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ABSTRACT: Environmental factors influencing the rate of cogenesis in the seasonal cycle of the semel-
parous polychaete Nereis (Neanthes) virens Sars have been investigated in specimens reared under com-
mercial conditions (concrete tanks under natural light supplied with a mixture of power station heated and
ambient sea water to maintain ca 18°C all year round). The rate of oocyte growth is strongly influenced by
the external photoperiod and the responses to static 24 h LD (light-dark) cycles have been investigated.
Qocyte growth is more rapid when specimens are exposed to a 24 h LD cycle in which the photophase is
below a critical value between 12 and 13 h. The critical photoperiod transition in natural environments is
therefore at the autumn equinox. N. virens are able to respond to transfer between LD 16:8 hand LD 8:16 h
at all times of the year, which suggests the operation of a continuously consulted system of photoperiodic
control. The rate of oocyte growth in competent specimens is a ltnear function of the number of LD 8:16 h
cycles experienced. The critical photoperiod divides the solar year into 2 nearly equal periods, with the
short day period (winter) favouring oocyte growth. There is a synergism between the effects of photo-
period and seasonally reducing temperature. During the calendar winter transition to LD 8:16 h or other
LD cycles below the critical value initiates rapid oocyte growth whatever the temperature but in the
calendar summer this only occurs if the external temperature is also reduced to 12°C or below. The
response to photoperiod and temperature is moderated by internal factors and under commercial produc-
tion systems elevated rates of oocyte growth can only be achieved in females that are about 1 yr old. The
oocyte growth induced by exposure to LD 8:16 h light cycles and low temperature is similar to, but slightly
less than, that induced by hormone deprivation, i.e. supra-oesophageal ganglion ablation. The results are
discussed in relation to the control of seasonal cycles in Nereidae, the role of the endocrine system and in
the context of the life history theory for long lived semelparous organisms with variable age at maturity.
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INTRODUCTION

All members of the polychaete family Nereidae are
strictly semelparous, i.e. they breed only once per life-
time, which contrasts with the more usual iteroparous
mode of reproduction in marine invertebrates. The
nereid life history involves a progression from birth
through a pre-adult phase of somatic growth, to a pre-
maturational phase during which gametogenesis takes
place. This culminates in a more or less marked
somatic metamorphosis to the heteronereid condition,
which is secondarily suppressed in some species.
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After completion of gametogenesis, a genetically pre-
determined death occurs either immediately after
spawning or, in some cases, after a brief post spawning
period during which males or females may engage in
brood care. The pre-determined death can however be
prevented by implantation of juvenile cerebral ganglia
into maturing specimens (Golding & Yuwono 1994).
Although individuals are normally strictly semelparous
and breed only once, reproduction at the population
level is cyclic, usually with a periodicity of 1 yr. The
average life span {generation time) is often more than
1 yr (less in smaller species) and there may be lunar/
semilunar components to the breeding cycle (Hauen-
schild 1960, Olive 1981).
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Since, in almost all Nereidae, the generation time
(= mean average lifespan)} is longer than the phase
length of the overt reproductive cycle, there must be
some mechanism to regulate not only when reproduc-
tion occurs but also to determine which members of the
population become sexually mature at any time.

Nereis (Neanthes) virens has recently been intro-
duced to commercial culture (Olive 1994) and, in the
production system operated in the UK, the cultured
animals are maintained at or near 18°C throughout the
year to maximise the somatic growth rate. The average
age at reproduction in natural populations of N. virens
has been variously estimated to be between 2 and 7
or more years, according to local conditions (Bass &
Brafield 1972, Creaser & Clifford 1982, Caron et al.
1993, Olive 1993, Desrosiers et al. 1994), yet, despite
variation in the age at reproduction within and be-
tween populations, maturing individuals always breed
in the spring during April or May. This pattern of
synchronised spring breeding has been maintained in
the UK cultured populations over a period of 12 yr
although the generation time is reduced and may be
only 1 yr (Olive et al. 1986, Olive 1998).

In natural populations, oogenesis may take over a year
to complete within an individual worm (Brafield & Chap-
man 1967 Creaser & Clifford 1982, Desrosiers et al.
1985}). Gametocytes accumulate in the coelom over a pe-
riod of many months but grow relatively slowly until the
onset of a more rapid oocyte growth phase during which
the greater part of vitellogenesis is completed. The rapid
growth of oocytes occurs from September to January
(Brafield & Chapman 1967, Fischer & Hoeger 1993) but
only in those members of the population that will breed
and die in the following spring. During this rapid growth
phase the oocytes double in diameter, from 80 to 160 pm,
which, assuming the oocytes are spherical, represents a
greater than 10-fold increase in volume; after this little
further growth occurs. Mature oocytes in this species
have a diameter between 170 and 200 pm and the final
stages of egg maturation involve changes in ococyte
structure, most noticeably through the development of a
prominent cortex to be involved in post fertilisation jelly
coat release (Dhainaut 1984). The final stages of matu-
ration are also accompanied by somatic changes which
represent a partially suppressed epitoky (Clark 1961,
Schroeder & Hermans 1975). At the time of spawning,
male Nereis (Neanthes) virens swarm into the water col-
umn, but females remain in their burrows (Brafield 1967,
Desrosiers et al. 1994).

Preliminary observations made under commercial
conditions suggested that the external photoperiod
could influence the time of maturation of Nereis (Nean-
thes) virens (Djunaedi 1995), but the initial experiments
were constrained by the commercial procedures. We
have now proceeded to a systematic investigation of

this phenomenon to take advantage of the opportunity
provided by the culture system to investigate popula-
tions of known age and parentage. We have also con-
sidered the possible involvement of the endocrine sys-
tem in the transduction of environmental signals in this
group of animals (Bentley & Pacey 1992, Olive 1997).

MATERIALS AND METHODS

Sources of experimental animals and conditions of
culture. Specimens used in these experiments were
obtained from artificial fertilisations of commercially
farmed Nereis (Neanthes) virens initially derived by
cross breeding populations from a number of locations
in the United Kingdom. They were reared at the
premises of Seabait Ltd in warmed seawater (ca 34 %)
in a relatively narrow temperature range (16 to 20°C)
by using power station coolant seawater mixed with
natural seawater at ambient temperature in varying
proportions during the year (‘farm conditions'). The
age of all individuals was known and the animals used
in each experiment were siblings. Prior to use, and
during experiments when appropriate, specimens
were fed dry pelleted food at a rate between 2 and 5%
of wet weight biomass per day. In laboratory experi-
ments any uneaten food was removed each day prior to
the next feeding using a simple siphon device.

Experiment under farm conditions: A preliminary
experiment is reported here that was carried out under
farm conditions using animals selected from the com-
mercial stock at an age of 15 mo and a mean weight of
about 5 g. Animals to be exposed to artificially short
days were transferred to concrete tanks (2 m?) indoors
at a density of 250 m™2 The tanks were supplied with
running seawater at ambient temperature. The only
light source was from tungsten bulbs connected to a
timer switch over each light isolated tank. Others were
exposed to natural ambient light in similar tanks out-
side receiving seawater from the same supply at ambi-
ent temperature. Over the course of the experiment the
temperature varied between 12 and 16°C but was the
same in the 2 groups of animals which differed only in
the photoperiodic treatment they received.

Experiments under laboratory conditions: These
experiments were carried out under laboratory condi-
tions in plastic boxes (80 x 40 x 30 cm) filled with a fine
sand sediment to a depth of 15 cm with a similar depth
of water above this. The experiments were conducted
either in static water using gravel filled air lift aeration
units to maintain water quality or in plastic boxes
supplied with seawater at a controlled temperature (for
details see below) in a recirculation seawater system
(Dryden Aquaculture Ltd —tencell system). Light was
provided by fluorescent tubes.
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Environmental treatments and experimental design.
All experiments were conducted in defined light dark
cycles of 24 h duration, the convention used to describe
these will be LD x:y where x is the duration in hours
of light (photophase) and y the duration of dark (scoto-
phase).

Expt 1: Effect of the long day/short day transition on
the rate of oocyte growth under farm conditions: A
number of preliminary experiments were carried out
under farm conditions; we have selected one of these
for presentation here because it provided the first indi-
cation that changes in the external light dark cycle
could bring forwards the time of rapid oocyte growth.

In this preliminary experiment, 1 yr old animals were
selected in June and were transferred to the ambient
seawater temperature regime (range 12 to 16°C) which
was cooler than that used for routine production.
Approximately half the animals were placed under
short photophase conditions (LD 8:16) while the other
worms were exposed to the natural photoperiodic
regime, which declines from a maximum of nearly LD
17:7 in June to LD 12:12 at the autumn equinox (see
Olive 1981). The 2 groups were subsequently sampled
in October and the oocyte frequency distributions in
individual animals determined. The results were then
further collated as pooled oocyte frequency distribu-
tions for each treatment.

Following the initial experiment further expenmen-
tation was carried out under laboratory conditions to
give a greater degree of control and to permit inde-
pendent investigation of temperature and photoperiod.

Experiments in laboratory conditions: Animals were
reared initially at ca 18°C under ambient (i.e. natural)
photoperiodic conditions. They were then transferred
to fixed 24 h LD cycles of different photophase
duration. The animals were kept in plastic boxes in
environmental cabinets fitted with timer controlled
fluorescent tubes using air lift aeration to maintain
water quality. A number of recirculation units were
available so that a number of different constant tem-
peratures could be maintained. Experiments were
carried out at different times to investigate the modu-
lating influence of real (calendar time) and environ-
mental temperature on the photoperiodic responses.

Decerebration: A number of animals were subjected
to supra-oesophageal ganglion ablation. The operation
was carried out by anaesthetising the animals in 7%
ethanol in seawater for 2 to 3 min and a portion of the
prostomium was removed with iridectomy scissors.
Three incisions at right angles to each other were
made to create a flap of tissue which could be pulled
forwards, the posterior incision being at the posterior
of the prostomium. The supra-oesophageal ganglion
(brain) sometimes moved with the flap of tissue and
could then be easily removed in entirety, sometimes

further connective tissue had to be removed before
the brain could be excised. The ‘decerebrated’ animals
showed remarkable ability to recover from this opera-
tion; they were allowed to recover from the anaesthetic
and to heal in seawater prior to introduction to the
experimental tanks and their subsequent survival was
as good as that of other experimental animals. Non-
decerebrated animals were similarly anaesthetised
and all experimental animals were marked individu-
ally by clipping 1 or more parapodia to give each a
unique code.

Bioassay of oocyte development (measurement and
analysis). Coelomic biopsy: The stage of sexual matu-
rity of individual worms was determined by the exami-
nation of samples of coelomic fluid containing develop-
ing gametocytes. Coelomic samples were taken from
the animals using a modified Pasteur pipette or a 1 ml
syringe. In Expts 1 & 2, but not subsequent experi-
ments, the samples were placed in small plastic trays
with 4 % formaldehyde in seawater and kept for up to
1 mo prior to detailed analysis of oocyte frequency data.
Qocyte measurements and data analysis were carried
out using a video camera connected to a compound
microscope which fed the image to a colour monitor. PC
Image Software (Foster Findlay Associates) allowed the
accurate measurement of the oocyte images and the
collation of a variety of statistical measures: length and
breadth were routinely obtained for a minimum of 25
(more usually 50 oocytes) from each animal. In later
experiments when the range of oocyte diameters was
more uniform, a sample of oocytes was measured
directly using a calibrated eyepiece graticule.

The coelomic samples were mixed with seawater
and examined in the fresh state using a Leitz photolux
microscope with graduated eyepiece and calibrated to
0.1 pm. In the case of samples containing oocytes 30 to
50 randomly selected oocytes were measured and the
major diameter recorded.

Statistical treatments: The oocyte frequency distrib-
utions recorded by biopsy from the animals in the
various experimental treatments present 2 aspects for
analysis, (1) the change in oocyte size frequency within
individual animals over time and (2) the changes in the
degree of maturity among animals within an experi-
mental group. The statistical analysis of these changes
poses a particular problem because the oocyte fre-
quency distribution in Nereidae is not independent of
the mean, and, except when the mean diameter is
close to either the maximum or minimum diameter, the
oocyte frequency distribution within an individual
female is not a normal one but is strongly skewed.
Olive & Garwood (1981) have discussed this problem
for Nereis (Nereis) pelagica and Nereis (Hediste) di-
versicolor. We have adopted a number of solutions,
though none may be ideal.
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In some experiments pooled oocyte frequency distri-
butions were collated from the individual animals in
each treatment. This was most appropriate when the
mean oocyte diameter was greater than 120 pm and
the individual distributions were near to normality.
The resulting oocyte frequency distributions, compris-
ing the pooled measures of 50 oocytes from each
animal, were compared using a parametric ¢-test for
comparison of paired means, or by ANOVA and a pos-
teriori analysis of the differences between means using
SNK procedures (Sokal & Rohlf 1995).

Individual females were also assigned to 10 pm
oocyte frequency categories according to the mean
(or the mode) of the oocyte diameter frequency dis-
tribution. The frequency of females assigned to
these 10 pm categories provides an alternative non-
parametric approach to the statistical treatment of the
results in which the mean (or modal diameter) is used
as a descriptor for the state of maturity of an individual
female. When this was done the relative frequencies of
animals classified by this descriptor were compared
statistically using a G-test procedure and tested for
heterogeneity (Sokal & Rohlf 1999).

The progressive development of the eggs under dif-
ferent environmental regimes is also conveniently dis-
played as a curve of the cumulative percentage oocyte
frequency distribution. This method of presentation
gives a picture of the dynamic changes in oocyte size
during oocyte growth and has been used to illustrate
situations where different patterns of oocyte growth
were observed in multiple treatments.

For clarity the rationale and design of individual
experimental treatments is described prior to the pre-
sentation of the results.

RESULTS

Expt 1: Eifect oi thelong day/shortday transition on the
rate of oocyte growth under commercial conditions

Rationale. The experimental animals were selected
in June from a single genetic broodstock reared under
farm conditions which, at the beginning of the experi-
ment, were at approximately the same stage of sexual
maturity (mean oocyte diameter <100 pm). They were
kept under the same temperature and feeding regimes
but were exposed to 2 different photoperiodic regimes,
LD 8:16 and natural ambient light.

Observations. By October the oocytes of animals
transferred to LD 8:16 were substantially larger than
those of animals kept under ambient light conditions
(Fig. 1). Animals exposed to LD 8:16 had completed the
rapid phase of oocyte growth by October and subse-
quently became mature (and died) during December,
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Fig. 1. Nereis (Neanthes) virens. Expt 1: Effects of a premature
transition to ‘short daylengths' i.e. to LD 8:16 from ambient
photoperiod during the month of June (solid histograms) in
comparison to animals experiencing a natural progression of
daylength, i.e. LD 17:7 in June decreasing to LD 12:12 at the
autumn equinox (hatched histograms}. The histograms show
the frequency of individuals in 10 pm mean oocyte size cate-
gories. The cateqory tor each individual was based on the
mean diameter of 50 randomly selected oocytes from the
coelom. In each treatment 25 animals were examined

whilst the group under the ambient daylength cycle
lagged several months behind and became mature
only during the following spring.

We conclude that onset of the rapid phase of oocyte
growth (vitellogenesis) must have been stimulated by
the changed light conditions and that oocyte growth
rate was higher in the animals subjected to the artifi-
cial LD 8:16 light regime from June than it was in those
maintained in natural light. The partial shift in the time
of breeding also provided valuable material for sub-
sequent experiments by making available animals that
were born in advance of the normal breeding season.

Expt 2: Critical daylength effects

Rationale and experimental design. The experiment
was designed to detect and measure if possible the
critical daylength in a static photoperiod response curve
for the photoperiodic effect revealed by the previous
experiment. Animals were kept at 17°C and exposed to
the following static LD cycles: T2.1 =LD 9:15; T2.2=LD
11:13; T2.3=LD 12:12; T2.4=1LD 13:11; T2.5=1LD 15:9.
The animals were transferred to these different static LD
cycles in June at an age of 15 mo and when the ambient
LD cycle to which they were previously exposed was LD
16:8. Coelomic biopsies were obtained in October, 5 mo
after the start of the period of exposure to static photo-
periods. Specimens were allocated randomly to the dif-
ferent treatment groups and assigned to 10 pm oocyte
diameter categories on the basis of the coelomic biopsies
and the frequency of animals in these categories was
monitored during the course of the experiment.
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Observations. A G-test analysis carried out in June
(Table 1) showed that at this time there were no signif-
icant differences in the proportion of individuals in the
oocyte size classes between experimental groups. By
October however this situation had changed (Table 2);
a G-test revealed a significant component of hetero-
geneity by treatments and further a posteriori testing
(see Table 2) confirmed the presence of 2 separate sub-
groups. Those animals exposed to the photoperiodic
treatments with the 3 shorter photophase lengths (LD
9:15, 11:13, 12:12) represented 1 homogeneous sub-
group and those held in longer photophase lengths (LD
13:11, 15:9) formed another. There was significant het-
erogeneity between these 2 subgroups but not within
them.

The mean oocyte diameter of the animals in the 3
‘short’ day treatments (LD 9:15, 11:13, 12:12) was
greater than in the 'long’ day treatments (LD 13:11,
15:9). Thus LD 9:15, 11:13 and12:12 have the same
effect as exposure to LD 8:16 (Expt 1) while the treat-
ments LD 13:11 and 15:9 have the same effect on
oocyte growth rate as LD 16:8. The results suggest a
critical photoperiod with the photophase between 12
and 13 h (critical scotophase between 12 and 11 h).

Expt 3: Evidence for continuous consultation
of the photoperiod

Rationale. The influence of photoperiod on animals
is likely to be complex and any interaction between
the external photoperiod and endogenous circa-
annual ‘time’ may modify the response to a given

Table 1. Nereis (Neanthes) virens. Distribution frequency for
individual females classified into 10 pum groups by mean
oocyte diameter, in relation to photoperiodic treatment in
June (cf. Table 2). The data were analysed for heterogeneity
among groups using the G-statistic. The appropriate degrees
of freedom were defined as (a— 1){(b- 1) where a = the number
of oocyte size classes and b = the number of light treatments.
G = 6.482 and since x* "> = 36.41 the data do not display
significant heterogeneity at p < 0.05

b=5a=7 LD%15 11:13 12:12 13:11 159 Total
Diameter
71-80 1 4 2 2 9
81-90 1 3 3 4 11
91-100 3 5 3 3 1 15
101-110 5 6 6 6 6 29
111-120 3 4 1 4 4 16
121-130 6 3 1 1 2 13
131-140 2 1 2 1 1 7
141-150
151-160
161-170
Total 20 20 20 20 20 100

Table 2. Nereis (Neanthes) virens. Distribution frequency
for individual females classified into 10 pm groups by
mean oocyte diameter, in October (cf. Table 1). The data
were analysed for heterogeneity among groups using the
G-statistic. The appropriate degrees of freedom were defined
as (@ — 1}{b - 1) where a = the number of oocyte size classes
and b = the number of hght treatments. Overall (all groups)

G=76.82y "2 =31.41. The value of G is clearly greater
than the critical ¥° and the data is heterogeneous. Subgroups
photophase 9,11,12; G = 10.42 x*“">% = 1551 The G value

is not greater than the critical x* and there is no significant
heterogeneity in this subset. Subgroups photophase 13, 15;
G =1042 x> "3 = 11.07. The G value is not greater than
the critical ¥ and there is no significant heterogeneity in this
subset. The heterogeneous data set is therefore composed of
2 homogeneous subsets, those in which the photophase is
>12 h light and those in which the photophase is 12 h light or

<12 h light

b=5a=6 LD®15 11:13 12:12 13:11 159 Total
Diameter

131-140 3 3 6
141-150 3 8 11
151-160 1 6 4 6 11 28
161-170 9 11 6 9 6 41
171-180 7 6 13 5 31
181-190 6 1 2 9
191-200

Total 23 24 25 26 28 126

photoperiodic regime. Expt 3 was designed to test this
possibility; animals were exposed to the critical photo-
periodic transition from LD 16:8 and 8:16 at ditferent
times of the year. The working hypothesis was that a
transition from LD 16:8 to LD 8:16 stimulates the onset
of more rapid cocyte growth and that in order to be
effective such a transition must follow a minimum
period of exposure to long days LD 16:8.

The experiment was set up at the beginning of
November 1996; the experimental animals were then
about 11 mo old and did not have coelomic gameto-
cytes. The experimental treatments used are repre-
sented diagramatically in Fig 2 inrelation to real time;
the animals in all the treatments were maintained at
17 + 1°C throughout.

Observations. The animals in all groups had begun
to develop eggs by January regardless of the photo-
period they were experiencing. The ensuing rate of
egg growth (diameter) was strongly influenced by the
photoperiodic conditions. It was greatest in those
animals maintained throughout the experiment under
LD 8:16 (= group T3.7).

The progressive development of the oocytes in the 7
treatment groups is summarised as a set of cumulative
percentage frequency curves in Fig. 3. Using this mode
of representation accelerated oocyte growth shifts the
curve to the right and the more uniform oocyte dis-
tributions are more steeply sigmoid. The treatment
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Groups

Treatment key | Photophase ‘Short’ i.e. = LD 8:16

] Photophase ‘Long’ i.e. = LD 16:8 ]

I\Eqms_! Nov | Dec | Jan | Feb | Mar

T3.1 |

T3.2
T3.3
T34
T35
T356
T3.7

Apr | May | Jun | Jul | Aug | Sep | Oct

Fig. 2. Expt 3: Diagrammatic representation of the sequence of LD changes imposed on the experimental groups T3.1 to T3.7 in

relation to real calendar time. The temperature at which the animals were maintained was constant 17 = 1°C throughout. For

each month of the treatment the daily LD cycle is indicated by the degree of shading as LD 16:8 '‘Long photophase’ or LD 8:16
‘Short photophase’

groups were relatively homogeneous in January
shortly after the appearance of coelomic oocytes
though some minor differences were detected; the
most advanced group at this time was T3.3 but such
minor differences as were detected are thought to be
due to random differences within the experimental
groups. The mean oocyte frequency in group T3.3 was
only marginally greater than 100 pm and in all other
groups was less than this.

In March, the ranking order of the experimental
groups as classified by the pooled oocyte diameter was
dramatically different. The animals in experimental
groups T3.7, T3.1 and T3.2 now had mean pooled
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oocyte frequencies greater than 140 um (see Fig. 3b)
whereas the mean oocyte diameter in T3.3 which in
January had been the most advanced had remained
less than 120 pm. At this time the animals in group
T3.7 had the largest coelomic oocytes. By the time of
the March sample animals in T3.3 had been exposed to
LD 8:16 for 126 d and the 2 next most advanced groups
(T3.1 and T3.2) had been exposed to LD 8:16 for 119 d.
In contrast, animals in group T3.5, which had the
smallest oocytes, had been exposed only to LD 16:8,
i.e. to continuous 'long’ days.

The continuing influence of the LD cycle on the rate
of oocyte growth was further confirmed by the results

b 100, 30Mar1995 e
01 7137
801t —&—T36
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3 %= T3.3

E 501 —*T31.2

S 40t
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Fig. 3. Nereis (Neanthes) virens. Expt 3. Cumulative fre-
quency distributions for the pooled oocyte samples obtained
from the animals in each experimental treatment—T3.1 to
T3.7 (see Fig. 2). The data are summarised for 3 sampling
times: (a) January, (b} March and (c) May. The key shows the
identity of the experimental groups. When the treatment of
the individual groups had been the same at one of the sam-
pling times a combined frequency distribution is shown. The
sigmoid curve shows that the oocyte frequency distributions
are distributed approximately normally. The method of pre-
sentation allows easy comparison of the mean oocyte diame-
ter among the multiple treatment groups (intersection with
the 50% line) and the degree of synchrony in a given fre-
quency distribution
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Table 3. Nereis (Neanthes) virens. Expt 4: A posteriori analysis

of the differences among means in the 7 treatments. The

mean values are shown in rank order and means that were

found to differ by less than the least significant range (SNK
analysis) are underlined

Rank order 1 2 3 4 5 6 7
Group no. T3.3 T35 T3.1 T3.2 T34 T3.7 T36

Mean diameter 136 149 156 162 160 170 172

obtained in May (see Fig. 3c). By this time, group
T3.6—which had experienced LD 16:8 only briefly
at the beginning of the experiment—had in effect
‘caught up with’ group T3.7 that had been kept
throughout in LD 8:16 and now had the slightly greater
mean oocyte diameter. A full SNK analysis of the
results is shown in Table 3. This suggested that the
oocyte growth rate was not greatly affected by the
calendar time at which the various daylength transi-
tions occurred nor the prior exposure to ‘long’ days
as we had supposed it might have been. Rather, it
seemed that the overall rate of growth over the period
of the experiment was dependent only on the number
of days during which the animals were exposed to
the 2 different photoperiodic conditions LD 8:16 and
LD 16:8.

This interpretation is confirmed by an analysis of the
relationship between oocyte diameter at various times
during the treatment cycle and the number of days’ ex-
posure to LD 8:16 that each treatment group had re-
ceived. The correlation between the variables 'oocyte
diameter' and 'average recorded oocyte growth rate’
with the variable 'number of days exposed to LD 8:16'
has been examined over the range of treatment times.
The values of Pearson’s correlation coefficient are
summarised in Table 4.

The relationship is essentially linear as shown in
Fig. 4 where the mean oocyte diameter on 30 March
1995 is shown as a function of days' exposure to

Table 4. Nereis {Neanthes) virens. Expt 3: Evidence of the significant positive
correlation between measures of oocyte growth, (1) mean oocyte diameter and
(2) average instantaneous oocyte growth rate, and the cumulative number of
LD 8:16 photoperiod cycles to which the animals had been exposed over the

period indicated (see also Fig. 4)

LD 8:16. Oocyte growth rate and hence mean oocyte
diameter is therefore independent of the calendar time
when 'short’ days are experienced and the results sug-
gest that the external photoperiod is continuously con-
sulted. It should be noted however that although the
photoperiodic regime influences the rate of oocyte
growth there is not an 'all or nothing’ response. Some
degree of oocyte growth occurred in all experimental
treatments and, given time, gametogenesis can be
completed even under conditions of constant LD 16:8
as also indicated by Expt 2.

Expt 4: Effect of temperature on photoperiodically
induced increase in oocyte growth

Rationale. This experiment was designed to detect
any synergism that might occur between the effects of
the critical photoperiodic transition and the falling
temperature regime that normally characterises the
winter period. The development of the oocytes was
monitored in 2 groups of animals maintained in the
same photoperiod but in different temperature re-
gimes. Female worms that had no oocytes larger than
100 pm in diameter were selected at the end of Janu-
ary from a farm reared stock aged about 10 mo. They
were transferred to LD 16:8 at a temperature of 17°C
for 6 wk to simulate summer conditions. The photope-
riodic regime was then changed to LD 8:16 and 1 of 2
groups was exposed to a progressive reduction of tem-
perature at 3°C mo™! for 3 mo, i.e. March 13°C, April
10°C, May 7°C. Coelomic biopsies were obtained from
each group in March, April and May. The timing of the
experiment was such that the response to transition
from LD 16:8 to LD 8:16 in conjunction with declining
temperature was being investigated during the early
calendar summer.

Observations. The mean oocyte diameter for the ani-
mals from which the 2 groups were selected was 76 pm
in January at the start of the experiment. Oocyte
growth was measured after exposure
to a short simulated summer (17 + 1°C
and LD 16:8) from coelomic biopsies
taken at monthly intervals from March
onwards. Oocyte growth was faster in
those animals experiencing a declin-
ing temperature in conjunction with

Variable Period of examination

Pearson's correlation
coefficient

the transition to LD 8:16. The oocyte
frequency distributions can be com-

Oocyte diameter 21 Nov 1994 to 30 Mar 1995
Oocyte diameter 6 Jan 1995 to 21 May 1995
Oocyte diameter 14 Feb 1995 to 21 May 1995
Oocyte growth rate 6 Jan 1995 to 30 Mar 1995
Oocyte growth rate 30 Mar 1995 to 21 May 1995

r=0.96 (p <0.001)
r=0.87 (p<0.01)
r=0.95 (p <0.001)
r=0.9 (p <0.001)

r=052(0.1<p<0.2)

pared in Fig. 5; note that oocytes
became substantially larger in treat-
ment T4.2 and also became more
uniform in size as is characteristic
of sexually mature Nereidae (Olive &
Garwood 1981).
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Fig. 4. Nereis (Neanthes) virens. Expt 3: Relationship between
the mean oocyte diameter and number of ‘short’ LD 8:16 pho-
toperiodic cycles experienced over a period of 139 d (January
to March) in the sequence of treatments (see Fig. 2), Pearson
correlation coefficient r = 0.932, p < 0.001. The mean repre-
sents the mean mean oocyte diameter, the vertical bars repre-
sent the standard deviation and n represents the number of
anumals sampled

Expt 5: Modification of oocyte growth by endogenous
factors related to age, condition and calendar time

A number of experiments were conducted which re-
examined the responses to static photoperiods and
environmental temperature at different times of the
year. A substantial number of experiments were car-
ried out and only the most pertinent results will be pre-
sented here in summary form.

Expt 5a: Rationale. This treatment was designed to
detect the possible influence of an exposure to LD 16:8
after earlier exposure to LD 8:16. The animals were
selected in November at an age of 11 mo from a stock
fertilised in advance of the natural breeding season in
the previous year. Initial biopsies revealed that at the
start of the experiment the animals either contained no
free coelomic gametocytes or, if oocytes were present,
none were larger than 100 pm in diameter. The exper-
iment was carried out at 12 + 1°C which, from the evi-
dence of previous experiments, maximises the rate of
oocyte development under LD 8:16 conditions. One
group of the selected animals was maintained under
LD 8:16 throughout whereas the second was subject to
2 pulses of long days LD 16:8.

Observations. The oocyte frequency distributions
were initially unimodal with a modal diameter of
55 ym. The experimental animals included some that
initially did not have coelomic oocytes, and in these,
coelomic oocytes developed during the early part of
the experiment, consequently by January the pooled
oocyte frequencies were bimodal. By April the oocyte
frequencies were again unimodal (modal diameter
190 pum) and were sufficiently mature to produce
viable offspring. Oocyte maturation was neither de-
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layed nor accelerated by the pulses of LD 16:8. The
rate of oogenesis was particularly rapid, which reflects
the lower temperature at which the experiment was
carried out (see also Expt 3).

Expt 5b: Rationale. The animals in this experiment
treatment were maintained under LD 16:8 beyond the
autumn equinox and were subsequently transferred
to LD 8:16 during November, January and February
while control animals were kept continuously under
LD 16:8.

Observations. The animals transferred to LD 8:16 all
responded to the transition and exhibited more rapid
oocyte growth; the majority showed the characteristic
cytological features of sexual maturity by April when
they had achieved a mean diameter greater than
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Fig. 5. Nereis (Neanthes) virens. Expt 4: Pooled oocyte fre-

quency distributions from females in treatment groups T4.1

and T4.2 in March, May and July 1996. The data illustrate the

synergism between falling environmental temperature and

the photoperiodic response following transfer to LD 8:16. Ani-

mals in group T4.1 were subject to a decliming temperature
regime and in group T4.2 to constant 17 + 1°C
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160 pm. In contrast the oocytes of animals kept under
constant LD 16:8 developed more slowly. The relative
frequency of animals categorised by the mean oocyte
diameter is presented in Table 5.

In some of the animals under LD 16:8 (marked * in
Table 5) the oocytes initially continued to develop and
by April their mean diameter was greater than 160 pm.
The oocytes in these animals however became increas-
ingly abnormal and additional small immature oocytes
began to appear in the coelom. Eventually the larger
oocytes regressed (oosorption), the newly proliferated
oocytes in effect replacing them. Such animals ap-
peared to have recycled the germ cells (see below for
discussion of this in relation to the obligate semelparity
of the group).

Expt 5c: Rationale. The experiment was initiated in
February with animals that were 12 mo old. The objec-
tive was to investigate the effects of transient exposure
to long days during the late winter/spring period. Two
groups of animals were transferred to LD 16:8 from
7 February 1996 to 20 March 1996 and to 17 April 1996
prior to return to LD 8:16.

Observations. This experimental treatment was the
only one of the many carried out where there was no
obvious effect of static photoperiod. There were only
very minor differences in oocyte growth rate be-
tween the individual treatments; in effect the control
group held under constant LD 8:16 did not show the
rapid oocyte growth that had previously been ob-
served following similar experimental treatments,
This is illustrated in Fig. 6 which shows the cumula-
tive oocyte frequency curves for this experiment
in comparison with data from Expt 4. Animals in
Expt 5¢ appear not to have been physiologically
competent to respond to the external (environmental)
signal as was the case in Expt 4 (see further discus-
sion below).
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Fig. 6. Nereis {Neanthes) virens. Expts 4 & 5c: Pooled cumu-
lative oocyte frequency distributions for animals in Expts 4
& 5c. Note that the oocytes of the animals in group T4-1
which were exposed to both lower temperature and LD
8:16 were substantially larger at the time of sampling than
those from animals experiencing the LD 8:16 treatment
without simultaneous reduction in temperature (Expt 5c
& T4-2)

Expt 6: Effects of decerebration (hormone deprivation)
on oocyte growth in comparison with the synergistic
effects of photoperiod and temperature

Rationale. Decerebration of Nereidae (at the appro-
priate stage of gametogenesis) can result in acceler-
ated oocyte growth. This is thought to be because the
supra-oesophageal ganglion is the source of a matu-
ration inhibiting hormone (see Olive 1997 for review).
In this experiment oocyte growth rates under differ-
ent environmental conditions were compared with
the accelerated ococyte growth induced by supra-
oesophageal ganglion extirpation.

Observations.

The pooled mean

Table 5. Nereis (Neanthes) virens. Expt 5b: Frequency of animals in the defined
oocyte diameter size ranges in the 4 experimental treatments. For the purposes
of statistical comparison using the G-test approach the animals in the 3 treat-
ment groups transferred to LD 8:16 have been combined. As at 22 April 1996

G = 10.62 x* MU 2 = 599 There is a significant degree of heterogeneity. As
at 20 May 1996 G =75.1 ¢ ™" 11 = 10.83. There is a highly significant degree
of heterogeneity between treatments

—
LD 8:16 from LD 8:16 from LD 8:16 from Continuous
26 Nov 1995 11 Jan 1996 19 Feb 1996 LD 16:8
Mean oocyte diameter at 22 Apr 1996
<120 um 0 1 0 1
120< x< 160 pm 1 0 1
>160 pm 6 5 12 4-
Mean oocyte diameter at 20 May 1996
<160 um 1 1 1 8
>160 ym 2 3 9 0

oocyte diameter for the 4 experimental
groups 16 1 to 4 are shown in Fig. 7
Oocyte growth was most rapid in the
decerebrate group and these animals
became sexually mature and had died
by September, only 4 mo after ganglion
ablation. Animals experiencing LD
8:16 coupled with low temperature
underwent the next most rapid gameto-
cyte growth (cf. Expt 4, Fig. 5) and they
were becoming mature (as evidenced
by the cytological characteristics and
uniform size of the oocytes) during
September. The slowest rate of game-
togenic development occurred in those
animals kept in the photoperiod LD
16:8 and at 17 = 1°C. Nevertheless
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Fig. 7. Nereis (Neanthes) virens. Expt 6: Mean oocyte dia-
meter (um) in the 4 experimental groups: T6.1—LD 8:16, cool
seawater (9°C); T6.2—LD 8:16, warm sea water (17°C);
T6.3—LD 16:8, warm sea water; T6.4—decerebrated and LD
8:16, cool sea water (9°C). The decerebrated group was the
only one sampled in July because it was making far greater
progress than the other groups. These animals had become
mature and died by the time of the September sample. The
vertical bars show the standard error to permit easy com-
parison of the means

even among these animals oocyte growth was not zero
(see also Expts 2 & 3).

Expt 7: Efiects of age on the response to photoperiod
and temperature

Rationale. This experiment was essentially a mimic of
earlier treatments but was carried out using more juve-
nile worms. At the onset of the experiment (November
1996) they were only 7 mo old (cf. 11 mo as in Expt 3)
having developed from fertilisations carried out in May
1996. A relatively large number of animals was deployed
in replicated sets of 35 juvenile animals
exposed to each of the 3 photoperiod
regimes at 2 constant temperatures.
Since the animals did not have coelomic
germ cells at the start of the experiment,
some animals developed as males and
others as females.

Mar Ecol Prog Ser 172: 169-183, 1998

The significance of this result lies in the absence of
response to environmental factors known to stimulate
oocyte development. We presume that the animals
were below some necessary threshold of developmen-
tal competence that must be reached if a response to
the environmental signals that normally initiate rapid
oocyte growth is to be made.

DISCUSSION
Photoperiodism and the onset of rapid oocyte growth

Our results clearly establish that the external light
dark cycle provides information that is involved in the
regulation of oocyte growth rate in Nereis (Neanthes)
virens. One of the characteristic features of photoperi-
odic responses of terrestrial organisms is the photo-
periodic response curve (Saunders 1977) and we have
constructed a preliminary response curve for N. virens
by measuring the oocyte growth rate response to a
series of static LD cycles with T = 24. The critical pho-
toperiod appears to be associated with a T = 24 LD
cycle between LD 12:12 and 13:11.

In the natural environment this transition occurs
around the autumn equinox and will cause a change
from a physiological state in which somatic growth and
associated activities predominate (Olive & Last un-
publ.) to one in which more rapid oocyte growth takes
place. A marked increase in oocyte growth rate in Sep-
tember was first noted by Brafield & Chapman (1967)
working in the Thames estuary (UK) and has been ob-
served in the Netherlands (Fischer & Hoeger 1993), on
the northeast seaboard of the USA (Creaser & Clifford
1982) and in the St. Lawrence estuary (Desrosiers et al.
1994). It seems reasonable to conclude that the photo-
periodism revealed in our experiments with a cultured

Table 6. Nereis (Neanthes) virens. Expt 7: Frequency of juvenile (no coelomic
gametes) male and female animals and mean oocyte diameter (im) in the fe-
male animals in replicate sets of animals maintained from the age of 7 mo under
3 different LD cycles from November 1996: T7.1, 6 wk exposure to LD 16:8;
T7.2, 9 wk exposure to LD 16:8; and T7.3, direct transfer to LD 8.16. The results
obtained on examination of each set of animals in the treatments dunng April

1997 are shown in the 2 rows of data for each treatment

Observations. None of the animals

proceeded through the rapid phase
of oogenesis (nor became sexually
mature males) during the course of
the experimental treatments although
individuals with small coelomic game-
tocytes began to appear from January
onwards. The state of maturity of the
surviving animals in all experimental
groups on 20 April 1997 is summarised
in Table 6.

6 wk

9 wk

constant

T7.1, LD 16:8, 5
T7.2,LD 168, 7

T7.3,LD 8:16, 6

Temperature 17 + 1°C Temperature 10 + 1°C
Juv. Mele Female MNean Juv. Male Female Mean
diameter diameter
0 6 62 7 4 4 86
6 2 7 60 11 8 4 69
1 6 64 6 1 0 -
12 0 6 60
2 9 76 13 3 4 82
9 4 7 62
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population is also operating as a component of the sea-
sonal timing of natural populations.

Responses to the external photoperiod have been
reported in a substantial variety of marine inverte-
brates (see Chu & Levin 1989), being implicated in the
control of seasonal reproduction in several classes of
Crustacea—amphipods, copepods, decapods (Waddy
& Aiken 1992), 2 classes of Echinoidea—asteroids and
echinoids—and Tunicata (Bingham 1997), but has not
been as fully investigated as it has in terrestrial organ-
isms. A number of studies, such as those summarised
by Waddy & Aiken (1992), emphasise the importance
of interactions between photoperiodic effects and
other environmental factors which also influence
gametogenic processes (notably temperature) and
which modify the responses made to changes in photo-
period. Understanding of these interactions is neces-
sary to properly interpret the importance of photoperi-
odism in marine animals.

A critical photoperiod has only previously been
established for 1 other polychaete, the iteroparous
scale worm Harmothoe imbricata where 2 separate
photoperiodic mechanisms are involved, each with its
own characteristic critical daylength. A transition to
long photophase days in the spring stimulates rapid
oocyte growth (Garwood & Olive 1982, Clark 1988),
the critical daylength being between LD 10:14 and
11:13. A second photoperiodic effect stabilises oogenic
growth; oosorption will occur in female H. imbricata
during the winter unless they experience 42 d in which
the photophase in a 24 h LD cycle is less than 13 h
(Clark 1988). The response to static fixed LD cycles
was the same as to progressively changing LD cycles
(Olive 1985), and time is measured from the critical
point in a changing sequence of daylengths. Elements
of circannual rhythmicity can also be detected in the
gametogenic cycle of H. imbricata and a hierarchical
sequence of events has been revealed in the control of
the overall reproductive cycle (Olive et al. 1990).

Other studies of photoperiodic effects in marine in-
vertebrates have been based on the interpretation of
the responses of organisms to progressively changing
photoperiodic regimes with a phase change (often
6 mo) in relation to the subjective solar year. The results
of such experiments may be difficult to interpret with-
out knowledge of the critical daylength. The charac-
teristic sine wave form of the changing solar daylength
is in effect transformed to a rectilinear form by photo-
periodic responses with a critical daylength. For Har-
mothoe imbricata the transformed photoperiodic year is
asymmetrical with critical transitions occurring early in
February and in late August but for Nereis (Neanthes)
virens the transformed photoperiodic cycle will be ap-
proximately symmetrical with important transitions oc-
curring at the autumn and spring equinox periods.

Fong & Pearse (1992a, b} have shown an influence of
photoperiod on the time of breeding in Neanthes
limnicola (Johnston), a viviparous and a self-fertilising
hermaphrodite (Smith 1950) that is, like other Nerei-
dae, semelparous. Reproduction is annually modular,
with parturition occurring in 1 yr old animals in the late
spring/summer period. Seasonally changing photope-
riod has an effect on the time of parturition and in
effect controls the lifespan which may be 6 to 8 or 12 to
14 mo according to the time of birth and the photo-
periodic regime under which the animals are reared
from birth. Animals born in the fall {autumn) after
photoperiodic manipulation and subsequently reared
under ambient conditions reproduce in the ambient
spring. Those born at the same time, but reared under
‘out-of-phase’ photoperiods {i.e. long days), require
some 12 to 14 mo to reach maturity and they become
mature during the following fall (autumn).

If Neanthes limnicola, like Nereis (Neanthes) virens,
has a critical response to daylength at about LD 12:12,
exposure to photoperiods in which the photophase is
greater than the critical value (or scotophase shorter
than the critical) will inhibit oocyte growth and this
must increase the lifespan of these semelparous organ-
isms. Cassai (unpubl. data), working in our laborato-
ries, has shown that oocyte growth rate in Perinereis
rullieri is significantly greater under long photophase
(LD 16:8) than under short photophase (LD 8:16) condi-
tions while Fong (1991) found no discernible effect of
photoperiod on oocyte growth rate in Nereis succinea.

Evidence for continuous consultation of the
external photoperiod

During the course of the experiments, we exposed
Nereis (Neanthes) virens to different photoperiodic
regimes at various times of the year and in nearly all
cases detected a clear response. This was especially
clear in Expt 3 where the overall rate of oocyte
growth over an extended period of time was strongly
influenced by the number of days in which the photo-
phase in the 24 h LD cycle was greater or less than
the critical value. This result implies that the animals
respond to the photoperiod on a daily basis and that
the changing photoperiod does not operate an irre-
versible trigger between one physiological state and
another.

Moderation of the photoperiodic response—effects
of temperature and calendar time

Long term biological rhythms with properties similar
to the circadian system have been implicated in the life
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cycles of a variety of organisms. Saunders (1977, 1978)
pointed out the significance of the observations of
Blake (1959) on the long term clock-like control of
eclosion in some insects and this model has been used
as a basis for understanding long term biological
rhythmicity in the eclosion-like ‘epitoky’ of Nereidae.

In the first clear demonstration of circa-lunar rhyth-
micity, Hauenschild (1955,1960) showed that the free
running period of the overt cycle of sexual maturation
of Platynereis dumerilii differed from that of the exoge-
nous lunar cycle and that the biological cycle could be
entrained to a lunar periodicity (29.5 d) by exposure to
periods of 'light at night’ which was thus acting as a
zeitgeber to the endogenous cycle. Olive & Garwood
(1983) suggested that the annual pattern of reproduc-
tion in Nereis (Hediste) diversicolor may be controlled
in an analogous way. Oocyte growth rate in that spe-
cies is temperature compensated in the range 5 to 20°C
and an overt cycle of reproduction at the population
level is expressed in populations maintained for 2 or
more years under constant temperature and daylength
(Olive 1981, Olive & Garwood 1983). More recently
Fong & Pearse (1992a) have suggested that the sea-
sonal cycle of Neanthes limnicola could also be an
expression of a circa-annual rhythm of reproduction
reset by the external photoperiod. The concept has
developed therefore that cyclic reproduction in Nerei-
dae is the expression of a gated rhythmic process in
which reproduction occurs as a ‘once-only’ event com-
parable with the circadian rhythm of eclosion in
dipteran insects (see Olive 1984 for discussion). This
hypothesis is not incompatible with the operation of
the continuously consulted photoperiodic input we
have described for Nereis (Neanthes) virens but the
relative importance of the 2 components may be dif-
ferent between species. In N. virens the expression of
any free running circannual rhythm could only be ob-
served in the absence of clear photoperiodic and/or
temperature inputs.

During the subjective autumn and winter Nereis
(Neanthes) virens make a clear oocyte growth re-
sponse to the transfer to 'short’ days provided that they
have reached some necessary state of development or
physiological condition. The response is expressed
even if they are at a temperature of 17°C which is well
above the seasonal normal. Sometimes however (as in
Expt 4) exposure to LD 8:16 only induces rapid oocyte
growth if the animals also experience a reduction in
temperature. In the NE UK surface waters, maximum
seawater temperatures occur only shortly before the
autumn equinox and there is then a progressive reduc-
tion in temperature. The phase delay between the
photoperiodic cycle and the annual temperature cycle
also increases with depth. Consequently in the natural
environment the autumn equinox is associated with

relatively warm water but the temperature subse-
quently declines. The experimental observations sug-
gest that there is a synergism between the effects of
the photoperiodic transition and exposure to lower
temperature and sometimes both environmental inputs
are necessary to induce rapid oocyte growth outside
those seasons when oocyte growth would normally
occur.

A similar synergism between photoperiodic inputs
and environmental temperature was observed for the
hesionid Kefersteinia cirrata (Olive & Pillai 1983) and
has been particularly well studied in the American
lobster Homarus americanus where studies of the
environmental control of seasonal reproduction carried
out with the view to permit effective broodstock man-
agement revealed a complex interaction between
photoperiodic inputs and the temperature cycle (Aiken
& Waddy 1989). At low temperatures the maturation
system is regulated by temperature but at elevated
temperatures the photoperiodic effect becomes more
dominant. Furthermore the responses to artificial
changes in environmental conditions (photoperiod
and/or temperature) of H. americanus are, like those
we have described in Nereis (Neanthes) virens, modi-
fied by real calendar time (Waddy & Aiken 1992).
Although the reproductive cycles and life histories of
these animals are very different, it has in both cases
been possible to devise systems of manipulation to
induce spawning and sexual maturation throughout
the year (see 'Acknowledgements’).

Endocrine transduction of the environmental signals

In Nereidae, oogenesis is inhibited by secretion(s)
of the supra-oesophageal ganglion and the level of
inhibition is progressively reduced during sexual
maturation by a reduction in the titer of circulating
hormone(s) (for reviews of the earlier literature see
Fischer 1984, Dhainaut 1984, Fischer & Rabien 1986,
Olive 1997); transduction of the environmental signal
may therefore involve changes in endocrine activity.
Production and/or release of the inhibitory cerebral
hormone is inhibited in maturing females (Porchet &
Cardon 1976, Porchet et al. 1979, 1989) and the whole
system is in effect a ‘positive feedback’ system in
which developing oocytes come to suppress the pro-
duction of the hormone(s) that inhibit their further de-
velopment. This culminates in a normally irreversible
transition to the fully mature state. This system, though
certainly not fully understood, does have properties
which seem particularly well adapted to the semel-
parous mode of reproduction that characterises this
family (Golding & Olive 1978, Golding 1985, 1987,
Golding & Yuwono 1994). Exposure to LD 8:16 and
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lower temperature have the same effect as hormonal
deprivation by decerebration (Expt 6) and it seems rea-
sonable to suppose that the effects of environmental
manipulation are to reduce the levels of production of
hormones by the endocrine system.

A substantial component of the oocyte yolk protein
is synthesised by a class of coelomic cells—the éléo-
cytes—which cluster around the developing oocytes
(Fischer 1979, Fischer & Dhainaut 1985, Fischer &
Rablen 1986, Baert & Slomianny 1987) and transfer
yolk precursor molecules to the developing oocytes
(Fischer & Hoeger 1993). There is therefore a secre-
tion-transport-uptake system involved in the accu-
mulation of yolk proteins by the oocytes of Nereidae
and the photoperiodic oocyte growth respond must be
mediated via this system. The evidence discussed by
Fischer & Hoeger (1993) suggests that there is a slow,
receptor mediated, uptake mechanism in which mea-
sured titers of vitellogenin in the coelomic fluid are
normally more than sufficient to saturate the vitel-
logenin receptor protein (Fischer et al. 1991) so that
it is likely that one of the target cells involved in the
signal transduction is the oocyte itself.

Seasonality and the semelparous life cycle

In the majority of marine animals seasonal reproduc-
tion is exhibited as a component of an iteroparous life
cycle but in some groups, notably all members of the
polychaete family Nereidae (Annelida) and all higher
Cephalopoda (Mollusca), the pattern of reproduction
is strictly semelparous yet reproduction may also be
strongly seasonal. The regulation of these life cycles
poses particular problems when the average life span
is greater than 1 yr because the seasonal reproductive
event occurs in only a part of the population. Nereidae
are mostly not short lived species, as is generally
supposed to be the case for semelparous organisms
(Pianka 1970, Roff 1992, Stearns 1992). Nereis (Nean-
thes) virens is indeed one of the largest and potentially
longest lived of the marine annelids (Olive et al. 1998)
and, as in most Nereidae, the generation time is
greater than the phase length of the breeding cycle.
Therefore the proportion of sexually mature worms
in the population at the time of breeding will be less
than unity as observed in natural populations of N.
virens (Snow & Marsden 1974, Creaser et al. 1983,
Olive 1993). The mean generation time 1is itself a
response to environmental factors and in N. virens is
decreased under intensive culture. High growth rate
reduces both the generation time and the mean size at
maturity, consequently there is an inverse relationship
between growth rate and size at maturity (Olive et
al. 1986, 1998).

Environmental factors therefore have 2 separate
roles in the control of seasonal reproduction in Nerei-
dae: (1) regulation of the physiological state leading to
the onset of sexual maturation and (2) requlation of the
time at which sexual maturation begins and ends. In
this study, we have concentrated on the factors which
control the time of onset of sexual maturation but have
also provided evidence of the factors that modify this
process. We have used populations of cultured animals
but believe that the same mechanisms operate in nat-
ural conditions.

A model of the semelparous life cycle of Nereidae is
now emerging. During the pre-maturation phase of the
life cycle which, in a long lived species such as Nereis
(Neanthes) virens, will be several years, the animals
will be exposed to oscillations in conditions which
suppress or encourage gametogenesis. Initially the
responses to this oscillation will be covert and will not
culminate in marked changes in the state of sexual
maturity. Eventually the animals will become repro-
ductively competent and females will undergo rapid
oogenesis while experiencing short (i.e. photophase
<12 h) LD cycles and low temperature. The return of
long photophase conditions and warm temperature
before completion of gametogenic development will
tend to arrest this process unless the animals have
reached a sufficient stage of sexual development that
internal factors (such as the negative feedback from
the coelomocytes) have permanently suppressed cere-
bral hormone activity. In this way a strong element of
seasonal synchrony is imposed on the overt expression
of sexual maturity at the population level.

Under the non-constrained conditions of commercial
culture most individuals have become competent to
complete the life cycle and become sexually mature
within 1 yr but seasonality will still be imposed by
natural photoperiodic LD cycles. In natural populations
where the life cycle is longer (Olive et al. 1998) it is
possible that the animals proceed through a series of
photoperiod induced changes in metabolic activity but
that the overt oocyte growth rate response to short
photoperiods is suppressed until the animals become
competent to complete gametogenesis. Thus a covert
annual cycle of physiological activity may underlie the
once per lifetime transition to sexual maturity.
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