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Chapter 6

The impact of cadmium on the population dynamics
of Gyrodactylus spp.

6.1. Introduction

Gyrodactylids are viviparous monogeneans, ectoparasitic on the skin and gills of
teleost fish. The parasite has a direct life-cycle with the offspring attaching directly
to the host and containing a well-developed embryo in utero. As many as three
generations of embryos, at various developmental stages, can be present within one
individual gyrodactylid and the parent is able to give birth to its offspring within
one day of its own birth (Scott, 1982), offering the potential for rapid population
growth. This rapid population growth of gyrodactylids, coupled with the ease at
which they can be maintained in the laboratory, means that they have been the focus
of several experimental studies on both short and long term population dynamics
(Scott, 1982; Scott & Anderson, 1984; Scott & Robinson, 1984; Richards & Chubb,

1998), on their reproductive biology (Harris, 1989; Harris, Jansen & Bakke, 1994,

Cable & Harris, 2002) and on host susceptibility (Madhavi & Anderson, 1985;

Bakke, Jensen & Kennedy, 1991).

Being ectoparasitic, gyrodactylids are in direct contact with both their host and the
surrounding environment, and comparisons of their population size on fish from
polluted and “clean™ areas were used by Koskivaara (1992) to provide information
on the effect of adverse environmental conditions on the host. Hemmingsen &
MacKenzie (2001) stated that as a general rule, the number of ectoparasites on fish

increases with increasing levels of pollution. The review of the literature that

224



Chapter 6 - The impact of cadmium on the population dynamics of Gyrodactylus
SpP-

follows concerns studies that frequently deal with several parasite species; however,
for the purpose of this review, unless otherwise stated, specific focus will be given

to the gyrodactylids. Literature referring specifically to heavy metals and
gyrodactylids is scarce and thus the effect of a variety of polluting agents on these

parasites will be discussed.

The effects of water-soluble fractions of crude oil on Gyrodactylus sp. parasitising

the gills of cod (Gadus morhua L.) have been recorded by Khan & Kiceniuk (1988).
After experimentally exposing G. morhua to 30, 80 and 500ppb crude oil extracts,

they found no significant difference in the mean number of gyrodactylids compared
to the control fish. However, some of the G. morhua exposed to the crude oil
fractions were retained in unpolluted water for a further 16 weeks and, following
this period, all the fish were infected with Gyrodactylus sp. compared to only 45%
of the control fish. The authors suggested that the oil had caused branchial
hyperplasia in the G. morhua gills, resulting in a habitat conducive to gyrodactylid

survival and reproduction. While branchial hyperplasia may have led to the

increased levels of gyrodactylids, they made no reference to the possibility that
alterations to host defence mechanisms, caused by the oil fractions, could also have
led to the higher level of parasitisation. Skinner (1982), on the other hand, suggested
that the increased numbers of monogenean gill parasites (Neodiplectanum
wenningeri Mizelle & Blatz, 1941 (now Diplectanum wenningeri), Ancyrocephalus
parvus Linton, 1940 and Ancyrocephalus sp.) which he noted on fish taken from
Biscayne Bay, Florida, polluted with ammonia, trace metals and pesticides, was due

to gill damage that resulted in a stress response and the subsequent weakening of the

hosts’ immune responses. A slight increase in the number of Gyrodactylus sp. above
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those levels observed on control fish has also been recorded on roach (Rutilus

rutilus L.) exposed to bleached kraft mill effluent (BKME) from pulp and paper

mills in Finland (Bagge & Valtonen, 1996). Khan & Thulin (1991), reviewing the
work of Bagge & Valtonen (1996), postulated that the slightly elevated number of
gyrodactylids could have been caused by the BKME weakening the immunological

responses of the fish.

Marcogliese, Nagler & Cyr (1998) and Moles & Wade (2001) have carried out more
recent studies involving the exposure of fish to oil and the subsequent determination
of their parasite intensities. Exposing Hippoglossoides platessoides (Fabricius) to
sediments contaminated with polycyclic aromatic hydrocarbons (PAHs) and
polychlorinated biphenyls (PCBs) resulted in a greater abundance of Gyrodactylus
sp. compared to abundances on fish from the reference site (Marcogliese et al.,
1998). Moles & Wade (2001) exposed the sand lance (Ammodytes hexapterus

Pallas) to crude oil-laden sediments and determined the intensity of parasite

infection alongside an assessment of the host’s phagocytic function. The results

from this trial were interesting, with the highest level of oil contamination (61ug/g
total hydrocarbons) resulting in statistically reduced phagocytosis and superoxide
production by kidney phagocytes, which was linked with the highest mean
abundance of Gyrodactylus sp. In contrast, lower levels of hydrocarbons (28ug/g
total hydrocarbons) significantly increased phagocytosis and superoxide production

with a resulting drop in the mean abundance of gyrodactylids to a level below that

of the controls (Moles & Wade, 2001).
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A study by El-Naggar, Hagras, Ogawa, Hussien & El-Naggar (2000) looked at the

monogeneans of Oreochromis niloticus (L.) and Tilapia zilli (Gervais) in waters

polluted with the heavy metals Cd**, Fe**, Zn**, Ni** and Cr**. The concentrations
of all heavy metals were below the permitted values. El-Naggar et al. (2000)
recorded a positive correlation between the mean intensity of Gyrodactylus
cichlidarum Paperna, 1968 on both fish species and the concentration of iron in the
water column, while the concentration of zinc negatively correlated to the mean

intensity of Gyrodactylus cichlidarum.

The study by El-Naggar et al. (2000) 1s the only field investigation to specifically
define the type (although not exact concentrations) of heavy metal pollutants found
at the sample sites from where the fish were removed for parasitological
assessment. Zharikova (1993) stated that, in the polluted area of the Volga River
where she was studying, there were elevated levels of heavy metals, but, with the
exception of copper, found at 1-5 times greater concentration than the maximum

allowed concentration, she did not list the type or concentration of the metals

present. However, in this area of the Volga River, also contaminated by
hydrocarbons, the numbers of G. elegans Nordmann, 1832 were lower when

compared to the numbers on fish from the non-polluted reference site (Zharikova,
1993). Another feature of note from the study by Zharikova (1993) was the finding
that some specimens of Diplozoon paradoxum von Nordmann, 1932, from the
polluted section of the Volga River, were found with morphological abnormalities
to their attachment clamps. Instead of the normal 4:4 ratio of clamps, D. paradoxum

were found with ratios of 4:2, 4:3 and 3:2. Kuperman (1992) also observed
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abnormalities in the clamps of D. paradoxum, with ratios of 4:3, 4:1, 4:0 and 3:3

being recorded.

As with the studies detailed above, Gelnar and co-workers did not state the exact

type or concentration of pollution present in the River Morava. For example,
Gelnar, Koubkov4, Plafkova & Jurajda (1994) stated that the river is a suitable area
to explore the relationships between pollution and parasitism, as it is often seriously
affected by human industrial and agricultural activities, while Gelnar, Sebelovi,
Dusek, Koubkov4, Jurajda & Zahriddkova, (1997) and Dusek, Gelnar & Sebelova

(1998) stated that the pollution is organic, originating from industrial and municipal
waste waters. Whatever the exact type of pollution, Gelnar et al. (1994) found that
in polluted areas 72% of the metazoan parasite species were monogeneans
compared to only 53% in the unpolluted areas of the river. These figures were based
on 135 metazoan parasite species found over a four-year period on 30 fish species
(n = 404). Dusek et al. (1998) looked specifically at the gyrodactylid community of
chub (Leuciscus cephalus L.), and pollution appeared to have little impact on the
community structure, with an equal distribution of gyrodactylid species found on
fish from both polluted and unpolluted sites. The authors suggested that the
gyrodactylid community was relatively resistant to the effect of pollution as a result
of the high reproductive potential, direct life-cycle and short life-span of the

parasites (Dusek et al., 1998).

The studies detailed above have all been concerned with using the number of

gyrodactylids and other parasites to assess the pollution status of particular areas

and the impact of the pollutants on host health. One of the most interesting studies
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concerning gyrodactylids and metals comes from the completely different

perspective of using aluminium sulphate as a chemotherapeutant against infections

of Gyrodactylus salaris Malmberg, 1957 (Soleng, Pol¥o, Alstad, & Bakke, 1999).
Atlantic salmon (Salmo salar L.) infected with G. salaris were exposed to 50, 90
and 200pg/l1 aluminium sulphate at a variety of pH levels. Irrespective of water pH,
the number of G. salaris fell as the concentration of aluminium increased,
suggesting that the metal may act as an effective chemotheraputant (Soleng et al.,
1999). The authors commented that the study did not investigate whether the rapid
elimination of the gyrodactylids from the host was the result of the direct effect of

the aluminium on the parasite or whether it was due to an indirect effect of the
aluminium acting on the host. However, it was concluded that, whatever the mode
of elimination, the gyrodactylids were unable to survive exposure to aluminium as
detached parasites (from salmon exposed to 52 +ug/l aluminium) were torpid and

failed to resume normal activity after being transferred to optimal water conditions

6.1.1. Aims of the present study

Poulin (1992) stated that it is impossible in field studies to isolate and quantify the
effects of an individual pollutant and that any differences arising in parasite number
between polluted and unpolluted areas could be due to a range of other biological
and chemical factors that differ between the two areas. With this is mind,
considering the degree of contradictory evidence that exists regarding the impact of
pollutants on gyrodactylid populations and the paucity of information pertaining to
heavy metals, the aim of this chapter was to determine the effect of a single heavy

metal, cadmium, on the population dynamics of Gyrodactylus spp. under controlled

experimental conditions. As a baseline, the maximum permissible level of cadmium

229



Chapter 6 - The impact of cadmium on the population dynamics of Gyrodactylus
Spp.

(Spg/l) was used and, due to the ease of maintaining both fish and parasite in the

laboratory and the high reproductive potential of the parasite, the Poecilia

reticulata-Gyrodactylus spp. model system was chosen. In light of the findings of
apparent pollutant-induced abnormalities in D. paradoxum by Kuperman (1992) and
Zharikova (1993), a further aim of this chapter was to determine whether prolonged

exposure to Sug/l cadmium would induce morphological abnormalities to the

attachment complex (opisthaptor) of G. turnbulli.
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6.2. Materials and methods

6.2.1. Experiment 1 - The impact of Spg/l cadmium on the population growth of
Gyrodactylus bullatarudis parasitising female guppies (Poecilia reticulata)

6.2.1.1. Source and maintenance of guppies

Eighty female guppies (ca. 4 cm) were purchased from a commercial aquarist in the
east of Scotland. Only female guppies were selected from the aquarist, as on the date of
collection several mortalities were observed in the male stock tanks, and, in light of

this, it was decided that it was unwise to purchase these fish. The guppies were

maintained for 1 week prior to the start of the trial, in well aerated, 20 litre static tanks

heated to 23°C with a Visi-therm aquarium heater (100W) and were fed Aquarian

Tropical Fish Flakes® daily. Fifty percent of the water in the tank was changed daily.
Heavily pregnant females were separated from the other fish and were not used in the

trials.

On arrival from the aquarist, 5 fish were examined under a dissecting microscope to
determine if they were parasitised by gyrodactylids or other parasite species. The
method for examining the fish followed that of Harris (1986b) (detailed in section
6.2.1.6). The fish were found to be parasite-free, but, as a precaution, 7 days prior to
starting the trial the fish were treated with 100ppm of formalin for 45 min. Before
adding fish to the experimental system, a further 5 fish were screened and found to be

free from parasitic infection.

231



Chapter 6 - The impact of cadmium on the population dynamics of Gyrodactylus
Spp-

6.2.1.2. Establishing and maintaining a stock population of G. bullatarudis.

Two male guppies were brought from a local pet shop and, on examination of their

ectoparasite fauna, were found to be parasitised by G. bullatarudis. The guppies were
placed in a small, lidded, plastic aquarium (internal dimensions 21.1 x 13.4 cm)
containing 2 litres of water maintained at 23°C using a Visi-therm (40W) aquarium
heater. Naive guppies, from an in-house bred stock were added regularly (2
guppies/week) to the tank containing the 2 infected guppies, to ensure maintenance of
the gyrodactylid population by transmission to the uninfected individuals. Fifty percent

of the water was changed in each tank daily using fresh, dechlorinated water heated to

23°C.

6.2.1.3. Infecting the experimental guppies
Twenty-one, formalin-treated guppies were divided equally between 7 different 250 ml

circular, glass containers (3 fish/container) filled with 250 ml of dechlorinated water.
The glass containers were placed in a large plastic tank (internal dimensions 70 x 52 x
45 cm) filled with water to a depth of 4 cm. The water was heated to 23°C using a Visi-
therm (100W) heater. To start the infections in each experimental tank, 3 guppies, each

infected with 3 gyrodactylids, were to be used. Thus, setting up 7 glass containers

ensured that, in case of any mortalities or in the event of any guppy not becoming

infected, there would be spare fish from which to choose.
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A small hole was drilled through the plastic lid of each glass container and a length of

airline tubing passed through. The aeration to each pot was maintained at a low level

ensuring that the fish were not buffeted against the sides of the pots.

Into each 250 ml container, 1 infected guppy (see section 6.2.1.2) was added and all
guppies were then left for 24 h. The small confines of the containers ensured that

parasite transmission from the infected to the naive guppies was likely.

After 24 h the guppies were examined (see section 6.2.1.6 for methodology) and the

number of parasites present on each fish counted.

6.2.1.4. Experimental tanks

Three control tanks and 3 cadmium-exposed tanks were chosen at random from the 12
polyethylene tanks (35 x 28 cm internally) of the flow through system in the tropical
aquarium (ambient temperature 20-24°C during the winter) (see Figure 2.1, Chapter 2,

General materials and methods). Into each of these tanks, 1 small plastic tank (internal

dimensions of 21.1 x 13.4 cm) was placed.

The small tanks were filled with exactly 2 litres of ambient, dechlorinated water and

acrated with a 1" air-stone fitted with a lid to prevent any guppies escaping. The tanks

were labelled as control (C1-C3) or test (T1-T3).
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6.2.1.5. Starting the trial

Due to time constraints, all guppies used for this trial were moved to the experimental
system on the day the trial started. However, they had been acclimated to the
experimental temperature for 1 week prior to the start of the trial. All guppies were fed

to satiation daily.

Each replicate pair of tanks (i.e. one control and one test) was started a day apart. Thus,
the numbers of fish to be sampled on each day were minimised, ensuring that all fish

were given adequate time for sampling and all parasite counts were as accurate as

possible.

Guppies infected with gyrodactylids (section 6.2.1.3) were examined as detailed in
section 6.2.1.6 and their parasite burden determined. A total of 9 parasites were
required for each experimental tank using 3 guppies each infected with 3 parasites (as
in section 6.2.1.3). In some cases, however, where guppies were infected with fewer
than 3 parasites, more guppies infected with fewer parasites were added to some of the
tanks. The total number of guppies in each tank was made up to 10 using the formalin-

treated parasite free fish.

Thus, in control and test tank 1 (C1, T1), there were 3 parasitised guppies and 7

unparasitised guppies; in C2, T2 there were 4 parasitised guppies and 6 unparasitised

guppies; in C3 there were 2 parasitised and 8 unparasitised guppies; and in T3 there

were 3 parasitised and 7 unparasitised guppies.
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Two millitres of a 5000ug/l cadmium sulphate stock solution was added to the test

tanks at the start of the trial to give a nominal concentration of Sug/l cadmium.

Complete water changes were made to each tank daily. The guppies were carefully
removed from the tanks and placed in a 1 litre plastic beaker containing water from the
tanks from which the fish had been removed. Separate beakers were used for control
and test tanks to avoid contaminating the control tanks with cadmium. Two litres of
fresh, dechlorinated water was then added to each tank and cadmium sulphate stock

solution added to the test tanks. The guppies were then returned to the tanks.

6.2.1.6. Sampling regime

All guppies in each tank were sampled at 5-day intervals (i.e. days 5, 10, 15, 20, 25
post-start) following Harris’ (1986b) protocol. A 5 cm Petri dish was tilted on its side
and fixed to the lid of the dish using Blu Tack®. Harris (1986b) held the Petri dish
rather than fixing it in place as detailed above. A small volume of water, sufficient for
the guppy to remain in an upright position, was placed in the tilted Petri dish and the
guppy added to this water. The dish was then placed under a dissecting microscope and
the fish examined at x3 magnification. Extra light was provided by a gooseneck fibre

optic lamp (Olympus Highlight 3000).

Each guppy was examined along both sides and the parasites present in each area of the

body counted. The number of parasites on the head (incorporating the eyes, mouth and
opercula), the fins (dorsal, pectoral/pelvic, caudal and anal), the caudal peduncle and

the body surface (i.e. all areas other than those listed e.g. flanks, dorsal surface) were
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recorded. The fins were examined by carefully manipulating them with a blunt seeker,

allowing both sides to be observed.

Any parasites present on the ventral surface of the fish were not counted during
sampling, as this involved moving the petri dish in such a manner that the fish became
very stressed. By excluding the ventral surface of the fish in counts, the time each fish

had to spend in a small volume of water was minimised.

At the end of the trial, the guppies were killed by concussion, followed by severing the
spinal nerve cord and pithing the brain. This process was carried out in a water-filled, 5
cm Petri dish so that any parasites that had been situated on the head or close to where
the nerve cord was severed would be collected in the dish and could be counted. Some
guppies were removed from the experimental tanks and killed during the trial when the
parasite burden became so great that it impaired normal swimming. When this
occurred, the total number of gyrodactylids present on the guppies at this point was
recorded. Guppies that were killed at 2 days or less prior to the next sample point had

their parasite data incorporated with that of the forthcoming sample.

At the end of the experiment the gyrodactylid species was confirmed by comparing
specimens prepared using ammonium picrate gylcerine with the descriptions and
drawings of Harris (1986a). Sixty individual parasites were examined in total and were

selected at random from 3 guppies in each tank. All specimens were found to be G.

bullatarudis.
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6.2.2. Experiment 2 - The impact of 5ug/l cadmium on the population growth of
Gyrodactylus turnbulli Harris, 1986 parasitising both male and female guppies

6.2.2.1 Source and maintenance of guppies

Batches of male and female guppies (1-4 cm) were procured from a commercial
aquarist in the east of Scotland and maintained in 20 litre static tanks at 22-24°C. Fifty

percent of the water in each tank was changed daily from a source of heated,

dechlorinated water. Fish were fed daily (ad libitum) on Aquarian Tropical Fish

Flakes®.

At both 10 and 7 days prior to the start of the trial, the fish were treated with formalin at
100ppm for 45 min. The formalin treatment was to ensure that there were no
gyrodactylids present on the guppies so that experimental infections only would be
present and monitored. After the second treatment, 5 guppies were lightly anaesthetised
with 0.02% tricaine methanesulfonate MS222 (Sigma Aldrich) and examined under a

dissecting microscope and were found to be free from ectoparasites.

6.2.2.2. Establishing and maintaining a stock population of G. rurnbulli

In this trial, a single species population of G. turnbulli was established from a single
parasite individual. An infected guppy was killed and kept in a 5 cm Petri dish of water
for 30 min, as this was found to facilitate the transfer of gyrodactylids to the uninfected

naive fish. A scale supporting a single worm was removed from the infected fish and
held gently against the anal fins of a naive, anaesthetised fish. The scale was held in

place until the parasite moved onto and attached to the new host.
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The newly infected fish was placed in a small plastic tank (internal dimensions of 21.1
X 13.4 cm) containing 2 litres of water maintained at 22-24°C. A naive fish was then
screened under light anaesthesia to determine whether it was parasite-free and was then
added to the tank to allow the 2 fish to mix in anticipation that the gyrodactylid
infection would establish and transmit naturally to all fish within the tank. The infection
was monitored regularly with further naive fish added to the tank every 10 days or

when an infected fish was removed due to a high gyrodactylid burden.

Individual parasites were randomly selected from guppies in the tank and mounted on
slides in ammonium picrate glycerine to confirm that a single species infection had
been established. The marginal hooks and hamuli of the parasites were then studied at
x100 and the species compared to the descriptions and drawings of Harris (1986a). All
parasite populations in the trial were seeded from this single species infection of G.

turnbulli.

6.2.2.3. Infecting the experimental guppies

Two fish per experimental tank were infected with 3 parasites each to seed each
individual tank population. The infection of the guppies followed the procedure
detailed in section 6.2.2.2. When 3 parasites had moved from the scale onto the anal
fins of the living fish and were attached, the fish was placed into clean, aerated water

and allowed to recover. The procedure was repeated with the second guppy and, once

both were infected and had recovered, they were transferred to the experimental tanks.
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6.2.2.4. Experimental tanks.

For each replicate, 2 small tanks measuring 21.1 x 13.4 cm were placed inside a larger
tank measuring 35 x 28 cm (see Fig. 2.1). Three replicate tanks were set up, one control

and one test tank in each, separated by plastic sheeting to prevent contamination of the
control tanks with cadmium from the test tank. The small static tanks were filled with 3
litres of dechlorinated water and aerated using a 1" air stone. The replicate tanks in this
trial were placed in the same large tank (see Fig. 2.1) to reduce the chance of
differences in temperature that had occurred in Experiment 1 when individual small

tanks were placed in separate large tanks.

Three days prior to the start of the experiment, 13 formalin-treated guppies were
randomly placed into each tank to acclimate. Based on the numbers of each sex
available, a male to female ratio of 9:6 was chosen for each tank. However, after
random allocation of fish to each tank, control tank 2 (C2) and test tank 3 (T3) had a

male to female ratio of 10:5, while control tank 3 (C3) had a ratio of 11:4. Half of all

fish in each tank were individually identifiable by their colour pattern, allowing

infections to be tracked on individuals over the course of the experiment.

6.2.2.5. Starting the trial

Replicate pairs of tanks were started on 3 consecutive days to allow for the limitation
that only 30 fish could be screened in a day. On day 1 of the trial, the 2 infected fish

(seqtion 6.2.2.3) were added to the tanks and left for 1 h to acclimate. After 1 h, the
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cadmium exposure experiment was started by adding 3 ml of a 5,000ug/1 cadmium

sulphate stock solution to the test tank, giving a nominal concentration of 5ug/l.

Complete water changes were made in each tank daily. Fish were carefully netted from
the tank and placed in a 1 litre beaker containing 500 ml of the tank water from which
they had been removed. The remaining water in the tank was either used for water
quality analysis or was disposed of. Three litres of fresh, dechlorinated water were then
measured into the tanks using a 1 litre plastic measuring cylinder. Cadmium sulphate
stock solution was added to the test tanks and thoroughly mixed before the fish were

replaced. Separate beakers and nets were used for control and test tanks to avoid any

contamination of the control fish with cadmium.

6.2.2.6. Sampling regime
During the trial, each tank of fish was screened at 6-day intervals for a total period of

60 days. A 100 ml volume of 0.02% MS222 anaesthetic was made up in a small beaker

using the water from each tank being sampled. This ensured that the parasites were not
subjected to a change in pH, which preliminary trials (not presented) had shown to
result in high parasite mortalities. A recovery tank was set up and half-filled (1.5 litre)

with the water taken from the tank that was being sampled. The recovery tanks were

well aerated with a 1" airstone.

Individual fish were placed in the anaesthetic solution and removed as soon as they

showed reduced mobility (reduced swimming speed and unbalanced swimming). The
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fish were then transferred to a 5 cm Petri dish containing a small volume of the

anaesthetic solution. Fish were screened at X3 using an Olympus dissecting microscope
with additional lighting provided from a gooseneck fibre-optic lamp (Olympus
Highlight 3000). The number of parasites present and their position on the guppy were
counted and recorded at each sample. The fish were carefully tumed over during the
screening process to ensure that all parasites present were counted, and the number of
parasites on the head, pectoral fins, dorsal fin, caudal fin, ventral fins (anal and pelvic),
caudal peduncle, ventral surface and the dorsal body surface (i.e. all areas other than
those listed) were recorded. Anaesthetising the guppies ensured that the ventral surface
of the guppies could be thoroughly examined. During the second sample (day 10), the

body (nose to caudal peduncle) and tail length of each guppy was measured and

recorded.

Following screening, the fish were placed in the recovery tank and monitored until
normal swimming was resumed. The bottom of the beaker containing the anaesthetic
was screened after each fish had been anaesthetised and any detached parasites counted

and recorded.

During the experiment it became necessary to remove some guppies from the tanks
when their parasite load impaired their normal swimming ability. The number of

parasites on these guppies was counted and the fish were then killed by an overdose of

anaesthetic.

241



Chapter 6 - The impact of cadmium on the population dynamics of Gyrodactylus
Spp.

6.2.3. Statistical analysis

Raw data from both Experiments 1 and 2 (6.2.1 and 6.2.2) were analysed for normality
and homogeneity of variance. Both data-sets were neither normally distributed nor
homogenous as a result of aggregation (overdispersion) with regard to the parasite
population. Log-transformation was thus used to normalise the data and make the

variance independent of the mean.

6.2.4. Experiment 3 - The impact of Sug/l cadmium on the morphology of the G.
turnbulli attachment complex (opisthaptor)

6.2.4.1. Source of guppies

The guppies used in the morphometrics trial were derived from an in-house bred
population and routine screening showed them to be gyrodactylid free before the start

of the trial.

6.2.4.2. Experimental tanks

Two small, plastic aquaria (21.1 x 13.4cm) were placed adjacent to each other in a 20
litre plastic tank. Four litres of water was added to the large 20 litre tank and a Visi-
therm heater (100W) set at 21°C added. The water level in the 20 litre tank was checked
daily and topped up when necessary to prevent evaporation. Each of the 2 small

aquaria was filled with 2 litres of fresh dechlorinated water heated to 21°C. One tank

was a control and the other, its test replicate, was exposed to Sug/l cadmium. The water

in both tanks was replaced daily.

242



Chapter 6 - The impact of cadmium on the population dynamics of Gyrodactylus
Spp.-

6.2.4.3. Experimental fish

Four naive guppies were selected at random from the population bred in-house and
were lightly anaesthetised (0.02% MS222) and examined at %3 using a dissecting
microscope to verify that they were free from gyrodactylid infection. Each guppy was
then infected with 1 individual G. rurnbulli (as in section 6.2.2.3) taken from the
population established as in section 6.2.2.2. Two fish were then placed into each of the

2 small aquaria (see section 6.2.3.2) and left to acclimate for 3 days.

6.2.4.4. Starting the trial

After 3 days, the 2 fish from each experimental tank were lightly anaesthetised using
MS222 and examined under a dissecting microscope to ensure that the G. turnbulli
infection had become established. Once the infection status was determined the trial
was started by the addition an appropriate volume of cadmium sulphate stock solution

to the test tank giving a nominal concentration of Sug/l.

Naive guppies (checked and found to gyrodactylid free) were added to both tanks every
10 days and each time a fish was removed and sacrificed to obtain parasites. Addition

of naive fish to the tanks ensured maintenance of the parasite population.

Complete water changes were made to each tank daily and cadmium sulphate stock

solution was added to the test tank after each water change to maintain the Spug/l

exposure concentration.
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6.2.4.5. Sampling regime

At 2, 4 and 6 weeks post-cadmium exposure, 1 fish from the control tank and 1 from
the Sug/l cadmium-exposed tank was removed and killed by overdose of anaesthetic.
Individual gyrodactylids (n = 15) were removed from the fish using fine pointed
mounted needles and were placed on slides. Small, glass coverslips were placed on top

of each specimen and a small volume of ammonium picrate glycerine fed under the

coverslip, acting as a fixative.

The gyrodactylid specimens were examined at X100 and their species checked against
the descriptions in Harris (1986a). All specimens were identified as G. rurnbulli. Image
analysis was used to take 10 point-to-point measurements from a hamulus, a marginal
hook and the ventral bar of 10 control parasites from 2 weeks post-start of the trial, and
10 test parasites from 6 weeks post-start of the trial (see Figure 6.1). The image analysis
programme used was KS300 ver. 3.0 (1997 Carl Zeiss Vision GmbH; Imaging
Associates) and was linked to a JVC KY-F30B 3-CDD camera, interfacing on an

Olympus BH2 compound microscope.

Based on univariate statistics, there were no statistical differences to separate the
control and cadmium-exposed G. turnbulli hooks under study, and it was therefore
necessary to consider all the morphological variables simultaneously. This was
achieved by Principal Component Analysis (PCA). The method for PCA follows that

detailed in Shinn et al. (1996) using Statistica ver. 6.0 (Statsoft Inc 1984-2001, Tulsa,
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USA). The surface area of both hamuli from each specimen was also calculated using

image analysis and the data compared using a parametric unpaired t-test.
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6.3. Results

6.3.1. Water quality

Table 6.1. Summary of the water quality data from Experiments 1-3 giving mean

values +

shown 1n bold.

S.E. (n = number of water samples analysed). Significant differences are

C3C03) (I'l=3)

L e L Controls Sug/l cadmium Statistical
Cadmium 0.08 + 0.04 = 0.05 + 4.47 + 4.24 + 4.07 + Controls = 0.91
concentration (pg/l) 0.05 0.003 0.02 0.19 0.43 0.19 Spg/l =0.43

(n=5) (n=06) | (n=0) (n=3) (n=9) (n=5)
23.0 23,95 & 239 + 230 % 231 % 23.8 + 0.0001
Temperature (°C) 0.15 0.08 0.08 0.15 0.06 0.09 C3,12,13 > C1,
(n=20) (n=30) (n=20) (n=20) | (n=30) (n=17) C2
0.6 + 0.5 + 0.5+ 0.5 + 0.5+ 0.6 +
Alkalinity (meg/l) 0.01 0.002 0.002 0.005 0.003 0.009 0.78
(n=4) (n=5) | (n=5) (n=3) (n=0) (n=3)
76+ | 7.6+ 7.7 + 7.5 + 7.6 + 7.9 +
pH 0.09 0.11 0.11 0.09 0.15 0.03 0.26
(n=3) (n=06) (n=)3) (n=4) (n=6) (n=3)
Total hardness (ppm 37.0 + 313+ 36.0 = 30.8 + 32.1 & 33.7 ¢ 0.03
CaCoO,) 4.34 .11 1.12 2.20 [.18 .76 C3>(C2
(n=3) (n=6) (n=3) (n=4) | (n=7) (n=3)
1.61 £ 7.64 + 1.87 % 71.87 £ 8.38 + 8.13 +
Dissolved oxygen (mg/l) 0.09 0.11 0.19 0.19 0.09 0.20 Too few data
I e & (n=3) | to=2) | {n=>) 1 (n=3) 1 _(n=3) |
- Experiment2 | ‘ 0 et ' STy Statistical
Cadmium 0.31 £ 0.34 + .92 + 4.51 + 4.43 + 4.52 + Controls = 0.75
concentration (ug/l) 0.16 0.23 0.23 0.33 0.30 0.30 Tests =0.98
(n=14)
| Temperature ("C) 21.5 = 213 % 214 + 215+ | 215+ 21.5 0.99 ]
(n=39) 0.10 0.10 0.10 0.10 0.10 0.10
Alkalinity (meq/l) 04 + 0.5+ 0.4 + 0.4 + 0.5 % 0.8 + 0.58
(n=8) 0.005 0.008 | 0.006 0.006 0.007 0.04
pH 6.95 + 6.92 + 7.00 + 6.99 + 6.98 + 7.00 + 0.99
(n=8) 0.09 0.10 | 0.10 0.10 0.09 0.08
Total hardness (ppm 306+ | 330+ | 333% | 333+ | 343+ | 32.1% 0.96
CaCO;) (n=8) | 246 3.07 2.76 2.93 3.06 I
Dissolved oxygen (mg/l) 8.47 + 8.42 8.50 % 843+ | 8.53% 8.47 + Too few data
(n=3) 0.09 0.18 0.15 0.22 0.23 0.24
l_— Expenment 3 -~ Controls i " Statistical
Sy ' e significance P
|
Cadmmm
concentration (ug/l) 1.47 + 0.83 7.13 £ 0.80 Too few values
(n=4)
Temperature (°C) 21.3+0.24 21.5+0.17 0.45
| (n=24) |
Alkalinity (meq/l) (n=3) | 0.4 +0.003 0.4 =+ 0.002 Too few values
- pH (n=3) 7.14 +0.16 7.21 £0.13 Too few values
Total hardness (ppm 34.7 + 1.33 340+ 2.0 Too few values
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All experimental tanks used in Experiment 1 were maintained in the same manner

over the duration of the trial; however, there were statistical differences in both

temperature and total hardness (P < 0.0001 and P = 0.03, respectively). The
difference in water hardness was between 2 control tanks, C2 and C3. Control tank
1 (C1) had a statistically lower temperature than all tanks, except for C2 and T1.
However, the temperature was controlled within approximately 1°C (23-23.9°C)

throughout the experiment.

In contrast to the tanks in Experiment 1, the water quality parameters of the tanks
used in Experiment 2 were consistent, with no tank being statistically different from
another. The water quality data collected from Experiment 3 were too few for

statistical analysis, with the exception of water temperature, which was not

statistically different between the control and cadmium-exposed tank (P = 0.45).

The cadmium concentration in all test tanks in Experiments 1 and 2 was lower than

the nominal Sug/l, while in Experiment 3 the cadmium concentration in the test tank
was greater than Sug/l. In this same experiment (Expt. 3) the cadmium

concentration of the control tank was higher than in all other experiments (1.47 +

0.83ug/l).
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6.3.2. Experiment 1 - The impact of Sug/l cadmium on the population growth

of Gyrodactylus bullatarudis parasitising female guppies

6.3.2.1. Population growth of G. bullatarudis
The current trial was run for a period of 20 days for replicates 1 (C1, T1) and 3 (C3,

T3), after which there were no guppies remaining (see Fig. 6.6); C2, T2 were

continued for 30 days.

The results of monitoring a G. bullatarudis infection over time, on both control and
cadmium-exposed guppies, showed that the mean number of parasites in both
populations increased with time. The increase in the mean number of gyrodactylids
on cadmium-exposed guppies was, in general, greater than that on the control
guppies (Fig. 6.2a-c). However, by the end of the trial in replicate 1 (Day 20) (Cl1,
T1) and replicate 2 (Day 30) (C2, T2), the number of gyrodactylids on the
cadmium-exposed guppies had dropped below that of the controls (Fig. 6.2a-c). The
temperature differences recorded between some of the tanks (see section 6.3.1)

appeared to have no effect on the population growth of the parasites that was

relatively consistent in all tanks.

Log-transforming the data (see section 6.2.3) resulted in a homogenous and normal

distribution in all tanks, allowing data from all 3 control tanks to be pooled together
and data from all 3 test tanks to be pooled. Figure 6.3 presents this pooled data, with

the circled area representing data from the second pair of replicate tanks only (C2,

T2), as in both other replicates there were no guppies remaining beyond day 20. At
both 5 and 15 days post-start of the trial, there were statistically more gyrodactylids

on the Spug/l cadmium-exposed guppies compared to the controls (P =
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0.016 and P = 0.003, respectively). Comparing the mean gyrodactylid burdens on
guppies from C2 and T2 at Day 30 showed that at this time the control fish

harboured the statistically greater number of parasites per fish (P = 0.016) (Fig. 6.3).

6.3.2.2. The number of days to 100% parasite prevalence

As all the guppies from each tank were monitored every 5 days, it was possible to
determine at which of these 5-day intervals all the fish had become infected with
gyrodactylids. Figure 6.4 shows the day to 100% parasite prevalence of guppies in
each tank. With the exception of T2, which reached 100% parasite prevalence on

day 10 of the trial, all the other tanks had reached 100% parasite prevalence by day

5 (Fig. 6.4).

6.3.2.3. Position of the gyrodactylids on the guppies

The number of gyrodactylids present in 7 distinct regions on the guppies [i.e. head,
incorporating the eyes, mouth and opercula), fins (dorsal, pectoral/pelvic, caudal
and anal), the caudal peduncle and the body surface (i.e. all areas other than those
listed] was recorded during the current trial and results from sample days 5-20 are
presented in Figure 6.5a-d. The results presented are percentages of the total number
of parasites on the guppies from all 3 control tanks (control data) or from all 3 test
tanks (Sug/l cadmium data). Data from days 25 and 30 are absent, as only one pair
of replicate tanks (C2, T2) still had fish, and thus these data will not be discussed

here.

The pectoral fins, the caudal peduncle, the caudal fin and the body surface of the

guppies were the sites where at each time point the most gyrodactylids were found
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on both control and cadmium-exposed populations. Approximately 10% of the total

number of gyrodactylids were found on the head of the guppies in both populations.

The anal and dorsal fin harboured the least gyrodactylids at all time points. The
percentage of gyrodactylids found in each of the 7 regions of the guppies did not

differ greatly with exposure duration in either population.

6.3.2.4. Guppy survival
During the trial, guppies were removed from the tanks and killed when the number
of gyrodactylids reached a level that inhibited the normal swimming and feeding

activity of the fish. The number of fish remaining at each time point in each pair of -
replicate tanks is presented in Figure 6.6a-c. Two pairs of replicates (C1, T1 and C3,
T3) showed the same pattern, with cadmium-exposed guppies being removed from
the tanks at a greater rate than the control guppies until day 20, when no further
guppies remained. Kaplan-Meier survival analysis and logrank comparisons showed
that in both replicates 1 and 3, the cadmium-exposed guppies were being removed
from the tanks at a statistically faster rate than those in the control tanks (log rank
comparison P = 0.0001 in both replicates). Control and test tank 2 also saw more
cadmium-exposed guppies being removed than controls in the early stages of the
trial. However, towards the end of the trial (Day 25), there was a large drop in the
number of control guppies left in the tank (C2), while the numbers in the test tank
(T2) fell at a lower rate. There was no statistically significant difference in the

number of guppies being removed from each treatment in replicate 2 (log-rank

comparison P = 0.05).
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6.3.3. Experiment 2 - The impact of Sug/l cadmium on the population growth
of G. turnbulli parasitising both male and female guppies.
6.3.3.1. Population growth of G. turnbulli

The growth of G. turnbulli populations on both male and female guppies was

monitored under control and cadmium-exposed conditions for a 60-day period.

Figure 6.7a-c shows the mean (+ S.E.) log (x+1) number of parasites on guppies
(both sexes) in each tank over time. The population growth of parasites on all
guppies shows a similar pattern of growth in both control and cadmium-exposed
populations. However, cadmium exposure appears to exert some effect on
gyrodactylid population growth, as seen by the elevated numbers on guppies from
the Spug/l cadmium tanks, T1 and T2, compared to their respective controls (Fig.
6.7a, b). In contrast, T3 had consistently fewer gyrodactylids than C3 between days
6 and 42 of the trial (Fig. 6.7¢c). By day 60, the number of G. turnbulli on fish from

C3 had, however, dropped below that of guppies from T3.

The 1mpact of cadmium on the population growth of G. rurnbulli is further
highlighted 1n Figure 6.8a, b, representing the pooled data from all tanks (Fig. 6.8a)
and pooled data without the anomalous control tank 3 and its replicate, T3 (Fig.
6.8b). The circled area on Figure 6.8a represents data from C1, C2 and T1, T2 only,
as there were too few guppies remaining in C3 and T3 for their data to be included

in subsequent analyses.

Despite transformation of the data, control and test tank 3 data were still not

normally distributed at days 6-24 and day 48, and at these time-points non-
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Table 6.2. Summary of statistical results from Experiment 2 - The impact of Sug/l

cadmium on the population growth of Gyrodactylus turnbulli. Analysis 1s based on all
3 control and all 3 cadmium-exposed tanks. Statistically significant differences are
shown 1n bold.

| Statistical test |

‘applied

| LT -,4.. jprrsacei ¥ v oyt

~ Statistical

I“H ’ﬂt H‘i[n ||

'.‘ili"qli"h"
meting 1 1”;

- TR e g . ]
J -l‘_' 'lq v i.'lfr..j"’.irﬂ | . i
| ikl .h A wrl =, i o W 1-_? H: ,I ? . ’ |
- ||". e oW I---.I g I '|:": sy ,|E o ) |l |I- WM A

Table 6.3. Summary of statistical results from Experiment 2 - The impact of Sug/l
cadmium on the population growth of Gyrodactylus turnbulli. Analysis is based on
control tanks 1 and 2 (Cl, C2) and cadmium-exposed tanks 1 and 2 (T1, T2) only.

0.133
18 Kruskal-Wallis 0.039 C3>Cl &C2
o | | T3>Cl1&C2
24 <0.0001 C3>Cl1,C2, Tl
- - | 13> C1 & C2&11 |
30 | L 0.265 |
36 One-way ANOVA | 0279 N
42 0.018 Sug/l > Control |
48 Kruskal-Wallis 0.009 1T3>Cl1 &C2
54 Unpaired t-test 0. 0002 Sug/l > Control
60 Unpaired t-test 0.0004

Statistically significant differences are shown in bold.

\”'iii n w1| r. ‘

ﬁan m o ke ek it

R‘ 'Ii'ritl*wj |

h Hf'r H

BL: e, 0.413__ e .
12 029 | - B
N 0.007 |
24 | 0.007
3(0) Unpaired t-test 0.003 Spg/l > Control l
36 0.016
42 ' 0.008
48 | 0.071 l
- 54 0.0002 Sug/l > Control |
60 0.0004 | R
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parametric statistics were applied to compare all tanks together (Table 6.2).

Statistical differences were found at days 18, 24 and 48 (see Table 6.2; Fig 6.8a). At

days 30-42, data from all tanks were normally distributed and the vanances of the
mean homogeneous, and thus, the data were compared using parametric statistics.

The mean number of G. turnbulli on Spug/l cadmium-exposed guppies were
statistically greater than the controls at days 42, 54 and 60 (P = 0.018, 0.001,
0.0002, respectively) (Fig. 6.8a; Table 6.2). However, as stated previously, the data

at days 54 and 60 are based on 2 pairs of replicate tanks only (C1, T1; C2, T2).

Removing the anomalous tank C3, and its replicate T3, from the analysis resulted in

cadmium-exposed populations of G. turnbulli being statistically greater than the
controls at 7 of the 10 time points: days 18, 24, 30, 36, 42, 54 and 60 (P = 0.007,
0.007; 0.0003; 0.016; 0.008; 0.0002; and 0.0004, respectively) (Figure 6.8b; Table

6.3).

6.3.3.2. G. turnbulli populations on identifiable guppies

Due to their unique colour pattern at least half of all fish in each tank were
individually identifiable and their infections recorded throughout the trial. Figure
6.9a-c shows the infection pattern on individual control fish over the 60 day trial
and Figure 6.9d-f shows the infection pattern on individual test (Sug/l cadmium)
guppies. It is apparent from both treated and control fish that there is heterogeneity
in the response of fish from both treatments to parasite infection. In the control
population of guppies, there was an initial increase in the number of parasites from
day 12 followed by a decline in number from ca. days 42 to 48. In the test tanks

(T1- T3), a similar increase in the parasite population was seen between days 12 to
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42/48; however, the greater proportion of fish continued to show a rapid increase in
parasite number beyond days 42/48. There were 4 times more cadmium-exposed

guppies showing no evidence of a decline in the parasite population size at day

42/48 than the controls (8 and 2 guppies, respectively).
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6.3.3.3. G. turnbulli infections on male and female guppies

It became apparent during the current trial that there was a difference in the

response by male and female guppies to parasitic infection. Figure 6.10a-c shows
the mean log (x+1) number of gyrodactylids per male and female guppy in each
replicate pair of tanks. Figure 6.10d-f shows the same data as in Figure 6.10a-c, but
standard error bars have been added. At the start of the trial in replicates 1 and 2,
female guppies in both treatments harboured a greater number of parasites than the
males. In T1 and T2, the greater number of parasites on female guppies was
observed until day 24, when the greatest number was then recorded on the males. In
C1 the males were recorded with the greatest number of parasites from day 18,
while in C2 this transition was not observed until day 30 of the trial (6.10a,b, d, e).
Surprisingly, the sex-related differences in parasite number were different in
replicate 3. In C3 there was little difference between the number of parasites on
male and female guppies, while in T3 the female guppies were generally recorded

as having the greatest number of gyrodactylids (6.10c, 1).

With the exception of the third pair of replicate tanks (C3, T3), male guppies
exposed to Sug/l cadmium had a greater number of G. turnbulli than the control

males and cadmium-exposed females had a greater number than the control females

(Fig. 6.10a-f).

The differences in parasite number as a result of both guppy sex and cadmium

exposure can also be seen in the pooled data graphs (Fig. 6.11a-d). The 2 graphs on
the nght hand side of the page (b, d) are exact replicas of those on the left (a, ¢) but

have standard error bars added. The pattern of gyrodactylid growth on male and
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Chapter 6 - The impact of cadmium on the population dynamics of Gyrodactylus
Spp.

Table 6.4. Summary of the statistical results from Experiment 2 - The impact of Spg/l
cadmium on the population growth of Gyrodactylus turnbulli on male and female
guppies. Analysis 1s based on all 3 control and all 3 cadmium-exposed tanks.
Statistically significant differences are shown in bold.

i - -'l-|.I - = = g '] - - & .‘.
- e | 2 B & . 1 r. ' B :._!. -
Y111 001C R
i’ Y, - L L L}

Test males >
L - Control females |
48 . |
54 Kruskal-Wallis 0.602
60 0.052
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Table 6.5. Summary of the statistical results from Experiment 2 - The impact of Sug/l
cadmium on the population growth of Gyrodactylus turnbulli on male and female
guppies. Analysis based on control tanks Cl and C2 and cadmium-exposed tanks T1
and T2 only. Statistically significant differences are shown in bold.
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female fish is similar when data from tanks C3 and T3 are included (a, b) and when

data from tanks C3 and T3 are excluded (c, d). From day 24, cadmium-exposed

male guppies had a greater number of parasites than their respective females, and
from day 36 control males had a greater number of parasites than the control

females. Cadmium exposure, generally, increased the number of parasites above the

controls in both sexes (Fig. 6.11a-d).

On statistical analysis of the data from all tanks (C1-C3; T1-T3), male guppies
exposed to cadmium were found to have a statistically greater number of G.
turnbulli than the control females at day 42 of the trial (P = 0.028) (Fig. 6.11b;
Table 6.4). Analysis of the data when replicate 3 (C3, T3) was removed resulted in
statistical significances at all sample points from day 6-60, with the exception of
day 48 (Fig. 6.11d; Table 6.5). At day 6, the statistically greatest number of G.
turnbulli was found on the control female guppies when compared to the males
from both populations. Between days 12 and 18 test females had the statistically
greater number of parasites than male guppies from control and cadmium-exposed
populations. From day 24 onwards, cadmium-exposed males harboured
significantly more G. turnbulli than control males at days 24, 30, 36 and 60,
significantly more gyrodactylids than test females at Day 60 and more than control

females at all sample points (Fig. 6.11d; Table 6.5).

6.3.3.4. The number of days to 100% parasite prevalence

As there were initially only 2 infected fish in each tank, transmission of parasites
from these fish to the uninfected individuals could be monitored and the number of

days taken to reach 100% parasite prevalence could be determined.
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Figure 6.12 shows the number of days to 100% parasite prevalence by male guppies

(filled bars) and by the female guppies (hatched bars) in each tank. Female guppies

were observed to reach 100% parasite prevalence 6 days before the males in C2, T2

and in C3 and T3, and 12 days before the males in C1 and T1. With the exception of

T1 males that reached 100% prevalence before Cl1 males, cadmium exposure

appeared not to affect the time taken to reach 100% prevalence.

6.3.3.5. Guppy body and tail length

In an attempt to account for the differences in gyrodactylid burdens between male
and female fish, the size of the body and the length of the tails of all guppies were

recorded. The mean (x S.E.) body length of male and female guppies is shown in
Figure 6.13a and the mean (£ S.E.) tail length of both sexes is shown in Figure

6.13b. Body size did not differ statistically between male and female guppies in any
tank (P = 0.534), while tail length was statistically greater (P . 0.0001) in male than

in female guppies in both C1 and C2.
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6.3.3.6. Distribution of the gyrodactylids on the guppies
Three main regions of the body of both control and cadmium-exposed guppies were

colonised by the greatest percentage of G. turnbulli and remained so over the
duration of the trial. These regions were the ventral fins (anal and pelvic), the caudal
fin and the body surface. The percentage of gyrodactylids present in the 7 defined

areas (see section 6.2.2.6) of the control and test guppies over time are shown in

Figure 6.14a-.

At the start of the trial (day 6) the greatest percentage of gyrodactylids, on guppies
in both treatments, was found on the ventral fins, particularly the anal fins. By day

18 the caudal fin harboured the greatest percentage of gyrodactylids in both

populations and remained the favoured position of the parasites until the end of the

trial (day 60).

6.3.3.7. Guppy survival
As in Experiment 1, guppies were removed from the tanks and killed when the
parasite burden adversely affected their normal behaviour. The number of male and

female guppies remaining in each tank over time is shown in Figure 6.15a-f.

In replicates 1 and 2 (C1, T1; C2, T2), guppies were removed from the cadmium-
exposed (test) tanks at day 36 of the tnal, before those in the control tanks. By

contrast, guppies were removed from C3 earlier than from T3 and half of all these
fish had been removed by day 36 (Fig. 6.15c¢, ). However, log-rank comparisons, as
part of Kaplan-Meier survival analysis, showed there to be no statistically

significant differences in the rate of removal of guppies from the different
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