coastal British Columbia mainly by one of two
methods: dragging a pole seine (length 2m, height 1.5m, diagonal mesh size 11
mm) through subtidal eelgrass (Zostera marinus) beds, and overturning rocks in
rocky intertidal flats adjacent to eelgrass beds. Seining sessions consisted of 10
hauls, ranging in length from 10-90 seconds. Samples therefore covered areas
ranging from approximately 16-136 m? (assuming constant seining rate of
0.8m/'s). Hippoglossoides elassodon (flathead sole) from Barkley Sound were
collected by another method, using a 2H bottom trawl towed at 82 to 167 meter
depths by the W.E. Ricker (Department of Fisheries and Oceans vessel) in
conjunction with a federal survey of west coast Vancouver Island in May 1998.
All collection sites occurred throughout the coastal mainland of British
Columbia to west coast Vancouver Island, British Columbia (Table 2.1). Many of
these sites were sampled only once to determine the parasite’s geographic range.
However, I sampled primary collection sites Lumberman’s Arch/Figurehead
Point, Point Roberts and Roberts Bank more frequently. Lumberman’s Arch and
Figurehead point were sampled on spring tides from: spring to mid-winter in
1991, 1992, and 1995; throughout the year in 1993 and 1994; sporadically in
spting, summer, and fall 1996-1997; and spring 1998. Point Roberts and Roberts
Bank were sampled on spring tides, twice in the spring of 1993, throughout the
year in 1994, and sporadically from 1995 to 1997.



Once captured, fish were usually placed in a salt water holding tank and
processed within 5 days of capture. Fish were identified to species, measured in
total length and sexed (usually upon dissection except in the case of the sexually

dimorphic Syngnathus leptorhynchus), in addition to being dissected for parasites.

Dissections

Dissections generated data on Pseudoa’eé)/)i; olzgocotts’s prevalenée (percentage of
individuals infected, Margolis et al. 1982), intensity (mean number of worms per
infected individual, Margolis et al. 1982) and development for each fish species
and locality. Fish intended for dissections were held in a temporary salt water
holding tank at the Department of Zoology. Dissections were completed usually
within 72 hours — infection from other fish during this time is highly unlikely
since the transmission cycle of other dracunculoids takes on the order of months
and requires an intermediate host (see Anderson 1992 for review). Before
dissecting them, I anaesthetized fish in tricaine methanesulfonate (MS222) at a
concentration of approximately 0.0065g/1-seawater/cm total length of fish.
After motion had ceased (approximately 4 min) fish were placed on a dissecting
tray and measured for total length (head to tip of tail). I removed the head with a
scalpel and set it aside for examination of gills and collection of otoliths. I made
an incision at the base of the tail and took a blood sami)le using a standard
hematocrit tube. With a dissecting microscope, I examined the blood sample for
circulating stages of P. o/igocosti. 1 then made a ventral incision from anus to the
juncture of pectoral fins, and pinned the fish open for examination of body
cavity. I removed worms and placed them in 0.67% sodium chloride (NaCI)
solution for sorting by stage and sex. When dead worms were found, some of
them encapsulated within host tissue, they were enumerated and stored in a
solution of 70% ethanol, 5% glycerine, to which a few crystals of phenol per litre
had been added. Gonads were removed and placed on slides for examination for

worms. The intestine was saved in 70% ethanol, 5% glycerine with a few crystals
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of phenol per litre added, for future examination of stomach contents. I then
examined the liver, mainly the hépatic sinus, and pericardium for nematodes. 1
removed any nematodes, liver (after initial examination) and heart, and examined
the common cardinal vein which branches dorsally from the pericardium,
collecting any nematodes found therein. I set the liver and heart aside for
histological examination. I then returned to the head, removing the gills first by
making a ventral incision to expose the buccal cavity, then severed the anterior
and posterior connections right and left side in turn to extract the full set of four
gill arches together. The right set was placed on a slide where the gill arches were
separated as gently as possible and laid antetior side up. I placed another slide on
top and examined each gill arch for nematode larvae trapped in the meniscus
formed between the two slides. The left set of gill arches was placed in 10%
buffered formalin for histological or scanning electron microscope (SEM)

examination at a later date.

Nematodes typically undergo five developmental stages from larva to adulthood:
the third to fifth (adult) stages occur in the final, in this case fish, host; the first
stage is transmitted from gravid adults in the final host to intermediate hosts
(Anderson 1992). First-stage may also be found in the final host, on their way
out. Second-stage larvae develop in the copepod intermediate host. With the aid
of a microscope, I staged nematodes as first stage, third or fourth stage (as one
category), fifth stage, gravid females with developing embryos, or gravid females
with first-stage larvae (larvigerous). First-stage larvae were distinctive with a
dorsal cephalic swelling and little cellular differentiation. Combined third- or
fourth-stage was assigned if gonads were undeveloped, or, if developed,
nematodes did not possess a patent (open and functioning) vulva (in the case of
a female) or a coiled tail (in the case of a male). Fifth, adult stage was assigned if
either the vulva was patent (in the case of a female) or the tail was coiled (in the

case of a male) (Adamson and Roth 1990). Larger females were examined to
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determine whether the uterus contained either developing embzyos or first-stage
larvae. Female nematodes whose uterus contained first-stage larvae I usually set
aside for experimental infections of copepods (Chapter 3). All other nematodes
were fixed in a heated solution of 70% ethanol, 5% glycerine, to which a few
crystals of phenol per litre had been added, labeled by fish host, tissue site in the

host, sex, and stage, and stored for future examination.

Results
I collected 1386 marine fish belonging to 24 species (Table 2.2, Table 2.3) from

11 British Columbia localities between 1991 and 1998. Nematodes were
recovered from the body cavity, ovaries, heart, pericardium, hepatic sinus and
gills of fish hosts, and identified as Psendodelphzs oligocotti based on the reduced
buccal capsule, long, divided oesophagus, shape of the uterus in females, and the
males’ simple conical tale (Adamson and Roth 1990). P. o/igocotti was present in 9
fish species (426 individuals, Table 2.3) but was most prevalent over all sites
(excluding species only caught and examined once) in the pholid Phoks /aeta (54%
infected, Table 2.3). Pholids Pholis ornata and Apodichthys flavidus, and Gobiesox
meandricus (Gobiesocidae) were also infected at a high rate over all sites (again,
excluding those fish caught and examined only once). Apodichthys flavidus was the
only fish to consistently produce mature parasites (worms with infective first-
stage larvae in utero). One specimen out of 15 Gobiesox meandricus also contained
larvigerous females (Table 2.3). Pholid Apodichthys flavidus showed the highest
rate of infection at any one site (excluding species caught only once) — 80% at
Figurehead Point (Table 2.4). Figurehead Point is a rocky intertidal zone adjacent
to the eelgtrass beds of Lumberman’s Arch and together they constitute the main
study site. At main study site Lumberman’s Arch/Figurehead Point, in addition
to high infection rates in the three pholids (Pho/is laeta, P. ornata and Apodichthys
Sflavidus), Pseudodelphis oligocotti was prevalent in Syngnathus leptorhynchus (24%
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infected) and Gobiesox meandricus (46% infected, Table 2.5). Leptocottus armatus was
infected at a rate of 15%. At this site P. oligocotti was also recovered from
Gasterosteus aculeatus, Artedius lateralis, and Oligocottus maculosus, but sample sizes for

these species are too small to generate reliable prevalences (Table 2.5).

Prevalence of Pseudodeiphis olzgocotti in all fishes varied between sites (Table 2.4). P.
olzgocotti occurred in fishes from 6 of the 9 sites surveyed (where Lumberman’s
Arch and Figurehead Point are considered a single site, see above, and excluding
Popham Island, which was primarily surveyed by another study, Adamson and
Roth 1990). Refer to Table 2.1 for a list of sites surveyed and Table 2.4 for
infected sites. Apoa’z'c/yt/yu flavidus was one of the infected species at five of these
six infected sites (Figure 2.1). Although A. flavidus was found at all sites infected
with P. o/igocotts, at one of these sites (Roberts Bank) P. o/igocotti only occurred in
‘other fish species (Table 2.4). Three sites did not support P. o/sgocoi: Porpoise
Bay, Batkley Sound, and Sidney Spit. Of the three uninfected sites, specimens of
A. flavidus were only recovered from Sidney Spit (Figure 2.1: sites with
uninfected .A. flavidus are marked with an empty pie; sites where no .A. flavidus
were caught are marked with an asterix). The five sites supporting infected 4.
flavidus have sandy beaches with eelgrass beds adjacent to extensive cobble
(extending from supralittoral to subtidal). Wave exposure is moderate. Roberts
Bank, where other fish species beside 4. flavidus are infected, is a shallow man-
made embayment sheltered from wave action, with an extensive eelgrass bed on
a silty substrate. The closest rocky intertidal zone may be at Point Roberts.
Sidney Spit, where fish including 4. flavidus wete uninfected, is also a shallow
unexposed embayment with a silty bottom and extensive eelgrass beds. At
uninfected site Porpoise Bay, where no A. flavidus was collected, eelgrass beds
were deeper than other sites, and there was no adjacent rocky intertidal zone.
Sites sampled in and around uninfected site Barkley Sound were distant from

rocky shorelines at depths 82 to 167 meters and covered a variety of substrates.
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Infected site Piper’s Lagoon was exposed to some wave action and supported
eelgrass beds on a sandy substrate. Infected site Tofino Harbour Crab Dock was

more sheltered but also supported eelgrass beds on a sandy substrate.

As reported above, at 5 of the 6 sites where fish were infected with P. o/igocotts, A.
Sflavidus was also infecfed (Table 2.4, Figure 2.1). At one infected site, Point
Roberts, however, A. flavidus were infected at a very low rate (9%) while another
pholid species (Pholis ornata) was infected at a prevalence of 25%. Roberts Bank
supported A. flavidus that were infection-free (68 A. flavidus sampled), but other
hosts were infected with P. oligocotti at low prevalences (Syngnathus leptorhynchus at
2%, Pholis ornata at 14%, and Pholis laeta at 20%).

Stanley Park’s Lumberman’s Arch and the adjacent Figurehead Point were the
primary, most frequently surveyed sites. At these sites, intensity was highest in 4.
flavidus, with a mean of 19 worms per infected fish (Table 2.5). This is 3 times
greater than worm burdens in the next most intensely infected hosts, Syngnathus
leptorhynchus (mean intensity of 5.5 worms), and the single specimen of the type
host Oligocottus maculosus (6 worms) that I caught. Pholis spp. bore the next highest

worm burdens, at 3.9 and 4.7 worms per infected fish (Table 2.5).

Third-stage larvae through to fifth-stage adults of P. o/gocott; were recovered
from the body cavity of all infected hosts. However, mature forms of P. o/gocotts
(females gravid with first-stage larvae) were recovered from only 2 of the 9
infected fish species: penpoint gunnel (A. flavidus) and northern clingfish
(Gobiesox meandricus) (Table 2.3). From the former host individuals sampled at
main study sites Lumberman’s Arch and Figurehead Point, 14.4% of all P.
oligocotti were females containing infective first-stage larvae (Table 2.5). Although
1 of the 7 P. oligocotti recovered from 7 infected G. meandricus was larvigerous, the
host specimen was recoveted from Piper’s Lagoon, not Lumberman’s

Arch/Figurehead Point, and is hence not included in Table 2.5. Female
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nematodes gravid with larvae were recovered from the hepatic sinus, the
pericardial sac, and the common cardinal vein of A. flavidus. The larvigerous
female P. oigocotti collected from G. meandricus was found in the hepatic sinus.
Other organs of this host specimen were not examined for first-stage larvae. In
A. flavidus, first-stage larvae were recovered from between the gill filaments. The
hepatic sinus is the final tissue site occupied by P. o/gocosts. From here larvigerous
P. olzgocotti release first-stage larvae into the host’s blood stream: larvae are carried
to the gills, which they breach to gain access to the external environment

(Chapter 4).

Parasites in an advanced stage of development (female nematodes with
developing embryos that were not yet larvae 7z #tero) were supported by Pholis
laeta (crescent gunnel), Oligocottus maculosus (tidepool sculpin), and Syngnathus
leptorhynchus (bay pipefish) (Table 2.5). In Pholis laeta and Syngnathus leptorhynchus,
female worms containing developing embryos occurred in the body cavity,
sometimes pericardium, and occasionally ovary but never in the hepatic sinus. In
Oligocottus macnlosus, females with developing embryos were recovered only from

the body cavity (Adamson and Roth 1990).

The remaining 4 infected host species, Pholis ornata, the stickleback Gasterosteus
aculeatus, and sculpins Leptocottus armatus and Artedius lateralis, never supported P.
oligocotsi individuals with developing embryos or first-stage larvae in utero -
development did not advance beyond the fifth-stage adult. Because most
infected individuals of species such as_Apodichthys flavidus contain multiple stages
of P. oligocotti at once (Chapter 4), it is likely that mature stages would have been
recovered from infected individuals if they could develop in that species.
Nonetheless, the extremely low sample sizes of Gasterostens acnleatns and Artedius
lateralis (each represented by one infected individual), gives me less confidence in

concluding that these two species never produce mature stages. In all 4 species
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parasites were found exclusively in the body cavity except for the occasional
worm recovered in the pericardium of Pholis ornata. One specimen of Pholis ornata
that was held in captivity at the Vancouver Aquarium with infected .A. flavidus for

34 months did contain larvigerous females in the hepatic sinus.

The abundance of larval stages (third or fourth) of Psexdodeiphis oligocotts in
unusual hosts S. kptorbynchus and P. ormata peaks two to three months after peaks
in abundance of larvigerous females in A. flavidus (Figure 2.2). Third or fourth
stage larval abundance peaks in 4. flavidus at the same time of year as larval
abundance in unusual hosts. Based on developmental experiments in Chapter 3,
I expect 2 minimum delay of 17 to 18 days after the transmission of first-stage
larvae from fish definitive host before third-stage larvae are infective to the next
fish host via copepod intermediate hosts. Once in the fish host, larvae may

spend 61 days in the third and fourth larval stages (Chapter 4).

Discussion

Infection of nine coastal marine fish species by P. olngécotz’z' suggests that it has a
broad host range. Other dracunculoid nematodes infect up to 4 final host
species (Anderson 1992). However, in light of P. o/jgocott7s development in
addition to its high prevalence and intensity in A. flavidus, this is the principal
host that contributes to P. o/jgocost7’'s transmission. Other hosts vary in percent
infected, intensity of infection and degree of development of P. o/zgocotts. Five
other species from this study, in addition to Oigocottns maculosus from which P.
bo/z;gomﬂz' was first described (Adamson and Roth 1990), are regularly infected
(Gobiesox meandricus, Pholis laeta, Syngnathus leptorbynchus, and P. ornata), but only
one (G. meandricus) ever contained larvigerous Psexdodelphis oligocotts in the hepatic
sinus. Oligocottns maculosus (as reported by Adamson and Roth 1990), Pholis laeta
and Syngnathus leptorhynchus all support an advanced stage of Psendodelphis oligocotts:

gravid females with developing embryos. Pholis ornata are frequently infected but
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P. oligocotti was never observed to advance beyond the subgravid adult (L5) in
wild-caught fish. However, in one specimen held captive for 34 months with
infected A. flavidus, a larvigerous P. olgocotti female was found in the hepatic
sinus. It is not unusual for a parasite’s host range (which includes hosts suitable
for development) in nature to differ from its host range in a laboratory setting
(Solter and Maddox 1998). The captive specimen of Pholis ornata may have
acquired its advanced infection because it was held in close quarters with
infected A. flavidus and therefore was exposed to more opportunities for
infection, via copepod intermediate hosts. Vancouver Aquarium staff stocked
tanks in which these fishes were held with local sand and coral — potential
intermediate copepod hosts may have been introduced into the water. Direct
transmission (directly from fish to fish, bypassing an intermediate host) 1s
unlikely and without precedence in the dracunculoids. Neither copepods nor
parasites can move between tanks because all seawater is passed through a 2-foot
thick, #16 mesh sand gravity filter before recirculating (John Rawle, Director of

Seawater Systems, Vancouver Public Aquarium, personal communication).

Pseudodelphis oligocotti was described from type host Oligocottus maculosus (Adamson
and Roth 1990). Adamson and Roth (1990) report a low mean intensity and
prevalence (1.7 and 22%, respectively) in O. maculosus compared to that in 4.
flavidus. Not did the researchers ever recover female worms containing first-stage
larvae from 76 infected fish out of 344 examined (Adamson and Roth 1990).
Specimens of Pseudodelphis sp. found in this study agree morphologically with the
desctiption of P. o/igocotss. Given the broad host distribution I have reported as
well as the high number of host species that do not produce infective stages, it 1s
not surprising that P. o/igocot#i has been described from a type host that may be

inappropriate from the point of view of the parasite.
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Psendodelphis olzgocotf’s occurrence in so many species of fish hosts may be
attributable to its method of transmission. Many Dracunculoids transmit by way
of copepod intermediate hosts (Anderson 1992). Psexdodelphzs oligocotts transmits
between fish hosts in a free-living harpacticoid copepod (Chapter 3).
Harpacticoid copepods are part of the diet of many fishes that live in the eelgrass
beds and/or nearby rocky tidal zones (Miller et al. 1980). Coastal waters are used
as feeding and nursery grounds for the young of many marine fish species, and
breeding/spawning grounds for the adults of many species (Jones 1962), making
coastal communities particularly diverse. Habitats that support many sympatric
host species that are ecologically similar have been correlated with broad host
ranges in parasites (Adamson and Caira 1994). Pinworms (Nematoda: Oxyurida)
generally have a limited range of transmission (see Anderson 1992 for review).
Pinworm host specificity often reflects the degree of ecological isolation of their
hosts: the pinworm Gyrinicola batrachiensis infects 7 species of tadpoles from three
different anuran families, where tadpoles congtregate together in shallow water
and feed indiscriminately, often on pinworm eggs (Adamson 1980, Adamson
1981). Where most fish monogeneans are restricted to a single species, genus, or
family of host, again because of restricted transmission, two species of Hawaiian
monogeneans from coral reef systems infect fishes from 7 to 11 different

families (Rhode 1979).

Pseudodelphis oligocotsi’s abundance is almost as variable among locations as it is
between host species at a single location (Figure 2.1, Table 2.4). However, all
locations examined in this study that support P. olgocotti had A. flavidus, and this
host was always infected with one exception: Roberts Bank. The three localities
that did not support P. o/igocotsi either had no A. flavidus (Porpoise Bay and
Barkley Sound), or were silt/mud bottomed (Sidney Spit). Apodichthys flavidus may
be absent from Porpoise Bay because there were no nearby rocky intertidal areas

in which A. flavidus likes to breed. Apodichthys flavidus may be absent from Barkley
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Sound collections because sampling occurred at depths greater than A. flavidus
occurs: A. flavidus does occupy shallower regions of Barkley Sound (Hart 1973, J.
D. McPhail, University of British Columbia, personal communication).
Adamson and Roth (1990) report Pseudodelphis oligocotti in Oligocottus maculosus
specimens recovered from sites that included Bamfield Marine Station, Barkley
Sound. Similar to Sidney Spit, Roberts Bank also has a silt/mud bottom, but
although its A. flavidus were uninfected, other fishes were infected at a low rate.
These fishes may have acquired their infection from other nearby sites, such as
Point Roberts. Localities with silty or muddy bottoms, without nearby rocky
intertidal zones, may be poor habitat for P. o/gocot#s because they are poor
habitats for 4. flavidus, which breeds under cobble, and possibly the intermediate
host(s). For example, the splashpool copepod Tigriopus californicus, an
intermediate host for P. o/gocotss under laboratory conditions (Chapter 3),
inhabits tide pools rather than tidal flats. That certain intertidal populations of
fishes do not have P. o/jgocotsi may simply be a result of random chance rather
than differences in habitat. Little exchange occurs between members of different
intertidal populations, because of the restricted movements of intertidai fish
larvae, the stage at which fishes would normally disperse (Marliave 1986, Horn
and Gibson 1988).

Pseudodelphis oligocotti establishes and develops to adulthood in nine out of 24 fish
species sutveyed, but shows variation in extent of development depending on
the host. In all fishes where it is found, P. o/gocor#; migrates to the body cavity
and develops to the fifth adult stage. However, in four of these species (Pholis
ornata, Gasterostens aculeatus, Leptocottns armatus, and Artedius lateralis) no later stages
were ever observed in nature. Only in one species, Pholis ornata, did these mature
forms migrate beyond the body cavity, occasionally appearing in the
peticardium, which is adjacent to the hepatic sinus of the liver but still isolated

from the blood stream. Only once, under artificial conditions, did a fully mature
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parasite appear in the hepatic sinus. In the normal host, the hepatic sinus is the
final tissue site. P. o/igocot#i transmits larvae to the external environment by
releasing them into the blood upstream of the gills, which larvae then breach
(Chapter 4). Thus although cues may be present in Pholis ornata to induce parasite
migration towards the final tissue site, development does not proceed under
natural conditions. In three fish species (Syngnathus leptorhynchus, Pholis laeta, and
Oligocottus maculosus), development proceeds to the formation of embryos in the
uterus of female worms (data on O. maculosus comes from Adamson and Roth
1990). Presumably parasites mate in the body cavity. However, in Olgocottus
maculosus, migration never ensues, ovigerous females appearing in the body cavity
alone (Adamson and Roth 1990). Hence development proceeds to a certain
extent even without the preceding event of migration. In Pholzs laeta ovigerous
females appear in the pericardium; cues are presumably present to induce
migration towards the final tissue site before transmission. Development
proceeds further than in the first group of fish hosts, but does not proceed to
completion. In Syngnathus leptorhynchus, subgravid adult (L5) stages occur in the
pericardium and hépatic sinus in addition to the body cavity, indicating that P.
oligocotti sometimes migrates to the final tissue site. Female worms with
developing embryos 7 #tero have been found in the host’s body cavity, ovary and
pericardium, indicating that development proceeds to a certain extent regardless

of tissue site.

It is not clear exactly why P. o/gocot#; fails to defrelop to a stage capable of
transmission in many of the hosts it infects, some of which are infected
frequently. Failure to develop usually indicates that tissue sites lack the
approptiate cue(s). Presumably approptiate tissue sites possess essential nutrients
for or act as inducets of parasite development (Maclnnis 1976, Read and
Skorping 1995). Parasites may use any of a multitude of cues to find sites and
develop within the host. The liver fluke Fasciola hepatica has six different
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behavioural phases in the vertebrate host, each in a different host tissue whete
specific chemical cues induce specific responses (Sukhdeo 1990). Tissue
speciﬁéity in parasites can be stricter than host specificity, and may even underlie
most of the host-specific relationships between hosts and parasites (Adamson
and Caira 1994). Fasciola hepatica infects herbivores: its emergence in the host
intestine is stimulated by bile salts formed by herbivoreé but not by carnivores
(Sukhdeo and Mettrick 1986).
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Table 2.1 Locations surveyed and number of times each was surveyed for
Pseudodelphis oligocotsi and its hosts.

Number
Sampling Site Location Latitude Longitude of visits
1991-98
Lumberman's Arch!  Stanley Park, Vancouver  49°15'00"N  123°07'00"W 67
Figurehead Point’ Stanley Park, Vancouver  49°15'00"N  123°07'00"W 8
Point Roberts Washington, U.S.A. 48°59'08"N  123°04'36"W 11
Roberts Bank Delta 49°05'00"N  123°11'00"W 10
Sidney Spit Southern Gulf Islands 48°39'00"N  123°20'00"W 2
Tofino Harbour Crab Tofino, westcoast o o
Dock Vancouver Island 49°0899"N  125°5351"W !
New Brighton Beach  East Vancouver 49°15'00"N  123°07'00"W 2
Popham Island® Howe Sound 49°21'40"N  123°29'00"W >1
Piper's Lagoon Nanaimo 49°10'00"N  123°56'00"W
Porpoise Bay Sunshine Coast 49°30'00"N  123°46'00"W 2
Barkley Sound westcoast Vancouver Isl. 48227‘58" L, 125208'64" s
49°15'44"N"  127°05'71"W"

' Main study sites: adjacent but different in habitat

? Sampled only once in this study, but surveyed extensively in another study by Adamson
and Roth 1990

? Multiple sites sampled by boat and bottom trawl in conjunction with DFO study.
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Table 2.2 List of fish species caught and examined for Psexdodeiphis oligocott:.
Fish taxonomy follows Hart (1973).

Family Scientific Name Common Name Code'

Batrachoidiformes

Batrachoididae  Porichthys notatus plainfin midshipman PN
Gobiesociformes

Gobiesocidae Gobiesox meandricus northern clingfish GM
Gasterosteiformes

Avulorhynchidae . Awulorhynchus flavidus tubesnout AuFl

Syngnathidae Syngnathus leptorbynchus  bay pipefish S

Gasterosteidae  Gasterostens aculeatnus three-spined stickleback ~ GA
Perciformes

Embiotocidae Cymatogaster aggregata shiner perch CA

Stichaeidae Anoplarchis purpurescens high cockscomb AP

Stichaeidae Xiphister mucosus rock prickleback XM

Stichaeidae Lampenns sagitta Pacific snake prickleback LS

Pholidae Apodzchthys flavidus gunnel, penpoint A

Pholidae Pholis lacta gunnel, crescent PL

Pholidae P. ornata gunnel, saddleback PO
Scorpaeniformes

Hexagrammidae Hexagrammus stelleri whitespotted greenling HS

Hexagrammidae H. decagramnius kelp greenling HG

Cottidae Leptocottus armatus Pacific staghorh sculpin LA

Cottidae Artedius fenestralis padded sculpin ArFe

Cottidae A. lateralis smooth-headed sculpin AL

Cottidae Oligocottus maculosus tidepool sculpin OM

Cottidae Enophrys bison buffalo sculpin EB

Cottidae Blepsias cirrhosus silver spotted sculpin BC
Pleuronectiformes .

Pleuronectidae  Platichthys stellatus starry flounder PS

Pleuronectidae  Hippoglossoides elassodon  flathead sole FS
Salmoniformes

Salmonidae Oncorbyncus nerka sockeye salmon ON
Rajiformes

Rajidae Raja binoculata big skate RB

! Used in Chapter 5 to refer to species.
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Table 2.3 Number of each fish speciés examined for Pseudodelphis oligocotts, number
infected, prevalence (percent infected) and numbers that contained mature forms
of the parasite. Blanks in the last 2 columns indicate that no individuals contained

these forms.

No. containing No.
females with  containing
No. No.  Prevalence developing larvigerous
examined' infected' (%o infected) embryos females
Porichthys notatus 1 0 0
Gobiesox meandricus 15 7 47 12
Auwulorhynchus flavidus 1 0 0
Syngnathus leptorhynchus 653 145 22 10
Gasterosteus aculeatus 1 1 100
Cymatogaster aggregata 2 0 0
Angplarchis purpurescens 15 0 0
Xiphister mucosus 1 0 0
Laumpenus sagitta 2 0 0
Apodichthys flavidus 402 (435) 182 45 67 95
Pholis lacta 105 (108) 57 54 1
P. ornata 63 (66) 28 44 1’
Hescagrammus steller: 1 0 0
H. decagrammus 4 0 0
Leptocottus armatus 45 4
Artedius fenestralis 9 0
A. lateralis 3 1 33
Oligocottus maculosus ! 345 77 22 >0*
Enophrys bison 8 0 0
Blepszas cirrbosus 1 0 0
Platichthys stellatus 1 0 0
Hippoglossoides elassodon 11 0 0
Oncorhynchus nerka 1 0 0
Raja binoculata 1 0 0

" Includes only fish examined shortly after they were caught. Numbers in brackets include
those held in captivity or otherwise manipulated.

? Fish recovered from Piper's Lagoon.

? Fish held in captivity for 34 months, see text for explanation.

* Includes 344 individuals from Adamson and Roth (1990) study: 76 were infected; an
unknown number contained female worms with developing embryos.
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Table 2.4 Proportion of fish infected with Psexdodelphzs oligocotss for each
infected species at each locality positive for P. o/igocotti. Sample size for each
species caught by site follows in parentheses. Sites occur throughout coastal

British Columbia. '

Lumberman's Figure-  New Point  Roberts Piper's Tofino Popham
Arch' head Pt' Brighton Roberts Bank Lagoon Harbour Island’

Gobigsox meandricus 1(2 036 (11) 0(1) 1(1)

Syngnathus leptorhynchus  0.24 (599) 0 002(46) 0()

Gasterosteus aculeatns 1(1)

Apodichthys flavidus 0.75(213) 0.80(5) 0.40(5) 0.09 (78) 0(68) 0.58 (12) 0.60 (5)

Pholis laeta 0.65(74) 0789 0(2 0.13(8) 0.2005)

P. ornata 0.77 (30) 0.25 (16) 0.14 (7)

Leptocottus armatus 0.15 (27) 03 0 (8)

Artedius lateralis 0.5(2 0

Oligocottus maculosus 1() 0.22 (344)

! Sites lie adjacent to each other and together are considered main study site. Fish communities differ
because LA consists of eelgrass beds & FP of rocky inter- to subtidal zones.

? Data from Adamson and Roth (1990). Includes occasional specimens from Stanley Park, Vancouver,
and Bamfield Marine Station, Bamfield, British Columbia.
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Table 2.5 Summary of infection of fishes at main study sites (Lumberman’s Arch and
Figurehead Point): percent infected with Psexdodelphis oligocotti, mean number of
parasites per infected fish, variance to mean intensity ratio, and percentage of worms
that reach maturity.

Variance: Percent of Petrcent of

Number Percent Mean ) )
Mean worms with worms with

examined! infected  intensity

intensity ernbryos2 larvae’

Gobiesox meandricus 13 46 3.0 3.3 0 0
Aunlorhynchus flavidus 1 0

Syngnathus leptorhynchus 599 24 5.5 7.9 1.3 0
Gasterostens acunleatus 1 100 1.0 0 0
Apodichthys flavidus 218 75 19.0 15.3 8.2 14.4
Pholis laeta 83 66 4.7 10.9 1.1 0
P. ornata 30 77 3.9 3.6 0 0
Leptocottus armatus 27 15 1.8 0.5 0 0
Artedins lateralis 2 50 1.0 0 0
Oligocottus maculosus 1 100 6.0 0 0

! Note "Number examined" differs from Table 2.3 because sites differ: this table focuses only on
the main study sites.

? Female worms containing developing embryos i #tero

K J— .. .
” Female worms containing first-stage larvae iz utero
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Figure 2.2 Seasonal relationship between total number of larvigerous Psexdodelphis oligocotti
recovered from Apodichthys flavidus caught at particular time of year and total
number of larval stages of P. ofigocotsi (L3 or L4) in A. flavidus, bay pipefish
(Syngnathus leptorhynchus), saddleback gunnel (Pholis ornata), and crescent gunnel
(Pholis laeta) caught at a particular time of year. Vertical bars represent number of
worms (scale bar in far right corner applies to all categories). Lines represent:
robust (3 iterations) estimates of each point using the nearest 0.1625 points of the
data set to generate the estimate (lowess function, Mathsoft 1998).
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CHAPTER 3: DEVELOPMENT OF PSEUDODELPHIS OLIGOCOTTI
(NEMATODA: DRACUNCULOIDEA) IN THE INTERMEDIATE HOST, A
HARPACTICOID COPEPOD

Introduction

Dracunculoid Psexdodeiphis oligocotti is a member of the family Guyanemidae.
Other members of the Guyanemidae infect freshwater fishes (Petter 1974, Petter
1987, Petter and Dlouhy 1985, Costa et al. 1991), and none of their life cycles
has been described. This study is the first effort to establish the manner of use
and identity of the intermediate host for a member of this family. Life cycles
have been investigated for closely related families, but these have been in
freshwater systems (Anderson 1992). Thus, this species offered an opportunity

to undertake the first study of transmission of a marine dracunculoid.

Dracunculoids typically transmit by way of free-living copepods or arthropod
vectors according to their site of infection in the final host. Some dracunculoids
that live in the blood of the final host (members of the genera S&rabillanus and
Molnaria) deposit their larvae into the blood stream. Larvae are then ingested by a
haematophagous arthropod vector and eventually reintroduced into another host
(Tikhomirova 1971, Tikhomirova 1975, Tikhomirova 1980, see Adamson 1986
and Anderson 1992 for reviews). Another dracunculoid that lives in the blood
(Philometra obturans) actively breaches gill arteries: gravid females deposit larvae
directly into the water, where larvae are ingested by free-living copepods

(Molnar 1976, Molnar 1980, Moravec 1978, Moravec and Dykova 1978). Many
dracunculoids, such as the infamous Guinea worm Dracunculus medinensis, occupy
subcutaneous sites in the final host: gravid females break through the skin to
release their larvae into the water. These larvae are also ingested by free-living

copepods (Moorthy 1938, Fedchenko 1871, see Anderson 1992 for review).
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Pseudodelphis oligocotti lives in the blood of its fish final host, Apodichthys flavidus.
Gravid parasites presumably release larvae into the blood upstream from the gills
(Chapter 4). In this chapter I examine whether Tigriopus californicus can serve as
intermediate host for P. o/igocot#z. This requires a description of larval

morphogenesis in the intermediate host.

Within the intermediate host, parasites are protected from adverse
environmental conditions and ate packaged more attractively to the final host.
Thus intermediate hosts extend the life of parasitic larvae in space and time
relative to that of free-living or directly transmitted nematodes (Chabaud 1957,
Inglis 1965, in Anderson 1984). Premature mortality of the intermediate host
also curtails the parasite’s life. However, few studies have looked closely at
mortality rates in the intermediate host due to infection. Some authors report on
days post-infection at which 50% of the infected copepods have survived (Ko
and Adams 1969). In addition to examining P. o/gocost’s ability to infect a free-
living intermediate host, and its morphogenesis in that host, I also examine

intermediate host mortality due to infection by P. o/igocotti.

Methods

Experimentally infected copepods were derived from two sources: lab-reared
marine copepods, Tigriopus californicus, and multiple species of wild-caught marine
copepods other than T. californicus from Lumberman’s Arch, British Columbia. I
used matine copepod T. californicus in this study because it is widespread in the
intertidal zone and hence not an unlikely candidate for the transmission of
Pseudodeiphis oligocotti to A. flavidus in nature. Furthermore, cultures of Tigrigpus
californicus were teadily available: it is a robust species, tolerant to a range of

salinities and temperatures (Lewis et al. 1998).
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Lab rearing

Alan D. Lewis (Earth and Ocean Sciences, University of British Columbia)
supplied source T. calfornicus from his lab cultures started in the late 1960’s with
organisms from Barkley Sound, British Columbia. I maintained T. calfornicus
colonies in 1-litre Erlenmeyer flasks, feeding them a pinch of Wardley’s basic
tropical fish flakes every few months. This built up algae and bacteria in the
water — the real sustenance of the colony. I left temperature to vary with that of
the room (range 19.4 - 24.4°C). Windows provided natural light for better algal
growth. Seawater used in all copepod rearing and experimentation was collected
from Georgia Strait, British Columbia, filtered through 54 micron mesh, heated
on maximum power for 10 minutes by microwave in 1 liter volumes for
sterilization, and allowed to cool to room temperature. Brand of microwave used
was Sharp model no. R-2A75C, which ran at 120V and 600W. The seawater was
heated to 50°C by this procedure. I did not boil the seawater, as this can cause
the precipitation of non-living organic matter. I assumed that microwaves killed
living material. Colonies kept in sterilized filtered seawater never suffered
massive die-offs, as did earlier colonies kept in seawater derived from

commercial mixes.

Field collections

T collected copepods at Lumberman’s Arch, Vancouver, British Columbia and
the adjacent Figurehead Point (49°15'N, 123°07'W)), from habitats where A.
flavidus occuts and may ingest them. To target planktonic copepods, I swept a
fine mesh (64 microns, 11 inch diameter opening) plankton trawl several times at
mid-depth through 0.6m deep water at low tide. I uprooted and scraped eelgrass
samples of their epiphytic invertebrates. I collected tidepool water samples in 50-
ml jars from rocky Figurehead Point. Collections were made seven times

throughout May, June, and July of 1994, and once in May 1997. I obtained 16
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different copepod species from these three sources. Wild-caught copepod

species were stored in jars of sterilized filtered natural seawater in a cold room at

11°C.

Transmission experiments

Using a 253-micron Nitex® nylon mesh strainer, I isolated equal numbers of
lab-reared adult copepods randomly, without regard to gender, into finger bowls
(8.3-cm diameter, 3-cm depth). Numbers of copepods per dish ranged from
approximately 10 to 50 but was held constant within a trial. A trial is an
experiment that uses the same fish host as a source of worms. For each trial, 1 to
5 replicate experimental dishes were treated with equal doses of infective larvae:
1 dish was not treated with infective larvae, as a control. Controls were used in
trials of August 10, 1995, May 1, 1996, April 17 and 28, 1997 only. To elicit
appetite, in later trials I waited 3 to 5 days after isolating copepods in sterile
seawater before attempting to infect them. Table 3.1 summarizes transmission

experiments.

I obtained adult female Psexdodelphis oligocotti gravid with first-stage larvae from
the hepatic sinus of A. flavidus originating from Lumberman’s Arch or
Figurehead Point. I placed gravid female nematodes in 0.67% sodium chloride
(NaCl) and busst them with fine probes. The released larvae were pipetted into
the copepod-bearing finger bowls. I used from one to three larvigerous female
nematodes, all from the same fish host, as sources in a given trial. Number of
source females represents the dose of worms applied in a given trial (Table 3.1),
assuming number of females is correlated with total number of larvae. I divided
larvae equally between 1 to 5 experimental replicate dishes of copepods.
Copepods from untreated control dishes were manipulated in a similar manner

to the expetimentally infected copepods (see below). Using a dissecting
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microscope, I observed larval behaviour and copepod feeding behaviour upon

release of first-stage larvae into the feeding chamber.

Inspection of copepods for infection and nematode development
In vivo

The duration of copepod exposure to infective larvae varied between trials and
depended on the activity level of larvae that remained uneaten. I generally
allowed from two to four days to pass before removing larvae and transferring
infected copepods to a fresh dish. To check cop.epods for infection, I pipetted
them individually onto a slide along with a drop of seawater medium. I placed
two strips of moistened No. 10 Whatman® filter paper along either side of the
drop to cushion a cover slip. In this way the copepod was held in position but
not harmed. I examined copepods under 40X power with a compound
microscope for approximately 30 seconds. If the copepod was infected I placed
itina fresh dish of seawater labeled for intensity of infection. I discarded
uninfected copepods. Controls were similarly placed on slides, compressed by
covet slips and illuminated under 40X microscopy for approximately 30 seconds

then returned to a fresh control dish. Temperature at which I stored copepods
varied between trials from uncontrolled room temperature (19.4 - 24.4°C) to the

constant 15°C of an environment chamber.

The process of mounting copepods on slides and examining them sometimes
resulted in a fatal accident. For this reason, copepods were examined for
parasitic nematode development only every second day, as per the initial
inspections described above. Although the slide’s cover slip pinned down the
copepods, their nematode parasites continued to writhe around quite actively.
Nonetheless, with each inspection I estimated relative size of the nematode with
respect to its host (proportion of length and width), nematode activity level

scored from zero to 1 (0 indicating death, 1 being most active), and signs of
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molting (best seen as loose cuticle at head or tail). Every nematode molt marks
its transition to the next stage of development. Nematode larvae initially fed to

copepods were at the first stage of development, L1.

Development in intermediate host

Occasionally I killed an infected copepod to examine its nematode(s) for
developmental studies. I fixed nematodes from dead infected copepods in a
solution of 70% ethanol, 5% glycerine, to which a few crystals of phenol per litre
had been added, before mounting them on slides for examination. Because of
small sample sizes, I was limited in the number of worms available for detailed
morphological examinations and measurements. Thus the number at each stage
of development varies. I measured worms by first drawing them with a camera
lucida (drawing tube) attached to a compound microscope. I then measured
dimensions of the drawing with a length of unwaxed Johnson & Johnson’s
dental floss laid along the worm’s length at the center of the drawing, and
marked off organs of interest (anterior end, nerve ring, oesophagus, intestine,
genital primordium, anus, posterior end). I converted measurements to microns
with the aid of a drawing of the micrometer for scale. Because larvae from this
family of nematodes have never been described before, I had to stage larvae
based on the morphological differences I observed and the days on which I
observed morphological types relative to days I observed molts, using first-stage

larvae ex utero as a reference point.

Intermediate host mortality

Mortality rate was assessed in 3 trials, based on August 10, 1995, May 1, 1996,
and April 28, 1997 experimental infections (Table 3.1). The first and last trials

wete conducted at room temperature, while the second trial was conducted at

15°C. Infected copepods used for mortality measurements were the results of

transmission experiments. Since experimental infection rates were usually much
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lower than 50% (Table 3.1), numbers of copepods per dish, replicate dishes and
level of treatment (intensity of infection) were limited. In trial 1 I isolated 11 and
12 singly infected copepods randomly into two separate dishes. I manipulated 50
uninfected copepods, held in a control dish, in an identical manner, so as to
measure mortality in experimental dish(es) due to infection alone. I monitored
these three dishes for mortality of copepods, recording the proportion dead in
each dish every day for up to 16 days. In trial 2 1 isolated into 4 separate dishes
according to level of infection: 28 singly infected copepods, 12 copepods
infected with 2 larvae each, 2 copepods infected with 3 larvae each, and 1
copepod infected with 4 larvae. For up to 12 days, I checked these and a control
dish of 34 uninfected copepods daily for proportion dead. Finally, in trial 3 I
isolated 11 singly infected copepods, 1 copepod infected with 2 larvae, 1
copepod infected with 3 larvae, and 18 uninfected copepods into 4 separate
dishes according to level of infection. I assessed daily proportion of dead
copepods per dish as a function of days post-infection and worm burden. I used
cubic splines to interpolate the data, which smoothed the data with locally
weighted regressions based on approximately 0.5 to 3% of the data at a time (A
= 0.005 to 0.029 depending on the sample size with a particular infection load, at
3 degrees of freedom) (Mathsoft 1998).

Results
None of the 235 individuals from 16 different species of wild-caught copepods

were infected with nematodes from the wild. I was unsuccessful in
expetimentally infecting wild-caught species of copepods: in only 2 of 8 attempts
did wild-caught copepods survive beyond the first day of exposure. In one of the
two attempts for which wild-caught copepods did survive, embryos from the
source nematode were still immature, unfurling from their coiled positions

sluggishly or not at all. In the other attempt, copepods simply did not appear to
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engage the larvae — I did not observe any instances of active ingestion of larvae

by wild-caught copepods.

Attempts to infect lab cultured Tigriopus californicus were ffequently successful.
Parasite larvae released from larvigerous female nematodes sank quickly to the
bottom of the experimental dishes and writhed about tail down. T. californicus
appeared to encounter larvae with their brush-like tarsi. Feeding took longer
than 30 seconds; copepods maneuvered larvae into their mouths and ingested
them whole but by small increments. Larvae were unharmed and presumably
moved into the copepod’s haemocoel shortly after being ingested. I successfully
infected 147 T. calgfornicus in 12 of 16 trials. The average number of larvae in
infected copepods was 1.26 (minimum 1, maximum 4) but most contained a

single larva (Figure 3.1).

Transmission rates to intermediate hosts

Infection success (% of copepod hosts infected per copepod hosts exposed)
varied between 0 and 57.1% (Table 3.1). Trials were aborted if all hosts died
within the first day of exposure (I cannot tell whether a dead host had had a
‘chance to eat before death and therefore been exposed). Infections were
unsuccessful if female nematodes did not contain enough first-stage larvae in
utero. Female nematodes often contained a mix of developing embryos and first-
stage larvae. The former unfurled slowly and behaved sluggishly if prematurely
released. If more than 50% of a female nematode’s embryos were still
developing and had not reached first-stage, the experiment was aborted.
Variation in success of infection in Tigrigpus californicus was, if anything, negatively
related to the dose of adult worms (where mean of percentage infected in each

replicate dishes within a trial is used to represent percent infected for that trial,
and “n”, the number of trials using T. californicus, 1s 15: Spearman’s p = -0.52, p =

0.05 on Freeman Tukey transformed percentages of infected) (Zar 1996).
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Exposure time had no effect on success of infection. I varied exposure from 2 to
7 days, but at room temperature only an average of 16% (n = 4) of the
uningested larvae were still moving 2 days post release. At 15°C larvae survived 4

days post release.

Intermediate Host Mortality due to Infection Load

The activity of P. oligocot#z larvae inside the copepod host was high. Relative to
the host, larvae grew in width from 0.25 to 1 times the width of the host’s lower
intestine, and in length from 0.3 to 1.2 times the host’s body length.
 Nonetheless, mortality rates were no higher in infected copepods than in
uninfected copepods, regatdless of worm burden. Results are based on 2 trials at
room temperature and 1 trial at 15°C. Mortality rates were similar amongst all
three trials regardless of temperature. For each trial, each dish’s daily proportion
dead was averaged across all days. First and third trials, both conducted at
uncontrolled room temperature, were pooled (variance ratio test F;, = 0.19, p =
0.33). Mean daily proportion dead for each dish was not significantly different
between the two experimental temperatures (Wilcoxon rank sum test on 7
replicates at room temperature and 5 replicates at 15°C; p = 0.25). I plotted daily
proportion of copepods dead in a finger bowl by day since exposure and level of
infection, coding temperature with different symbols, and assessed the data for
pattern using a cubic spline. Daily proportion of uninfecteds dead was not
noticeably different from daily proportion of infecteds dead, except that
mortality rates of copepods with 1 or 2 nematode larvae increased towards the
end of the experiment (Figure 3.2). Copepods rarely harboured more than 2
worms; sample sizes are inadequate to conclude whether or not worm burdens
of 3 and 4 are more harmful than 1 or 2. The single copepod infected with 4

nematode larvae survived until the end of the experiment.
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Nematode Development in the Intermediate Host

Development of larvae in the copepod intermediate host occurs in the host’s
haemocoel. Larvae are expected to molt twice, passing from first to second-stage
(L1 — L2) and then second to third-stage (L2 — L3). Measurements are given in

microns: mean followed by range in parentheses.

First-stage Larvae, Ex Utero and in Copepods

The following description in based on 5 first-stage larvae collected from female
worms ot fish gills, 2 from copepods held for 2 days post exposure at room
temperatute, and 2 from copepods held at 15°C for 6 and 7 days. The latter two
groups’ measurements fell within the range of a given measurement for larvae ex
atero or from gills hence I consider them togethér. First stage larvae 588 (450-
709) long. Width at nerve ring 27 (18-47), at anus 23 (18-35). Cuticle forms
tooth-like swelling in dorsal buccal area (Figure 3.3A). Nerve ring 83 (65-114)
from anterior end, or 14.8% (12.7-16.5) along body length. Excretory pore
posteriot to netrve ting, 95 (76-111) from anterior extremity or 17.8% (16.7-19.3)
along body length. Excretory gland ends anterior to oesophageal-intestinal
junction. Oesophagus undivided, 181 (121-224) long and 11 (6-28) wide at
anterior exfremity. Larvae from copepods are characterized by marked
oesophageal-intestinal valve. Intestine 187 (129-216) long; its lumen may be
narrow or wide. Genital primordium not always discernible (identified in 3 of 9),
ventral at 175 (159-185) from anterior extremity. Genital primordium 29.3 -
34.6% along body length from anterior extremity, and 22 (8-32) long. Rectum 57
(41-86) long. Ratio of intestine and rectum to oesophagus 1.41 (1.04-1.93). Tail
122 (95-144) long and very attenuated, narrowing well before the end (Figure
3.3B).
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L1-L2 molt

First to second-stage molting larvae were recovered days 4 — 11 at 15°C (6

individuals) and day 5 at room temperature (1 individual). Length 514 (403-631).

Width at nerve ring 28 (22-43), at anus 21 (18-31). Molting cephalic denticle

evident. Excretory pore posterior to nerve ring with excretory gland ending

‘ anterior to oesophageal-intestinal junction. Oesophagus 156 (102-185) long, 9
(8-11) wide at anterior end, not noticeably differentiated into muscular and

glandular portions except in one specimen: oesophagus muscular and glandular
portions 85 and 87 long respectively. Oesophageal-intestinal valve well
developed. Intestine 215 (121-322) long, cells distinct, lumen variable in width.
Genital primordium evident in 4 of 7 specimens: 25 (14-49) long, located
ventrally, bimodal for longitudinal position: 38.5% (31.4-47.3) along body length
in 3 specimens, 56.5% along body length in 1 specimen, well posterior to
oesophageal-intestinal junction. Bimodality could represent different sexes.

’ Rectum 57 (24-81) long, lumen often expanded with molting epitheliuntl. Ratio
of intestine and rectum to oesophagus 1.75 (1.36-2.01). Tail 78 (62-112) long.

1 First-stage’s elongated tail is replaced with a stubby one; in 6 specimens molted
L1 tail extends to 119 (110-134) (Figure 3.3C).

Second-stage larvae

I recovered second-stage larvae from 2 copepods that had harboured larval
nematodes for 8 days at room temperature. Both specimens were damaged and
incomplete. One measurable specimen at least 778 long without tail (missing).
Head simple, without cephalic swelling, buccal opening subtriangular (Figure
3.3D). Oesophagus 11 wide at anterior end. Other specimen (antetior portion
only) 19 wide at the nerve ring. Excretory pote 62 and nerve ring 63 from
anterior end. Excretory gland ends near junction between muscular and
glandular oesophagus. Muscular and glandular portions of oesophagus both 119
long each. Oesophagus 8 wide at anterior end (Figure 3.3E).
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Third-stage larvae

Larvae recovered on developmental day 14 at room temperature (1 complete

specimen, 2 damaged specimens) and 15 to 16 at 15°C (3 specimens) were third-
stage. Body filiform, tail conical. Head with two pairs of cephalic papillae and a
single apical papilla. Lateral aspect of oral opening flanked by cuticle in the form
of an inverted “v” (Figure 3.3F). Length 1146 (918-1359). Width at nerve ring 27
(23-33), at anus 17 (15-21). Nerve ring 96 (84-111) from the anterior, or 8.5%
(7.1-10) along body length. Excretory pore posterior to nerve ring, at 134 (119-
160) from anteriot, or 11.8% (10.8-13.4) along body length. Excretory gland
ends between muscular-glandular oesophageal junction and oesophageal-
intestinal junction. Oesophagus 8 (7-10 wide), well differentiated into muscular
and glandular portions 226 (176-295) and 352 (290-462) long respectively.
Oesophageal-intestinal valve well developed. Intestine 395 (312-454) long.
Genital primordium 649 (563-743) from anterior extremity, well posterior to
oesophageal-intestinal valve, at 58.7% (54.8-61.3) along body length in 3 of 4
specimens, adjacent to oesophageal-intestinal valve, at 51.7% along body length
in 1 specimen. Rectum 62 (59-64) long. Ratio of intestine and rectum to
oesophagus less than previous stages, at 0.839 (0.805-0.927). Tail 89 (78-108)

long (Figure 3.3G).

Effect of temperature on development

There was much variation in rate of development between individuals; first-stage
and molting worms were recoveted anywhere from 4 to 11 days at 15°C. At
least some larvae reach third-stage by day 14 at room temperature and by day 15
at 15°C. Temperature had no effect on length of resultant L3 infective larvae (2-
sample t-test on mean lengths at uncontrolled room temperature and 15°C, t, =
0.39,p =0.71). To further compate rate of larval development at 15°C and room

temperature, I looked for peak frequencies of developmental days on which
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molts were observed (loose cuticle indicating a molt). At 15°C the first peak,
presumably the first molt, occurred on the 7" day. No second peak in molting
was observed, although molting was observed steadily until the end of the
experiment (Figure 3.4). At room temperature (19.4 - 24.4°C) the first peak was
observed on the 5" day and another on the 12* day (Figure 3.4). Therefore an

increase of approximately 5°C advances the first molt by two days but may be

less important as the second molt approaches.

Discussion

Intermediate host in nature

Tigriopus californicus successfully serves as intermediate host for Psexdodelphis
oligocotti in the laboratory. I do not know whether T. calfornicus serves as an
intermediate host of P. o/gocotti in nature. None of the wild-caught copepod
species were naturally infected with nematode larvae, but this is not surprising
considering the ephemeral nature of this stage of development and the vastness
of the habitat to survey. Tigriopus californicus is therefore our best lead, but its
usefulness as an intermediate host for P. o/gocosti in nature would depend on the
potental for contact between T. californicus and P. oligocotts first-stage larvae, and
between infected T. californicus and A. flavidus. Tigriopus californicus occurs in rocky
supralittoral splashpools from Alaska to Baja California. Apodichthys flavidus ate
epibenthic and range in distribution from shallow subﬁdal to tidepools above the
low-tide horizon (Yoshiyama 1981, Yatsu 1981, Hay et al. 1989). The potential
for contact appears low. However, T. californicus may make excursions into
penpoint habitat: the marine environment regularly inundates some splashpools
(Metaxas and Scheibling 1993). Laminar flow of splashpool-derived water has
been observed at nearshore depths within a couple of centimeters above the
substrate (Jeff Matliave, personal observation). Apodichthys flavidus may also make

excursions into T. californicns’ habitat: splashpools are known to host the
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occasional fish (Lewis et al. 1998) — fish predation impacts Tigriopus californicus
abundance in Washington tidepools (Dethier 1980).

Whether or not_4. flavidus encounters Tigriopus californicus often, A. flavidus
obviously encounters Pseudodelphis oligocotts at a sufficient rate to sustain P.
olzgocott?’s life cycle in nature. Pseudodelphis oligocotti is a probably a generalist at the
intermediate host level. It is common for a parasite’s host range in a laboratory
setting to differ from its host range in natur; Siﬁcé in nature a parasite may not
encounter the full set of hosts it could possibly use (Solter and Maddox 1998).
Non-specificity at the intermediate host level (even when a parasite may be
specific at the definitive, or final, host level) has been observed among many
patasitic nematodes. Awoserpens tamana (Dracunculoidea: Dracunculidae) infects
several genera at both the intermediate and final host level (Wang et al. 1983).
Avioserpens mosgovgyi infects multiple species of freshwater copepod intermediate
hosts and 2 genera of waterbird final hosts (Supryaga 1965, Supryaga 1971 in
Mortavec 1994). Philometra obturans (Dracunculoidea: Philometra) develops in
several genera of copepods, 2 genera of fish paratenic hosts but only one final
host (Moravec 1978). Anguillicola crassa infects a copepod and an ostracod
intermediate host (Petter et al. 1990). In fact, Anderson (1992) proposed that
generalist requirements at the intermediate host level was necessaty for the
transfer of terrestrial parasitic nematodes from terrestrial to aquatic invertebrates

and subsequently to other aquatic hosts.

This is the first detailed account of copepods ingesting parasitic nematode larvae
in a marine system (Janet W. Reid, National Museum of Natural History,
Smithsonian, personal communication). Bashirullah and Ahmed (1976) observed
active ingestion of Camallanns adamsi larvae on the part of freshwater copepods;
other authors acknowledge infection of copepods by ingestion but do not

describe it (see Moravec 1994 and Anderson 1992 for life cycle reviews). First-
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stage P. ofigocorti larvae sink after release, consistent with most other members of
the Dracunculoidea, which cannot maintain themselves in the water column
(Anderson 1992, Clatk 1994). Larvae are then ingested whole by T. californicus.
Tigrigpus californicus is a generalist reported to ingest a variety of things (detritus,
fecal pellets, diatoms, bacteria, organic flocs, protists, small crustaceans) (Lewis
et al. 1998) all of which are smaller than ﬁrs}—st?ge P. oligocotti 1arvae. Elements of
T. californicns’ oral cone (such as the labrum, labium and mandibles) are armed
with silica-based teeth and/or spinous projections and setae for the grinding or
positioning of food (Lewis et al. 1998). These structures may however lack the
musculature to break up something as large as a nematode. Grinders act instead
like friction pads to move nematodes along. The gnathobases (parts of the
mandible) move in opposition and, in addition to bearing teeth for breaking or
holding, bear spinous process that are used to move food or remove, tooth-
brush style, food particles from larger objects. Gnathobases thus act to move

food continuously into the oesophagus (Lewis et al. 1998).

The average intensity of laboratory copepod infection by Psexdodelpbis oligocotts
does not appear to be as high as that of other members of the Dracunculoidea,
nor does it reach the same peak intensities. Tigrigpus californicus is a small copepod
(1 — 1.4 mm in length, Powlik et al. 1997, Al Lewis, personal communication): a
single larva appears to fill the host’s haemocoel. Copepods infected with
Philometra obturans generally contained 2 —3 worms but could range up to 12,
higher intensities occurting in larger species of intermediate host copepods
(Moravec 1978). Larger species Moravec studied were 1 to 2 mm in length
(females, Eucyclops spp.) and 2 to 4 mm (females, Macrocyclops fuscus) in length
(Wilson 1932). Philonema oncorbynchi mean intensity in Cyclops bucuspidatns is 2 but
ranges up to 18 (Ko and Adams 1969). Cyclops strenuus (only species for which
measurements were available and are presumably indicative of the genus) ranges

in length from 0.95 to 1.35 mm (females) (Wilson 1932). Average intensity for
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Camallanus adamsi is 4 larvae per copepod but ranges up to 7 (Bashirullah and
Ahmed 1976). For one of the copepod species Bashirullah and Ahmed infected,
Mesocyclops lenkarti, measurements for the genus range from 1 to 1.5 mm (Wilson
1932). In addition, number of larvae in a given size of exposure chamber may
influence mean intensity of infection. Infections by Philometra ovata varied in
intensity depending on size of the exposurechémber: more intense infections
resulted when copepods were held in closer quarters with infected larvae
(Moravec 1980). However, by holding constant the number of source
Pseudodelphis oligocotti and volume of the exposure chamber, it is unlikely that

density of infective larvae varied enough to detect its influence.

Rates of T. californicus infection in the laboratory depended primarily on maturity
of female worms, and were higher after copepods had been prestarved. In other
studies, rates of successful infection of copepod intermediate hosts by Phzlometra
obturans were influenced by number of infective larvae in the exposure chamber
(Moravec 1978). This did not appear to be the case herein (Table 3.1), although
the range of variation examined was low. Phzlomena oncorhynchi infected copepods
at a higher rate (80-90%) when exposure time was extended from 24 to 48 hours
(Ko and Adams 1969). However, exposure time had no affect on transmission
rates in this study. This is not surprising, since 83.3% of free-swimming larvae
were dead by day 2 of exposure (Table 3.1). Beyond 2 days transmission rate

must reach a plateau.

Maturity of adult female nematodes greatly influenced percentage of successful
copepod infections by larvae ex utero. Ovoviviparous Pseudodelphis oligocotts females
contain a range of developmental stages from eggs to first-stage larvae. As
females mature, a greater proportion of developing embryos have matured to
first-stage larvae. Perhaps there is a gradient of developmental readiness amongst

larvae in utero that is both a function of female age and longitudinal position
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along the uterus from ovary to vulva. Even if one manipulates the number of
fully mature female soutce worms, larval numbers would be diluted
proportionally with uninfective larvae and, although increasing absolute

numbers, would not affect the rate at which copepods encounter infective larvae.

Proportion of infected Tzgriopus californicus dead is not appreciably higher over the
course of developmental days than proportion of uninfecteds dead, except
perhaps at the end of an experiment when proportion dead increases to
approximately 10% dead in singly and doubly infected copepods (Figure 3.2).
Moravec (1978) observed greater mortality in infected copepods than in
uninfecteds. In his study, mortality rates were greatest at the beginning of the
experiment. Heavily infected copepods (greater than 2 worms) have been
observed to remain on the bottom mote than those with lighter infections
(Moravec 1978, Moorthy 1938). Infected copepods lying on the bottom may
suffer from insufficient aeration (Moorthy 1938). In this study, finger bowls
provided the optimal shallow environment for copepod growth. Thus mortality
is likely due to direct rather than indirect behavioural effects of infection. Worms
in copepods moved around vigorously, often jostling the host’s eyespot ot
compressing its intestine. I suspect them to be more harmful as they grow larger,

although the data presented in this study are insufficient to draw this conclusion.

There was considerable variation in rate of development among individuals, as
indicated by the occutrence of both first-stage, and molting worms from day 4
to day 11 at 15°C. Philomena oncorhynchi shows considerable variation in rate of
development between individuals (Ko and Adams 1969). Nonetheless,
Psendodelphis oligocotsi developed more rapidly than Philonema oncorhynchi: at a given
temperature (15°C), the former reached third-stage in 15 days whereas the latter

reached third-stage in a2 minimum of 21 days. Of the Dracunculoidea, members’
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of the genus Dracunculus development times are most similar to that of

Pseudodelphis oligocotti (Anderson 1992).

In Psendodeiphis oligocotti an increase of approximately 5°C advances the first molt
by two days but may be less important as th"e second molt approaches. However,
there was considerable variation between individuals. Many dracunculoid life
cycles have delayed rates of development with decreasing temperature (see
Anderson 1992 for review). An increase of 5°C almost doubles the rate at which
molting occurs in Philonema oncorbynchi (Ko and Adams 1969). More data are
required to quantify the effect of temperature on P. oligocots’s rate of
development. If a change of 5°C alters the rate of development by 2 days, P.
oligocott’'s developmental time in nature is probably longer than approximately 15
days. Given that local seawater temperature is between 9 and 11°C, 17 to 18 days
may be necessary to develop to the third larval stage assuming that the effect of
temperature on development is linear. The higher experimental temperatures
used in this study may have made it difficult to recover second-stage larvae. Very
few second-stage specimens were found relative to the number of first and third-
stages. Pethaps the second stage is very short: the accelerating affect of higher

temperatures would make this stage even less noticeable in copepod surveys.

Pseudodelphis oligocotsi latrvae are the first to be described in the family
Guyanemidae. First-stage larvae have cephalic dorsal swelling characteristic of
dracunculoids. Larvae are most similar in form to those of Philonema
agnbernaculum and P. oncorbynchi (Dracunculoidea: Philometridae). The first larval
stage of all three species has a dorsal cephalic swelling, an elongated tail, and a
simple undivided oesophagus. I did not find any complete specimens of P.
oligocotti second-stage larvae, but the third larval stage of all three species has a
divided oesophagus with a long multicellular glandular portion. Excretory pore
and gland are in similar positions. Body lengths of larval stages are also similar
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(Ko and Adams 1969, Vik 1964 for descriptions). Other members of the
Philometridae do not resemble P. o/igocot# as much. First-stage larvae of Philometra
abdominalis, Ph. obturans, Ph. ovata all have conical tails and blunt heads, but the
former two each have a dorsal cephalic swelling similar to P. o/igocotti whereas the
latter does not. Philometra spp. larvae have a few large oesophageal glands with
giant nuclei at the base of the oesophagus, which P. o/igocoti does not. Larvae of
Philometra spp. are similar to P. oligocot#i in length (Moravec 1977, Moravec 1978,
and Moravec 1980). The first larval stage of another philometrid, Ichthyofilaria
canadensis, 1s more different from P. olzgocotti than Philonema spp. are: it 1s sheathed,
with a blunt head and tail, and half the size (Appy et al. 1985). Philonema spp.
larvae resemble those of P. o/igocotti more than do larvae of dracunculoids in the
families Dracunculidae and Anguillicolidae. Larvae of Awoserpens spp. have
conical tails similar to those of P. o/gocotts, but also have an extremely long
oesophagus whose postetior portion consists of three long oesophageal glands
with prominent nuclei. Lengths at third-stage are half the size of P. o/gocotts
(Moravec and Scholz 1990, Moravec 1994). First larval stage of dracunculoid
Dracunculus medinensis is similar in size, has as a dorsal cephalic swelling and an
oesophagus of similar proportions to P. oligocotts, but unlike P. o/igocots 1t has a
ridged cuticle and very attenuated tail (Moorthy 1938). Anguillicolid Anguillicola

crassa larvae are much more stout than those of P. ofgocotss (Petter et al. 1990).
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Table 3.1 Summary of experimental infections of Tigrigpus californicus with first-

stage larvae of Psexdodelphis oligocotti from Apodichthys flavidus originating from

Lumberman’s Arch/Figurehead Point, British Columbia.

Adult Worm  Days Total #
Infection Date Dose' Exposed” Copepod Type  Percent Infected’ copepods
February 5, 1993 0.5 4 Tigriopus californicus 274 41
(11.1-43.8,n = 2)
May 6, 1993 1 4 T. calsfornicus "~ 14.3 8
May 21, 1993 3 4 T. californicus 0 7
August 17, 1993 1 1 T. calsfornicus 45 11
August 18, 1993 1 2 T. californicus 30.8 13
May 27, 1994 2 3 T. californicus 8 25
June 6, 1994 1.33 4 T. calsfornicus 25 61
(0-5,n=2)
June 21, 1994 0.33 2-6 T. californicus 34.1 72
(23.8-47.6,n = 3)
July 20, 1994 1.5 6-7 T. californicus 1.25 55
(0-25,n=2)
August 10, 1995 2.25 1-4 T. californicus 11.8 199
(0-22.4,n = 4)
April 19, 1996 * 1.6 2-4 T. californicus 9.64 168
(0-16.7,n = 5)
May 1,1996*  0.33 1-4 T. californicus 46.8° 87
(40-57.1,n = 3)
April 17,1997 ¢ 1 2 T. californicus 0 21
April 28, 1997 1 2 T. calsfornitns 419’ 31
May 27,1997 ° 1 2-3  wild-caught spp. 0 49
July 21, 1997 1 2 T. caltfornicus 0 47

! Female worms pooled and their larvae divided evenly between replicates if applicable
? Multiple days of exposure refer to replicates.

} Range and sample size refer to replicates (given below where applicable)

* Trial held at 15°C instead of room temperature

> Copepods withheld food for 5 days.

% Trial held at 17.5°C instead of room temperature.

! Copepods withheld food for 3 days.

% Trial held at 10°C instead of room temperature.
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Figure 3.1 Frequency of infections ranging in intensity from zero to 4 larval nematode
expetimental infections.
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Figure 3.2 Daily instantaneous mortality rate (proportion dead) of copepod T. californicus

infected with Pseudodelphis oligocotti 1arvae. Symbols code for dishes maintained at
two different temperatures: open circles represent those dishes maintained at
15°C, and open triangles represent those dishes maintained at uncontrolled room
temperature (19.4 to 24.4°C). Lines are cubic spline models of the data, where
estimates are based on 0.5 to 3% of the data at a ime depending on intensity

category, with 3 degrees of freedom. Days are numbered from the beginning of

an experimental infection.
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20 um

Figure 3.3 First to third stage larvae of Pseudodelphis oligocotti recovered from experimentally
infected Tigriopus californicus. A. First-stage larva from day 7 copepod, cephalic
lateral view, B. First-stage larva from day 7 copepod, lateral view, C. First to
second-stage molt from day 6, D. Second-stage larva from day 8 copepod,
cephalic lateral view, E. Second-stage larva, anterior end from day 8 copepod, F.
Third-stage larva from day 14 copepod, cephalic lateral view, G. Third-stage larva
from day 14 copepod.
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Figure 3.4 Frequency distribution of developmental days on which molts of larval
Psendodelphis oligocotsi developing in live Tigriopus californicus were obsetved, at two
different experimental temperatures. Data does not include sacrificed copepods
and their larvae.
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CHAPTER 4: DEVELOPMENT OF PSEUDODELPHIS OLIGOCOTTI
(NEMATODA: DRACUNCULOIDEA) IN THE FINAL HOST, PENPOINT
GUNNEL (APODICHTHYS FLAVIDUS)

Introduction

A parasite’s reproductive success depends on its transmission among hosts,
which in turn depends on a parasite’s ability to release its transmitting stages into
the external environment. Zooparasitic nematodes solve this problem in a
variety of ways; those that live in the host’s intestine simply pass their eggs or
larvae out with the host’s feces; many tissue dwellers have elaborate migratory
phases to reach the external environment or may be transmitted by vectors
(Adamson 1986, Anderson 1992 for review). Like all dracunculoid nematodes,
Pseudodelphis oligocotti (Guyanemidae) lives in an extra-intestinal site in the final
host, Apodichthys flavidus (Perciformes: Pholidae) and is presented with the

difficulty of getting its larval stages to the external environment.

Psendodelphis oligocotti lives in the blood stream of its final host. Other
dracunculoids that live in the host’s blood stream transmit in two different ways:
Molnaria and Skrjabillanus spp. (Dracunculoidea: Anguillicolidae) live in the host’s
mesenteries and serosa of various organs; first-stage larvae are catried in blood
to the skin where ectoparasitic brachiurans ingest larvae with their blood meal
(Tikhomirova 1971, Tikhomirova 1980, Tikhomirova 1975, see Adamson 1986
and Anderson 1992 for reviews). Gravid females of Phlometra obturans dwell in
the heart, but migrate from the ventral aorta to the gill arteries to gain access to
the external environment; larvae are released directly into the water where they
are ingested by free-living copepods (Molnar 1976). Ichthyofilaria spp. live on the
surface of the liver and in the mesentery; first-stage larvae circulate in the host’s

blood and body fluids, but how they reach the external environment is unknown
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(Appy et al. 1985). Appy et al. (1985) suggest that larvae may be ingested by
haematophagous arthropods or exit the gills themselves. In Chapter 3 1
demonstrated that a free-living copepod (Tigriopus californicus) could serve as an
intermediate host. This chapter addresses the problem of how P. o/igocotsi get its
larval stages into the external environment where free-living copepods can ingest

them.

In this chapter I make detailed observations by stage and tissue site of the course
of Psendodelphis oligocotts infection in penpoint gunnel (Apodichthys flavidus). 1 report
on attempts to experimentally infect specific parasite-free 4. flavidus by feeding
them copepods infected with P. o/gocotzz. This represents the first experimental
infection of a marine host with a dracunculoid. I demonstrate that P. o/gocost:
lives in the body cavity and blood system of its fish host; larvigerous females
release larvae into the blood, which carries larvae directly to the gills. Larvae
breach the gills to gain access to the water. Larvae do not enter the fish’s general
circulation, so there is no opportunity for transmission by haematophagous

arthropods. Free-living copepods act as intermediate hosts (Chapter 3).

Methods

Field collections

I collected penpoint gunnel, Apodichthys flavidus by dragging a pole seine (length
2m, height 1.5m, diagonal mesh size 11 mm) through subtidal eelgrass beds, and
by overturning rocks in intertidal zones adjacent to eelgrass beds. I sampled 427
A. flavidus over 6.5 years from a variety of coastal sites on the mainland and
Vancouver Island, British Columbia (Table 2.1 and Figure 2.1, Chapter 2). 1
sampled many of these sites only once; others I repeatedly sampled.
Lumberman’s Arch and Figurehead point were sampled on spring tides from:

spring to mid-winter in 1991, 1992, and 1995; throughout the year in 1993 and
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1994; sporadically in spring, summer, and fall 1996-1997; and spring 1998. Point
Roberts and Roberts Bank were sampled on spring tides, twice in the spring of
1993, throughout the year in 1994, and sporadically from 1995 to 1997. The
latter site was unique in that A. flavidus caught there were not infected with
Psendodeiphis oligocotti and Roberts Bank served as a source of uninfected hosts for

experimental infections.

Once captured, A. flavidus befell one of three fates: 1.) I necropsied some along
with the other fish species for data on the adult Psexdodeiphis oligocotts’'s prevalence,
intensity, and development (see Chapter 2), 2.) I reserved certain individuals
from Lumberman’s Arch/Figurehead Point to use as a source of Psexdodeiphis
oligocotti for experimental infections. These were held at the Vancouver Public
Aquarium. 3.) I resetved other individuals originating from Roberts Bank until I
was ready to experimentally infect them. These were isolated into separate tanks
at the Vancouver Public Aquarium. Neither copepods not parasites can move
between tanks because all seawater is passed through a 2-foot thick, #16 mesh
sand gravity filter before recirculating (John Rawle, Director of Seawater
Systems, Vancouvet Public Aquarium, personal communication). Sand grains
that make up #16 mesh sand range in diameter from 1.18 mm down to 0.65 mm
(50-70% falling in the latter category) (Target Productions Ltd., personal
communication). Both sources assure me that, in their experience, nothing as
large as a first-stage larva of P. oligocotti (average 0.027 mm in diameter) would get
through this filter.

Necropsies and staging of worms

Before dissection I measured fish total length and approximated the age of A.
flavidus from length-frequency distributions for all those caught in a particular
month (see Devries and Frie 1996 for standardized methods).
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I necropsied A. flavidus for Psendodeiphis oligocotti according to the dissection
protocol given in Chapter 2. With a hematocrit, I took blood samples from base
of the fish’s tail to look for circulating stages of P. o/gocotti. I broke the contents
of the hematocrit into a petri dish and examined its contents with a dissecting
scope. All worms recovered were held in 0.67% sodium chloride (NaCl) until 1
counted, sexed and staged them. Psexdodelphis oligocotti develops through three
stages in the fish host, each separated by a molt: third-stage larval (L3), which is
the stage acquired from the copepod intermediate host, fourth stage larval (L4),
and fifth stage (L.5), the adult. In the case of Psendodelphis oligocotss, sexes became
discernible late in the fourth stage. Sexing adult nematodes can be done with the
naked eye: males have an obvious coiled tail with a prominent spicule. Adult
gravid females are grossly énlarged and have ovaries that contain developing
embryos or first-stage larvae (larvigerous). Distinguishing subgravid adult
females from later juvenile stages, and staging juveniles themselves, requires the
use of a microscope. The presence of a patent vulva (open to the exterior and
functional) marks an adult female. A vulva that is prepatent, or closed, indicates
that the worm is a fourth stage female. Worms with an undifferentiated but
extensive gonad were still termed fourth stage but could not be sexed. The
occasionally molting fourth to fifth stage worm confirmed how long a fourth
stage gonad might be. The smallest worms ever found in penpoint were
considered third-stage; gonads consisted of a few cells. I was not always able to
differentiate between third and fourth stage nematodes with small,
undifferentiated gonads; for the purpose of analysis I combined larval stages of
worms into a single category — L3/1L4. I never observed a third to fourth stage

molting nematode.

After staging and sexing worms, I fixed most in a heated solution of 70%

ethanol, 5% glycerine, to which a few crystals of phenol per litre had been

55



added; many mature female nematodes that were larvigerous I set aside for

experimental infections of copepods (Chapter 3).

Tissue location and rate of larval host exit

During host dissections, I made detailed observations as to which tissue sites
different stages occupied. Presence of latvigerous females predominantly in a
particular tissue will be suggestive of the site of egress. The presence of first-
stage larvae ex ##ero in a particular host tissue will confirm it. Since the gills were
suspected as the site of egress, for each fish host I examined one set of gills
under the light microscope with transmitted and incident light. The other set of
gills I preserved in 10% buffered formalin and set aside for scanning electron

microscopy (SEM).

Occasionally 1 reserved some A. flavidus as sources of infection. I wanted to
know whether they were transmitting first-stage larvae (to ensure that worms
were sufficiently mature to infect copepods — see Chapter 3). To ultimately
measure the rate at which A. flavidus was shedding larvae, I first weighed a 4-liter
bucket of stetile filtered seawater (see Chapter 3 for methods of sterilization and
filtration), added the fish (finsed first with seawater), re-weighed fish and bucket,
and subtracted the weight of the bucket to derive the fish weight. After a certain
amount of time I rinsed the fish and transferred it to another bucket of fresh
sterile filtered seawater. I filtered the recently vacated seawater using 54-micron
mesh and examined the filtrate microscopically for L1 larvae. I repeated this
procedure 2 or 3 times, rinsing the fish between occasions so as to dislodge any

larvae from the previous trial.

Histopathology
To confirm the host tissue distribution of vatious stages of parasite, and to

assess host tissue reaction to infection, I preserved a sample of host organs in

10% buffered formalin and set them aside for histological treatment. Livers for
56




histological examination were selected from hosts that were a range of different
sizes: 110 to 285 mm in length. In total, I examined 14 4. flavidus livers
histologically by slide-mounting cross-sections of wax-embedded samples

stained with hematoxylin and eosin.

Experimental infections with Pseudodelphis oligocotti

Lab rearing

Fish that were not dissected immediately after collection were held live at the
Vancouver Public Aquarium, in separate tanks according to their origin.
Lumberman’s Arch penpoints served as a source of larvigerous female
nematodes for experimental infections. Apodichthys flavidus from Roberts Bank
was consistently free of infection; before each experimental infection, I dissected
a random subsample of the captive population to confirm that they had
remained so. Seawater filters at the Vancouver Public Aquarium are fine enough
to eliminate intermediate host and nematode larva movement between tanks
(John Rawle, Director of Seawater Systems, Vancouver Public Aquarium,
personal communication). Aquarium staff fed fish live brine shrimp once a day.
One day ptior to an expetimental infection, staff withheld food from uninfected

gunnel so that they would be motivated to eat experimentally infected copepods.

Transmission Experiments

Nematode larvae become infective to fish final hosts at the third stage of
development, L3. After I had observed two waves of molting separated by a
growth phase in the nematode population infecting copepods (Chapter 3), I fed
the surviving copepods to uninfected A. flavidus originating from Roberts Bank.
In addition to subsampling captive penpoints to confirm that they were
infection-free, in later trials I paired each expetimentally infected fish with a
control fish. This was done to ensute that infections were not being acquired

from the Aquarium water itself.
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The number of infected T. californicus remaining alive after their nematodes
developed to the third infective stage dictated the number of A. flavidus
(penpoint gunnel) infected. I attempted to give each fish a dose of 2 to 3
infected copepods. I used feeding chambers to isolate experimental A. flavidus
and contain any infected T. californicus that were not eaten. Feeding chambers
wete large shallow dishes, 11" diameter by 3" deep, with darkened bottoms, lids
and sides, into each of which I placed a penpoint gunnel 5 - 10 minutes before a
feeding attempt so that it could acclimatize. I used two different methods of
feeding infected copepods to .A. flavidus. In one, 1 loaded an infected copepod
into a disposable glass pipette whose tip had been painted red with nail polish.
This was dangled in front of the penpoint gunnel. As the fish gulped at the red
pipette tip, I injected the copepod into its mouth. Copepods that were not
swallowed were recaptured for another attempt. Captive A. flavidus raised on
brine shrimp ate occasionally uninterested in ingesting the diminutive T.
californicus: amphipods are more similar to brine shrimp in size. If repeated
attempts using the above method failed, I employed a second method. I'isolated
and left to acclimatize Melita californica amphipods (captive colonies standard
supply at the Vancouver Public Aquarium). As above, I loaded an infected
copepod into a glass pipette and released it into the amphipod’s path. The
amphipod usually ate it within a few minutes. Using a turkey baster, I then
released the amphipod into a feeding chamber with A. flavidus. Directing it into
the penpoint’s mouth was unnecessaty; fish would ingest the amphipods within

a few minutes.

I recorded the number of successful feeding attempts and the wotm burden
supported by each ingested T. californicus copepod so that experimental A. flavidus
worm burden could be predicted. Experimentally infected A. flavidus and their

paired controls were retired to individual aquaria and held for a variable length
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of time, from 2 to 8 months. I attempted experimental infections of 4. flavidus

four times using a total of 9 experimentally infected individuals.

Results

Frequencies of lengths of 4. flavidus caught in May form a peak with a mode at
35-38 mm; there is an absence of lengths between 61 mm and 80 mm. Hence for
this sampling period, 0 to 61 mm is désignated the youngest age group, age 0
(Devries and Frie 1996). The smallest infected .A. flavidus was 80 mm and caught
in May. It was infected with a single adult (L5) nematode. The host’s size for a
May catch places it in the age 1 group. The next smallest 4. flavidus that was

| infected was 84 mm and caught in July. It too was infected with adult (L5)
nematodes. It is unclear whether an 84-mm fish caught in July is a fast growing
young of the year (age 0) or a slow growing yearling (Figure 4.1). Otoliths were
not used to age fish due to lack of independent age calibration (Devries and Frie
1996).

The largest A. flavidus caught was 322 mm in total length. It was infected with 15
adult nematodes in the body cavity, 5 adult nematodes in the hepatic sinus of the
liver along with 5 larvigerous females also in the hepatic sinus. Large fish always
contained gravid or larvigerous worms. Many large A. flavidus (but less than 262
mm) also supported third and fourth stage larvae of P. oligocotti (Figure 4.2,
Figure 4.3). Abundance of subgravid adults (L5) was correlated with host length,
although host length only explained 20% of the variation in parasite abundance
(Pearson’s correlation coefficient on log-transformed variables = 0.45, r* =
0.20, p = 0.00 at 160 degtees of freedom). Abundance of larvigerous P. oligocotti
was also correlated with host length, although host length only accounted for
34% of the variation in parasite abundance (Pearson’s correlation coefficient on
log-transformed variables r = 0.59, 7> = 0.34, p = 0.00 at 160 degtees of

freedom).
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Smaller A. flavidus either did not have or had fewer late-stage (L5, gravid with
developing embryos, or larvigerous) nematodes, but had slightly more larval
stages (L3/L4) than larger fish (Figure 4.2). The largest individuals did not
contain larval stages of P. oligocotsi (Figure 4.3). Latval stages appeared in hosts
between 84 and 262 mm. Adult fifth stage (L5) nematodes occurred in the full
range of infected host sizes (80 mm — 322 mm). Gravid female nematodes

occutred in A. flavidus between 120 and 322 mm long (Figure 4.4).

There was little data collected from mid-November to end of March, but when
sampling occurred, most stages of nematode were recovered regardless of
season (Figure 4.5). First stage larvae (L1) were not surveyed in gills until later in
the study so their distribution with time of year is incomplete. Late larval

L3/ L4) stages showed a slight peak at the end of summer. This appeared to be
followed by a pulse in adult (L.5) stages in late November. Adult stages were also
abundant from May to September. The abundance of ovigerous, and larvigerous

females was fairly consistent throughout the spring and summer.

Each stage of Pseudodelphis oligocotti occurs in a particulaf site within the host.
Third and fourth stage nematodes (larvae) were recovered almost exclusively
(99.6% of all L3 or L4 worms) from the body cavity (Table 4.1). Similarly, adult -
males were largely restricted to the body cavity (99.4% of adult males). Adult
females, on the other hand, were distributed between the body cavity (24%) and
the hepatic sinus (71%). Of the dead worms recovered (stage unknown), 99%
wete in the body cavity. Ovigerous and larvigerous females were recovered
almost exclusively from the hepatic sinus of the liver (95% and 97%
respectively). They were also found overflowing into the atrium of the heart and
down the common cardinal vein. The hepatic sinus is connected directly to the
heart, which is in turn connected directly to the gills: there are no other

intervening tissues. Blood flows directly from heart to gills to be oxygenated
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(Lagler et al. 1962). First stage larvae (1) were found primarily in the gill region
(89% of L1’s recovered). In 20 of 54 hosts examined that had larvigerous
females in the liver, first-stage larvae were recovered from gills; they were seen in
wet mounts, found in gill wash, seen in cross-section in histological preparations,
and also in SEM of gill tissue. A total of 132 larvae were recovered in this
manner. No larvae were ever recovered from blood samples taken from the base
of the tail. _Apodichthys flavidus infected with larvigerous females shed these first-

stage larvae at a rate of up to 1 every 4 minutes (Table 4.2).

Hisfological examinations and field-emission scanning electron microscopy
confirmed that first-stage larvae recovered from between gill filaments or in gill
wash were originating from the blood vessels of the primary gill lamellae
themselves (Figure 4.6 and 4.7). Apodichthys flavidus gills are similar in structure to
those of other teleosts: pairs of gill primary lamellae (or filaments) branch off
from the supporting gill arch. Each primary lamella has a row of secondary
lamellae running down front and back, perpendicular to the primary lamella (for
a diagram refer to Yasutake and Wales 1983). Diameter of the blood vessels in
the primary lamellae is 0.036 mm at tip and 0.108 mm at base. First-stage larvae,
which are on average 0.038 mm in width (Table 4.3), presumably travel to the
very tip of the ptimaty gill lamella. Gills from hosts infected with gravid female
nematodes were infiltrated with more immune cells such as macrophages and
lymphocytes than uninfected gills. Blood vessel walls were thickened, particularly
around the larvae themselves (Figure 4.8). -

Histopathology

Samples selécted for histological examination varied in intensity and stage of
infection from uninfected livers to those containing up to 29 adult gravid female
worms. Specimens of A. flavidus examined for histopathological changes ranged

in length from 110 to 285 mm.
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Uninfected livers (2 specimens, one from an uninfected fish, one from a fish
with 9 adult nematodes in the body cavity only — a mild infection) had
hepatocytes that appear to be organized somewhat concentrically, presumably
around blood vessels. Their nuclei were uniform, monomorphic and
monochromatic. The cytoplasm of hepatocytes varied in the amount of glycogen
or lipid. Hepatocytes from the mildly infected fish were glycogen-rich, whereas
uninfected hepatocytes contained more lipid droplets, indicated by clear bubbles

in the cytoplasm (Figure 4.9A, Slauson and Cooper 1990).

Infected livers contained gravid female nematodes, which lay somewhat coiled
along the length of the fish hepatic sinus. In heavy infections, the host’s hepatic
sinus was very distended. Infected livers fell into two classes, those with
larvigerous females, and those with less-developed females with developing
embryos iz utero. Livers in the former group demonstrated the most severe
pathological changes, but within each group the severity of tissue reaction also
increased with worm burden. Livers infected with 2 - 8 ovigerous females (3
specimens) and 2 - 7 larvigerous females (4 specimens) showed the least
reaction. The amount of cellular lipid compared to glycogen in hepatocytes still
appeared vatiable. Some but not all specimens showed nuclear pleomorphism of
the hepatocytes. There was no inflammation of the hepatic sinus epithelium
itself, although there was evidence of mild to moderate multifocal chronic
inflammation on the surface of the liver (peritonitis) and around blood vessels

(petivascularitis). Macrophages were the predominant inflammatory cell, along

ovigérous females (2 specimens) were moderately to severely inflamed at
multiple foci. Inflammation was chronic, i.e., macrophages predominated.
Hepatocyte nuclei in these livers were pleomorphic and showed variable

staining. In one specimen, worms in the hepatic sinus caused pressure atrophy of

with the occasional plasma cell and lymphocyte. Livers infected with 31 and 38
the surrounding hepatic tissue. Another liver exhibited diffuse infection by
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encapsulated first-stage larvae, presumably spilled over from larvigerous female
nematodes in the hepatic sinus. Granulomatous lesions had formed in
association with these larvae. Livers infected with 21 - 29 larvigerous females (3
specimens) also exhibited multifocal, chronic inflammation. Hepatocyte nuclei
were also pleomorphic and the tissue architecture appeared disorganized. I noted
pressure atrophy of the liver tissue surrounding the hepatic sinus. In addition, 2

specimens had granulomatous lesions (Figure 4.9B-D).

Experimental infections

Of the four attempts to infect captive uninfected A. flavidus, two resulted in
infections. One fish examined 61 days post infection harboured 2 male fourth-
stage larvae. Larvae were 5.34 to 5.37 mm in length (Table 4.3). Another
experimental gunnel examined 33 weeks (231 days) post infection produced 2
fifth stage worms (adult males), also in the body cavity. These worms ranged
from 15.64 to 15.91 mm in length. Nematodes collected from experimentally
infected fish were of similar dimensions to those collected in the wild of the
same stage (Table 4.3).

Discussion

Observations of Pseudodelphis oligocott?’'s development from necropsies, as well as
successful expetimental infections indicate that 4. flavidus is an appropriate
definitive host, even though P. o/igocotti was originally described from type host
tidepool sculpin, Oligocottus maculosus (Adamson and Roth 1990). Gravid stages of
the parasite were restricted in distribution to the hepatic sinus, which is directly
upstream from the gills. First-stage larvae Wefe restricted mainly to the gills. This
provides evidence that mature P. o/igocotti release larvae into the blood stream

from whence they gain access to the extetior by breaking out of the gills. There
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is no opportunity for intervention by a blood-sucking vector in P. olggocott’s

transmission.

Necropsy results yielded a distribution of parasite stages within the host from
which I deduced the migration and tissue sites of development of Psexdodelphis
olzgocotts. Ingested third-stage larvae presumably penetrate the intestinal wall and
migrate into the host’s body cavity. They develop through fourth stage to the
adult fifth stage in the body cavity. The males remain in the body cavity where
they presumably mate with females. Males and unstaged/unsexed dead worms
are rarely found outside the body cavity. Adult females migrate to the hepatic
sinus. Since males almost never occur there, females must normally be mated
before migrating to this site. Perhaps mating induces migration, although there
was one exceptional fish specimen in which a third/fourth stage larva migrated
to the hepatic sinus. Among certain dracunculoids vaginal plugs are in place after
females are mated (Crichton and Bevetley-Burton 1975). This was not observed
in Pseudodelphis oligocotss. Distribution of gravid females (both larvigerous or with
developing embryos) in the hepatic sinus of the liver indicates that this is the
final site from which first-stage larvae pass to the exterior. Occasionally, gravid
females are found in the atrium of the heart and the common cardinal vein. The
gill region is directly downstream from the heart, hepatic sinus and common
cardinal vein. First stage larvae were restricted to the gill region (132 first-stage
larvae recovered from wet mounts) and were never recovered from the general
circulation (all blood samples from the tail were negative). Histological cross-
sections and scanning electron microscopy confirmed that first-stage larvae
break through the blood vessels of the primary lamellae of the gill to reach the
external environment. This is the first record of such a method of transmission.
Similar to P. oligocottz, some blood-dwelling dracunculoids (Mo/naria and

S krjabillanus spp.) release first-stage larvae into the blood of the host, but in these

cases larvae are carried to the skin where ectoparasitic brachiurans ingest them
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with a blood meal (Tikhomirova 1971, Tikhomirova 1980, Tikhomirova 1975,
see Adamson 1986 and Anderson 1992 for reviews). Philometra obturans also lives
in the blood but gravid females migrate to the gill arteries to release larvae
directly into the water (Molnar 1976). The method by which Psexdodelphis olzgocorti
disseminates its larvae is yet another solution to the problem getting larval stages
into the external environment. For some blood-dwelling nematodes the method
of transmission is still unknown. Ich#hyofilaria spp. (Dracunculoidea:
Philometridae) live on the surface of the definitive host’s liver and in the
mesentery; first-stage larvae circulate in the host’s blood and body fluids, but we
do not know how they reach the external environment (Appy et al. 1985). The
method of transmission demonstrated for P. o/igocots sets a new precedent for
the transmission of blood-dwelling parasites whose life cycle’s are yet to be

completed.

Wild-caught A. flavidus typically become infected by Psexdodeiphis oligocotsi when
they ate yearlings (age 1); age 0 are young of the year, and age 1 are yearlings in
between their first and second year of life (Devries and Frie 1996). The smallest
fish infected was an 80-mm yearling caught in May, infected with an adult
nematode. In the fall, 4. flavidus migrate from eelgrass beds to adjacent rocky
sub/intertidal zones to spawn, and return to eelgrass beds in the spring. Yearling
fish are probably infected over their second winter, when young of the year are
just emerging. Young of the year may become infected only later in the season
because that is when they become exposed, or because there is a certain
minimum size requirement (in this case, presumably 80 mm) for a nematode to

establish.

My determination of the first age class of /4. flavidus (mode at 35 — 38 mm in the
spting, and greater that 75 mm in late summer, Figure 4.1) roughly agrees with
Hart (1973) who teports that 4. flavidus are 20 to 40 mm in the spring of their
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first year, and 100 to 120 mm by the end of the summer of their first year. I was
unable to determine host age with certainty beyond the first age class. Fish
length frequencies were examined by month because time of year may affect age
composition of samples. Apodichthys flavidus has a discrete spawning period (Hart
1973) which makes individuals amenable to length-frequency aging (Devries and
Frie 1996). I examined length frequencies of late spring and summer samples,
after A. flavidus has returned from its spawning area; spring and summer samples
included the most complete distribution of age groups. Modeling age from peaks
in length frequencies in a sampling period assumes unbiased sampling of fish age
groups. This assumption is justified because, for a given time of year, the same
sampling apparatus recovered a full range of sizes (according to Hart 1973).
Modes in length.frequencies were only distinct for the smallest sizes. Beyond
this, variance increases with the mean length of the fish, giving rise to
ovetlapping annual length frequency distributions (Devries and Frie 1996, Jones
1962) (Figure 4.1). This phenomenon tesults from non-uniform growth between

ages.

Parasite abundance (subgravid adult (L5) and larvigerous stages only) increased
with host size (as an index of fish age) probably through the accumulation and
growth ‘of parasites throughout a host’s life. 4. flavidus individuals continually
acquire P. o/gocotti throughout their lives: all parasite stages were present
concomitantly in all but the largest, oldest fish, which did not harbour L.3/1.4
larvae. The restriction of eatlier nematode stages to all but the largest hosts may
be the result of diet shifts as fish age. Fish often vary their diet with age (Horn
and Gibson 1988, Bane and Bane 1971, Yoshiyama 1980). Copepods,
intermediate hosts of Psexdodelphis oligocotsi, may not be considered profitable prey
to penpoints greater than 262 mm, resulting in reduced exposure to P. o/igocotti
unless small copepods are accidentally ingested. There is no age-related diet data

on A. flavidus itself in the literature. However, captive gunnel seemed to show a
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preference for the larger amphipods over the copepods. Alternatively, many host
populations are believed to acquire immunity to paiasites with age, exhibiting
lower intensities and rates of infection in older members (age at which host
populations acquire immunity depends on transmission rates; see Woolhouse
1998 for review). The absence of gravid nematode stages in young fish may be a
result of the time it takes parasites to mature from time of initial infection. Many
large gunnel also supported third and fourth stage larvae of Psendodeiphis oligocotti,

‘ inferring that they acquire new infections throughout their lives (Figure 4.2).

Many parasites are adapted to transmit when susceptible hosts are most
common (Adamson 1986). This means that many nematodes will have annual
transmission cycles synchronized with the spawning activities of their hosts.
Examination of seasonal variation in parasite stage abundance was somewhat
hindered by the paucity of data from mid-November to end of March.

‘ Apodichthys flavidus became unavailable during these months because of their
habit of moving from subtidal eelgrass beds into rocky subtidal areas to set up
breeding territories. These rocky areas were impossible to seine and could only
be sampled by rock tipping at extreme low tides, which are infrequent. The
presence of adult to gravid parasite stages throughout those patts of the yeat
sampled does not suggest annual cycles in transmission of P. o/gocot#i. Gravid
stages may be relatively long-lived, at least long enough for A. flavidus individuals
to acquire new infections that also become gravid: female worms in the hepatic
sinus were often in different stages of development, from subgravid adult (L5) to

larvigerous.

The development of experimentally transmitted third-stage larvae to the fourth
stage by 61 days, and to adult by 231 days indicates that the life cycle takes a year
to complete. Because only 11% of all parasites recovered were fourth stage, this

stage is probably relatively transitory. Psexdodelphis oligocotti spends most of its life
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as an adult (fifth-stage). These nematodes more than likely become adults well
before 231 days. At this rate, P. o/igocotsz adults give rise to adult stages in the next
fish host within a year. Most members of the superfamily Dracunculoidea
typically complete their life cyclé in a year: prepatent periods (time from
acquisition of infection to appearance of gravid, transmitting stages) vary from

10 months to 2 years (Anderson 1992).
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Table 4.1 Necropsy results showing percent of Psexdodelphis oligocotti worms by
stage of development and tissue site in which each stage was recovered from
tish host, Apodichthys flavidus.

Stage/sex: L3 /L4 L5 Dead Gravid  Gravid 13
(with dev-  (with
Female  Male un- eloping  larvae)
Tissue known embryos)
Body Cavity 99.7 23.6 99.4 98 99
Ovary 0.5
Heart/pericard- 5.1 0.6 0.3 3.8 15
um
Hepatic sinus 0.3 70.8 1.7 1 95.3 97.3
Cgmmon cardinal 0.9 12
vein
Thymus 10.6
Gills 89.4
Total number of g, 195 326 929 403 213 402 132

worms
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Table 4.2 Rates at which first-stage larvae wete shed by Apodichthys flavidus
infected with larvigerous females of Pseudodelphis olzgocotts.

Shedding Rate

Fish Numbetr Fish (\;()/eight Lafl\i;eiius Elap (s;sn')l"ime 5:2:68122 r(rlni‘:iz// S‘/;Zilrc’;liieg
Females female) Rate
1566 - 12 13.0 3 0.02 0.02
61.0 17 0.02
1570 20.7 1 65.5 2 0.03
138.8 6 0.04 0.04
51.7 3 0.06
| 1576 20.9 1 82.0 0 0
i 101.0 0 0
| 1591 52.9 2 51.0 0 0
14.0 0 0
112.0 0 0
32.0 0 0

70



Table 4.3 Measurements of Psexdodelphis oligocotti from wild-caught and

experimentally infected Apodichthys flavidus.

Stage spelc\]ir(;ens Sex Length (rmrn)1 Width (mm)'

L1? 3 0.553 (0.531, 0.567) 0.027 (0.023, 0.030)
L1’ 3/5 0.685 (0.663, 0.699) 0.038 (0.019, 0.052)
L3 2 unknown 2.33 (1.6, 2.99) 0.057 (0.047, 0.073)
L4 2 unknown 5.019 (4.95, 5.08) 0.076 (0.065, 0.087)
L4 1 Female 5.691 0.0853

L4* 2 Male 5.355 (5.34, 5.37) 0.064 (0.058, 0.070)
L5 1 Male 13.5 0.113

L5* 2 Male 15.77 (15.64, 15.91) 0.122 (0.116, 0.128)
L5 3 Female 21.18 (19.37, 22.79) 0.124 (0.115, 0.131)

1 - : .
Measurements are the mean, followed by minimum and maximum in patentheses

2 .
From uterus of larvigerous female

* From host gill region

* From experimentally infected fish killed at 8.5 and 33 weeks respectively
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Figure 4.1 Frequency histogram of total length (mm) for all penpoint gunnel (Apodichthys
flavidus) caught in sampling periods May, June, July, or August. Distinct modes in
a sampling petiod indicate age groups (Devries and Frie 1996). The first age
group (young of the year) is indicated in May by a dashed line.
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Figure 4.2 Abundance of vatious stages of Pseudodelphis oligocotti in hosts (penpoint gunnel,
Apodichthys flavidus) of different lengths. Each subplot refers to a different stage of
parasite development: “L3/L4” indicates third or fourth stage larvae, “Subgravid

" L5” indicates non-gravid adults, “Gravid” indicates female nematodes with
developing embzyos in uters, and “Larvigerous™ indicates females with first-stage
larvae in utero. Specimens of A. flavidus that contain more than one stage are
tepresented by points in the appropriate window. No completely uninfected

- individuals were included. ,
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Figure 4.3 Size classes of penpoint gunnel (Apodichthys flavidus) and the number of
Pseudodelphis oligocotsi they host, according to stage of parasite development. Each
subplot refers to a different stage of parasite development: “L3/1.4” indicates
third or fourth stage larvae, “Subgravid L5” indicates non-gravid adults, “Gravid”
indicates female nematodes with developing embzryos ## #tero, and “Larvigerous™
indicates females with first-stage larvae in utero. Box diagram represents the upper
and lower extremes of the data (excluding outliers) with whiskers, upper and
lower quartiles with box botders, and median with a black dot. Outliers are drawn
as open circles and refer to data outside 1.5 times the interquartile range.
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Figure 4.4 Distribution of sizes of penpoint gunnel (Apodichthys flavidus) infected by each
stage of Pseudodelphis oligocotti. Box diagram represents the upper and lower
extremes of the data (excluding outliers) with whiskers, upper and lower quartiles
with box borders, and median with a black dot. Outliers are drawn as open circles
and refer to data outside 1.5 times the interquartile range.
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Figure 4.5 Seasonal distribution of Psexdodelphis oligocotts in Apodichthys flavidus. Stages are
plotted on separate lines: “L3/1.4” indicates third or fourth stage larvae,
“Subgravid L5” indicates non-gravid adults, “Gravid” indicates female nematodes
with developing embryos in utero, and “Larvigerous” indicates females with first-
stage larvae #n atero. Multiple years have been pooled and data plotted by time of
year. Vertical bars reptesent number of worms. Right-hand scale bar represents
abundance levels and applies to each row of the plot. Lines represent robust (3
iterations) estimates of each point using the nearest 0.1625 points of the data set
to generate the estimate (lowess function, Mathsoft 1998)
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Figure 4.6 First-stage (1) Psexdodelphis oligocotti larva as it leaves the gill primary lamella of
penpoint gunnel, Apodichthys flavidus, fish host.
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Figure 4.7 Closeup of head of first-stage (L.1) Psexdodelphis oligocotti larva as it leaves the gill

primary lamella of penpoint gunnel, Apodichthys flavidus, fish host. Examination of
head reveals dorsal cephalic swelling (bottom of frame) diagnostic of the
superfamily Dracunculoidea.
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Figure 4.8 Histological cross-section of gills from penpoint gunnel, Apodichthys flavidus,
infected with Pseudodelphis oligocotti. First-stage larva(e) of P. oligocotti sit in blood
vessel(s) of gill primary lamella (center of photograph).
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Figure 4.9 Comparison of liver tissue from penpoint gunnel, Apodzchthys flavidus, uninfected
and infected with nematode Psexdodeiphis oligocotti. A. Liver tissue and hepatic sinus
(HS) of an uninfected gunnel. B. Liver tissue and hepatic sinus infected with adult
(P) and larval (L) P. o/gocotti. Pressure atrophy has occurred in tissue surrounding
the hepatic sinus. C. Area of inflammation of infected liver showing macrophages
(M), plasma cells (Pl), and non-uniformly nucleated hepatocytes (H). D.
Granulomatous lesion (Ls) in infected liver tissue.
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CHAPTER 5: PREDICTORS OF SUITABILITY OF VARIOUS FINAL HOSTS FOR
PSEUDODELPHIS OLIGOCOTTI

Introduction

Psendodelphis oligocotts is an endoparasitic nematode inhabiting the body cavity and
hepatic sinus of certain coastal marine fishes. Although it infects at least nine
species of fishes, its course of development is variable and typically does not lead

to transmission in most fish species.

Hosts vary in theit suitability. Nutritional requirements of the parasite, the nature
of the host immune response, and availability of hosts all play a role (Kennedy
1975). Variation in host suitability is reflected by variation in a parasite’s ability to
establish, the parasite’s rate of development and number of progeny it produces
depending on the host (Dogiel et al. 1964, Leong and Holmes 1981, Holmes
1976). Hosts in which parasite development is not actually completed are termed
unusual hosts (Dogiel et al. 1964). Parasites vary in the range of host taxa in which
they can establish and develop. The number of hosts and taxonomic diversity
that comptise a parasite’s host range can indicate a parasite’s host specificity.
Host specificity is defined as the “degree to which a parasite is able to mature in

more than one host species” (Roberts and Janovy Jtr. 1996).

Most parasites have relatively narrow host specificity, which often includes
phylogenetically related hosts. Related hosts are more likely to have similar
immune responses and biochemical make-up, partial determinants of a parasite’s
success (Wakelin and Apanius 1997), although it is also true that sometimes
hosts share an essential element that does not follow taxonomic groupings (plant
hosts of cabbage butterfly Pieris rapae in Barbosa 1988; anurans infected with

pinworms in Inglis 1971). Parasite host range tends to include multiple
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taxonomic groups when rate of encounter of different host species is high: rate
of host encounter is a function of method of transmission and host ecological
relationship with other potential hosts. Monbgeneans in general are highly host
speciﬁé: their transmission between fish hosts is restricted to direct contact
between hosts (Rhode 1979). There are at least two exceptions, both Hawaiian
species of monogenean. One species infects seven families of fish hosts, while
the other infects 11 families of fish hosts. In both cases, host species live
sympatrically in diverse coral reef systems (Rhode 1979). Certain pinworms of
Anurans have broad host ranges when there are many sympatric hosts available
(Adamson and Caira 1994, data from Adamson 1981). Parasites with passive
(indiscriminate) transmission using food web relationships between hosts,
particularly in aquatic habitats are often capable of maturing in multiple host taxa
(Bush et al. 1990). One review concludes that parasites with actively swimming
larvae penetrating or attaching to the host have a narrower range of suitable host
species than do parasites entering the host through the mouth (Noble et al.
1989). Yet itis not clear how host range has evolved in response to ecological
factors: it seems unlikely that parasites are in fact generalists that do not transfer

to unusual hosts simply because they lack the ecological opportunity.

Parasites’ ability to develop in a range of hosts determines potential ways in
which parasites may speciate: by cospeciation with hosts, or by capturing unusual
hosts (Chabaud 1959, Holmes and Price 1980). When a parasite completes its
development in an unusual host while retaining its normal morphology, Chabaud
(1959) refers to it as parasite transfer. 1f that parasite then becomes isolated in the
newly acquired unusual host and subsequently speciates, Aosz capture is said to

have occurred (Chabaud 1959).

Psendodelphis oligocotss, like many other members of the superfamily

Dracunculoidea, transmit between fish hosts by way of an intermediate
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crustacean host, usually a copepod, that is ingested (Chapter 3 and 4). It is not
surprising that it establishes in many fish hosts that occur in eelgrass beds and
adjacent rocky areas, since so many of these feed on copepods. Coastal waters,
where the principal final host A4podichthys flavidus lives, are particularly diverse
because many marine fishes use such areas as breeding/spawning grounds as
well as feeding and nursery grounds for their young (Jones 1962). Nonetheless,

| P. olzgocotts’s actual host range is extremely narrow.

Psendodelphis oligocotti appears to be host specific to penpoint gunnel, Apodichthys

flavidus, yet it demonstrates variation in development in other hosts from mere

establishment to stages capable of transmission (Chapter 2). In this chapter I
characterize fish hosts by their ecology and taxonomic relatedness using a vatiety
of sources from the literature. I ask whether more appropriate hosts for P.
oligocotti’s development are more ecologically associated than taxonomically
related. This study supports the importance of a parasite’s method of
transmission and host ecology in expansion of host range (Adamson and Caira
1994). The results suggest mechanisms by which a host specialist might
eventually transfer to unusual hosts, which may lead to a speciation

phenomenon usually attributed to host generalists, that of host capture.

Methods

Nearshore fishes were collected from coastal British Columbia by pole seine and
rock tipping. Collection sites occurred throughout the coastal mainland of
British Columbia to West Coast Vancouver Island, British Columbia (Table 2.1).
Sampling was as frequent as every extreme low tide, from early spring to fall of

1992 to 1996.

Once captured, fishes were placed in a holding tank and dissected for parasites

in turn. Dissections follow standard methods detailed in Chapter 2. Nematodes
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of the species Pseudodelphis oligocotti were collected and identified to stage and sex
with the aid of a microscope. From parasite data I generated percent of worms
gravid with developing embryos, and with first-stage larvae. I also coded the
degree of Pseudodeiphis oligocotti development within each host with a 1 if
Pseudodelphis oligocotsi never established, 2 if it established and reached adulthood,
3 if female nematodes became gravid with developing embryos, and 4 if females

became gravid with first-stage larvae.

Host Information

Fish were identified to species, measured in total length and sexed if possible, in
addition to being dissected for parasites. Fish species that were caught only once
and do not normally occur in nearshore waters (that is, Oncorhynchus nerka and
Raja binoculata from Chapter 2) were omitted from the following analysis. To
determine the degree of ecological similarity between fishes potentially infected
by P. oligocotzs, data on diet and habitat of each fish species was amassed from the
literature (Appendix 5.1A). Each species was represented by multiple citations to
ensure complete coverage. To overcome inconsistencies between sources in
units of measurement, level of detail, sampling effort, and ages of fish examined,
I recorded only presence/absence of characteristics reported for a given species.
Diet and habitat characters were expanded to the minimum level across all
studies. For example, if a fish reportedly ate cirrulid tentacles, a placeholder
record was created for “polychaete” and “invertebrate,” since for some hosts
only coarse-grained data were available. I compiled matrices where each row
represented a fish species and each column represented a diet item or
microhabitat. Each fish received a 1 if reported to have ingested said dietary item
or occurred in said microhabitat, and a zero if a.) no one reported that they ate
said dietary item or occurred in said microhabitat, and b.) if it was repdrted that
they did not eat said item or occur in said microhabitat. I divided ecological

similarity matrices into one based on diet (Appendix 5.1B), one based on habitat
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(Appendix 5.1C), and one based on both groups of characteristics combined. I
generated distance matrices (distance between rows, representing fishes) using
the binary method, which evaluates the proportion of non-zero fields that two
rows do not have in common, for every combination of rows (Mathsoft 1998).
Groups of fishes were then determined using the single linkage (connected)
method of clustering. Clustering methods begin by assigning each fish to its own
group, then combining the “nearest” other fish to form larger groups until there
is a single group. Groups wete connected by their closest points (hence “single
linkage”, Becker et al. 1988). Another study measured percent biomass of each
diet item and drew similarities between fishes using euclidean distance (root sum
of squares difference) between rows (Edgar and Shaw 1995). They assigned
groups using the average distance between points to link clusters. Again, because
units of measurements used in my analysis wete not consistent, this method

would have been inappropriate.

Phylogenetic distance between fishes was quantified using established taxonomic
data (Hart 1973). Although certain fish relationships have been studied using
both ontogeny (Moser et al. 1984, Jamieson 1991) and ribosomal sequences, no
two fish examined in this study have been compared using the same methods.
After ordering fishes taxonomically, each fish was assigned 5 numbers, each
number one in a sequence according to its superorder, order, family, genus, and
species, respectively. Fish within the same taxonomic group received the same
number (Appendix 5.2). A distance matrix between rows (fishes) was then
assembled by first weighting the phylogenetic matrix of Appendix 5.2 by
log(10,000) at the superorder level, log(1000) at the order level, log(100) at the
family level, log(10) at the genus level, and 1og(1) at the species level. This has the
effect of putting the most importance on differences in superorder and
removing the redundancy of including the species level (since each species

receives a unique number according to species). After weighting the phylogenetic
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matrix, I used the Manhattan technique (sum of the absolute difference between
rows) to generate the matrix of distances between each species (row)
combination and assigned groupings according to single linkage (connected)
method (Mathsoft 1998). Both the ecological and the phylogenetic distance
matrices were condensed to vectors of distance relative to 4. flavidus. Using only
those fish species surveyed for P. o/gocott; more than once, I modeled separately
percentage of worms gravid, and coded response variable “Maximum stage of
development” as functions of ecological distance and phylogenetic distance,
considering separate and combined effects. To fulfill assumptions of the general
linear model of equal variances, variables were transformed according to the
following expressions: maximum stage of development and percent of worms
gravid transformed by \/(response variable.+0.5); \/(distance+4) for phylogenetic

distance; and log, (distance) for ecological distance.

Members of an ecological grouping may be, but are frequently not, close
phylogenetic relatives (Harvey and Pagel 1991). Since this study could not select
which fish hosts became infected and to what extent, it was impossible to
examine fishes of each taxon with sufficient variation in ecological traits,
according to the comparative phylogenetic method (Harvey and Pagel 1991). To
make allowances for a correlation between phylogenetic distance and ecological
distance, a general linear model was proposed for partial correlation of parasite
development as the dependent variable on both ecological and phylogenetic
distance from A. flavidus where the two independent variables were allowed to

interact.

Results

Of 1384 individuals from 22 coastal marine fishes surveyed (omitting

Oncorhynchus nerka and Raja binoculata, represented by one individual each,
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because they do not normally occur in nearshore waters), Pseadodelphis oligocotts
established and reached adulthood in 9 species (Table 2.3). It was variable in the
extent of its development beyond adulthood depending on the host species: in
two species (A. flavidus and Gobiesoxc meandricus), female P. oligocotti developed to
completion, becoming gravid with first-stage larvae; in three other species
(Syngnathus leptorhynchus, Pholis laeta, and Oligocottus maculosus), female P. oligocotti
developed until they were gravid with developing embryos (Chapter 2). Amongst
fish in which Psexdodelphis oligocotti developed to an advanced stage, hosts varied
in the percent of parasites recovered that were gravid. Other studies (Holmes
1976) gauge extent of development by measuring percent of the parasites that
wete gravid. However, an estimate of percent gravid females was unavailable for
Oligocottus macutosus (Adamson and Roth 1990). I therefore focus on the coding

variable, maximum extent of development, in my presentation of the results.

Ecological opportunity versus phylogenetic predisposition

When hosts are characterized according to diet and habitat (Figure 5.1A), their
groupings based on similarities are different than the groups formed when they
are characterized by taxonomic classification (Figure 5.1B). To examine the
relative importance of host ecology versus phylogenetic relatedness on parasite
development, I first excluded those host species that had been examined only
once (Table 2.3), reducing the number of hosts in the analysis to 15 (Gobiesox
meandricus, Syngnathus leptorbynchus, Cymatogaster aggregata, Anoplarchis purpurescens,
Lumpensus sagitta, Apodichthys flavidus, Pholis laeta, P. ornata, Hexagrammus
decagrammus, Leptocotins armatns, Artedius fenestralis, A. lateralis, Oligocottns macnlosus,
Engphrys bison, Hippoglossoides elassodon). Before correcting for interactions between
host ecology and host taxonomy, trends indicate that host ecological association
with the principal host, A. flavidus, is a better predictor of the maximum extent of
parasite development in a given host species (Spearman’s rank correlation
coefficient p = -0.5, p = 0.07, Figure 5.2A) than host taxonomic relatedness
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(Spearman’s rank correlation coefficient p = 0.22, p = 0.44, Figure 5.2B).
Analysis excludes Apodichthys flavidus itself because distance of fishes is measured
trom A. flavidus: it has zero distance. To take into account interactions between
host ecology and host taxonomy, maximum stage of development was then
modeled as a linear function of host ecological distance from 4. flavidus, host
phylogenetic distance from .A. flavidus and a term for their interaction:
development oc ecological distance + phylogenetic distance + ecological distance
* phylogenetic distance. Host ecological distance from .A. flavidus, taking into
account the potentially confounding influence of phylogenetic relatedness, is
negatively correlated with extent of parasite development (F, ,, = 5.7, p = 0.038,
where 10 is the degrees of freedom for the residuals: 14 fish - three model terms
- 1). Host phylogenetic distance from 4. flavidus, taking into account the
influence of ecological relatedness was not correlated with extent of parasite
development (F, ,,= 1.1, p = 0.32). There was no interaction between host
phylogenetic distance and host ecological distance (F, ;, = 0.34, p = 0.57). These
results were robust to different variable transformations and different order of
terms. To summarize, Psexdodelphis oligocotsi appears to fail later along the path of
development in hosts that are more similar ecologically to A. flavidus than in

those hosts that are related phylogenetically.

Discussion
Fish parasites commonly infect two or more host families (data from Margolis
and Arthur 1979, reviewed in Holmes and Price 1980). Presumably parasites
acquired many of these hosts through ecological associations (Holmes and Price
1980). The results of this study indicate that the stronger the ecological
association between hosts, the more likely Psexdodelphis oligocotti is to reach an

advanced stage of development in that host. These results suggest mechanisms
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by which unusual hosts may be acquired by a parasite through ecological

associations between hosts.

The results are counterintuitive. Given that parasites spend the greater part of
their lives in the host environment meeting nutritional demands and countering
immune defenses, adaptation to the host environment might be expected to
result in a positive correlation between a parasite’s developmental success in an
unusual host and the latter’s taxonomic relatedness. This is not the case for P.
oligocorti, which is a specialist of A. flavidus: even members of the same family as
the host do not produce mature forms of the parasite, but P. o4gocosti occasionally
develops to maturity in distantly related fish (Gobiesox meandricus) of dramatically
different morphology that are nonetheless sympatric with 4. flavidus. Psendodeiphis
oligocotti also reaches an advanced (but not quite fully mature) stage of
development in type host Olgocottus macnlosus (Adamson and Roth 1990),
Syngnathus leptorhynchus and Pholis laeta. Gobiesox meandricus and O. maculosus live in
rocky intertidal zones where A. flavidus overwinters to breed. Syngnathus
leptorhynchus lives in eelgrass beds where 4. flavidus also occurs, when not
breeding. Pholis laeta’s distribution also appears to be similar to that of A. flavidus
(Hart 1973, Wilkie 1966).

Parasite developmental success in a host requires the appropriate cues to initiate
phases of development such as tissue migration, growth, or feeding. A liver fluke
of herbivorous vertebrates, Fascola hepatica has six different behavioural phases
in the vertebrate host, each in a different host tissue where specific chemical cues
induce specific responses (Sukhdeo 1990). The presence of a single type of bile
salt (glycocholic acid) in the hosf intestine (formed by herbivores but not
carnivores) cues excystment and begins a cascade of other parasite-host tissue

interactions (Sukhdeo and Mettrick 1986). Unusual hosts of P. o/jgocot#s may
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require one or many chemical modifications to cue P. o/igocotss along its

developmental path.

It is not clear why parasite developmental success should be correlated with host
ecological similarity. Hosts that live in close ecological association with .A. flavidus
probably encounter P. o/gocotsi often. Presumably, P. o/gocotti and their potential
host populations consist of variable genotypes. Individual larvae vary in their
ability to establish and develop in different potential hosts, which are in turn
genetically variable in susceptibility to P. o/gocott; and suitability for P. o/igocotts
development. If enough attempts at successful combinations are made,
eventually one will arise. When P. o/igocot#z 1arvae are frequently sampled by
potential host species, eventually a variant larva will establish in a host in which it
can develop. Thus the frequency at which P. o/gocot# reaches advanced stages of
development in potential host species would be higher in those hosts that are
more ecologically similar to A. flavidus. Secord and Kareiva (1996) suggest that
genetic heterogeneity in parasite and potential host populations, along with a
change in ecological circumstances resulting in increased exposure, account for
the transfer of parasite host—specialisi:s to new host groups. Genetic
heterogeneity in parasite and unusual host populations was demonstrated in the
transfer of fish monogenean Gyrodactylus turnbulli (a taxon renowned for its
specificity) to unusual hosts after an introduction had increased encounter rate
between potential host and parasite (data from Leberg and Vrijenhoek 1994, in
Secord and Kareiva 1996).

Artficially induced ecological association between an unusual host and the
ptincipal host may have resulted in one captive-held specimen of Pholis ornata
producing larvigerous female Pseudodelphis oligocotti in the hepatic sinus. Wild-
caught Pholis ornata never contained stages of Psexdodelphis oligocotsi beyond
subgravid adult (63 individual fish examined). Although the specimen of Phoiis
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ornata may have been infected before entering captivity, it was held at the
Vancouver Public Aquarium in a seawater tank with infected .A. flavidus for 34
months, and could have acquired the infection in captivity. Potential
intermediate hosts may have been introduced into the water along with sand and
coral by Aquarium staff. Direct transmission does not occur in this group of
endoparasitic nematodes (Anderson 1992). However, since the sourée of
infection is unknown, I cannot distinguish between two alternative explanations:
1) rates of transmission are artificially high in captivity, and of the greater
number of attempts thus made by Psexdodelphzs oligocotti to successfully infect
Pholis ornata, one finally resulted in completed development due to the right
combination of host and parasite genotypes. 2) parasite genotypes that can
develop in genotypes of Pholis ornata occur in nature but I did not sample them,
possibly because infected Phokis ornata die of advanced infection. In fact, the
absence of advanced stages of development in many the unusual hosts sampled
in this study may actually be the result of premature death on the part of the host
rather than the actual inability of the parasite to develop. Regardless, parasite
transmission, the successful endpoint of development, does not occur. Both
explanations for the results of this study are in keeping with the suggestion that
ecological associations take advantage of host and parasite genotypic
heterogeneity, leading to host-parasite combinations in which parasite’s develop
and/or unusual hosts survive the infection to a point where the parasite can

transmit.

Parasite transfer (when a parasite completes development in an unusual host)
may result in 2 host capture event when the transferred parasite becomes isolated
in the new host and undergoes speciation (Chabaud 1959). Host captute explairlls.
the presence of parasite lineages in very different host groups (Chabaud 1981).
Isolation of P. olgocotts in Gobiesox meandricus, the only host it appears to have

transferred to (although transmission from this host has not been confirmed)
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would require some subsequent restriction in transmission, presumably a shift in
habitat through which transmission occurs, ot time of transmission, as a result of
development in the unusual host. For example, sockeye salmon may have
captured parasitic nematode Phzlonema oncorhynchi from landlocked salmonids
harbouring P. aguberham/um becaﬁse transmission, which is timed with host
spawning (Ko and Adams 1969), is offset from the parent population by three

years (M. L. Adamson, personal communication).

Use of ecological data from a variety of sources to characterize a fish’s niche
quantitatively has limitations. Ideally, comparison of niche overlap should
include proportions of each prey category in the diet, and the proportion of
individuals, or time spent, in each habitat category (Pianka 1975). These should
be derived by standardized methods on fish of the same age. In addition,
phylogenetic relationships between fishes were quantified using taxonomy, itself
based on morphological and ontogenetic findings. These may be confounded
with habitat use. Modern molecular biology techniques could provide percent
genomic differences between fishes using neutral portions of the genome that
are independent of niche (Harvey and Pagel 1991). Finally, Holmes (1976) uses
percent of parasites that have reached maturity and are ready to transmit to
quantify success of development. Data on percent of Pseudodelphis oligocotti
individuals that contain developing embryos, for type host Oligocottus maculosus,

would complete the data set.
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Figure 5.1 Dendograms tepresenting the ecological (A) and taxonomic (B) relationships of
the various fish hosts infected by Pseudodelphis oligocotti under natural conditions.
Letters code for the different species (Table 2.2). Fishes marked with “+” are
those that are infected with P. o/igocotts, but in which parasites do not advance
beyond subgravid adult. Those matked with “++” are fishes in which P. oligocorts
becomes gravid with developing embryos. Fishes marked with “+++" are those
in which P. o/igocotsi reaches an advanced state of development, becoming gravid
with larvae.
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Figure 5.2 The ecological (A) and taxonomic (B) distances of potential fish hosts from
Apodichthys flavidus, principal definitive host of Psexdodelphis oligocotts, are assessed as
predictors of maximum stage of development reached by P. o/igocos#i in those
hosts. Results of Spearman’s Rank correlations appear in the upper left corner of
each plot. Lines represent the least sum-of-squares best fit of the data.
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Appendix 5.1A List of citations used for collecting ecological data presented in
Appendix 5.1B and C. Fish species are represented by their alpha codes (see

Table 2.2 for full name).

Fish
species

Citations used to collect ecological data.

A

AP

ArFe

AuFl

BC

CA

EB

FS

GA

GM

HG

HS

LS
oM

PL

PN

PO

Bane and Bane 1971, Barton 1982b, Barton 1982a, Hubbard and Reeder 1965,
Goodson 1988, Hay et al. 1989, Miller et al. 1980, Yatsu 1981, Yoshiyama 1981,
Paulson 1998

Bane and Bane 1971, Barton 1982a, Clemens and Wilby 1961, Hubbard and
Reeder 1965, Goodson 1988, Green 1971b, Hay et al. 1989, Lamb and Edgell
1986, Marliave 1977, Miller et al. 1980, Paulson 1998, Yoshiyama 1980, Yoshiyama
1981

Bane and Bane 1971, Barton 1982b, Barton 1982a, Goodson 1988, Hay et al. 1989,
Lamb and Edgell 1986, Miller et al. 1980, Schultz and DeLacy 1932, Paulson 1998,
Yoshiyama and Darling 1982, Yoshiyama 1981

Clemens and Wilby 1961, Green 1971b, Hay et al. 1989, Lamb and Edgell 1986,
Miller et al. 1980, Paulson 1998

Carl 1964, Clemens and Wilby 1961, Goodson 1988, Hay et al. 1989, Lamb and
Edgell 1986, Limbaugh 1962, Miller et al. 1980, Wang 1986, Marliave 1975,
Paulson 1998

Clemens and Wilby 1961, Green 1971b, Lamb and Edgell 1986, Miller et al. 1980,
Paulson 1998

Bane and Bane 1971, Clemens and Wilby 1961, Fitch and Lavenberg 1975, Hay et
al. 1989, Jones 1962, Lamb and Edgell 1986, Miller et al. 1980, Bane and Robinson
1970, Boothe 1967, Paulson 1998

Bane and Bane 1971, Barton 1982a, Clemens and Wilby 1961, Goodson 1988,
Green 1971b, Miller et al. 1980, DeMartini 1978, Paulson 1998, Yoshiyama 1981
Clemens and Wilby 1961, Lamb and Edgell 1986, Niggol 1982, Paulson 1998

Bane and Bane 1971, Carl 1964, Clemens and Wilby 1961, Goodson 1988, Hay et
al. 1989, Lamb and Edgell 1986, Wang 1986

Bane and Bane 1971, Barton 1982a, Carl 1964, Clemens and Wilby 1961, Hay et al.
1989, Lamb and Edgell 1986, Matliave 1977, Miller et al. 1980, Schultz and Delacy
1932, Wang 1986, Marliave 1975, Paulson 1998, Yoshiyama 1981

Bane and Bane 1971, Barton 1982a, Goodson 1988, Hay et al. 1989, Lamb and
Edgell 1986, Miller et al. 1980, Wang 1986, Barraclough 1967, Frey 1971,
Gorbunova 1962, Matliave 1975, Paulson 1998, Yoshiyama 1981

Miller et al. 1980

Bane and Bane 1971, Carl 1964, Clemens and Wilby 1961, Fitch and Lavenberg
1975, Goodson 1988, Green 1971b, Hart 1973, Hay et al. 1989, Jones 1962, Lamb
and Edgell 1986, Miller et al. 1980, Paulson 1998

Gibson 1982, Hart 1973, Paulson 1998

Bane and Bane 1971, Barton 1982a, Carl 1964, Clemens and Wilby 1961, Goodson
1988, Green 1971a, Green 1971b, Hay et al. 1989, Jones 1962, Lamb and Edgell
1986, Miller et al. 1980, Nakamura 1976, Wang 1986, Paulson 1998, Yoshiyama
1981

Barton 1982a, Hay et al. 1989, Lamb and Edgell 1986, Marliave 1977, Miller et al.
1980, Peden and Hughes 1984, Schultz and DeLacy 1932, Paulson 1998, Yatsu
1981

Bane and Bane 1971, Carl 1964, Hay et al. 1989, Jones 1962, Lamb and Edgell
1986, Wang 1986, Greene 1924, Hubbs 1920, Paulson 1998

Bane and Bane 1971, Barton 1982a, Fitch and Lavenberg 1975, Goodson 1988,
Hay et al. 1989, Jones 1962, Lamb and Edgell 1986, Miller et al. 1980, Peden and
Hughes 1984, Schultz and Delacy 1932, Paulson 1998, Yatsu 1981
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PS

Bane and Bane 1971, Clemens and Wilby 1961, Goodson 1988, Hay et al. 1989,

Jones 1962, Lamb and Edgell 1986, Miller et al. 1980, Batraclough 1967, Orcutt

1950, Porter 1964, Paulson 1998

Bane and Bane 1971, Bayer 1980, Carl 1964, Clemens and Wilby 1961, Goodson
1988, Howard and Koehn 1985, Jones 1962, Lamb and Edgell 1986, Miller et al.
1980, Steffe et al. 1989, Wang 1986, Moyle 1976, Paulson 1998

Bane and Bane 1971, Barton 1982b, Barton 1982a, Fitch and Lavenberg 1975,
Goodson 1988, Hay et al. 1989, Miller et al. 1980, Paulson 1998, Yoshiyama 1981
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Appendix 5.2 Matrix of taxonomic codes used to generate the taxonomic
distances between fishes infected by Psexdodeiphis oligocotti to varying degrees of
parasite development.

Superorder:
Otder:
Family Species (s)lrlpz Order Family Genus Species
Paracanthopterygii:
Batrachoidiformes:
Batrachoididae  Porichthys notatus 1 1 1 1 1
Gobiesociformes:
Gobiesocidae Gobiesox meandricus 1 2 2 2 2
Acanthopterygii:
Gasterosteiformes:
Aulothynchidae _Anlorhynchus flavidus 2 3 3 3 3
Syngnathidae Syngnathus leptorhynchus 2 3
Gasterosteidae  Gasterosteus aculeatus 2 3 5
Perciformes:
Embiotocidae ~ Cymatogaster aggregata 2 4 6 6 6
Stichaeidae Anoplarchis purpurescens 2 4 7 7 7
Stichaeidae Xaphister mucosns 2 4 7 8 8
Stichaeidae Lampenus sagitta 2 4 7 9 9
Pholidae Apodichthys flavidus 2 4 8 10 10
Pholidae Pholis lacta 2 4 8 11 11
Pholidae P. ornata 2 4 8 11 12
Scotpaeniformes:
Hexagrammidae Hexagrammas decagrammus 2 5 9 12 13
Hexagrammidae H. stelleri 2 5 9 12 14
Cottidae Leptocottus armatus 2 5 10 13 15
Cottidae Artedius fenestralis 2 5 10 14 16
Cottidae A. lateralis 2 5 10 14 17
Cottidae Oligocottus maculosus 2 5 10 15 18
Cottidae Enophrys bison 2 5 10 16 19
Cottidae Blepsias cirrhosus 2 5 10 17 20
Pleuronectiformes:
Pleuronectidae  Platichthys stellatus 2 6 11 18 21
Pleuronectidae  Hippoglossoides elassodon 2 6 11 19 22
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CHAPTER 6: GENERAL CONCLUSIONS

In this chapter I discuss the salient features of a parasitic life cycle with respect
to how it influences host range. In doing so, I summatize the major results of

each chapter, pointing out the limitations of this study and how to improve it.

Pseudodelphis oligocotti (Dracunculoidea: Guyanemidae) is an endoparasitic
nematode originally described from Oligocottus maculosus, although larvigerous
parasites were never recovered (Adamson and Roth 1990). Until this study
almost nothing was known beyond P. o/igocot#7’s adult morphology and type host.
I found P. olzgocoti in 9 species of nearshore marine fishes in which it only
reliably developed in one species, Apodichthys flavidus. Its development in the
other fishes was variable but only led to completion in two incidences: one
specimen of Gobiesox meandricus, and one specimen of Pholis ornata held in
captivity with infected 4. flavidus. This latter event was never observed in nature:
wild-caught Pholzs ornata individuals (63 sampled) never contained stages of
Psendodelphis oligocotti beyond subgravid adult. Although the specimen of Phols
ornata may have been infected before entering captivity, it may also have acquired
the infection from captive A. flavidus. Direct transmission does not occur in this
group of nematodes (Anderson 1992), but potential intermediate hosts may have
been introduced into the aquarium with sand or coral by Vancouver Public

Aquarium staff.

Psendodelphis oligocotty's pattern of host distribution may in part be due to its
method of transmission. In Chapter 2 I showed that P. o/gocot# is transmitted by
a free-living copepod intermediate host, common food item to small intertidal
and subtidal fishes. Development in experimentally infected Tigriopus californicus
progressed through three larval stages as expected. As the only representative of
the Guyanemidae whose larvae have been described, P. o/gocots#i 1arvae are most
similar in general body proportions to members of the genus Philonema
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(Dracunculoidea: Philometridae; see descriptions by Ko and Adams 1969 and
Vik 1964). Mortality of T. californicus due to infection was imperceptible. There
are two alternative intermediate host types that transmit other members of
Dracunculoidea that dwell in the blood: transmission by free-living intermediate
host versus haematophagous arthropod vector (see Anderson 1992 for review).
If P. o/égocoz’z’z' were transmitted by haematophagous arthropods, its final host
distribution may have been diffetent. Failute to infect wild-caught non-Tigrigpus
californicus species of copepods does not provide any information on the identity
of P. oligocottr’s intermediate host in nature because copepods usually died before
an infection attempt. Steps should be taken to improve conditions for wild
copepod species in captivity before the question of identity of the intermediate
host(s) in nature can be addressed. The specific identity of the intermediate
host(s) of P. oligocotti would provide a more detailed explanéﬁon for its final host

distribution.

Infected Tigriopus californicus were fed to 10 uninfected Apodichthys flavidus, two of
which became infected, confirming both the role of a free-living copepod and .A.
Sflavidus in P. oligocottr’s transmission. Development in 4. flavidus in nature consists
of certain stages in different tissue sites. The final tissue site to be occupied by P.
oligocotsi larvigerous females is the hepatic sinus. Larvae are released into the
blood stream and are swept doWnstrearn to the gills. They breach the gills and
enter the water to be ingested by free-living copepods. This is the first
demonstration of active gill exit by a dracunculoid larva. Other blood-dwelling
dracunculoids either release larvae into the general circulation to be ingested by
blood-sucking arthropods, or gravid females themselves migrate to, and breach,
the gills (Tikhomirova 1971, Tikhomirova 1975, Tikhomirova 1980, Molnar
1976, Molnar 1980, Moravec 1978, Moravec and Dykova 1978, see Anderson

1992 for reviews).
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Once in the copepod, there is no guarantee that larvae will find themselves back
into a fish host in which they are capable of matuting. Psexdodelphis oligocotti
infects many unusual fish hosts in which it follows a variable course of
development that almost never results in transmission. However, Chapter 5
demonstrates that development appears to advance furthest in those hosts that

are ecologically similar to .A. flavidus, not necessarily taxonomically related.

It is postulated that one of the requitements that sets the stage for parasite
speciation by host capture is a parasite’s ability to develop in ecologically
associated hosts: that is, it must have relaxed host requirements (Chabaud 1959,
1981). Psendodelphis olzgocott’s development to the brink of maturity in ecologically
associated hosts may require very few modifications on the part of the parasite
or host to successfully develop to completion in unusual hosts. Alternative
genotypes presumably exist in the population of P. o/gocotti larvae, which is
sampling genetically heterogeneous fish host populations in proportion to their
ecological relatedness to 4. flavidus. Parasite transfer to these unusual hosts is a
requisite step in parasite speciation by host capture (Chabaud 1981). The results
of this thesis indicate that parasite method of transmission and host ecology play

an important role in the composition of parasite host range.
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