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Summary

In Scotland over the past 30 years the Nephrops fishery has
expanded and is now the largest in Europe with landings in 1986 valued

at over £29m. Much of the species biology is poorly understood,
especially the early life history. The biology of larval and juvenile

Nephrops is the subject of this thesis and the work reported has been

conducted on Nephrops within the Firth of Clyde.

Because Nephrops incubate their eggs externally (on their
pleopods) they suffer progressive egg loss. Creels were set to capture
ovigerous females incubating eggs at various stages of development to
provide fecundity data and egg samples for a study of the biochemical
changes associated with embryonic development. During the incubation
period mean egg loss was estimated as 18%. Almost a fifth of the
population were judged to have suffered additional egg loss, probably
at the moment of spawning. Estimation of the mean number of eggs
hatched per female per year took such losses into account and involved
the use of length frequency information and a maturity ogive. The best
estimate of the fecundity range was 985 - 1115 eggs hatched per
female, which includes an allowance for the proportion of the
population that may be biennial spawners. Lipids are the principal
energy reserve utilized during embryonic development and full
development requires about 6 - 7 joules per egg. Most energy 1s

expended during the later stages of development and is associated with

a rapid uptake of water and salts.
An aquaculture facility was developed and newly hatched larvae

IX



were reared under different culture conditions. Survival was found to
be better in isolation compared to mass rearing conditions and initial
periods of starvation in excess of 1 = 2 days led to an increase in
mortality. Larvae were reared over a temperature range of 8 - 200C and

relationships were derived between temperature and the rate of larval

development for each zoeal stage. The development time increased for

successive zoeal stages at each temperature and 160C seemed to be the

overall 'optimum' temperature for development.

A larval survey programme was conducted in the Lower Firth of

Clyde (L.F.C.) to investigate temporal and spatial changes in larval

abundance. The larval abundance data were used in conjunction with the
temperature information obtained in the laboratory study to obtain a
seasonal production estimate for the 1st zoeal stage of 177 x 108

larvae within the 876 square kilometres sampling area. This value,
when used in conjunction with the mean number of eggs hatched per

female per year, gave an estimate of 15.87 x 106 to 17.97 x 106

females for the L.F.C. spawning stock.

Information on the vertical distribution of Nephrops zoeae was
obtained over two 24h cycles, one coincided with a spring and the
other with a neap tidal period. The distribution of the larvae was
related to several environmental variables and compared with the light
and pressure responses demonstrated under controlled laboratory
conditions. 1st, 2nd and early 3rd stage zoeae demonstrated positive
phototaxis and high barokinesis. No dramatic diel changes were
detected in the vertical distribution of the larvae. Most remained

between 6 to 38m depth during daylight hours. A limited nocturnal
ascent resulted in peak larval abundance shifting from 16 to 5m depth.



Shortly after dawn the larvae descended to their daytime distribution.
Depth regulation is probably achieved by light and pressure

sensitivity and may be influenced by the position of the pycnocline.

During the 3rd zoeal stage the light response changed from
photopositive to photonegative and Nephrops may first come into
contact with the sea bed towards the end of this stage. Substratum
selection and settlement behaviour experiments were conducted with
early postlarval stages and these suggested that the 1st postlarval

stage is a transitional form between the planktonic and benthic
environments. Final recruitment to the benthos may be delayed until
sometime after the 1st postlarval stage. Morphological examinations
nave shown that although most structural changes occur at
metamorphosis, the development of some adult features are only
completed several moults later. Juveniles beyond the 1st postlarval
stage are capable of constructing their own burrows but will enter
inhabited adult burrows through surface openings. If the inhabitant
does not evict the recruiting juvenile it excavates an adjoining

burrow through one of the walls of the adults burrow to form a

Jjuvenile / adult association. These associations are known to occur in

the field and implications to the fishery are discussed.

X1



General introduction

Nephrops norvegicus (hereafter referred to by the generic name
Nephrops) is an important commercial species with Scottish landings

valued at over £29m (DAFS, 1987). Yet, despite the commercial
importance of Nephrops much of the species biology is poorly
understood. This especially applies to the early life history. from the

egg hatching through the planktonic larval phase to the eventual
recruitment of the juvenile into the fishery. This thesis reports on

aspects of the biology of these early stages in the Firth of Clyde.
The Nephrops fishery in this region represents over 20% of the total

value of Scottish Nephrops landings (Bailey et al., 1986).

It is necessary to review brief ly the terminology applied to the
early stages of Nephrops since there is some potential for confusion
in the literature. Kurian (1956) considered that Nephrops possessed
three larval stages which he termed larval stages 1, 2 and 3. Farmer
(1975) reported the existence of an initial short-lived non-pelagic
larval stage. Farmer (1975) therefore described Nephrops as possessing
a prezoeal stage followed by the 3 pelagic larval stages, ie. 1st, 2nd
and 3rd zoeae. It was then later reported that there were I pelagic
larval stages before settlement of the juvenile on to the bottom
(Phillips and Sastry, 1980 ; Nichols et al., 1987). Williamson (1982)
assigned this 4th pelagic larval stage as a 'megalopa' stage but
accepted the term 'decapodid' as proposed by Kaestner (1970) to cover
this stage for crustaceans belonging to the Order Decapoda. Although

Williamson (1982) assigned the 'megalopa' as a larval phase,

'‘decapodid' was defined as possessing the full complement of metameres



and appendages of the Order and was considered to be a postlarval
form. As this 1st postlarval stage resembles the adult Felder et al.
(1985) considerd the moult into the 'decapodid' stage as a

metamorphosis and this form to be the 1st juvenile stage. A similar

conclusion was reached by Anger and Pischel (1986).

Although the swimming function shifts from the thoracic to
abdominal appendages during this metamorphosis, and is the reason for

the creation of a separate 'megalopa' phase (Williamson, 1982), the

1st postlarval stage still retains residual thoracic exopods which are

only completely lost after moulting into the 2nd postlarval stage

(Felder, 1985). This moult could therefore be considered as slightly
metamorphic. For the purposes of this investigation the larval

classification as originally defined by Farmer (1975) will be used :
prezoea, 1st, 2nd and 3rd zoeae. The ‘decapodid' stage will be
referred to as the 1st postlarval stage. The terms postlarva and
juvenile are synonomous. The equivalent stages of larval and early

postlarval development used by different authors are shown in Table

0.1,

During the period of egg development, lasting about 9 months in

Scottish waters (Farmer, 1975), ovigerous Nephrops carry their eggs

beneath the abdomen, attached to the pleopods. The biochemical changes
associated with embryonic development and the mechanisms which control

hatching were investigated, including a description of the initial

moult from the short-lived prezoea into the 1st Zzoea.

Because ovigerous Nephrops incubate their eggs externally they

are prone to progressive egg loss during development. A fecundity
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study on Firth of Clyde Nephrops was conducted and relationships
derived between fecundity and carapace length for a range of
arbitrarily chosen egg development stages so that the loss of eggs
during incubation could be estimated. Earlier studies have indicated
that regional differences exist in egg loss for different Nephrops
populations (Figueiredo and Nunes, 1965 ; Chapman and Ballantyne, 1980
s Morizur, 1981). The fecundity information obtained for the Firth of
Clyde Nephrops in this study is compared with the results of similar
studies for other Nephrops populations. The mean effective fecundity,
estimated from ovigerous females with eggs close to hatching, was used
in conjunction with size frequency and maturity information to

determine the mean number of eggs hatched per female.

In the summer months a comprehensive plankton sampling programme

investigated temporal and spatial changes in larval abundance in the
Lower Firth of Clyde (L.F.C.). A laboratory based study provided
information on the effect of temperature on larval development and
this was used to transform the larval abundance data into seasonal

production estimates for each zoeal stage. These were then used to
estimate stage to stage mortality rates and to predict instantaneous

larval production for 1st zoeae. The instantaneous larval production
estimate was then combined with the mean fecundity per female to

predict the female spawning stock size for the L.F.C..

Little information exists on the depth distribution of Nephrops

zoeae. The vertical distribution of these stages was therefore
investigated over 24 hours during both a spring and neap tidal period
and related to environmental variables (light, pressure, temperature,

salinity and tide). The results from this study were interpreted in



conjunction with light and pressure responses shown by larvae under

controlled laboratory conditions.

Although it is now generally accepted that metamorphosis in
Nephrops occurs during the moult from the 3rd zoeal to the 1st
postlarval stage (as defined in this present study, Table 0.1) it was
not known whether the young Nephrops first come into contact with the
sea bed as 3rd stage zoeae or at some later time, even possibly beyond

the 1st postlarval stage. An attempt was made in this study to answer

this question.

Several aspects of this research depended upon the development of
an aquaculture facility. In contrast to the considerable interest
shown in the culture of the closely related Homarus spp. (Provenzano,
1985), few similar studies have been conducted on Nephrops. Several of

the husbandry techniques which were developed for Homarus spp. have

been applied in the present work on Nephrops.

Some of the ovigerous females captured during the fecundity
study, whose eggs were close to hatching, were used as a brood stock.
Newly hatched larvae were removed from the brood stock facility and
reared under different culturing conditions. This study included
investigations into the influence of stocking density, temperature and
starvation on larval development. Reliable data on the development
rates of Nephrops larvae at different temperatures are required to
transform field larval abundance data into larval production
estimates. The precision of previous attempts to perform this

transformation have been hampered by this lack of information (Garrod

and Harding, 1980 ; Nichols et al., 1987). The larvae used in the



behaviour experiments were supplied from the culture facility.

In the past the early postlarval stages of Nephrops have been
difficult to obtain from the field. Artificial culture may therefore
provide the best method for obtaining these stages in large numbers.
Although few Nephrops have achieved metamorphosis under artificial
culture conditions in earlier studies the present study successfully

provided a large number of postlarvae for substratum selection and

settlement behaviour experiments.

Field evidence suggests that most Nephrops settle on the sea bed

soon after metamorphosis and remain within the confines of their
burrows, which in the past have only been discovered in association
with adult burrows. It seems that they do not emerge from their
burrows until the end of their first year, when they have reached a
carapace length of 10 = 15mm (Chapman, 1980). Attempts were made in
this study to examine the field evidence and discover when and how
final settlement occurs in juvenile Nephrops. The burrows constructed

by the juveniles, both independently and in association with existing

adult burrows, are described.

Individuals from the 3 zoeal and early postlarval stages
(obtained from the culture facility) were examined using several

different techniques and used for a study of morphology and growth.

The changes associated with metamorphosis were studied in greatest
detail and the adaptational significance of these changes has been
discussed. The developmental changes which occurred in the eye were

closely examined.



CHAPTER 1
A study of Nephrops fecundity in the Firth of Clyde

1.1. Introduction

Fecundity of Nephrops has been estimated by counting the number
of oocytes in the ovary (Thomas, 1964 ; Fontaine and Warluzel, 1969),
the number of eggs on the pleopods (Farmer, 1975 ; Chapman and
Ballantyne, 1980 ; Abello and Sardd, 1982) or both (Figueiredo and
Nunes, 1965 ; Morizur, 1981 ; Figueiredo et al., 1982). A summary of

some of these results has been compiled by Chapman (1980).

In earlier studies fecundity determinations were performed on
ovigerous females obtained from trawl samples. Thomas (1964) suggested
that ovigerous females may suffer egg loss as a result of these
fishing operations and suggested that counts of oocytes in the ovary
of non-ovigerous females were more reliable., It has been subsequently
shown that trawling does indeed cause some egg loss (Chapman and
Ballantyne, 1980). As a consequence fecundity estimations on ovigerous
Nephrops were made on creel caught individuals in this study.
Fecundity based on counts of oocytes in the ovary is likely to be
slightly overestimated as not all oocytes are released at egg laying
(Farmer, 1975). The proportion of non-released oocytes, which includes

the germinal strand, has been found to be small in this and other

studies (C.J.Chapman pers. comm.).



In previous investigations lower fecundity was reported for
Nephrops in the Firth of Clyde when compared with other Scottish
waters (Thomas, 1964 ; Chapman and Ballantyne, 1980). In this present
study fecundity determinations were made for both non-ovigerous and

ovigerous Nephrops in the Firth of Clyde and for non-ovigerous
Nephrops in the Sound of Jura. The fecundity estimates were compared

and related to earlier investigations.

The fecundity determinations obtained for all ovigerous females
incubating eggs close to hatching were used in conjunction with the

instantaneous larval production estimate derived in Chapter 2 to

estimate the spawning stock size in Chapter 8.

It is known that a steady loss of eggs occurs during the
incubation period (Figueiredo and Nunes, 1965 ; Chapman and
Ballantyne, 1980 ; Morizur, 1981 ; Morizur et al., 1981). In addition,
some females in this study appeared to have lost an unusually high
proportion of their eggs, possibly through their failure to adhere to
the pleopods at the moment of spawning. This phenomenon was noted in
Nephrops from Loch Torridon (C.J.Chapman, pers. comm.) but otherwise
has not been reported previously. Egg and ovary development 1in
ovigerous Clyde Nephrops were investigated in the present study and

the results compared with those of Bailey (1984).

It is known from previous studies that the mean diameter of

Nephrops eggs increases during development (Figueiredo and Barraca,

1963 ; Farmer, 1975), probably as a result of water uptake (see
Chapter 7). From an investigation in the Celtic Sea, Morizur and

Rivoalen (1982) suggested that smaller Nephrops produced smaller eggs.



Both of these aspects were examined in Clyde Nephrops during the

present study.



1.2. Materials and methods

This investigation was divided into 2 phases. The first involved
an estimate of potential fecundity based on the number of oocytes in
the ovary of mature individuals. This included a comparison between
two Nephrops populations off the West Coast of Scotland. The second
was restricted to a Nephrops population within a small area of the
Firth of Clyde. Fecundity information was obtained from ovigerous
females incubating eggs at various stages of development. The results
were analysed by the Statistics Department of DAFS in Aberdeen and

relationships fitted to the two sets of data.
1.2.1. Fecundity study based on oocyte counts

Non-ovigerous females were obtained from trawl catches in the
Firth of Clyde (approximately 3km south of Little Cumbrae Island ;
55941'N, 04°56'W) and in the Sound of Jura (approximately Skm NNW
of the Island of Gigha ; 55CU46'N, 05CU5'W), In an earlier study, Bailey
and Chapman (1983) compared density, length composition and growth for
Nephrops populations within these two areas. The samples were taken
during July 1984 using the Millport Marine Station's research vessel,
'Aora'. The animals were fixed in 4% formalin and returned to the
laboratory where they were transferred into 70% ethanol. The use of

both preservatives hardened the oocytes and enabled dissection of the

intact ovary (Figueiredo and Nunes, 1965).

Specimens with mature ovaries, ie. stages 7 or 8 (see Table 1.1),

were selected and their carapace lengths were measured using



Table 1.1

Stages of ovary maturation compared with other authors
(adapted from Farmer (1975)).

(Stages 1-8 representing increasing stages of maturity,
stage 9 represents resorption after egg laying).

Stage Mean (A) Colour Equivalent stages

& diameter cecmem s -
duration oocytes Fresh Preserved (B) Symonds Farmer Bailey

(mm) (1972) (1975) (in press)
1(C) <0.19 transluscent/ - 0 - -
white

2 0.19 white white i 1 0

3 - - - Ve - -

| 0.37 cream buff 2 2 1

5 - - - - - -

6 0.63 pale green pink 3 3 2

T - dark green orange H i 3

8 0,93 dark green deep orange 5 - y

& swollen
g 0.19-0.93 mottled green/ mottled white/ 5R (D) 5 (D) S (D)
cream pink

(A) Developing oocytes only.

(B) In alcohol, formalin or ethylene glycol.

(C) Except immature individuals.

(D) Stage 9 showing resorption or (in this study) partial resorption.



callipers. The dissected ovary was dried at 105°C for 24h allowed to
cool and weighed on a Mettler AE 163 digital balance to a precision of

0.0img. If the number of oocytes did not exceed 1,500 all were

counted. In other cases an exact number was counted (always greater

than 1,000) and referred to the dry weight of the whole sample to
- calculate the total number. The maximum error in the calculations was

found to be less than 3%.
1.2.2. Fecundity study based on egg counts on the pleopods

Two fleets of 25 Nephrops creels were set in the Firth of Clyde
in an area west of the Little Cumbrae (approximately, Lat. 559/43.00'N
Lon. 049/58.00'W). In October 1984 both fleets of creels were lost due
to commercial trawling activity. As a consequence replacement fleets
were located closer inshore, approximately 1km further north. The
study extended over a period of two years, from mid-January 1984 to
mid-January 1986. The creels were examined and re-baited weekly

(weather permitting) using the Millport Marine Station's research

vessel, 'Aplysia'. Ovigerous female Nephrops in the catches were
placed in individual polythene bags and returned to the laboratory for

examination.

The eggs were carefully stripped from the pleopods and a

subsample of 10 - 20 eggs was examined under a stereomicroscope. The
eggs were staged on a development scale of 1 - 9 (see Table 7.1) and
the mean diameter was calculated to the nearest 0.01lmm using an eye-
piece graticule. The carapace lengths of the females were measured to

the nearest millimetre using callipers and ovary stage was classified

10



0
n a scale of 1 - 9 (see Table 1.1). The eggs were then dried, weighed

and counted as described in section 1.2.1..

11



1.3. Results
1.3.1. Fecundity study based on oocyte counts

During this investigation 49 individuals were examined from the
Firth of Clyde and 33 individuals from the Sound of Jura. Scatter
plots of fecundity against carapace length were made for each area

(Figure 1.1). These suggested that a curvilinear relationship would

fit the data in the form :

Y = aXxb
where Y is fecundity, X is carapace length, a, b are constants. A
logarithmic transformation was performed on the data to give the

linear form which can be fitted by least squares. This gave the

following relationships :
Clyde Y = 0.1973 X2.635 (s.e. of power = 0.0858)

Sound of Jura Y = 0.1794 x2.678 (s.e. of power = 0.,1534)
A comparison of these relationships revealed no significant difference
between the powers but a difference between constants. A common power

of 2.644 was therefore applied to the two sets of data to give :
Clyde Y = 0.1911 X264

Sound of Jura Y = 0.2014 x2.644

These equations were then used to predict the mean fecundities for a
range of carapace lengths (Table 1.2). The predicted fecundities for

the Sound of Jura were about 5% higher than those for the Firth of

Clyde (P < 0.01).

12
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Figure 1.1

Relationship between carapace length and number of oocytes in the

ovary for mature individuals from the (a) Firth of Clyde and (b) Sound

of Jura.



Table 1.2

The mean fecundities for a range of carapace lengths common
to the Firth of Clyde and Sound of Jura.

Carapace Mean fecundity

length O ————

(mm) Firth of Clyde Sound of Jura
(y = 0.1911 x 2.64%) (y = 0.2014 x 2.64%)

25 949 1000
30 1537 _ 1620

35 2311 2435
4o 3289 3467
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1.3.2. Fecundity study based on egg counts on the pleopods

A

During this investigation 1153 individuals were examined and
Table 1.3 shows the breakdown of these by year and month of capture.
Nephrops are known to be prone to egg loss during incubation. Attempts
were made to determine this loss by formulating relationships between
fecundity and carapace length for each egg development stage (Table
T.1). It was evident from scatter plots (Figures 1.2 - 1.7) that many

individuals had suffered egg loss. Because Nephrops were only examined
during January in 1986 the data were combined with the data for 1985.

A linear plot of egg number against carapace length is shown for
all females examined in 1985 that were incubating newly spawned eggs
ie., stage 1 (Figure 1.8a). Ovary examination of recently spawned
females revealed that only a few oocytes had not spawned (and would
therefore be resorbed). If egg loss only resulted from a progressive
incubation loss the fecundity data obtained for newly spawned females
(Figure 1,8a) would have been expected to be similar to that obtained
from the oocyte counts of non-ovigerous Clyde females (Figure 1.1a).
The fact that they are not is because of egg loss, possibly due to

failure of eggs to adhere to the pleopods. The difference between the
two sorts of egg loss is that the possible adhesion failure egg loss

is evident at the beginning of development whereas steady loss during

incubation is only apparent by the end of development.

There is no simple statistical procedure which will distinguish

females subject to egg loss during incubation from those with a
particularly low number of eggs due to other factors. The exclusion of

individuals which fall into this latter category was therefore a

1%



Table 1.3
Number of ovigerous female Nephrops examined each month,

Year Month Number Year Month Number
1084 January 21 1985 January 27
February 26 February 16
March 56 March 154
April 43 April 152
Hay 53 May 87
June 31 June 56
July 21 July 15
August 8 August 37
September 13 September 86
October - October 96
November 31 November 55
December i December 65
1986 January n3

Both fleets of creels were lost at the beginning of October 1984 and
consequently no data were obtained for this month.



Figure 1.2

Log-log relationships between carapace length and number of eggs
carried on the pleopods for females caught in 1984 that were
incubating eggs in the 1st, 2nd and 3rd stages of development. Data
points below the broken line represent individuals which were judged

to have suffered abnormal egg loss (see text).
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Figure 1.3

Log-log relationships between carapace length and number of eggs
carried on the pleopods for females caught in 1984 that were
incubating eggs in the 4th, 5th and 6th stages of development. Data

points below the broken line represent individuals which were judged
to have suffered abnormal egg loss (see text).
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Figure 1.4

Log-log relationships between carapace length and number of eggs
carried on the pleopods for females caught in 1984 that were

incubating eggs in the 7th, 8th and 9th stages of development. Data

points below the broken line represent individuals which were judged

to have suffered abnormal egg loss (see text).
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Figure 1.5

Log-log relationships between carapace length and number of eggs
carried on the pleopods for females caught in 1985 that were

incubating eggs in the 1st, 2nd and 3rd stages of development. Data

points below the broken line represent individuals which were judged

to have suffered abnormal egg loss (see text).
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Figure 1.6

Log-log relationships between carapace length and number of eggs
carried on the pleopods for females caught in 1985 that were
incubating eggs in the 4th, 5th and 6th stages of development. Data
points below the broken line represent individuals which were judged

to have suffered abnormal egg loss (see text).
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Figure 1.7

Log-log relationships between carapace length and number of eggs
carried on the pleopods for females caught in 1985 that were
incubating eggs in the 7th, 8th and 9th stages of development. Data
points below the broken line represent individuals which were judged

to have suffered abnormal egg loss (see text).
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Figure 1.8

(a) Relationship between carapace length of female and number of

recently spawned eggs (stage 1) during 1985.

(b) Relationship between carapace length of female and number of stage
6 eggs during 1985, showing individuals which were judged to have

suffered abnormal egg loss.

The individuals that were excluded from the data set on the basis that

their fecundity was :

(1) 3 residuals or more below the fitted value x.

(2) the same or lower than any larger individual in any other stage
that had already been excluded using method (1) x=.
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somewhat subjective exercise, using rules derived from a statistical
analysis of egg number. A linear relationship (affer log Transformation
was performed on XandY): Y =bX + 23

was first fitted to all the data for each egg stage (Figures 1.2 -
1.7) and the residuals of the observed fecundities from their fitted
values were determined. Any values which resulted in a standardized
residual of 3 or more below the fitted value was deemed to represent
an individual which had suffered abnormal egg loss. The choice of 3
for the standardized residual was arbitrary and represented a

probability of 0.05% that the individual belonged to a 'normal’
population of individuals. Using this criterion a number of

individuals were excluded for any particular stage and the regression
was recomputed to determine whether any of the remaining individuals
produced a standardized residual of 3 or more below the regression
line. This process was repeated until no other low egg counts were
identified (Figure 1.8b). Further exclusions were then made by
removing any larger individuals from a given stage which had fewer
eggs than an already excluded individual in any other stage. This

exclusion of females with low egg counts resulted in a considerably

reduced set of data (Table 1.4) which was used to calculate linear

regressions after logarithmic transformation of the data (Figure 1.9).

The parameter estimates are presented in Table 1.5. There was no
significant difference between the slopes of the regressions but there
were differences in intercepts (P < 0.001). A pooled slope of 2.434

was therefore used and the regression recalculated. The predicted

fecundity at each stage of egg development for a 'standard' female of

45mm carapace length are given in Table 1.6. This size was within the

length range of all the monthly samples and was close to the mean

carapace length of all ovigerous females caught. As expected, the

14



Table 1.4

For each egg development stage the total number of females examined,
numnber excluded due to additional egg loss and the remainder which were

used for the estimation of progressive egg loss during the incubation
pericd.

Year Stage Total number Number Remainder
examined excluded

1984 1 47 3 4y
2 30 3 27
3 24 1 23
4 26 3 23
5 32 9 23
6 37 11 26
[ 58 13 45
8 30 12 18
9 3 0 3

1985 229 16 213
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pe
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Figure 1.9

Log-log relationships between carapace length and number of eggs
carried on the pleopods for each development stage during (a) 1984 and
(b) 1985 after the exclusion of individuals which had suffered

abnormal egg loss. The individuals that were excluded from these

relationships are represented in Figure 8.2 (see Chapter 8).




d 40000

7500
5000
“»
)]
O
o
)
o
2500
L .
o
Q
E
3
<
1000

t’ 10000

7500

5§000

1000

1984

9
8
30 40 50 60
Carapace length ( mm )
1985 ;
4
74
7
3
30 40 §0 6o

Carapace length ( mm )



Table 1.5

Constant and pover of regressions of egg number and
carapace length for each development stage using y = ax®
where y is fecundity and x is carapace length (mm),

Year Stage Constant (a) Power (b) Significance of
regression (P)

1984 1 0.1931 2.633 < 0.001

2 0.4964 2.381 < 0,001

3 0.0303 3.112 < 0.001

j 0.8976 2.205 < 0,001

5 0.4688 2.388 < 0.001

6 0.0050 3.604 < 0,010

[ 0.5753 2.327 < 0.001

8 0.0041 3.623 < 0.010

9 0.0023 3.835 < 0,050
1985 1 2.,1959 2.018 < 0,001

2 0.7366 2.290 < 0.001

3 0.3927 2.441 < 0,001

| 0.1858 2.643 < 0,001

5 0.7331 2.277 < 0,001

6 0.0770 2.856 < 0.00t

T 0.8609 2.228 < 0,001

8 0.0660 2.867 < 0.001

9 1.2198 2.026 < 0,001



Table 1.6

Fitted fecundity estimates (in ascending order) for
a female of 45mm carapace length.

Development Year Fitted egg Development Year Fitted egg
stage number stage number
9 1985 2828 5 1984 4186
8 1984 3251 6 1984 4235
8 1985 3613 5 1985 4250
6 1985 3951 4 1985 H273
9 1984 3971 3 1985 4300
4 1984 3997 2 1984 4312
7 1984 4029 1 1984 4415
(f 1985 4110 2 1985 4523
3 1984 4153 1 1985 4829



predicted fecundity decreased during egg development.

The intercept values for each development stage (1984 and 1985)
were analysed using a range test. This revealed that for each given
development stage there was no significant difference (P > 0.05)

between the intercept values for the 1984 and 1985 data sets. It

therefore seems likely that fecundity did not vary from one year to

the next.

Very few samples were used to compute the relationships for egg
development stage 9 so a comparison of fecundity at stages 1 and 8

was. used to estimate egg loss during the incubation period (Table

1.7). Also, the eggs of females incubating stage 9 eggs may have been
in the process of hatching and therefore some larvae may have been

liberated. Although no statistical difference was detected between the
fecundity estimates for 1984 and 1985, marginal differences may exist.

For purposes of estimating the incubation loss comparisons should

therefore be made between females contributing to the .same brood. The

fecundity estimates for females incubating eggs at the beginning
(stage 1, 1984) and end (stage 8, 1985) of the same spawning year

indicate that during the incubation period egg loss was approximately

18%.

1.3.3. The reproductive cycle

Figure 1.10 shows the frequency distribution of egg stage in
monthly samples of ovigerous females to illustrate the course of egg
development. During the winter months, December to February, there was

little change in the composition of the catch which appeared to be

15



Table 1.7

Estimates of egg loss between development stages 1 and 8.
(F\—-B, ege loss cluring the inculgafim Feriocl, see ‘te.x't)_

Carapace Egg  Number

length e et

(mm) 1984 1985

Stﬁge 1 Stage 8 Egg Loss Stage 1 Stage 8

30 1647 1212 435 1801 1348 453
35 2396 1764 632 2621 1961 660
40 3315 2h41 874 3626 2713 913
45 4415 3251 1164 4329 3613 1216
50 5705 4200 1505 6240 4669 1571
55 7193 5296 1897 7868 5887 1981
60 8889 6544 2345 9722 7274 248



relatively evenly distributed between females incubating eggs in the
first 6 development stages. During March and April there was a
substantial increase in the number of ovigerous females captured and

an increase in the proportion of females with late stage eggs. During

May and June most ovigerous females possessed eggs in an advanced

stage of development, but there was a progressive reduction in the

numbers caught. As fishing effort was relatively constant over these

months the reduction in ovigerous females incubating eggs in an
advanced stage of development can probably be attributed to hatching

activity, which reached a peak at the end of May (see Chapter 2). In

July, Nephrops with newly spawned eggs first appeared, though females

with eggs in an advanced stage of development were still present in
the catches. Most ovigerous females possessed eggs in the early stages

of development during August - October showing this to be the new

spawning season.

Figure 1.11 shows the frequency distribution of ovary stage in

monthly samples of ovigerous females to illustrate the course of ovary
development. During the winter months, December to February, most
females had ovaries in stages 3 - 5, Over this period development
appeared to be slow. Between February and June there was a progressive
increase in the proportion of ovigerous females with ovaries 1in
advanced stages of development. Stage 7 was the highest ovary stage
observed in ovigerous females and was generally found in females
incubating eggs close to hatching. From August to October most females
had ovaries in stages 3 - 4 ,followed by a gradual increase in the
proportion of females with stage 5 ovaries from November to December.
There was little evidence of a relationship between ovary stage and

egg stage. In most months several ovary stages were observed 1in

16



Figure 1.10

Frequency distribution of egg stage in monthly samples of ovigerous
females to illustrate the seasonal change in egg condition during 1984
and 1985.



Inividuals

of

Number

1984

Janzol
FehzoL-

80
Maz4ol
20
40
Apnzo‘

Mayzo]

20

Jut 29

40
Augzol

80

60

Sep 4o
20

80

6 0

Octl 40

20-
L-.-L_h________

Noueo

Deqzol

1 234 56780°9
Egg Stage

Jun,

1985

-Ld.L-LJ-L——m___
| I
L‘-ﬁ_
{_IHI-.II.JIIIII
[ —
L eeew sl

-
| I
L

el
JigL——umquL-_m_“_

(86) 1 2 34 5§86 789
Egg Stage




Figure 1.11

Frequency distribution of ovary stage in monthly samples of ovigerous

females to illustrate the seasonal change in ovary condition during

1984 and 1985.
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Nephrops of the same egg development stage.
1.3.4. Relationship between egg diameter and carapace length

Scatter plots of egg diameter against carapace length of the
female were made for each egg stage, some of which are shown in Figure
1.12 and 1.13. From the 1984 data only egg stage 7 produced a
significant regression (see Table 1.8a) . In 1985, the results for egg

stages 3,6,8 and 9 were not significant but those for the other egg

stages were significantly correlated at the 5% level or better (Table

11%)-

This difference between years was examined further by comparing

the mean egg diameter for each egg stage in both years. The

variability between samples was fairly consistent so a pooled estimate

of variance (with over a thousand degrees of freedom) was used to

compute the standard error of the difference between the two sample

means. The difference divided by its standard error was then compared

with a normal deviate. Except for stages 2 and 7 the mean egg diameter

was always smaller in 1984 than in 1985 and the difference was

statistically significant for stages 3, 6, 8 and 9.
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Figure 1.12

Scatter plots of egg diameter against carapace length of female for
development stages (a) 1, (b) 3, (¢c) 5 and (d) 8 during 1984,
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Figure 1.13

Scatter plots of egg diameter against carapace length of female for

development stages (a) 1, (b) 3, (c) 5 and (d) 8 during 1985.
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Table 1.8a

Mean egg diameter by egg stage for 1984 and the correlation between
egg diameter and carapace length (+ see Figure 1.12).

b S - Sy A A S S A A AT S AP A s S S S S s e S el S N N SN A N i s AR G s S G e S G D e ey Al ol SEU s dalh SE G UE SED GES SN Gl S alh GRS SR Sally el mp b ekl e G Sug SN S A S el s SN W S el S

Egg Numberof Mean egg diameter Correlation Significance of

stage observations Mean (mm) S.D. coefficient regression (P)
1+ o7 1.19 0.053 -0.089 n.S.

2 30 1.21 0.046 0.215 n.s.
3+ 24 1.20 0.048 0.189 n.s.

4 26 1.24 0.055 0.250 n.s.
S5+ 32 1.27 0.046 -0.105 n.s.

6 37 1.30 0.068 O.147 n.s.

7 58 1.38 0.088 0.302 0.050
8+ 30 1.42 0.085 0.235 n.s.

9 3 1.47 0.076 0.189 n.s.

n.s. = not significant



Table 1.8

Mean egg diameter by egg stage for 1985 and the correlation
coefficient between egg diameter and carapace length (+ see

Figure 1.13).

Egg Number of Mean egg diameter Correlation Significance of
stage observations Mean (mm) S.D. coefficient regression (P)
1+ 228 1.20 0.032 0.253 < 0.001

2 92 1.21 0.045 0.326 < 0,010

3+ 78 1.23 0.042 0.170 n.s.

y 62 1.25 0.034 0.262 < 0,050

5+ 101 1.28 0.047 0.353 < 0.001

6 78 1.33 0.052 0.152 N.S.

T 100 1.38 0.059 0.199 < 0.050

8+ 89 1.47 0.077 - 0.012 n.s.

9 32 1.56 0.079 0,095 n.s.

I S G S S S P WD SR WD 4l Y AN T A AT U S i G i S S SN S S S S Sl e Sl i G R A I N AR S AN GE (e S R S S S i S S Sk S G N S S S S - S S - S e e el B A S e S T e iy e A

n.s. = not significant.




1.4. Discussion
1.4.1. Fecundity study based on oocyte counts

Previous investigations of both the ovary (Thomas, 1964) and eggs
on the pleopods (Chapman and Ballantyne, 1980) have indicated that

fecundity is lower in Nephrops from the Firth of Clyde than in those

from other Scottish waters. In this study fecundity appeared to be

approximately 5% lower in an area of the Firth of Clyde compared to an

area in the Sound of Jura.

The fecundity estimates obtained in this investigation are
compared with those recorded by Thomas (1964) in Table 1.9. Within the
size range of 30 -~ 4Omm carapace length it was clear that the
estimated fecundity of Clyde Nephrops in this study Wwere considerably
higher than previously recorded by Thomas (1964) in the Clyde and the
Minch. The results from the fecundity study based on egg counts on the

pleopods indicate that fecundity remains relatively constant between
different spawning years. On the assumption, therefore, that Nephrops

fecundity in the Firth of Clyde has remained unchanged since 1964,

this suggests that there may be local variation in fecundity

throughout the Clyde.

It has been suggested that Nephrops growth may be influenced by
the composition of the sediment they inhabit (Chapman and Bailey,

1987). It is known that Nephrops can inhabit sediments in which the
silt and clay component varies from 30% to almost 100% (Chapman and

Bailey, 1987), sand comprising the remaining fraction (see Chapter 6).

18



Table 1.9

Fecundity of Nephrops based on the number of oocytes.

Estim. fecundity
between CL30-40mm

Reference

Area Equation

Firth of Clyde F = 0.191L 2.644

Sound of Jura F = 0.201L 2.644

Firth of Clyde F = 0.353L 2.423

Minch F = 0.808L 2-204

Shetland F= 0.128L 2.758
Moray Firth F = 0.408L 2-450
Firth of Forth F= 0.803L 2.269

1537-3289
1620-3467

1339-2689
1455-2744
1517-3355
1697-3433
1804-3466

}
}

et et A

this

study

Thomas (1964)

FF = Fecundity.



Chapman and Bailey (1987) have indicated that faster growth appears to

be associated with the finer mud sediments. The mud grounds which

support Nephrops populations are often interspersed with sediment

types which are unsuitable for burrowing (Chapman and Bailey, 1987).

The results from tagging experiments (Chapman and Bailey, 1987)
suggest that these regions of 'unsuitable' sediment form boundaries to

the dispersal of Nephrops. As a consequence the Nephrops communities

within each mud patch may be self-contained forming a separate
'stocklet!. This isolation, however, will probably not be maintained

during the pelagic larval phase and there are unlikely to be any

genetic differences between adjacent 'stocklets'. Although there is a
wide range of mud types inhabited by Nephrops in the Firth of Clyde
(Bailey et al,, 1986) there is little evidence of other types of

sediment within the region and, with the exception of a few localised
areas, the mud substratum forms an extensive unbroken continuum
(B.G.S., 1985). Early investigations indicated considerable variation
in Nephrops density within the Firth of Clyde (Barnes and Bagenal,
1951 ; Bagenal, 1952 ; Thomas, 1965), later confirmed by Bailey et al.
(1986). Bailey et al. (1986) also observed variations in the size
composition of Nephrops at different places within the Firth. There is

therefore some evidence for the existence of separate 'stocklets’

within the Firth of Clyde.

If the sediment does influence the biology of the resident

Nephrops 'stocklet!, which is as yet unproven, it could account for
the different fecundities recorded within the Firth of Clyde and

elsewhere. It has already been shown that in comparison with fine mud

sediments, Nephrops of the same size supported on coarser sandy-mud
sediments tend to be more fecund (Bailey et al, 1986). The underlying
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reasons for the variations in fecundity remain unknown although these
authors suggested that they could be explained by a difference in

growth rates.

1.4.2. Fecundity study based on egg counts on the pleopods

Progressive egg loss in ovigerous Nephrops during the incubation

period was observed in this study and has been well documented in the

literature (Farmer, 1975 ; Chapman and Ballantyne, 1980). The loss was
mainly attributed to predation by Morizur (1981). In this present
study, however, there was also a proportion of the population which
was found to possess very few eggs even at the commencement of
development. Egg loss in these individuals was. not consistent with a
steady ioss incurred over the incubation period. It therefore appears
that egg loss in these individuals had probably occurred at the time
of spawning through failure of the eggs to adhere to the pleopods.

These individuals were identified and elinminated from the estimation

of egg loss during incubation.

In the present work, egg loss during the incubation period was
approximately 18%. In other studies the reported egg loss incurred
during the incubation period for Nephrops was considerably higher ;
75% in Portugese waters (Figueiredo and Nunes, 1965) ; 45 - 50% in
the Bay of Biscay (Morizur, 1981 ; Morizur et al,, 1981) ; 32 - 51%
from the Moray Firth (Chapman and Ballantyne, 1980). As suggested by
Chapman and Ballantyne ( 1980), the comparatively high egg loss
recorded by Figueiredo and Nunes (1965) for Nephrops in Portugese

waters (75%) can probably be partly attributed to greater levels of

predation. However, the ovigerous Nephrops examined by Figueiredo and
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Nunes (1965) were obtained from commercial trawl catches and had also
probably suffered an additional egg loss caused by the fishing
operations. Chapman and Ballantyne (1980) suggest that trawling causes

11 = 22% loss of eggs.

For reasons stated earlier, creels were used in preference to
trawls for the capture of ovigerous females in the present study.
Unfortunately creels tend not to capture small Nephrops which are
therefore under-represented in the catches. As a result the
relationships derived between carapace length and fecundity includes
very few small individuals. This may explain why the fecundity
estimate for Nephrops of carapace length 30mm based on stage 1 egg
counts was slightly higher than the estimate from the oocyte counts.
For a female of carapace length 45mm, the potential fecundity

predicted from the ovary study (4480 eggs) fell between the 1984 (4415

eggs) and 1985 (U829 eggs) estimates based on recently spawned eggs.

1.4.3. The reproductive cycle

The reproductive cycle of Nephrops in Scottish waters has been

described by Thomas (1964) and a detailed study into various aspects

of reproduction in Firth of Clyde Nephrops has already been conducted

by Bailey (1984). In this study spawning appeared to occur in the late

summer and early autumn, after which there was a reduction in the
number of ovigerous females caught. This is indicative of the change
in behaviour after spawning resulting in most females remaining within

their burrows (Bailey et al., 1986). After a period of slow

development during the winter months egg and ovary development proceed

at a faster rate in the spring as water temperatures begin to rise.

21



During this period the ovigerous females begin to re-emerge from their

burrows and hatching occurs in the late spring and early summer. Peak

hatching in the Firth of Clyde occurs at the end of May (see Chapter

2).

Ovary development in Nephrops occurs in two phases, primary and
secondary vitellogenesis (Bailey, 1984 ). Primary vitellogenesis is a

slow phase and is described by ovary stages 1 - 7. Following stage 7

secondary vitellogenesis occurs. This involves a rapid increase in
weight and is described by ovary stage 8. The present results indicate

that ovary development in ovigerous females can only proceed as far as

primary vitellogenesis. Similar observations were reported by Bailey

(1984).

By July the hatching season appeared to be almost completed and
most females were in the non-ovigerous condition with ovaries in the
final stage of maturation. The dark green colour and increased size of
the ovary (which results from secondary vitel logenesis) was clearly
visible through the carapace. During this period the female moults and

copulates before finally spawning again in the early autumn.

1.4.4. Relationship between egg diameter and carapace length

During egg development there appeared to be a gradual increase in
the mean diameter of the egg from approximately 1.20 to 1.55mm. These
measurements agree quite closely with those of Figueiredo and Barraca
(1963) who recorded 1.05 and 1.55mm for the minimum and maximum

diameters respectively. The slightly higher minimum diameter recorded

in this study may have been due to the fact that most eggs
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representing the earliest stage of development (stage 1) had already
attained the gastrula stage (see section 7.4.2.). A detailed account

of the biochemical changes associated with egg development 1is

presented in Chapter 7.

In an earlier investigation (Morizur and Rivoalen, 1982) reported
a relationship between egg diameter and the size of the incubating
female., They suggested that egg diameter was minimal for the smallest

females and maximal for the middle sized females (33 - 37mm carapace

length). As the middle sized individuals of Morizur and Rivoalen's
study correspond to the smallest individuals of this present study it

may have been expected that a linear regression with a negative sign

to the slope may have adequately described the data. This was clearly
not the case with both large and small females incubating eggs at

either end of the size range (Figure 1.12 and 1.13). As previously
mentioned, however, the smaller individuals were under-represented in

this study. This may have prevented the identification of a more

obvious relationship between these two variables.

Although there was a significant difference between the egg

diameters recorded in 1984 and 1985 for egg stages 3, &, 8 and 9 the
actual size differences between the mean egg diameteré for
corresponding stages were very small (Table 1.8a,b). These differences
may be partly attributable to the problems of using an arbirarily
chosen egg development scale and they are unlikely to have biological

significance.
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CHAPTER 2

Larval distribution and abundance in the Lower Firth of Clyde

2.1. Introduction

Temporal and spatial changes in larval abundance were
investigated and field information was obtained on the vertical
distribution of the larvae throughout two 24h periods. The results

from these studies enabled larval production estimates to be made

which were later used to determine spawning stock size in an area

known hereafter as the Lower Firth of Clyde (L.JF.C.) (see Chapter 8).

The fossorial habit of the postlarval stages of Nephrops (see
Farmer (1975) and Chapman (1980) for comprehensive reviews) makes
direct sampling for purposes of stock assessment difficult if not
impossible. Sampling the pelagic larval stages of Nephrops may
therefore offer a convenient method for estimating the size of the

adult stock. Although this technique has been widely used for stock

estimates of fish species, based on the abundance of their planktonic
eggs (Cushing, 1957 ; Southward, 1963 ; Lockwood et al., 1978 ;

Southward and Barry, 1983 ; Thompson et al., 198#4), it is only
comparatively recently that the first attempts were made to apply it

to Nephrops (Garrod and Harding, 1980 ; Nichols et al,, 1987).

For Nephrops, the lack of information on the fecundity of the
spawning stock and on the general ecology of the larval stages has

presented serious problems to fisheries management. Work on Homarus
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americanus (Scarratt, 1964, 1973) attempted to relate larval abundance
to parent stock size, but the results were disappointing. As yet a
stock-larval recruitment relationship has not been determined for any

of the clawed lobster fisheries (Cobb and Wang, 1985). Greater success
has been achieved for the Western Australian rock lobster (Panulirus

cygnus) fishery. Morgan et al, (1982) succeeded in describing the
relationship between the settlement of the peurulus larval stage and

subsequent abundance of the breeding stock using the stock-recruitment

model devised by Ricker (1958).

This present study has provided an estimation of 1larval
production. The vertical distribution of the larvae in the water
column was determined so that the mean temperature to which the larvae
were exposed could be predicted. This was then used in conjunction
with the development rates determined in the culture study (Chapter 3)
to estimate daily larval production and total larval production over

the season. This together with maturity and fecundity data (Chapter 1)

is used in Chapter 8 to provide an estimate of spawning stock size.

Although diurnal vertical migration patterns have been well
documented for a large number of zooplanktonic organisms
(holoplankters and meroplankters) there is considerable variation not

only in the extent of the distances travelled (Hopkins and Evans,

1979) but also in the factors which control vertical migration (Naylor
and Atkinson, 1972). It was originally considered that these migration
patterns were exclusively controlled by light intensity (Russell,
1927). More recent investigations have shown them to be more complex,
often involving both an exogenous and endogenous component. Although

pressure sensitivity has been shown to be a depth regulatory mechanism
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in a variety of marine organisms (see Chapter 5) there is also
evidence for its involvement in synchronizing vertical migration
cycles (Mauchline and Fisher, 1969). There is also increasing evidence
that other exogenous factors may be involved in vertical migration
patterns. Williams (1985) reported that the seasonal formation of the
thermocline in the Celtic Sea restricted the diurnal vertical
migrations of Calanus helgolandicus and Calanus finmarchicus to the

regions above and below the pycnocline (density discontinuity

resulting from the stratification of the water column through

formation of a thermocline and/or halocline).

The typical diel vertical migration pattern involves a series of
consecutive steps, a dusk ascent from the day-time depth, night-time

dispersion, regathering at the surface at around dawn and a final
retreat to the original day-time depth with increasing light intensity
(Cushing, 1951). Limited vertical migrations have previously been
described for Nephrops zoeae (Fraser, 1965 ; Hillis, 1974). According
to Hillis (1974) greatest larval abundance occurs at depths between

19 - 28m during the day and ascends by approximately 10m around dusk,
this is followed by a retreat to their original day-time depth shortly

after dawn. Unfortunately, the environmental conditions were not
closely monitored during his survey and only photometric light
intensity (lux) measurements were available. In this present
investigation the vertical distribution of Nephrops zoeae was
determined over 24 hours during both a spring and neap tidal period
and related to the several environmental variables, light, pressure,
temperature, salinity and tidal state. The results from this study
were then compared with those obtained under controlled laboratory

conditions (Chapter 5). This permitted a better understanding of the
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exogenous factors which may govern the vertical distribution and

modulate the limited vertical migratory behaviour of Nephrops zoeae.
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2.2. Materials and methods

The investigation was carried out in 2 phases using the

University Marine Biological Station's research vessels 'Aplysia' and

'Aora?,

(1) a general survey to determine temporal and spatial changes in

larval abundance in the L.F.C. (Figure 2.1) using oblique tows.

(2) vertical distribution throughout the 24h cycle was studied

using a series of horizontal tows at a station where large numbers of

Nephrops zoeae had been caught in phase (1).
2.2.1. Temporal and spatial changes in abundance

Between April and September 1984 a series of five plankton

surveys were conducted in the L.F.C. (Figure 2.1). The survey covered
an area of approximately 876 square kilometres and extended from the
Little Cumbrae down the eastern coast of Arran and across to the
Ayrshire coast. 39 sample stations were completed for each survey.
Each was at the intersect of grid co-ordinates spaced 5km apart
(Figure 2.1). A weekly sampling programme was conducted at stations
A1, A2, A3, B1, B2 and B3 (Figure 2.1) before the first survey (20 -
22/4/84) and after the fifth survey (22 - 23/8/84) to determine the

beginning and end of the larval season.

A framework was designed and built to house four DAFS WP3 type

plankton nets of 0.57m mouth diameter (Plate 2.1a). The nets were made
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Figure 2.1

Sampling grid for the five general surveys conducted to determine
temporal and spatial changes in larval abundance in the Lower Firth of

Clyde.
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Plate 2.1

(a) The plankton sampler used to determine temporal and spatial

changes in larval abundance. Scale bar represents 0.5m.

(b) The benthic sledge used to sample the settling stages of

Nephrops. Scale bar represents 0.5m.






of monofilament Nylon mesh with a pore diameter of 1.0mm. The volume
of water filtered during each tow was calculated using a TSK flowmeter
which was fitted to the mouth of one of the four nets. Using the
research vessel'!s echo sounder to estimate water depth the plankton
sampler was shot close to the sea bed. The gear was then hauled to the
sea surface on an oblique path at 1.5 - 2.0 knots (0.78 - 1.04ms-1).
The duration of each tow was approximately 20min, although this was
obviously dependent upon water depth. A recording depth meter (OSK
896, Yanagi Instrument Co. Ltd) was secured to the plankton sampler on
each tow to provide an accurate depth profile of each haul, After each
tow the plankton samples were fixed in 4% buffered formalin and

returned to the laboratory for sorting.

Under low power stereomicroscopic examination the three zoeal
stages were separated and counted. A total count for each tow was
obtained by adding the catch from the four nets. The flow méter and
depth recordings were then used to estimate the number of zoeae under

one square metre of sea surface for each stage separately and all

stages combined (see appendix, Table A.1).

During the larval season, temperature and salinity depth profiles
were obtained using a salinity temperature bridge (Electronic Switch

Gear Ltd M.C.5). All measurements were taken from the same area

(Figure 2.1 sample station B3 : 55°40.71'N ; 05°00.00'W, the site
later selected for the diel surveys). The larval depth distribution

(section 2.2.2.) was used in conjunction with the temperature profile
to calculate the average temperature appropriate to the larval

distribution in each survey.
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In a similar study conducted for the Western Irish Sea Nichols et
al, (1987) used a high speed plankton sampler to capture Nephrops
zoeae. A series of comparative tows were therefore made with a high
speed Gulf 3 plankton sampler as a check on the efficiency of the
sampling gear utilized in this programme. The net was made of
monofilament nylon with an internal mesh size of 0.25mm. The catching

efficiency of both plankton samplers appeared to be similar.

A preliminary investigation to determine the level of recruitment
of the settling stages to the benthos was carried out using a

specially designed benthic sledge (Plate 2.1b). The results were not

very promising and it was decided not to pursue this investigation any

further.
2.2.2. Diel changes in vertical distribution

As large numbers of larvae had been caught at station B3 during

phase (1) (Figure 2.1), phase (2) of the study was conducted at this

site, Two diel surveys were conducted, one coinciding with spring

tides (4 - 5 June, 1985) and the other with neap tides (11 - 12 June,

1985).

During each survey the water column was sampled at eight depths
(0,5,16,27,38,50,63 and ‘75m) using DAFS WP3 and WP2 plankton nets. The
tows were conducted across the tide (to reduce the effect of tidal
currents) on a southerly course at 2 hour intervals and each was of
20min duration. The nets were made of monofilament Nylon mesh with a
pore diameter of 1.0mm. The surface and bottom nets had a mouth

opening of 0.57m diameter (WP3) and those sampling the intermediate
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depths were of 1.14m diameter (WP2). Apart from the surface net which
was attached to a separate warp and towed from the port side to avoid
the wash of the ship, the other six nets were attached to a single
warp and towed from the stern. The end of the warp was shackled to a

heavily weighted beam trawl frame which ensured that contact was made

with the sea bed during each tow.

From a preliminary investigation of the towing wire configuration
it was determined that the nets should be fixed at intervals of 32m
along the warp to sample the required depths. At these positions
snoods were attached to the warp to enable the plankton nets to be
quickly snapped on and off during shooting and hauling using
‘carabena' clips. On the initial tows of both surveys the depth at
which each net was sampling was checked using Kelvin Tubes. On all
tows a recording depth meter (OSK 896, Yanagi Instrument Co. Ltd) was
fixed to the warp several metres above the beam trawl providing a
profile of each tow. This therefore permitted comparisons to be made
between the different tows. Figure 2.12 shows a typical depth trace

made during one of the tows. The stepwise descent and ascent at either

end of the trace illustrates the delay caused by handling each net

during shooting and hauling.

During each tow 2 TSK flow meters were used to monitor the volume
of water filtered by the plankton nets sampling at a depth of 5m and
63m. The difference between the two values was therefore contributed
by water filtered during shooting and hauling. This value was always
relatively small but a check was nevertheless made to ensure that the

bulk of the catches of each net were made at the final towing depth

and not at intermediate depths during shooting and hauling. This check
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was made on two occasions by shooting the nets in the usual way and
then immediately hauling them to the surface. On both occasions very

few larvae were caught so that no corrections were applied to the

catch data to compensate for this possible source of error. For each

tow the volume of water filtered by each of the 1.14m diameter nets
was therefore assumed to be the same as that filtered by the net
sampling at 5m depth., The 2 smaller nets (0.5Tm) filtered
approximately a quarter of this volume, So that direct comparisons

could be made between tows the numbers of larvae caught by each net
were adjusted to a standard volume of 850m3 of sea-water filtered. The

samples were fixed in 4% buffered formalin and returned to the

laboratory for future sorting.

Immediately after each tow, light measurements at depth intervals
of 5m were made using a photomultiplier tube (EMI 940B) (Figure 2.17
and 2.24). The spectral sensitivity of the instrument extends
approximately between 300nm to 620nm with a maximum at around 400nm.
In photobiological studies light intensity should be measured as

radiant power (Arnold, 1976a). The photomultiplier was consequently
re-calibrated using standard lamps from photometric units (lux) into

quantum units (uEs=~Im=2) at the Lowestoft Fisheries Laboratory using

the method described by Arnold (1976b). This calibration was
conducted with a Wratten 64 filter fitted to the photomultiplier tube.

This filter was considered to most closely represent the spectral

sensitivity of the adult Nephrops eye (see Chapter 5) but may not be

appropriate to the larval eye. Spectral sensitivity curves are not

available for the larval stages at present. Several days before the

first survey (30.5.85) a depth profile for light attenuation was

measured at the sample station (B3). A Licor quantum light meter (LI -
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185B) and underwater sensor (LI - 192SB) with a spectral response in
the wavelength band 400 - 700nm was _used. The attenuation coefficient
K was calculated. The diffuse attenuation coefficient K is usually
measured using monochromatic light. Sea-water acts as a filter and at

depths below 10 - 15m light in coastal waters is monochromatic green
(Jerlov, 1968). The attenuation coefficient was therefore measured

over the depth range 20 - 30m.

At intervals of 4h during both the spring and neap tide surveys
depth profiles for temperature and salinity were obtained to determine

the position of the thermocline and halocline over both 2lh periods.

During both surveys the tidal height was recorded on an Ott manometer

guage at Keppel Pier, Millport (Figure 2.13).
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2.3. Results
2.3.1. Temporal and spatial changes in abundance

The seasonal changes in temperature and salinity depth profiles

are 1llustrated in Figure 2.2 and 2.3. At the beginning of the larval

season (early April), although a halocline had formed a thermocline
had not and water temperature was relatively uniform (approximately
6°C) throughout depth. From April onwards there was a gradual increase
in water temperature with some evidence of a thermocline between 5 and
20m depth (Figure 2.3). Below 20m there was a steady decrease in
temperature with depth. At the beginning of June the surface
temperature was 10.29C. This was 2°C warmer than that recorded at a
depth of 50m. By the end of June the thermocline had become more
clearly defined between 10 and 15m and, as expected, the halocline
occurred at approximately the same depth as the thermocline. Thus the
water had become stratified into 2 distinct layers ; an upper warm
low salinity layer (32.7% and 11.6°C at the surface) above a colder
more saline layer (34.1% and 7.8°C at 50m). During the period 3rd to
26th June there was an increase of approximately 1.4°C in the
temperature of the surface waters but a decrease of 0.5°C at a depth
of 50m. During the month of July the position of the thermocline

appeared to sink and towards the end of the month the warmer surface

layer extended to a depth of approximately 30m ; a temperature

increase of 39C was recorded at 20m depth over the period 26 June to

21 July. Over the same period the temperature of the surface water had

increased by 0.89C to 12.49C and at 50m by 1.2°C to 9.0°C.
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Figure 2.2

The configuration of the thermocline (open symbols) and halocline
(closed symbols) at different times during the larval season. The
numbers assigned to each curve denote the date the measurements were

taken.
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Figure 2.3

Seasonal changes in temperature at four selected depths 0, 10, 20 and

50m. These curves were constructed from the data shown in Figure 2.2
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From July 21 to August 19 the thermocline continued to sink and
by August 19 the warmer surface layer extended to a depth of 40m.
There was only a slight increase in the surface water temperature over
this period (0.3°C) and the seasonal maximum of approximately 12.80C
appears to have occurred at the beginning of August (Figure 2.3).
Between August 19 and September 11 the pycnocline was broken up and
the water column became relatively uniform throughout. There was a
slight increase in temperature with depth (0.49C). This mixing of the
water column and the consequential inversion of the temperature
profile was probably caused by autumn gales. The surface temperature
dropped over this period by 1.79C to 11.0°C and at 50m it increased by
2,29C to 11.49C, During the larval season the temperature at the
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