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Abstract

The study investigated biological and ecological parameters controlling and
influencing the production and distribution of the free-swimming larval stages of
Lepeophtheirus salmonis (Kroyer, 1838), and to a lesser extent Caligus elongatus
Nordmann 1832, in the natural environment

The reproductive output of L. salmonis was influenced by seasonal effects. The
number of eggs produced per brood showed an inverse relationship with increasing
temperature. The number of eggs per brood was also influenced by adult female body
size (cephalothorax length), which in itself exhibited an inverse relationship with
increasing temperature. Photoperiod had no significant effect upon the number of eggs
produced or on adult female size. Mean egg size of L. salmonis varied significantly
over the year; larger eggs were produced during the summer months and smaller eggs
over the winter. However, factors controlling the size of the eggs were not elucidated.
The proportion of viable eggs per L. salmonis ovisac remained constant throughout the
year. Large variations in egg number per egg string were found in both L. salmonis and
C. elongatus populations sampled at one point in time. These were attributed 1n part to
phenotypic variation in adult female size and also the number of broods individual
females had produced. Egg viability was not correlated with brood size, but mean egg
size was related to the number of eggs per brood.

Experimental studies indicated that hatching and development of L. salmonis
was highly variable. The percentage of eggs hatched and the time period over which
hatching occurred varied markedly, even when held under constant and optimal

environmental conditions. Temperature did not affect hatching success or viability of

the nauplius I stage, although at higher temperatures the period over which hatching

\Y



occurred was reduced. Low and medium salinities caused a significant decrease in both
hatching success and nauplius viability. Photoperiod had no effect on initiation of
hatching. Hatching occurred in a manner similar to that observed in free-living

copepods. The nauplii were enclosed by two egg membranes, the outer one bursting
within the ovisac, the inner one after the ovisac membrane has split. Swelling of the
egg and its subsequent hatching was attributed to osmotic effects, with water being
taken up from the external environment.

Development was also highly dependent upon both temperatuure and salinity.
At 5°C, nauplius II stages failed to enter the moult to the copepodid stage. At 7.5°C,
although moulting was initiated, in a large proportion of cases it was not successfully
completed. At 10°C, development to the copepodid stage was successful. Nauplii only
developed successfully to the copepodid stage at salinities of 25%. or greater.
Copepodids raised under optimal conditions then exposed to a range of salinities had a
greater salinity tolerance than naupli1.

Biochemical analysis of the eggs of L. salmonis revealed that lipids constituted
a large proportion of their dry weight. Naupliar stages contained a discrete area
containing lipid which decreased in size over time, suggesting that the free-swimming
larval stages utilised this as an energy reserve. Rate of depletion was faster in naupli
held at higher temperatures. Longevity, activity and infectivity of the infective stage
decreased with age. However, both spontaneous and stimulus dependent activity
ceased many hours before death and both activity and longevity were affected by
temperature. Infectivity of 1 day old L. salmonis copepodids was higher than 7 day old

larvae, and was considered to be related to the size of the energy reserves. The



settlement and distribution pattern of copepodids did not change with age of copepodid,
the majority being recorded from the fins.

All three L. salmonis free-swimming larval stages demonstrated a “hop and
sink” swimming pattern. The velocity and duration of both passive sinking and active
swimming was recorded for both nauplii and copepodids. Although greater periods of
time were spent passively sinking, the speeds obtained during both upward spontaneous
and stimulated swimming meant that a net upward movement of larvae in the water
column occurred. At higher temperatures spontaneous swimming activity increased,
whilst low salinities caused a cessation of such ability. L. salmonis larvae were
postively phototactic and negatively geotactic. As well as their positive responses to
light intensity, the nauplius Il and copepodid stages reacted positively to blue-green
spectral wavelengths. Moulting times were relatively short, although the larvae were

not able to swim during such periods. No relationship was found between the level of

lipid reserves and the overall buoyancy of the larvae.

Naupliar stages of both L. salmonis and C. elongatus were obtained from the
water column as a result of a plankton sampling programme at a commercial Atlantic
salmon farm. No copepodid stages of either species were found. There was no

difference in the vertical distribution of the two L. salmonis naupliar stages. Live
larvae tended to aggregate between O and 5m in depth, with no diwrnal vertical
migration. Dead nauplii, and those with low lipid reserves, were found deeper in the
water column. Naupliar stages, and in particular the first larval stage, were
concentrated in number within cages indicating that the cages have a retentive
characteristic. A novel control method in the form of a commercially available light

lure was tested. Though increasing the numbers of free-living copepods captured, it
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had no effect on the numbers of L. salmonis naupliar or copepodid stages obtained in

plankton samples.

The present study has therefore provided valuable data concerning the biology

and ecology of the free-swimming larval stages of sea lice, in what was a comparatively

poorly understood area.

Vil




CONTENTS

1. GENERAL INTRODUCTION

1.1. Infections in Atlantic salmon, Salmo salar L.
1.2. Taxonomy

1.3. Life cycle
1.4. Background to the present study

2. REPRODUCTIVE OUTPUT
2.1. Introduction

2.2. Material and Methods
2.2.1. Collection of Lepeophtheirus

salmonis and Caligus elongatus

2.2.2. Seasonal variations
2.2.3. Infrapopulational variation
224 Numbers of broods produced
225 Statistical Analysis
2.3. Results
2.3.1. Seasonal variations in
reproductive output
232 Infrapopulational variations in
reproductive output
2.3.3. Brood number
2.4. Discussion
2.4.1. Seasonal factors
2.4.2. Infrapopulational variation in
fecundity
243 Variation 1n egg size

3. HATCHING AND DEVELOPMENT

3.1. Introduction
3.2. Materials and Methods
3.2.1 (General maintenance of sea lice

3.2.2. Hatching of larvae

3.2.3. Development of larvae
3.3. Results

3.3.1. Hatching of larvae

3.3.2. Behaviour of larvae

3.3.3. Development of larvae
3.4. Discussion

3.4.1. Hatching

3.4.2. Behaviour post-hatching

3.43. Development

V11l

O\ da N -

16
16

17
18
19
19
20
20

24

26
27
27
42

>7

63
72
72
73
76
79
79
85
86
90
90

113
115



4. ENERGY LEVELS AND LONGEVITY, ACTIVITY AND INF ECTIVITY

4.1. Introduction

4.2. Material and Methods
42.1
422
4273,
424,

4.3. Results

4.4. Discussion

S. BEHAVIOURAL STUDIES

S.1. Introduction

S.2. Materials and Methods
52.1.
52.2.
52.3.
3.2.4

S.3. Results

43.1.
432
4.3.3.

434
4335,
4.3.6.

4.4.1.
4472
4473
4.4.4.
445.
4.4.6.

>.2.5.
>.2.6.

5.3.1.
5.3.2.

>.3.3.
5.3.4
5.3.5.

5.3.6.
5.3.7.

Egg string composition

Food depletion

Copepodid age and activity
Copepodid age and infectivity

Egg string composition

Energy depletion

Seasonal variation in the nauplius
| stage

Copepodid longevity

Copepodid activity

Copepodid infectivity

Biochemical composition
Energy reserves

Longevity

Activity and energy levels
Infectivity and energy levels
Settlement pattern

Behavioural responses to light
Behavioural responses to gravity
Natural swimming ability
Behavioural responses to
temperature

Behavioural responses to salinity
Moulting times

Photoresponses to artifical light
Photoresponses to stmulated
“natural” light

Behavioural responses to gravity
Swimming patterns

Behavioural responses to
temperature

Behavioural responses to salinity
Moulting times

1X

125
131
131
134
136
137
139
139
139
141

142
143
143
146
146
147
153
157
164
170

174
182
182
185
185
187

188
189
190
190
192

194
194
198

199
201



S.4. Discussion

54.1. Swimming behaviour

54.2. Responses to light

543 Responses to gravity

544 Moulting and its implication for
distribution

6. DISTRIBUTION IN THE NATURAL ENVIRONMENT
6.1. Introduction

6.2. Materials and Methods

6.2.1. Plankton sampling
6.2.2. Light lure
6.3. Results
63.1. Site description
6.3.2. Pump sampling
6.3.3. Light lure sampling
6.4. Discussion
6.4.1 Distribution of sea lice 1n the
water column
6.4.2. Efficacy of the light lure

7. GENERAL SUMMARY AND CONCLUSIONS

8. REFERENCES

203
203
211
215
216

219
223
225
227
229
229
229
234
236
236

257

261

273



CHAPTER 1

GENERAL INTRODUCTION



1. General Introduction

1.1. Infections in Atlantic salmon, Salmo salar L.

The most serious disease of marine cage cultured Atlantic salmon in Scotland is

widely accepted to be that of infection by sea lice. Sea lice are ectoparasitic copepods

of the family Caligidae. Two species are present in Scotland belonging to two separate
genera. The predominant species on farmed fish is Lepeophtheirus salmonis Krayer,
1838 though Caligus elongatus Nordmann, 1832 has also been recorded, but to a lesser
extent (Wootten, Smith & Needham, 1982; Pike, 1989). L. salmonis has also been
reported from farmed salmon in Ireland (Tully, 1989; Tully & Whelan, 1993), Norway
(Johannessen, 1978; Brandal & Egidius, 1979), Canada (Hogans & Trudeau, 1989) and
recently for the first time in farmed salmonids 1n Japan (Nagasawa & Sakamoto, 1993).
C. elongatus has also been reported from Ireland (Tully, 1989) and Canada (Hogans &
Trudeau, 1989), and although much smaller in size than L. salmonis can cause
significant pathology if abundant enough (Wootten ef al., 1982).

The parasitic stages of sea lice feed on the skin and mucus of the host (Kabata,
1974) and also on the blood (Brandal, Egidius & Romslo, 1976). Mortality of the
salmon is due to osmotic shock (Wootten, Smith & Needham, 1977, Wootten ef al.,
1982: Jonsdottir, Bron, Wootten & Turnbull, 1992) or potentially, indirectly due to
secondary infections such as vibriosis (Wootten et al., 1982), furunculosis (Nese &
Enger, 1993) or infectious salmon anaemia (Nyland, Wallace & Horland, 1993).

Sea lice became a problem in both commercial Atlantic salmon and rainbow
trout (Oncorhynchus mykiss Walbaum) farms during the 1960s in Norway as the fish
farming industry expanded (Hastein & Bergsjo, 1976), and also as expansion occurred

in Scotland during the 1970s (Rae, 1979; Wootten ef al., 1982), and later on 1n Ireland



(Tully, 1989). According to Costello (1993) they are the most commercially limiting
parasites in salmonid culture in northern Europe and, at present, the more recently

developed salmon farming industry in Canada has been suffering losses attributed to

sea lice infestations (Hogans & Trudeau, 1989; Piasecki & MacKinnon, 1995).

1.2. Taxonomy

The taxonomy of parasitic copepods has been extensively reviewed by Kabata
(1979), and this guide is generally accepted as the definitive key for species present on
British fish. Parasitic copepods belong to one of three sub-orders of the order
Copepoda. These are the Poecilostomatoida, the Cyclopoida and the Siphonstomatoida.
The sub-order Siphonstomatoida encompasses the family Caligidae.

Both Lepeophtheirus salmonis and Caligus elongatus belong to the family
Caligidae which consists of 27 genera and 350 species (Yamaguti, 1963; Kabata, 1988).
“According to Kabata (1979), all members of the Caligidae cling to their hosts’ surtace
with the aid of prehensile appendages and are capable of free movement over these
surfaces. They are strikingly flat and, in addition to this, the body of a caligid copepod

is characterised by being composed of four tagmata (Kabata, 1979).

The genus Caligus Miiller, 1785 is one of the most successful genera of
parasitic copepods, consisting of approximately 200 species distributed throughout the
oceans and seas of the world (Kabata, 1979). According to Kabata (1979), the genus
appears to be better represented in tropical and subtropical waters when compared to
higher latitudes, with only 13 species present in British waters. Caligus spp. can be
considered to be almost exclusively marine, with only one species, Caligus lacustris
Steenstrup and Liitken occuring in freshwater, although a few, such as Caligus

epidemicus Hewitt have been occasionally reported in brackish waters (Kabata, 1979).



Members of the genus parasitise many fish species, the vast majority being teleosts,
although some have also been reported from elasmobranchs, such as Caligus willungae
Kabata. Although some species have only been reported from a single host species (for
example Caligus zei Norman and T. Scott), some, such as Caligus elongatus have very
low host specificity being recorded from a broad range of species. C. elongatus has
been recorded from over 80 species of fish from most regions of the world’s oceans,
and 1t 1S probably the most common species of parasitic copepod in British waters
(Kabata, 1979). It has been observed to parasitise salmonids, being recorded from both
Salmo salar and Salmo trutta L. (Kabata, 1979).

The genus Lepeophtheirus von Nordmann, 1832 in contrast to Caligus 1is
particularly prevalent in temperate latitudes or cooler waters, with approximately 90
species having been reported (Kabata, 1979). The species of this genus are parasitic
exclusively on marine fishes and occur mainly on teleost hosts, with 7 species being
found in British waters. Again, like Caligus, species of Lepeophtheirus can either
demonstrate a wide or a narrow host specificity. Lepeophtheirus salmonis occurs on
most species of the genera Salmo and Oncorhynchus, and appears to be restricted to the
salmonids, occurring commonly on British species. Kabata (1979) stated that the
occurrence of L. salmonis on non-salmonid hosts must be considered unusual, and that
development and survival only occurs when parasitising salmonids. Bruno & Stone
(1990) however did record L. salmonis from Pollachius virens L., reporting 1t as a new
host for the parasite. It is unclear though as to whether L. salmonis can complete its life
cycle on a non-salmonid host, or whether this report simply represents parasites that

had accidentally transferred onto another, unsuitable, fish species.



1.3. Life cycle

The life cycle of L. salmonis is generally accepted to consist of ten stages, each
separated by a moult (Wootten ef al., 1982; Pike, 1989: Johnson & Albright, 1991;
Schram, 1993) and is shown in fig. 1.1. Gravid adult females present on the host
produce paired ovisacs containing eggs. Upon hatching, these eggs release the first of
two free-swimming naupliar stages into the water column. The first larval stage moults
to produce the second naupliar stage, which, after the second moult becomes the
infective copepodid stage. The copepodid is also free-swimming in the water column
and infects a host by the use of its two large hook-like second antennae (Bron,
Sommerville, Jones & Rae, 1991).

Once established on a host, the copepodid produces a frontal filament anchoring
the larva to the host (Bron ef al. 1991) and according to these authors is probably
rapidly followed by the moult to the first of four larval chalimus stages. These four
stages are also permanently attached to the fish by a frontal filament, which penetrates
beneath the host epidermis to the basement membrane (Bron ef a/., 1991). It is not yet
known however whether a new ftilament 1s produced for each of the chalimus stages or
not. The fourth chalimus stage then moults to the first of the three stages which are
mobile over the surface of the host. These three stages consist of two pre-adult stages
and a final adult stage. It is at the first of the two pre-adult stages when the sexes can
be distinguished, although it is possible to differentiate at the chalimus IV stage. Adult
males are frequently observed to form pre-copula relationships with both pre-adult 1
and, predominantly, with pre-adult 2 females (Wootten ef al., 1982). Upon the moult
to the adult female, copulation occurs, with a spermatophore sealing the females genital

pore. Eggs are then fertilised upon extrusion into the ovisacs.



Fig. 1.1. General life cycle of sea lice with diagrams showing Lepeophtheirus salmonis
(after Johnson, 1993): (A) gravid adult female; (B) nauplius I, (C) nauplius II: (D)
copepodid; (E) to (H) chalimus I to IV; (I) preadult 1 female; (J) preadult 2 female; (K)
adult female; (L) preadult 1 male; (M) preadult 2 male; (N) adult male (A, I to N, scale
bars = Imm; B to H, scale bars = 0.1mm).
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Although 1t is generally accepted that C. elongatus has a similar life cycle to
that of L. salmonis (Pike, 1989; Wootten ef al., 1982), there is some confusion in the
literature concerning the numbers and types of life cycle stages of Caligus spp., and
according to Wootten ef al. (1982), although the developmental sequence of C.
elongatus appears to be 1dentical to L. salmonis, 1t i1s difficult to distinguish between
pre-adult stages. A recent study by Piasecki & MacKinnon (1995) stated that there
were no pre-adult stages in the life cycle of C. elongatus, the parasite therefore only
possessing eight stages, contradicting the usual ten (Kabata, 1972).

The life cycle of L. salmonis and C. elongatus 1s temperature dependent
Wootten ef al. (1982) stated that the generation time of L. salmonis would take
approximately 6 weeks at temperatures between 9 to 14°C, though Johnson & Albright
(1991) estimated a longer time of between 7.5 and 8 weeks at 10°C, and Tully (1989)
reported generation times between 7 and 13 weeks depending on the water temperature.
Hogans & Trudeau (1989) reported that the life cycle of C. elongatus took
approximately 5 weeks at 10°C, with this time being directly related to water
temperature, and Piasecki & MacKinnon (1995) found that at 10°C, the generation time
was 43.3 days (6-7 weeks).

As already stated, both L. salmonis and C. elongatus are exclusively marine
parasites, and Berger (1970), Hahenkamp & Fyhn (1985) and Johnson & Albright
(1991) have demonstrated that development of L. salmonis can be compromised or
halted at low salinities, with death occurring in freshwater. Although there have been
no studies on the effect of salinity on C. elongatus, since it is not found in tresh or

brackish water, it seems likely that it also cannot survive or complete its life cycle In

such environments.



1.4. Background to the present study

Due to the increasing problem caused by sea lice in the fish farming industry,
early studies, predominantly on L. salmonis, concentrated on life cycle work
(Johanessen, 1978) and the development of organophosphate control measures (Brandal
& Egidius, 1979). Subsequently, later studies have included many aspects of the
parasite’s biology and control, many of which are represented in Boxshall & Defaye
(1993). However, most attention has been concentrated on the parasitic stages, and the
free-swimming larvae, the nauplii and the copepodid stages, have been largely
neglected with the exception of Bron ef al. (1991) and Bron, Sommerville & Rae
(1993a, 1993b), where the infection process, the behaviour and the gut morphology of
the copepodid stage was studied.

Little 1s known though about the ecology of the copepodid stage, and especially
the early naupliar stages. Research into such areas would make available information
that could assist in the management of the disease. The control of sea lice without
recourse to chemical treatment 1s also highly desirable and necessary for a combination
of reasons; there exists a differential susceptibility by different stages of sea lice to
treatment (Walday & Fonnum, 1989), and there 1s also the possibility of a development
of resistance to drugs (Jones, Sommerville & Wootten, 1992) along with environmental
problems associated with treatment (Egidius & Maester, 1987). Information regarding
the early planktonic stages of sea lice may assist with parasite management.

Recently, controversy has developed over the role of L. salmonis 1n the collapse
of wild sea trout and wild Atlantic salmon populations from the west coast of Ireland
and Scotland. It has been suggested by the public press (Clover, 1994; Wilkie, 1995)

that copepodids originating from fish farms in large numbers are responsible tor



infecting wild sea trout and salmon, and populations of the fish have reduced
dramatically. However, to date, there is little scientific evidence with which to clarify
this 1ssue along with data regarding the distribution of the free-swimming larval stages.

Research directed towards the free-swimming larval stages of L. salmonis by
Tully & Whelan (1993) attempted to estimate the production of the first naupliar stage
from L. salmonis present on farmed and wild salmon and correlate this with future
infestation levels of wild sea trout. However, due to the lack of information on the
behaviour and ecology of the first free-swimming larval stages, attempts to model the
dynamics of whole populations are considerably constrained and their usefulness
reduced.

The approach of the present study was therefore to provide more information
regarding the ecology, biology and behaviour of the naupliar and copepodid stages, n
order to elucidate such issues as (a) the factors that control the production of the first
larval stages of sea lice, (b) the development of the free-swimming stages, (c) their
behaviour and infectivity characteristics, and (d) their distribution in the natural
environment. Results from such research would hopefully provide much needed

information that would assist in the understanding of the population dynamics of sea

lice and in their management and control.



CHAPTER 2

REPRODUCTIVE OUTPUT



2.1. Introduction

At present Lepeophtheirus salmonis 1s observed to infect Atlantic salmon,
Salmo salar throughout the year on commercial Scottish marine fish farms (Wootten ef
al. 1982; Bron 1994). Caligus elongatus, although largely absent over the winter on
such farms, can also occur 1n relatively high numbers over the summer. The levels of
infection on sites vary widely, both seasonally and within individual cages on rafts at
one time (personal observation). Although there are many parameters, both abiotic and
biotic which influence such levels of parasites on fish farms, understanding the
reproductive output of a species, and the factors that influence it are key factors in the
understanding of the population dynamics.

Currently, there is a paucity of information concerning the reproductive output
of sea lice, the data available being largely restricted to investigations on the number of
eggs per ovisac (Wootten ef al., 1982; Tully, 1989; Hogans & Trudeau, 1939, Jackson
& Minchin, 1992; Johnson, 1993, Pike, Mordue & Ritchie, 1993). However, the results
within these reports vary widely, and there is little, or no information avallable on the
number of broods produced or the viability of eggs within the egg sacs.

There have however, been many studies on numerous crustacean groups (for

example, Fish, 1975; Evans & Diaz, 1973; Sheader 1981, 1983) which attempt to

identify the endogenous and exogenous factors, both singly and collectively, that
control and modify the fecundity of populations and hence explain the wvariations
observed within so many species worldwide. The majority of this work has
understandably been performed on free-living species. Nevertheless, 1t 1S possible to
compare trends across ditferent crustacean groups, and more especially between

different species of copepods. Such a comparison may enable identification of the



areas where research is needed with respect to the reproductive output of sea lice and
also may highlight valuable similarities or differences between these species and their
parasitic counterparts.

T'emperature has been shown to have a marked effect upon the reproductive output
of both free-living and parasitic copepods, although the form of its effect is not universalily
agreed upon. Different authors have shown that it can act upon fecundity both directly and
indirectly. For example, it has been demonstrated that temperature can influence fecundity
through body size (Evans & Diaz, 1978). At low temperatures, when developmental rates
are reduced, the time between moults 1s consequently increased and a larger body size is
often attained with a concomitant increase in fecundity observed. Although there are other
variables that have been invoked to explain changes in body size of free-living copepods
such as food quality and availability and the effects of size selective predation (Coker, 1933;
Deevey, 1960; McLaren, 1963, 1965; Huntly & Boyd 1984; Runge, 1985), these would
appear to be of little importance to parasitic copepods as, once established on a host, they
have a year round supply of food in the form of their host and are less exposed to predation
as they are no longer free-swimming in the water column. A relationship between
temperature and body size has been demonstrated for L. salmonis by Tully (1989) and
Ritchie, Mordue & Pike (1993), with the body size of both males and ovigerous females
being observed to increase with decreasing temperature. Ritchie ef al. (1993) showed that
these were statistically correlated. However, this is in contrast with a report by Johnston &
Dykeman (1987) on the parasitic copepod Salmincola salmoneus L., who demonstrated that
a decrease in temperature under experimental conditions was accompanied by a reduction in
the body size of the parasite. Despite this contradiction, both Tully (1989) and J ohnston &

Dykeman (1987) describe an increase in reproductive output with an increase in body size,



and Ritchie ef al. (1993) demonstrated that a higher number of viable eggs which they
described as those showing normal colouration and arrangement (total numbers of eggs
were not recorded), 1s carried per ovisac by larger adult females. However, only Ritchie ef
al. (1993) tested this relationship statistically, finding a significant correlation between body
size and the number of viable eggs produced, indicating that body size does modify the
fecundity of L. salmonis.

Given that temperature was demonstrated by the same authors to be correlated to
body size, it may be assumed that temperature would also be correlated to the number of
viable eggs for L. salmonis. However, Ritchie et al. (1993) showed that differences in size
did not directly account for variability in the number of viable eggs per egg string. This
appears 1n contrast to Elbourn (1966), who found that the number of eggs produced by the
free-living copepod Cyclops strenuus Fischer was determined equally by both temperature
and the size of the adult female. However, it 1s not possible from the data of Ritchie ef al.
(1993) to determine whether this i1s the case for the total number of eggs carried by L.
salmonis since only numbers of “normal eggs” were recorded, and thus the results from this
study cannot be compared to other trends in crustacean biology.

For C. elongatus, there are few reports on the reproductive output of the species,
with these being limited only to mention of the number of eggs per ovisac (Hogans &
Trudeau, 1989; Pike ef al., 1993). Although a relationship between size and temperature
has been postulated by Tully (1989), no statistical details were given and, in his report and
that of Hogans & Trudeau (1989), it was stated that temperature did not aftect fecundity,
with the latter showing no apparent seasonal change. However, again there were

insufficient details, either from field observations or experiments, given to support the

10



conclusions. If these conclusions were based on small samples, or ineffective sampling
programmes any pattern between temperature, body size and fecundity may be missed.
Despite temperature and body size appearing to be the two major controlling factors
of reproductive output in free-living copepods, and perhaps also being the case for their
parasitic relatives, high variation in clutch sizes within individual samples of free-living
copepods has been reported (Elbourn, 1966; Hopkins, 1977, Maly, 1983: Lawrence &
Sastry, 1985; Crawtord & Daborn, 1986) that is not explained by these. Such intrinsic
variation has also been observed for species of parasitic copepods (Schram, 1979; Tully &
Whelan, 1993). Other factors therefore have been investigated in order to explain this and
have been seen to modify and influence the brood size of free-living copepods, such factors
possibly also being applicable to the reproductive output of L. salmonis and C. elongatus.
The age of the adult female has been demonstrated to effect the egg production rate
of both those free-living copepods that continuously release eggs (Parrish & Wilson, 1978)
and the brood size of those species which produce discrete clutches of eggs (Smyly, 1970;
Hopkins, 1977; Maly, 1983; Crawford & Daborn, 1986). Older individuals either showed a
reduction in the rate of egg production or a diminishing number of eggs laid in successive
broods. L. salmonis females have been reported to produce more than one brood, with
Johannessen (1978), cited by Anstensrud & Schram (1983), being the first to observe a
second pair of ovisacs. Ritchie, in unpublished observations cited by Ritchie ef al. (1993)
states that up to six broods are produced by L. salmonis, but no further details were given.

There are no available reports on the number of broods produced by C. elongatus, and there

is no information on this species or for L. salmonis on the number of eggs contained within
successive broods, and its relationship with age, if any. However, there have been reports

for other species of Lepeophtheirus, although these again tend to contain very little detail.
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De Meets, Raibaut & Renaud (1993) found that first and last clutches in both
Lepeophtheirus thompsoni Baird and L. europaensis Zeddam, Berrebi, Renaud, Raibaut &
Gabion contained fewer eggs than intermediate broods. However, no information was
given on the number of broods produced or the number of eggs contained within the
ovisacs. If there does exist a significant change in brood size either with age, or between
successive broods, then this may help to explain part of the high variations observed in
tecundity for L. salmonis as reported by Tully & Whelan (1993), and also provide more
information upon the factors controlling the reproductive output of sea lice, since age or
brood number have not been factors which have yet been considered for L. salmonis.
Although there are factors that affect the reproductive output of free-living copepods
that will be of negligible effect for parasitic species, such as food abundance and quality,
there are factors that will conversely affect only parasitic copepods, with these being factors
associated with the host. It has been observed that the fecundity of L. salmonis infecting
Atlantic salmon was approximately twice that of this parasite on Chinook salmon,
Oncorhynchus tshawytscha Walbaum (Johnson, 1993), and the author also stated that from
personal observations, higher numbers of eggs were also carried by L. salmonis adult
females infecting adult Coho salmon, Oncorhynchus kisutch Walbaum compared to
immature fish. As well as effects due to species of host, Jackson & Minchin (1992)
observed that lice obtained from wild Atlantic salmon carried more eggs than those from
farmed fish of the same species. Johnson (1993) observed that current investigations of
differences in the reproductive output of L. salmonis showed that this was most commonly
related to seasonal environmental conditions, but suggested that host immunological factors

may also play an important role in controlling the reproduction of the parasite, and thus this
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aspect of host influence should not be ignored when considering the reproductive output as
well as host species.

As well as recording variations in the fecundity of sea lice, personal observations by
Ritchie, cited by Ritchie er al. (1993) stated that there appeared to more areas of
disorganised or discoloured eggs present in L. salmonis egg strings during winter,
suggesting a seasonal variation in the condition of eggs. These were unpublished
observations, and no details were given so that the relationship between season and the
viability of L. salmonis or C. elongatus eggs is not known. There have been some reports
concerning the viability of eggs produced by free-living copepods, with the majority of
these investigating the relationship between seasonal food availability and quality, and its
subsequent effect upon the development of the egg (Ianora, Mazzocchi & Grottoli, 1992).
As parasitic copepods possess a year round food supply in the form of their hosts, it 1s seems
unlikely that diet will be a major factor in controlling the viability of eggs produced by sea
lice. However, there have been reports for free-living copepods that indicate that diet 1s not
the only factor influencing the viability of the eggs, but that other parameters such as sperm
depletion, remating and age of the female will also act to modify the wviability of the
reproductive output (Parrish & Wilson, 1978), and these are also possible influential tactors

for sea lice.

Another factor to be considered in relation to the reproductive output of sea lice 1s
that of egg size. This has been shown by Ritchie et al. (1993) for viable L. salmonis eggs to
have a seasonal nature, with larger eggs being obtained in the summer compared to smaller
egos which were recorded over the winter months. This 1s in contrast to reports for free-
living copepods, where egg size has been shown to be larger in winter, and smaller 1n

summer, being controlled by temperature (Crawford & Daborn, 1986). The factors
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controlling the egg size of L. salmonis were not made clear by Ritchie ef al. (1993) but they
considered that photoperiod appeared to exert a greater influence over it than temperature.
However no relationship between egg size and other reproductive variables such as the
number of eggs produced was tested, despite the authors stating that there appeared to exist
two “generation” (sic) types of L. salmonis. These consisted of a winter type producing
many small eggs, and a summer type where fewer larger eggs tended to be produced.
Again 1t 18 difficult to compare these authors’ data with other records as they only consider
eggs that appeared viable, the total number of eggs not being recorded. A relationship has
been described between egg size and number for free-living copepods by Maly (1983),
where the clutch size appeared to control the size of the eggs as also for other crustacean
oroups (Steele & Steele, 1975a; Kerfoot, 1977). The factors that influence the size of the
egg in L. salmonis however, and in other species of sea lice are largely unknown, and since
the existing data contrasts with the patterns seen for free-living copepods, such factors need
to be elucidated. Also, Ritchie ef al. (1993) only recorded eggs showing normal
development, and thus few comparisons can be made with the data available for free-living
copepods since this is based on the total number of eggs.

Other reports concerned with the fecundity of sea lice, such as those of Jackson &
Minchin, Johnson (1993) and Tully & Whelan (1993) have indicated that non-
environmental factors may also control the reproductive output of L. salmonis, with Johnson
showing a difference in reproductive output of the parasite depending on what host species
it infects. Jackson & Minchin (1992) and Tully & Whelan (1993) both demonstrated that
lice from wild Atlantic salmon were more fecund than those from farmed fish, with the
latter authors suggesting that the use of chemotherapeutants may possibly cause this.

However, it seems unlikely that until all the environmental factors controlling reproductive
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output 1n sea lice are elucidated, other factors such as host and treatment effects, will be
fully understood. By achieving a better understanding of the control of reproductive output,
It may prove possible to forecast future infection levels on farms, and also more fully
understand the patterns of infection that are observed.

The present study was therefore undertaken in an attempt to elucidate the abiotic
and biotic factors that control the reproductive output of both L. salmonis and C. elongatus,
both in terms of brood size and egg size. As well as looking for any seasonal patterns that
may exist, variations of reproductive output within populations sampled at one point in time
were also studied, 1n order to find any other controlling factors that may not be apparent, or

indeed obscured by seasonal patterns.
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2.2. Materials and Methods

2.2.1. Collection of Lepeophtheirus salmonis and Caligus elongatus

Both Lepeophtheirus salmonis and Caligus elongatus were obtained from
commercial Atlantic salmon farms in Scotland. Lice were predominantly collected when
the farms were harvesting salmon as this usually meant both the smallest inconvenience to
the farmers and access to a large number of fish. As harvesting techniques varied from farm
to farm it was obviously impossible to standardise a collection technique. However it is
possible to summarise the three main methods employed.

1. Atlantic salmon were removed from the harvest cage by means of a
mechanically operated winch with a net attached and placed in a cylindrical plastic tub
approximately 1.5m in diameter and 2m high containing seawater from the site. Fish were
then individually removed from the tub by the use of a hand net and killed by a blow to the
head with a wooden stick. Sea lice were gently removed from the fish using a pair of
curved forceps.

1. Atlantic salmon were individually removed from the harvest cage by the use
of a long handled hand net, and killed with a blow to the head by a wooden stick. Lice
again were removed by curved forceps, taking care not to damage them.

111 Atlantic salmon were killed using carbon dioxide at the harvest site. Fish
were placed in a purpose built device designed to deliver CO, by the use of a mechanically
operated winch with a net attached. Fish were then gassed using carbon dioxide until they
were either dead or “docile” enough to be handled. They were then removed from the
carbon dioxide and their gills were cut on one side by the fish farmers, and the fish

deposited into 1 tonne harvest bins measuring Im x 1m x 1.5m, usually containing seawater
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and/or ice. Fish were then individually picked out of the bins and lice removed using
curved forceps and the salmon returned to the bins.

Once the sea lice had been removed from the salmon, they were placed in a plastic
bag (approximately 45 x 30cm) half filled with clean seawater from the same site. Care was
taken not to contaminate the water with mucus or blood from the fish, so keeping the water
as clean as possible. Approximately 200 lice were put into each plastic bag. The bags were
then sealed by a rubber ring and placed inside a second plastic bag which was sealed in the
same manner to prevent any leakage. Bags were then put inside cool boxes with a small
amount of ice to keep the temperature at a low and maintained level. Seawater from the site

was collected in plastic containers each holding 45 litres for future maintenance of the

parasites in vitro.
2.2.2. Seasonal variations

Monthly samples of gravid adult female L. salmonis were collected from the
same commercial Atlantic salmon farm on the west coast of Scotland. Between 20 to
30 gravid adult females were removed from fish on each occasion prior to harvesting
and fixed in 10% buffered formalin. The number of fish sampled and the final number
of parasites obtained was dependent upon the infection levels present. All fish
harvested were year class 2 fish. The surface water temperature was taken at the site
and the photoperiod was obtained from published sources, based on the ambient
photoperiod at Glasgow, Scotland, this being the nearest geographical location to the
site where such measurements were recorded.

The gravid adult females were then measured, using a dissecting microscope
(Olympus SZ30) at x40 magnification for their cephalothorax length, taken as the

distance between the joint of the cephalothorax to the anterior tip of the frontal organ.
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Each right hand egg string (still attached to the female) was measured, using a
dissecting microscope (x40) for its length, the number of viable*eggs, and the number
of abnormal eggs. Abnormal eggs were classed as those not showing normal
development, being either discoloured or disorganised. They were easily distinguished
from those that appeared to be viable by the absence of the characteristic pigmented
appearance of mature eggs, or, in the case of immature eggs, having a disorganised
“spongy” appearance, compared to eggs which, from separate laboratory investigations
(Chapter 3), were seen to go on to show normal development. These are illustrated in
fig. 2.10a. The size of eggs was obtained by measuring three randomly selected
sections of twenty eggs within each egg string, and calculating the mean egg size for
each of the three regions and then the overall average of this figure. The term “egg
size” therefore refers to the lateral diameter of the unhatched egg (fig. 2.10a).
2.2.3. Infrapopulational variation

The results of the seasonal studies revealed that there were large variations
within samples. Because of this, a large sample was taken in order to determine the
causes of this variation. 83 gravid adult female L. salmonis and 102 gravid adult
female C. elongatus were collected from Atlantic salmon prior to harvesting at the
same farm 1n a single sample on one day during September and fixed in 10% buftered
formalin. This number was the maximum number of gravid females which could be
collected during the same sampling session and was dependent upon the infection levels
on the fish being harvested. Gravid adult females from both species were again
measured for cephalothorax length, egg string length, egg number (both viable and
non-viable) and egg size. The relationships between female body size and egg number,

viability and egg number and egg size and egg number were then analysed statistically.
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2.2.4. Numbers of broods produced

From standard infection trials taking place at the Institute of Aquaculture’s field
station (Marine Environmental Research Laboratory, Machrihanish), it proved possible
to collect consecutively produced egg strings from L. salmonis gravid adult females.
Atlantic salmon were routinely infected by staff at the Laboratory with copepodids and
development monitored every second day by anaesthetising fish with Ethyl p-Amino
Benzoate (benzocaine) and observing the stages present under a dissecting microscope
(x40). Once egg strings were observed to be produced by adult females each left egg
string was removed and fixed in 10% buffered formalin. These samples were then
collected from the Marine Station and the number of eggs in each egg string counted
under a dissecting microscope at x40 magnification. In adult females that produced
more than one brood, it was observed that the remaining right egg string was always
shed before the next pair of ovisacs was extruded, so i1t was always possible to know
how many broods each adult female had produced. Due to the low levels of intections

resulting from the controlled infections, there was no confusion between individual

adult females present on the salmon.

2.2.5. Statistical Analysis

All data were tested for normality before applying analysis of variance tests
(ANOVA). If a significant level of variance was identified, then a Dunn’s test was

used to identify the samples that differed significantly from the overall mean.
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2.3. Results

2.3.1. Seasonal variations in reproductive output

T'he monthly surface water temperatures at the site sampled are shown in fig

2.1. The minimum temperature observed was 4°C in February, with the maximum

being 14°C during the months of July and August. Seasonal photoperiod for Glasgow,

the closest geographical location to the site where such measurements are recorded, is

shown 1n fig. 2.2

2.3.1.1. Female body size

The variation in mean cephalothorax length of L. salmonis adult females
sampled monthly over one year 1s shown in fig. 2.3. The maximum mean length was
observed to be 5.74mm (£ 0.027), achieved in March, with this declining to a minimum
mean size of 5.05mm (+ 0.024) in October. An analysis of variance demonstrated that
a significant variation in mean cephalothorax length did occur over the twelve monthly
samples (p < 0.001). The relationship between temperature and mean cephalothorax
length is shown in fig. 2.4. A Dunns test revealed that all samples were significantly
different from each other, with the exceptions of the February and March samples, the
April and May samples, the August and September samples and the July and November
samples.

It was found that temperature and mean cephalothorax length were negatively
correlated with each other (r2 = (0.685, p < 0.001) over the whole sampling period.
However, the maximum and minimum temperatures did not coincide with the
minimum and maximum mean cephalothorax lengths, but instead a lag was observed.
The minimum temperature experienced (4°C) was in February, but the maximum mean

cephalothorax length was observed in March. Likewise, the maximum temperature
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Fig. 2.1. Seasonal surface water temperature (C®) of the site sampled recorded on the
sampling day.

16 —_—
14 - .
3) f i
oo12 N
2 el e
E 10 & K‘\\E
(- ¥ .
5 B
= B 3 \\E
S (=3
()
<4 -3
2 7 I— | | T I B |
J R M A M | 3 A S O N D
Month

Fig. 2.2. Seasonal photoperiod of Glasgow: hours of light from sunrise to sunset

24

22
20 —

18 |
-
16 El /E”
]

14
12
10

Hours of light

O N & O ™

A M Y J A S O N D
Month



Fig. 2.3. Seasonal variation of the mean cephalothorax length (mm
salmonis gravid adult females
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over the sampling period (14°C) was during July and August, although the minimum
mean cephalothorax length was observed in October. It was found that that
temperature from the previous month and mean cephalothorax length were more

strongly negatively correlated with each other (r2 =0.874, p <0.001).

The relationship between photoperiod and mean cephalothorax length 1s shown
In fig. 2.5. No correlation was observed between the body length of L. salmonis
females and photoperiod over the sampling period (r* = 0.051, p = 0.479), indicating

that seasonal variations in photoperiod cannot explain any of the variation observed in

mean cephalothorax length.

2.3.1.2. Brood size

The mean number of eggs per L. salmonis egg string over the sampling period is
shown 1n fig. 2.6. An analysis of variance demonstrated that there was a significant
difference i1n the number of eggs per egg string between the twelve samples (p <0.001).
The maximum mean number of eggs per egg string was 286.9 (+ 36.9), which was
observed during the month of March, and the minimum mean number of eggs being
194.1 during October. A Dunns test showed that the maximum March and minimum
October samples were significantly different from the remainder of the samples, as was
February.

Fig. 2.7 shows the relationship between surface water temperatures at the site
sampled and the mean number of eggs per egg string. Temperature and brood size
were found to be negatively correlated with each other (r2 = 0.709, p < 0.001) over the
sampling period. Again, there was a lag between maximum and minimum surface

water temperatures and the corresponding minimum and maximum mean number of

eggs per egg string. The minimum number of eggs, 194.1 (£ 66.8) in October, was
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observed to occur two to three months after the highest water temperatures, July to
August, and the maximum number of eggs, 286.9 1in March, was recorded one month
after the lowest water temperature was experienced in February. However, it was
found that mean brood size and temperature from two months previously was not as
strongly negatively correlated (r* = 0.247, p < 0.05) as the temperature from the same
month, and that mean brood size and temperature from three months prior was not
negatively correlated at all (r* = 0.04, p = 0.837).

The maximum number of eggs per egg string however was seen to coincide
with the largest mean cephalothorax length (March), and the lowest number of eggs
was observed at the time when the mean cephalothorax lengths were also at a minimum
(October). Fig. 2.8 shows the relationship between the monthly mean cephalothorax
sizes over the sampling period and the mean number of eggs per egg string for each of
the twelve monthly samples. The mean number of eggs per egg string was found to be
positively correlated with the mean cephalothorax length (r2 =0.747, p <0.001).

The relationship between the mean number of eggs per egg string and seasonal
photoperiod is shown in fig. 2.9. It was demonstrated that photoperiod has no effect

upon the brood size (r2 = 0.256, p = 0.093), no correlation between the two tactors
existing.
2.3.1.3. Viability of eggs

Fig 2.10a illustrates the difference between eggs classed as viable and those

classed as abnormal. The seasonal variation in the mean proportion of viable eggs per

ego string for L. salmonis is shown in fig. 2.10b. Analysis of variance demonstrated
that there was no seasonal variation in the mean proportions of viable eggs per egg

string over the sampling period (p < 0.01), indicating that the percentage of eggs
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Fig. 2.10a. (i) Lepeophtheirus salmonis cgg string containing viable cggs (x40
magnification). Note regular arrangement of nauplii within egg string, all aligned in the
same direction,
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showing normal development remains at a constant level over the year. The deviation

around the mean varied from a minimum of + 6.54 in February to a maximum of +

25.48 1n October.

2.3.1.4. Egg Size

The mean size of L. salmonis eggs over the sampling period is shown in fig.
2.11. The maximum mean egg size (lateral diameter) was observed to be 73.03um (+
10.57), recorded during September, with the minimum mean size being 57.50um (+
7.26), experienced during April. Analysis of variance demonstrated that there was a
significant variation between the mean egg sizes over the twelve monthly samples (p <
0.001). A Dunns test showed that the February, May and November samples were
significantly different from the other samples. Fig. 2.12 shows the relationship
between surface water temperature and mean egg size. No correlation was found to
exist between temperature and the mean egg sizes (r2 = 0.085, p = 0.359), suggesting
that temperature and perhaps therefore seasonality has no significant direct effect upon
egg size of L. salmonis.

The relationship between the seasonal variation 1n photopertod and the variation
in L. salmonis egg size i1s shown 1n fig. 2.13. No correlation was found between
photoperiod and egg size (r2 = 0.111, p = 0.289), again suggesting that the seasonal
variation in photoperiod does not influence the variances in egg size over the sampling
period.

The relationship between the mean number of eggs per egg string and the mean
egg size is shown in fig. 2.14. Again, no correlation was found between the mean
brood number and egg size (r2 = 0.017, p = 0.683). Thus 1t appears that the mean

number of eggs per egg string does not directly effect the size of the eggs.
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Fig. 2.11. Seasonal variation in the mean size (um x 1 SD) of L. salmonis eggs
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Fig. 2.13, Relationship between mean size (um) of L. salmonis c¢ggs and the seasonal
photoperiod
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Fig. 2.15 shows the relationship between the mean cephalothorax length of L.
salmonis adult females and the mean egg size over the sampling period. The mean
cephalothorax length did not significantly affect the mean egg size (r’ = 0.214, p =
0.13), that 1s, no correlation could be found between the two.

2.3.2. Infrapopulational variations in reproductive output

2.3.2.1. Fecundity

The mean number of eggs per egg string for both L. salmonis and C. elongatus
in the large sample taken in August is shown in table 2.1.  For L. salmonis, the mean
number of eggs per ovisac was 206.2 (range, 76 to 402), and for C. elongatus, the
figure was 52.62 (range, 6 to 87). For both species, wide standard deviations were
observed, 74.09 eggs per egg string for L. salmonis and 17.08 eggs per egg string for C.
elongatus. The frequency distribution of the number of eggs per egg sac for both
species can be seen in figs. 2.16 and 2.17. Both appear to show a normal distribution.
2.3.2.2. Egg viability

The relationship between the number of eggs per egg string and the proportion
of viable eggs produced for both L. salmonis and C. elongatus in the extended sample
are shown in table 2.2 and figs. 2.18 and 2.19.

For L. salmonis, the mean number of viable eggs per egg string was 168.17 &
47.00, with this being equivalent to 82.34% (£ 23.01) of eggs within an egg string
showing normal development. An analysis of variance on the data showed that there
was no significant variation in the number of eggs showing normal development from
egg strings containing different brood sizes (p = 0.860), demonstrating that there is no

relationship between the number of eggs produced per brood and the subsequent
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Table 2.1. Mean number of eggs per ovisac for L. salmonis and Caligus elongatus for
individual populations sampled at one point in time

Specics Standard doviation
Lepeophtheiris salmonis 206.20 74.09 76-402
Caligus elongatis 52.62 17 OR 6-87

Table 2.2. Proportion of ovisacs with eggs showing normal development for
Lepeophtheirus salmonis and Caligus elongatus

Number of eggs per ovisac | Percentage of viable eggs per ovisac + 1SD

Lepeophthetrus salmonis
52-101 (n=5) 03.99 +7.53

102-151 (n=14) 82.43 £ 17.81

152-201 (n=30) 82.08 + 26.83
_ 202-251 (n=11) 87.83 +9.21
252-301 (n=12) . 78.32 +28.82

302-351 (n=8) 79.36 + 31.46
352-402 (n=3) 83.39 + 5.59
Caligus elongatus o )
_ 00.00
11-20 (n=8) _ 62.50 + 51.57
~21-30 (n=6) - _ 75.64 +39.24

31-40 (n=15) _ 65.41 +42.37
41-50 (n=10) 82.66 + 30.94
51-60 (n=41)
61-70 (n=21) ] 76.71 + 34.48 ' _
71-80 (n=17) 81.13 + 28.43

81-90 (n=1) 90.80

HH%




Fig. 2.16. Infrapopulational variation in the number of eggs per egg string for L.
salmonis
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Fig. 2.17. Infrapopulational variation in the number of eggs per egg string for C.
elongatus
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Fig. 2.18. Relationship between the number of eggs per egg string and the number of
viable cggs toran L. salmonis population sampled at one point in ume
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viability of these eggs Only 2.41% of L. salmonis egg strings sampled were found to
contain wholly undifferentiated eggs that did not demonstrate any normal development.

For C. elongatus, the mean number of eggs per egg string showing normal
development was 34.06 + 24.81, with this being 71.81% (z 24.81) of eggs within an
ovisac. Analysis of variance again indicated that there was no relationship between the
number of eggs produced by female C. elongatus, and the viability of the eggs (p =
0.604), demonstrating that the viability of eggs is not dependent upon the brood size.
High numbers of C. elongatus egg strings were observed to contain wholly
undifferentiated eggs that did not subsequently show any development, with such egg
strings accounting for 18.33% of ovisacs sampled.
2.3.2.3. Cephalothorax length

The relationship between the cephalothorax length of L. salmonis adult females
and the number of eggs in each egg string in the larger September sample 1s shown in
fig. 2.20. The mean cephalothorax length was 5.29mm (x 0.23), ranging from 5.00 to
5.71mm. A correlation was found between adult female cephalothorax length and the
number of eggs contained within each ovisac (r =0.521, p < 0.001) demonstrating that

the size attained by an individual adult female will have a subsequent effect upon the

brood sizes produced.

However, interestingly, no correlation was found between L. salmonis

cephalothorax length and the number of viable eggs within each egg string. Such a

correlation may have indicated that immature females (in the case of a negative
correlation) produce less viable eggs than older females, or in the case of a positive

correlation, older perhaps senile females prodded more abnormal eggs (r2 = 0.13, p =

0.681).
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Fig. 2.20. Relationship between the number of eggs per egg string and the cephalothorax

]en‘gth (mm) of gravid L. salmonis adult females from one population sampled at one
poInt in time
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Fig. 2.21. Relationship between the number of eggs per egg string and the mean egg size
(um) for a L. salmonis population sampled at one point in ume
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2.3.2.4. Egg size

The relationship between the number of L. salmonis eggs per egg string and the
mean egg size 1s shown in fig. 2.21. Egg size ranged from 42 to 98um, with the overall
mean being 63.60pum (+ 8.07). In contrast to the seasonal data, a correlation did occur
between the mean size of eggs within an ovisac and the number of eggs contained
within it (r" = 0.381, p <0.001), indicating that the number of eggs produced will effect
their mean size, explaining some of the variation observed in the size of L. salmonis
eges.

2.3.3. Brood number

The mean number of eggs produced per egg string per brood by L. salmonis
adult females 1s shown 1n fig. 2.22. The lowest number of eggs per egg string was
observed in the first brood produced, the mean number of eggs being 141.09 (£ 22.19),
with this rising to a maximum of 216.4 (£ 67.59) during the second brood, and then
declining slightly to 208.2 (£ 50.97) in the third and final brood observed. Analysis of
variance indicated that there existed a significant variation in the number of eggs from
different broods (p < 0.001), although a Dunns test revealed that this difference was
limited to broods 1 and 2, no significant differences occurring between broods 1 and 3

and broods 2 and 3.
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F1g.2.22. Mean number of eggs per egg string produced per brood for L. salmonis
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2.4. Discussion

The 1nvestigations into the reproductive output of L. salmonis were
characterised by a high degree of variation in the results. This was despite carrying out
the sampling at only one site in order to attempt to remove any interpopulational
variation. It was at first thought that such variation may be due to low sample sizes in
the seasonal samples. However, large infrapopulational variation was also observed in
the large sample taken, indicating that this was not the case. Although samples were
only taken from one site, it must be remembered that there may still be a mix of
populations. The majority of parasites in an established farm will be due to the site
reinfecting itself, there will be an influx of larvae originating from outside the farm.
Such a combination of populations may cause some of the variation observed. This

will always be a feature in field sampling and a factor that 1s probably impossible to

remove.
2.4.1. Seasonal Factors

The study revealed that a number of parameters such as adult female body size,
egg number and size varied significantly over a continuous sampling period of twelve
months.  Such occurrences are not unusual; in a number of studies on both free-living
and parasitic crustaceans, seasonal factors have been shown to have a marked effect
upon the reproductive output of a wide range of species. Temperature appears to be the
most influential abiotic factor regulating fecundity but, despite its importance in
controlling metabolic processes, there have only been a few studies investigating the
relationship between temperature and fecundity of parasitic copepods. Though

previous links between temperature and fecundity for both free-living and parasitic
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Species have been documented, some have tended however to concentrate upon the

effect of temperature upon body size, and the then subsequent effect of body size on

fecundity.
2.4.1.1. Seasonal body size

The mean size of L. salmonis adult females was found to be negatively
correlated with temperature, varying significantly over the sampling period. The
minimum size attained, 5.05um, was observed in October, this rising to a maximum of
5.74um 1n March. However, although a negative correlation was observed, the
maximum and minimum sizes attained did not coincide with the maximum and
minimum temperatures experienced over the sampling period, with a time lag between
the two being apparent. The maximum mean cephalothorax length as already noted
was recorded in March, one month after the lowest water temperature of 4°C. The
minimum mean cephalothorax length occurred in October, with the maximum surface
water temperatures (14°C) being experienced in July and August. This time lag can be
expected, since the ambient water temperature during development will aftect the
developmental rate of the parasite and the subsequent size attained. According to
Kurata (1962), the increase in generation time at low temperatures 1s due to the
reduction in the moult frequency of crustaceans causing a larger size increment to occur
between moults. Increasing temperatures will therefore cause an increase in the
developmental rate of the parasite, with a consequent decrease in the time period
between moults, and thus the size gained. It is therefore likely that the ambient water
temperature of previous months will be more highly correlated with body size than the

respective temperature of the month sampled. In support of this, a regression analysis

238



between the surface water temperature of the previous month and the mean
cephalothorax length of L. salmonis revealed that these were more highly correlated
than the water temperature of the month when the sample was taken (r° = 0.874
compared to 0.685). Photoperiod however was not found to have any significant direct

effect upon the cephalothorax size of ovigerous L. salmonis females, and thus cannot

explain any of the seasonal variation observed.

This relationship between water temperature and body size, as observed in the
present study, appears to be generally one of negative correlation across a number of
crustacean groups, with body size increasing with decreasing temperature. The
variables that are usually invoked to explain changes in body size include temperature,
food quality and availability, and the effects of size selection predation. Crawford &
Daborn (1986) studied the seasonal body size variations of the free living calanoid
copepod Furytemora herdmani Thompson & Scott. By studying E. herdmani in a
macrotidal, highly turbid estuary which had a year round food supply, lack of
competitors and visual predators, the authors anticipated that an examination of body
size of E. herdmani would indicate whether food supply, temperature or size-selective
predation was the cause of body size variation in copepods. They found a significant
relationship between body size and temperature, indicating that developmental
temperature is the primary determinate of mature body size, with this having also been

suggested by Coker (1933), Deevy (1960), McLaren (1963, 1965).

Evans and Diaz (1978) considered that a negative correlation between mean
individual sizes and temperature was widespread within free living planktonic

copepods, and indeed there have been many reports of this relationship in the available
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literature which is summarised in table 2.3. Although the majority of these reports are
concerned with measurements taken from field obtained specimens, extensive evidence
of an inverse relationship between water temperature and the size of the planktonic

copepods reared under laboratory conditions is set out by McLaren (1974).

There have also been previous descriptions of a negative correlation between
temperature and body size for parasitic copepods including sea lice that support the
findings of the present study. Tully (1989) found that the mean body sizes (no details
of how this was measured was given) of both L. salmonis and C. elongatus increased
with decreasing surface water temperatures. For L. salmonis, the mean length of the
adult female stage was approximately 7.5mm in samples taken in August, with this
Increasing to approximately 12mm for samples taken in January when water
temperatures would be cooler. The time lag between temperature and size observed in
the present study can also been seen in the data of Tully (1989). The maximum body
length of adult males over the period sampled by Tully (July to January) occurred one
month after the minimum surface water temperatures experienced, these being January
and December respectively with this also being observed for C. elongatus ovigerous
females 1n the same pertod. Minimum body length for C. elongatus adult males and
ovigerous females were also observed to occur after the maximum surface water
temperature, these months being September and August respectively. However Tully
(1989), unlike the present study, did not test for a correlation for this lag. Ruitchie ef al.
(1993) also described a negative correlation between the mean cephalothorax length of
ovigerous L. salmonis and the ambient water temperature. Again from the data of

Ritchie et al. (1993) a time lag between temperature and size can be observed with the
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Table 2.3. Free-living copepods whose body size is negatively correlated with
temperature.

Ao T Gee
Harmam (1917) | Crloproremm Fischer
Oithona similis Digby
Deevy (1960) Acartia tonsa Giesbrecht
Acartia clausi Dana
Calanus finmarchicus (Gunnerus)
Centropages hamatus (Lilljeborg)
Centropages typicus (Kroyer)
Labidocera aestiva Wheeler
Microcalanus pygmaeus (G.O. Sars)
Paracalanus parvus (Claus)
Pseudocalanus elongatus Boeck
Pseudodiaptomas coronatus Williams
lemora longicornis (O.F. Miiller)
Temora sylifera (Dana
Deevy (1964) Pleuromamma piskei Farran

Pleuromamma abdominalis (Lubbock)
Pleuromamma xiphias (Gisbrecht)

Vucetic (1965) Calanus helgolandicus Claus

El-Maghraby (1965) Acartia latisetosa Kriczagin

Centropages kroyeri Gisbrecht
QOithona nana Gisbrecht

Euterpina acutifrons (Dana)

Deevy (1966) Centropages auklandicus Kraimer
Calanus australis Brodsky
Pleuromamma gracilis (Claus)

Elbourn (1966) Cyclops strenuus Fischer
Eriksson (1973) Acartia longiremis (Lilljeborg)

Moraitou-Apostolopoulou (1975) Temora stylifera (Dana) _
Calanus minor (Claus)

Evans (1977) Qithona similis Digby
Acartia longiremis (Lilljeborg)




maximum mean length occurring one month after the minimum surface water
temperature and the minimum mean length occurring two months after the highest
temperatures. Like the present study, Ritchie ef al. (1993) found that seasonal

photoperiod had no effect upon the size attained by ovigerous L. salmonis females.

This negative correlation between temperature and body size at maturity
however, 1s not always universally seen in the crustaceans. Evans and Diaz (1978)
described a direct relationship between seasonal sea temperatures and the adult size of
the planktonic copepod Microstella norvegica (Boeck) with size increasing with
temperature. However, they offered no explanation for this deviation from the apparent
normal inverse relationship between temperature and body size in planktonic copepods.

More recently, Johnston and Dykeman (1987), studying the parasitic copepod
Salmincola salmoneus from the gills of Atlantic salmon, found that temperatures of 7°C
significantly reduced the body size of mature female parasites when compared to
temperature regimes of 12°C. Again, no explanation or hypothesis was proftered for
this reduced growth of the copepod at low temperatures. Perhaps reduced temperature

would cause a reduced somatic growth in some species due to a decrease in

metabolism.

2.4.1.2. Seasonal fecundity

Despite the discrepancies between temperature and body size, there does
however seem to be little doubt about the relationship between body size and fecundity,
with a larger body size at maturity apparently permitting the crustacean to be more
fecund than a smaller mature female. This reproductive output, though, may appear to

be intrinsically linked with temperature due to the control of this parameter over
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growth, and some studies have linked temperature directly to fecundity rather than with

body size.

In the present study, a seasonal variation was observed in the total number of
eggs per string carried by L. salmonis, with the maximum mean number recorded being
289.6 1n March and the lowest, 194.1 in October. The mean number of eggs was found
to be directly correlated with both temperature and female cephalothorax size. This
was 1n the form of an inverse correlation for temperature, with the number of eggs per
ovisac increasing as the ambient surface water temperature fell. Again, a time lag was
observed with the minimum mean number of eggs being recorded in October, two to
three months after the maximum water temperatures in July and August. The
maximum number of eggs was observed in March, this being one month after the
lowest ambient temperatures. However, in contrast to body size and temperature, a
correlation was not observed to exist between temperature and fecundity when a lag
factor of one, two or three months was introduced. Egg number was found to
positively correlate with mean cephalothorax size, with larger females producing a
greater number of eggs. The maximum and minimum cephalothorax sizes coincided
with the periods when the greatest and least numbers of eggs per ovisac were being

produced respectively, indicating that a time lag did not occur.

Crawford & Daborn (1986) in contrast to the present study demonstrated the
absence of a significant relationship between temperature and clutch size for the
calanoid copepod Eurytemora herdmani. However, other authors have recorded a
direct finding, supporting the present study, which perhaps indicates that the

importance of temperature on egg number varies from species to species (McLaren,
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1963; Woodward & White, 1981). Elbourn (1966) found a seasonal variation in the
number of eggs per egg sac for Cyclops strenuus, with a maximum over winter and a
minimum over summer, like that for L. salmonis which has also been demonstrated by
Rzoska (1927), Ravera (1955), Reen (1957) and Elgmork (1959). Elbourn, like the
present study, concluded that the number of eggs produced by C. strenuus was
correlated positively with both the size of the adult female, and also negatively with

water temperature; both of these factors he considered to be equally important in

determining the number of eggs carried in an ovisac.

Most studies on free-living species have concentrated only on the effect of
female size on fecundity for various crustacean groups and positive correlations
between female size and egg number have been shown for freshwater diaptomids
(Ravera & Tonolli, 1956; Davis, 1959a), cyclopoids (Margalef, 1953, 1955; Elgmork,
1959; Elbourn, 1966) and for marine species of calanoids (Marshall, 1949; McLaren,

1963, 1965). Ohno, Takahashi1 & Yaki (1990) concluded from published reports that in
general, the body size of adult females correlates positively with fecundity in copepods

(Landry, 1978; Uye, 1981).

The reasons for this increase in fecundity with increasing body size are
unknown. Lawrence & Sastry (1985), whilst studying variation in egg production in the
free-living copepod Tortanus discaudatus Thompson & Scott suggested that small size
may impose physical limits on fecundity, or that such a decrease in size may be
associated with a higher metabolic rate (no doubt caused by an increase in temperature)

as is evident for other crustaceans (Vernberg, 1959), consequently leaving less energy

available for reproduction.
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There have only been a few published reports on the relationship between
temperature and/or adult female body size and ensuing fecundity in parasitic crustacean
spectes, and some of these are more akin to passing observations. Tully (1989)
observed that during the winter, fecundity of L. salmonis parasitic on Atlantic salmon
on the west coast of Ireland was higher than in the summer, finding an average of 315
eggs per egg string 1n January compared to only 107 eggs per egg string in August,
compared with 274.4 and 216.0 for these two months respectively from the present
study. From Tully’s data, as in the present study, the number of eggs carried appeared
to be positively linked to a seasonal variation in the mean body size of adult females.
Tully recorded greater sizes in January than August, which as shown in the present
study 1s due to water temperature. However, Tully (1989) did not test for the presence
of correlations between egg number and either temperature or female body size. It 1s
unfortunate that Ritchie et al. (1993) only recorded the number of viable eggs within L.
salmonis egg strings and not the total number present. From their data it 1s not theretore
possible to determine whether the actual total number of eggs does vary seasonally and
whether it is related to body size. Although their data represent an important
contribution to the knowledge and understanding of sea lice biology, 1t 1s impossible to
compare their results with other trends in crustacean reproductive biology. Johnston &
Dykeman (1987) looked at the egg production of Salmincola salmoneus and found that
reduced body size and a reduced number of eggs were related and initiated by a drop in

temperature, again indicating the close relationship between temperature, body size and

fecundity.
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T'emperature however may not be the only factor controlling fecundity whether
directly or indirectly through body size. It has been suggested (Moore & Francis.
1986) that changes in reproductive output may be based on a combination of
temperature and photoperiod, and since temperature and photoperiod are closely
assoclated with one another, the effect of their combination on reproductive parameters
cannot be discounted. In the present study however, no relationship was found to occur
between photoperiod and fecundity of L. salmonis and, as already noted, there was also
no correlation between photoperiod and body size. McGladdery & Johnston (1988)
looked at egg development of Salmincola salmoneus exposed to different regimes of
temperature and photoperiod. However, when the relative effects of temperature and
photoperiod on the egg development were compared, temperature appeared to be the
dominant environmental variable of the two, with parasites held at 12°C 1n different
photoperiod regimes producing very similar egg development patterns. Johnston &
Dykeman (1987), in their study on the effects of temperature and photoperiod on &
salmoneus, also demonstrated that temperature had a more dominant effect on
reproduction than photoperiod, supporting the present study, but suggested that
photoperiod may have some effect upon the trunk length of adult females. However, as
already discussed, photoperiod appears to have no significant control over the size
attained by L. salmonis ovigerous females. If Johnston & Dykeman’s (1987)
observations that the size of the adult female does affect fecundity 1n §. salmoneus, 1t
could be argued that photoperiod will therefore have some effect upon fecundity of this
parasite through its control over body size. However, Johnston & Dykeman do not do

this, attributing the reduction in egg numbers observed to cooler water temperatures
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Instead of body size. Ritchie ef al (1993) 1n a more detailed investigation into the
ettects of temperature and photoperiod on the reproductive output of L. salmonis found,
In contrast to the present study, that photoperiod did affect the output of the parasite,
but in different ways to that of temperature. They suggested that temperature had a
greater effect on female size and the number of eggs produced than did photoperiod,
but that egg size was affected more significantly by photoperiod than by temperature.

However, closer examination of the data of Ritchie ef al. (1993) suggests that
photoperiod may have a more dramatic effect on reproductive output than just being
confined to influencing egg size. The reproductive output of L. salmonis was studied at
two farm sites. At farm 1, the mean cephalothorax length was found to be influenced
by both temperature and photoperiod. Looking at the mean number of eggs per string,
Ritchie ef al. by stepwise regression analysis found that photoperiod was negatively
correlated with mean egg number, this accounting for 79% of the variability, with
temperature having no significant eftect upon brood size. At farm 2, variations in mean
egg number were found to be negatively correlated with temperature, which accounted
for 77% of the variability, whilst photoperiod had no significant effect upon egg
number. It seems from the results of farm 1 that the effect of photoperiod on
cephalothorax length and subsequent egg numbers per brood cannot be discounted as
Ritchie ef al. (1993) appear to have done in their discussion of the results, and that the
relationship between temperature and L. salmonis brood size may not necessarily be

such a straight forward one as first assumed.

Although from the present study and from published reports there appears to be

a positive correlation between fecundity and body size and/or a negative correlation
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between fecundity and temperature, the form of this relationship and the amount of
Influence it exerts in relation to other factors, if any, such as photoperiod is less clear.

Indeed, according to Moore & Francis (1986), the conditions that cause a reduction in
reproductive output may be different to those that increase it, and so the overall

relationship between abiotic factors and fecundity may be complex and worthy of

turther studies of this kind.

C. elongatus, on the otherhand, does not seem to conform to the same pattern as
other free-living and parasitic copepods already described, as there does not seem to be
any relationship between temperature and/or body size and reproductive output from
the literature available. Tully (1989) found that although the size of the parasite was
seen to change inversely with temperature, the fecundity was not observed to change.
Indeed, Hogans & Trudeau (1989) stated clearly that temperature did not affect the
number of eggs produced by C. elongatus. However, in both cases, little or no details
were given. C. elongatus has been described as having a world-wide distribution
(Kabata, 1979), but in the present study it was observed that this species was only
present in significant numbers during the summer months, and was absent from the
majority of fish farms sampled over the winter. It was therefore impossible to obtain
year round samples with adequate sample sizes and hence it was not possible to try and
clarify the relationship between the fecundity of C. elongatus and body size and/or
temperature. It may be also the case that both Tully (1989) and Hogans & Trudeau
(1989) had difficulty in obtaining enough gravid adult females to demonstrate a

seasonal variation in reproductive output.

7 4 1.3. Latitudinal variation
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Although at all sites temperature and photoperiod vary seasonally, each site will
have its own distinct temperature and photoperiod pattern, such abiotic factors being
primarily dictated by the latitude of that area and subsequently seasonally modified.
The effect of latitude on different populations of the same species has been occasionally
commented upon but no real evidence 1s available for specific crustacean species.
Sheader (1981) stated that “generally with increase in latitude, gammarid species show
an 1ncrease 1n the minimum and mean size of females at maturity with the associated
size-related increase 1n fecundity,” and Fish (1975), was tempted to suggest an increase
in gammarid body length and brood size occurs with increasing latitude, but did not
have the amount of data available to allow this. This 1s presumably due to the presence
of cooler average temperatures at higher latitudes, causing an increased generation time
and subsequent increase in the intermoult period, resulting in an increased body size

and consequent fecundity.

From the available reports of the reproductive output of L. salmonis parasitic on
Atlantic salmon (table 2.4), there does not seem to be a cline in brood size with latitude.
Although the egg numbers per ovisac reported by Hogans & Trudeau, 96 at
approximately 45.0° latitude seem vastly difterent to the 700 eggs per ovigerous female
reported by Wootten ez al. (1982) at a latitude of approximately 57°, Johnson (1993)
reported the mean reproductive output of L. salmonis as being 879.2 eggs per gravid
adult female at a latitude of approximately 49°, the highest figure reported. Again 1t 1S
impossible to compare the data of Ritchie e? al. (1993), to any other data as they only
counted viable eggs showing normal development, and hence total egg numbers

produced are not known. There may however, be a number of reasons why a cline, 1f
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present, is obscured. It may of course be argued that seasonal factors must be taken
Into consideration, and unless it is stated when a sample took place, as 1s the case for
Tully (1989) and the present study, where both January and August brood sizes are
given in table 2.4, data may be misleading, and obscure any pattern that might exist. It
also may be argued that host effects will influence the reproductive output of sea lice,
as has been shown by Johnson (1993) for L. salmonis infecting Oncorhynchus
tsnawytscha and S. salar. However, all of the reports listed in table 2.4 are from sea
lice parasitic on Atlantic salmon, and thus differences due to host species can be
discounted. However, Jackson & Minchin (1992) and Tully & Whelan (1993)
demonstrated a brood size difference between lice infecting farmed and wild Atlantic
salmon, with lice from wild salmon carrying more eggs per ovisac than farmed salmon.
This, though, seems to be explained by the larger sizes of ovigerous females present on
wild fish as shown by Jackson & Minchin (1992), although why this should occur 1s not
known. Tully & Whelan (1993) suggested that chemical treatments may compromise
the growth potential of sea lice on farmed salmon, and indeed, Jackson & Minchin
(1992) found that L. sa/monis from salmon on an offshore farm, where no treatments
were used were larger and more fecund than lice from an inshore farm where a
comprehensive programme of lice treatments was followed. All the reports in table 2.4
represent specimens obtained from commercial fish farms, but the history of the control
programmes undertaken is unknown, and therefore what effect these may have on the
reproductive output of such parasites. The larger size and greater fecundity ot lice
from wild salmon suggests that there must be other factors, such as perhaps different

population characteristics rather than just the effect of chemotherapeutents controlling
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fecundity. Egg numbers from lice recovered from wild Atlantic salmon recorded at the
Institute of Aquaculture are higher than those from farmed salmon (Sommerville, pers.
comm.), and it may be the distribution of wild salmon in deep ocean waters that cause
this effect. Such waters will be cooler, causing a subsequent increase in body size and
fecundity in contrast to lice infecting fish kept in cages near the water surface. The
ditferences in fecundity observed from the published reports may instead be due to the
species distribution of L. salmonis. The distribution of L. salmonis has been described
as northern circumpolar (Kabata, 1979), and Johannessen (1978) suggested that the
optimal temperature for “maximum overall survival” for the parasite as being between
9°C and 11°C. It could therefore be suggested that L. sa/lmonis may be at the southern
end of its range in the Bay of Fundy and consequently its biology may be

compromised, explaining the low fecundity observed by Hogans and Trudeau (1989).

Hogans & Trudeau (1989) and Tully (1989) as already noted, showed no

seasonal variation in fecundity for C. elongatus, despite the latter author demonstrating
that a seasonal variation in body size occurred. Indeed the figures for fecundity
recorded for this species (present study, Pike ef al., 1993, Hogans and Trudeau, 1989)
are all very similar, suggesting no cline of fecundity with latitude. If temperature was
the major abiotic factor affecting fecundity through body size as has been suggested, it
would be expected that the colder temperatures of the northern sites such as Scotland
would result in higher fecundities, and this is not observed. Hogans & Trudeau (1989)
stated that temperature did not have any effect upon fecundity, though gave no details.

However, no explanation was given by Tully (1989) or Hogans & Trudeau (1989) for

this phenomenon, and indeed the reasons for this seem unclear. Perhaps, because C.
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elongatus has not been of such economic importance as L. salmonis, 1t may merely be a
retlection of the fact that its biology and life cycle have not been studied in enough
detail to reveal all seasonality traits, and this together with difficulty in obtaining year

round samples may cause artefacts to be observed from small scale sampling.

2.4.1.4. Seasonal viability of eggs

In order to determine whether a seasonal variation occurred in the proportion of
viable eggs produced by L. salmonis, the numbers of eggs showing normal colouration
and organisation and those showing abnormalities were recorded. Although both the
number of viable and non-viable eggs varied over the twelve month sampling period,
increasing in numbers over winter months as already discussed, the ratio of normal to
abnormal eggs did not show any significant changes. Ritchie ef al. (1993), as already
noted, also found that the number of viable eggs varied seasonally in the same manner
as the present study. However, since the authors did not record the total number of
eggs per ovisac or the number of abnormal eggs, it 1s not apparent from these authors’
data whether this is just a reflection of the increased number of eggs produced by adult
females at cooler water temperatures, as already discussed, or, whether the proportion
of viable and non-viable non-developing eggs changes over the year. Unpublished
observations by Ritchie, cited by Ritchie et al. (1993) did however state, that more

areas of disorganised and discoloured eggs were observed during the winter, but no

data was made available.

The viability of eggs of free-living copepods has been shown to fluctuate
strongly. Ambler (1935) reported that egg viability of Acartia fonsa varied with

season, from almost 100% in the spring to less than 70% in the autumn, and lanora ef
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al. (1992) found that mortality of eggs (as opposed to unfertilised eggs) of Centropages
hypicus fluctuated, but was not related to variations in breeding intensity and
environmental variables such as chlorophyll @ and temperature. The authors also noted
that the proportion of viable eggs produced by Temora stylifera was positively
correlated to season, but again unrelated to chlorophyll @ production. They considered
that remating was not a factor that could explain eggs not being viable, as the eggs had
been fertilised, but suggested that egg mortality may be caused by a nutritionally
inadequate diet due to food availability and quality varying seasonally for free-living
copepods. It 1s unknown as to whether the abnormal eggs observed in L. salmonis and
C. elongatus ovisacs are unfertilised or, like C. #ypicus (Ianora et al., 1992), have
aborted for some reason. Diet, however seems unlikely to be a major factor in
controlling the reproductive output of L. salmonis and C. elongatus, since these
parasites, once established on a host, are unlikely to experience seasonal variations in
food availability or quality. This may explain the lack of seasonal variability in egg

viability observed for L. salmonis and 1s worthy of investigation.

2.4.2. Infrapopulational variation in fecundity

Large standard deviations were observed in the fecundity of L. salmonis during
the seasonal sampling programme and thus a larger sample of the parasite was taken
from the same site on one sampling day during September. Due to the relatively high
water temperatures present at the site, there were comparatively high numbers of C.
elongatus also present, allowing some analysis of the fecundity of this species. Large
variations in fecundity were also observed within these samples for both species. The

mean number of eggs per ovisac for L. salmonis was 206.2, and the standard deviation
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observed was 74.09. For C. elongatus, a mean of 52.62 eggs per egg string was
recorded, with the standard deviation being 17.08. This infrapopulational variation in
brood size has been noted by other authors for both parasitic and free-living copepods
(Elbourn, 1966; Hopkins, 1977; Schram, 1979: Maly, 1983; Lawrence & Sastry, 1985:
Crawtord & Daborn, 1986 and Tully & Whelan, 1993), and indeed this variation in
brood size on “any one day sampled” appears to be a familiar feature of many studies
on copepod fecundity. The most common explanation for this variation in free-living
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