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Abstract: Eupolymnia nebulosa (Montagu) is a widely distributed terebellid polychaete. It

builds its tubes in the coastal shelf, always in areas with mixed soft and hard bottoms. From a
long-term survey carried out in the Bay of Banyuls, France (NW Mediterranean), the
coincidence of an advancement of the spawning period with a delay of the thermocline
breakdown has been pointed out. We postulate that a persistent high temperature could act on
gamete development by stimulating oocyte growth, subsequently causing the advancement of
cocoon release. During 1992 and 1993, we have used a between-individuals experimental
approach based on: (1) the use of oocyte “net” growth; (2) the identification of differences in
oocyte growth rate among females; (3) the determination of non significantly different pairs
of “net” oocyte size distributions at the beginning of the experiment to compare them at the
end. The effect of temperature on oocyte growth was not detected at a population level.
However, a positive individual response to the maintenance of a high temperature has been
demonstrated. Thus, the lack of a significant response by the population does not imply the
absence of any response by individuals. We also propose a model of oocyte growth dynamics
interacting with temperature. The model is based on our experimental results, but also on the
following previous observations: (1) the occupation by oogenesis and oocyte growth of
periods of both rising and declining temperature; and (2) the dispersed appearance of oocyte

size distributions at the onset of the spawning period.



Introduction

Life cycles are the product of a series of long-term, continuing interactions between
environmental and biological processes (Olive 1980; see Bentley and Pacey 1992 for a
review). The source of year to year variability in recruitment and reproductive cycles appears
to be a consequence of the interplay between two categories of determinism which can be
related to two different approaches (Bhaud et al. 1995): (1) Evolutionary biology, which
addresses ultimate causes such as the specific adjustment of biological events superimposed
on the climatic calendar. (2) Functional biology, which addresses proximate causes and deals
with a physiological function on a short term scale - such as oocyte growth linked with
temperature - and which lead to disturbances in the preceding adjustment.

Many invertebrates show marked annual reproductive periodicity which is an
evolutionary stable response maintained by short term responses to environmental variables.
When the observed patterns are correlated with the considered variables (including
temperature), a cause effect relationship is usually identified, in spite of the fact that
correlation does not necessarily imply causation (Boero et al. 1996). Moreover, such an
observed correlation does not on its own establish what are the physiologically important
factors maintaining the observed cycle (Olive 1980, 1992). Thus, in addition to an
endogenous regulation, there must also be an input/transduction process allowing the
organisms to respond to exogenous information (Barnes 1975; Olive et al. 1990). However,
the mechanisms involved are usually poorly understood (the black box organism in Giese
1959).

The effects of temperature on invertebrates have been extensively studied (Precth et al.
1973). However, there is, to some extent, a lack of experimental demonstration of the effects
of environmental changes on a physiological process like gamete growth (but see Pearse
1990's paper for an experimental approach to the effects of photoperiod). From a long-term

survey on the life cycle of Eupolymnia nebulosa (Montagu) - a tube building terebellid

polychaete - carried out in the French Catalan coasts (Bay of Banyuls, North Western
Mediterranean Sea), certain relationships between changes in the annual pattern of
temperature and the development of the reproductive cycle have been identified. For instance,
the coincidence of an advancement of the spawning period with a delay of the thermocline
breakdown has been pointed out (Bhaud et al. 1994). This phenomenon may be of importance

for E. nebulosa population dynamics because of the switch from planktonic to benthic larvae



in relation to the increase of temperature during the spawning period (Duchéne and Nozais
1992).

Eupolymnia nebulosa builds its tubes in the coastal shelf, always in areas with mixed

soft and hard bottoms. In the Bay of Banyuls, field populations of E. nebulosa commence
oocyte growth during autumn (Fig. 1), when the temperature declines but the thermocline is
still maintained (Bhaud and Grémare 1991). The species has a very complicated reproductive
cycle which is clearly reflected by the spawning features: (1) oogenesis extending up to, and
probably through, the spawning period; (2) spawning period extending from March to May;
(3) up to 5 highly synchronized peaks of egg-mass production at a population level ; and (4)
from 1 to 4 egg-masses per female and spawning period (personal observations; Bhaud and
Grémare 1991; Grémare 1988; Duchéne and Nozais 1992). The early production of egg-
masses has been associated with(to) the release of planktonic larvae (Duchéne and Nozais
1992). This implied: (1) an increase of the effects of dispersion-related processes (i.e.,
colonization of new substrata, genetic exchange); and (2) a negative effect on the subsequent
success of larval benthic recruitment to a substratum suitable for adult populations (which is
located in a narrow belt extending from 1 to 10 m depth in the studied area). On the other
hand, egg-masses produced latter during the spawning period give rise to large, benthic larvae
which immediately settle in(to) the original habitat.

In this study, we have adopted a between-individuals experimental approach to test the
hypothesis that a persistent high temperature could act on gamete development of

Eupolymnia nebulosa by stimulating oocyte growth, subsequently increasing the number of

oocytes ready to be released at the beginning of the spawning period. Furthermore, we
propose a model of oocyte growth dynamics interacting with temperature, and we discuss

some aspects related to the spawning mechanism in E. nebulosa.

Material and methods

We performed two sets of experiments in 1992 and 1993, respectively. They began on
the 15th October (i.e., slightly before the thermocline breakdown, Fig. 1) and ended 41 (1992)
and 50 (1993) days later. Each experiment consisted of two treatments (12 tanks per

treatment; one female of Eupolymnia nebulosa per tank) which were carried out under the

same rearing conditions except for temperature. (1) High, constant temperature treatment



(HT) was a simulation of a delay in the thermocline breakdown. Water temperature was
artificially maintained at 20+1°C by means of a thermostat before distribution into the tanks.
(2) Environmental temperature treatment (ET) followed directly the environmental decrease
of temperature (17-14.5°C in 1992, 17-14.7°C in 1993). All remaining environmental
variables (viz. photoperiod, water renewal) were not controlled during the experiments, but
their homogeneity was considered during the experimental design, and checked prior the
onset of the experiments.

The adult, mature females of Eupolymnia nebulosa were collected by diving at 5 to 10

m depth on the sea shore of the Bay of Banyuls, just before starting the experiments. During
the course of the experiments, females were maintained in open system tanks with filtered,

running seawater (mean flow, 3.23 + 0.48 ml/s; tank volume, 2 I). Each tank was supplied

once a week with 5 mg of TETRA® food (4.59 cal/mg of caloric equivalent) mixed with sea
water. Only females looking healthy at the end of the experiments were used for subsequent
computations (26 from a total of 48, 12 from ET and 14 of HT conditions).

Before oocyte measurements, females were gently anaesthetized with MS-222.
Representatives of all categories of coelomic oocytes were obtained from a small portion of
female's posterior end (separated from the rest of the body by provoking autotomization). In
this way, females were not excessively disturbed, allowing us to obtain comparable measures
from the same individuals both at the beginning and at the end of the experiments. We
estimated the equivalent spherical diameters (ESD) of a minimum of 300 oocytes of each
female to figure oocyte size following Martin et al. (1996).

The ESD were first used to draw the oocyte size distributions (size class intervals of 20
pum) of each studied female (i.e., “total” oocyte size distributions). Then, we estimated a data
set, which will be referred to as “total” data (viz., mean oocyte size, coefficient of variation,
oocyte growth rate, decrease of oocyte size distribution pattern). Oocyte growth rate (GR) and
the decrease of oocyte size distribution pattern (ASD) (i.e., changes in dispersion of size class
distribution), were calculated as follows:

MSg - MSp
GR= ————— ——— and ASD = CVpg - CVg

where MS is the mean oocyte size and CV is the coefficient of variation, respectively at

the beginning (B) and the end (E); d is the duration of the experiments in days.



During the course of the experiments, only a fraction of the initial oocyte population
effectively grew. This fraction was thus estimated to draw the “net” oocyte size distribution of
each studied female (size class intervals of 20 ym). We extract “net” oocyte size distributions
from the respective “total” distributions by obtaining:

fi- fi'and fi' - fi

where fi and fi' were the frequencies in the ith size-class of the “total” oocyte size
distributions at the beginning and at the end, respectively. The absolute values of (fi - fi') and
(fi' - fi) represent the “net” frequencies in the ith size-class of “net” oocyte size distributions
at the beginning and at the end, respectively. The associated “net” parameters (viz. mean
oocyte size, coefficient of variation, oocyte growth rate) were therefore calculated.

The effect of year of experiment (1992 vs. 1993) on all studied parameters was tested
by one-way analysis of variance (ANOVA). Since there were no significant effects (Table 1),
both experiments were considered together for further computations.

To demonstrate the effect of temperature on oocyte growth, we developed a two-phases
analytical procedure consisting of an initial approach to the population level, followed by an
approach to the individual level. At a population level, we tested: (1) the differences in mean
oocyte size and coefficient of variation between time (beginning vs. end) and temperature
conditions (HT vs. ET) by two-way ANOVA and Tukey HSD multiple comparisons test
(Underwood 1981); (2) the effect of temperature conditions (HT vs. ET) on oocyte growth
rate and the decrease in oocyte size distribution pattern by one-way ANOVA; (3) the
differences between the regressions of oocyte growth rates rate and the decrease in oocyte
size distribution pattern vs. initial mean oocyte size at HT and ET by analysis of covariance
(ANCOVA). Then, we addressed our analytical methods to the finding of ET and HT females
with comparable “net” oocyte size distributions. At the individual level, we thus tested the
similarity of “net” oocyte size distributions from all HT and ET females by Pearson
correlation analysis (Zar 1984), looking for non significantly different females at the
beginning that significantly differed at the end. Finally, the significance of the differences in
“net” oocyte growth rates from the chosen HT and ET females was tested by Wilcoxon signed
rank test (Siegel and Castellan 1988).

We performed the statistical analyses by means of the SYSTAT software (version 5.2.1,
copyright © SYSTAT Inc. 1990-92). All data were log-transformed, and the required

assumptions for parametric tests proved prior the statistical analyses.



Results

Population level: “Total” oocyte growth

The initial oocyte size distributions showed a high variability between individuals. We found
both dispersed distributions including relatively large oocytes and distributions with very
narrow patterns including mainly small gametes. The final oocyte size distributions, however,
showed all narrow patterns.

The average values of the “total” data at the different times and temperature conditions
are summarised in Table 2. “Total” mean oocyte size was significantly higher at the end (F-
ratio = 19.15; p < 0.001) but did not differ significantly between temperature conditions.
“Total” coefficient of variation showed a significant effect of time (F-ratio = 94.65, p <
0.001) but also showed a significant combined effect of time vs. temperature conditions (F-
ratio = 4.28, p = 0.043). Based on the ANOVA model (MSE = 0.115, DF = 43), the Tukey
test revealed that: (1) size distributions were significantly less dispersed at the end (p =
0.002), independently of temperature conditions; (2) size distributions of females reared under
ET conditions are less dispersed than those of females reared under HT conditions (p < 0.01).
“Total” oocyte growth rate and the “total” decrease of oocyte size distribution pattern did not
differ significantly between temperature conditions.

“Total” growth rates (TGR) and the respective “total” mean sizes at the beginning
(TMSg) were significantly correlated at both temperature conditions. However, neither the
slopes nor the interceptions of the obtained regression lines differ significantly. Therefore, the
relationship was described by a single equation combining both ET and HT data:

TGR =2.639-0.015 TMSg, r=0.915,p <0.001

Conversely, the relationship between the “total” decrease of oocyte size distribution
pattern (ASD) and the respective “total” mean oocyte sizes at the beginning was only
significant at ET (Fig. 2A):

ASDgt =51.768 - 0.279 TMSg, r=0.665,p =0.018

Population level: “Net” oocyte growth



Since “net” data actually included the oocytes that grew during the experimental period (see
Fig. 4 for examples), all analyses were repeated on the “net” data set. The average values of
the “net” data at the different times and temperature conditions are summarised in Table 2.

Only time (beginning vs. end) showed significant differences, either analyzing “net”
mean oocyte size (F-ratio = 55.57; p < 0.001) or “net” coefficient of variation (F-ratio =
95.09; p < 0.001), these differences being comparatively more marked than those found using
“total” data (Table 2). As with “total” data, “net” oocyte growth rate (NGR) did not differ
significantly between temperature conditions, whereas a highly significant correlation
between this parameter and the respective “net” mean oocyte sizes at the beginning (NMSg)
was found for both temperature conditions. Furthermore, neither the slopes nor the
intersections of the obtained regression lines differ significantly. Therefore, the relationship
was described by a single equation combining both ET and HT data (Fig. 2B):

NGR =3.017-0.015 NMSg, r=0.848,p <0.001

Individual level: Comparisons between “net” oocyte size distributions

The significant relationships between initial “net” mean oocyte size and “net” oocyte growth
rates prevented us from carrying out direct comparisons between ET and HT females. There
were 168 possible combinations of initial “net” oocyte size distributions (i.e., 12 from ET vs.
14 from HT). Pearson correlation analysis pointed out that: (1) 81 of the possible initial
combinations were non significantly different (p < 0.05) (Fig. 3A); (2) 36 of the

2

corresponding combinations of final “net” oocyte size distributions were significantly
different (p > 0.05) (Fig. 3B). 72.2% of the selected 36 combinations showed HT growth rates
higher than those at ET, the average difference in oocyte growth rate favourable to HT
females being of 0.0045+0.0024 ym ESD/day. This pattern proved to be highly significant (z

=2.97,p=0.003).

Discussion and conclusions

Differences in overall oocyte growth rates may occur among females from a given population,

but also among the oocytes of a single female (Olive 1980). As oogenesis in Eupolymnia

nebulosa extends up to, and probably through, the spawning period, the oocytes can be



released into the coelom at different times. Furthermore, oocyte growth rates vary during the
course of the coelomic development, giving rise to effective differences among sizes. This
implies that, at any given moment, several oocytes have already reached the maximal size
having, from then on, low or even no growth. Therefore, we expected some categories of
oocytes to be equally represented both at the beginning and at the end of our experiment. This
zero-growth fraction will necessarily disturb growth estimates. Accordingly, we have tried to
avoid this difficulty using the “net” data (i.e., the growing oocyte fraction). However, our
results point out that, even though growing fractions actively contributed to the changes in
size-class distributions, the final appearance of the oocyte size distributions results from the
combination of “net” growth with the presence in the coelom of the large zero-growth
oocytes.

On the other hand, we have found different growth rates related to the mean oocyte size
of females at the beginning of the experiment, even when using “net” data. This fact
prevented us from indiscriminately comparing oocyte size distributions among all the studied
females. Furthermore, it means that the absence of overall significant differences between HT
and ET experimental conditions (i.e., at the population level) can be related to a masking
effect owing to the high inter-individual variability, linked to the respective differential
growth rates. Since growth rates depend on the oocyte size at the beginning of the experiment,
to compare distributions at the end necessarily required the finding of non different
(statistically) initial distributions.

Although oocytes grew under the two experimental temperature conditions, our
approach allows us to draw two main inferences. (1) An effect of temperature on oocyte
growth could not be detected at a population level, but (2) a positive response to the
maintenance of a high temperature can be demonstrated by comparing individuals. Rather
than to an external factor like temperature, the absence of differences in the effect of the
experimental conditions at a population level could be more likely related to: (1) a
relationship between differential growth rates and an endogenous factor(e.g., the beginning of
oogenesis linked to the shape of oocyte growth rate curves); (2) an unknown exogenous
variable (such as photoperiod). However, the lack of a significant response by the population
does not imply the absence of any response by individuals.

Two models of interaction between temperature and oocyte growth have been
considered in the literature, showing either positive or negative correlation (Olive 1980). In

the former case, the greatest degree of synchronization should be expected by the beginning



of the spawning period when oocyte growth started at times of rising temperature. In the
latter, a similar synchronization effect should occur when oocyte growth started at times of
declining temperature. However, in light of our results, such simple “rate effects” cannot

explain the decrease in size-class diversity observed in Eupolymnia nebulosa.

Synchronisation has been observed among females reared under ET conditions, whereas the
artificially imposed HT conditions seemed to disturb the normal progress of oocyte growth.
Although this response could be interpreted as an adaptation to the habitual environmental
conditions of the area, a significant increase of growth rates in individuals reared at HT
conditions has been identified. Two more points emerged that disturb the matching of our
results with the above theoretical model. (1) After the experimental period, oogenesis and
oocyte growth probably continues until May, thus also occurs at times of rising temperature.
(2) Oocyte size distributions at the onset of the spawning period are usually highly dispersed,
not only at the individual level (authors' unpublished observations), but also at the population
level (Bhaud and Grémare 1991).

From all these points, and assuming a sigmoid growth curve (Clark 1965; Bhaud and

Gruet 1984; Fischer 1984), we propose a model of Eupolymnia nebulosa oocyte growth

interacting with temperature (Fig. 4). The beginning of our experiment (time “a”) did not
quite coincide with that of gametogenesis. Thus, we would expect a large range of oocyte

[Pt

sizes to be found in the coelom. Before time “a”, oocytes grow quickly because, although it is
decreasing, the temperature is still high. After time “a”, some of these oocytes have already
reached their maximal sizes. This fact, together with the rapid decline of temperature, causes
this cohort to exhibit decreasing growth rates (possibly dawn to zero). The remaining oocytes,
successively produced before time “a”, are at different growth stages (their growth being,
actually, what we have defined as “net” growth). Therefore, the resulting size distributions at
time “a” show a dispersed appearance. The reduction in oocyte size distribution pattern at the
end of the experimental period (time “b”) results from the combination of: (1) the differential

growth rates of the first oocytes produced (wave “F”); and (2) the decrease or even the

temperature affects the initial stages of oogenesis. Soon after time “b”, temperature will rise
and production of new oocytes will start again (wave “M”). During the spawning period
(from times “c” to “d”), size distributions will show dispersed appearance as a result of: (1)
the different growth rates of the successively produced oocytes, and (2) the fact that some

large, mature oocytes ready to be spawned have not yet been spawned.
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This model lead us to an apparently contradictory finding. Both mean size and the
relative percentage of mature oocytes appear to be higher at the end of the experimental
period (time “b”) than at the beginning of the spawning period (time “c”) (Fig. 4). However,
the number of mature oocytes at time “c” should logically be higher than that found at time
“b” (i.e., simply due to the accumulation of successive production). This accumulation could
only be detected from the absolute number of coelomic oocytes while, as a consequence of
our method, we must use relative percentages. To estimate the number, females must be
sacrificed. Obviously, sacrificed individuals could not be followed through time, which was at
the basis of our experimental design.

Some of the last produced oocytes (wave “L”) may not grow fast enough to reach
maturity before time “d”. These oocytes will remain inside the coelom after the spawning
period, probably being used through metabolic ways (i.e., oosorption) as occurs after failure

to release eggs in Nephtys hombergii and Eulalia viridis (Olive et al. 1981). The presence of

large mature oocytes that are not released (before, during and after the spawning period),
supports the rejection of size as a triggering factor for spawning. The existence of a size-
dependent mechanism to select “ripe” eggs from an heterogeneous pool in the coelom has
been suggested for terebellid polychaetes, such as Amphitrite sp. (Scott 1911) and

Eupolymnia nebulosa (Bhaud and Grémare 1991; Martin et al. 1996). However, it would

appear that oocyte size does not control the onset of spawning since, if it did, there would be a
steady dribbling out of oocytes according to the proposed model. There must therefore be
further regulation during the last stages of the oocyte growth and maturation process. Three
possible sources of control may be distinguished: (1) cellular mechanisms designating mature
(i.e., spawnable) as opposed to immature (i.e., not spawnable) oocytes (see Bentley & Pacey
1992); (2) mechanical factors related with a limit to space available for the accumulation of
oocytes inside the coelom (Olive 1971, 1973); (3) environmental inputs (viz., temperature,
light, food).

Although temperature can cause an advancement of the reproductive period as a result
of individuals’ response, other environmental factors may well act as triggering cues for

Eupolymnia nebulosa spawning. (1) The lunar cycle (see Pearse 1990 for a review): a

coincidence of the highest spawning peak and the last quarter of the moon in April has been
repeatedly observed in the Bay of Banyuls (Bhaud and Grémare 1991). (2) The day length,
which could be the basis for matching this particular event into the calendar (Garwood and

Olive 1982 for Harmothoe imbricata; Olive 1980 for Nereis pelagica and Nereis diversicolor;




11

Olive and Pillai 1983 for Keffersteinia cirrata, Olive, personal communication for Nereis

virens). Our experimental period coincides with the decline of temperature but also with a
decreasing photoperiod. Although the experimental design allowed us to overcome this last
variable, further studies are needed to ascertain which of these two environmental signals
have a direct effect in initiating the processes.

As a result of major climatic changes such as global warming (Houghton 1991; Kerr
1991), considerable changes both in distribution patterns (Grainger 1992) and seasonal trends

(Olive et al. 1990) of some invertebrate species may be expected. Eupolymnia nebulosa

would not be an exception. The capability of this species to release more planktonic,
dispersive larvae depends on the placement of the spawning period on the calendar (Duchéne
and Nozais 1992). An increase of temperature affecting oocyte growth rates could cause an
advancement of spawning. As a consequence of such an advancement, the present course of
recruitment, colonization and genetic exchange processes would be disturbed thus, finally,

affecting the specific level.
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Fig. 1. Eupolymnia nebulosa. Placement of the experimental period on the reproductive cycle

of field populations in the Bay of Banyuls (modified from Bhaud and Grémare 1991). The
temperature pattern and an approximate location of the thermocline breakdown are also

indicated.



15

A

decrease
of ooc yte size
1

"Total""

0 | T T T T | T — |
0 20 40 60 30 100 120 140 160 1380 200
"Total" mean oocyte diameter (ESD in ym)

(1 m'd ay)

"Net'" growth rate

0 T T T T T T T T T |

0 20 40 60 80 100 120 140 160 180 200
"Net" mean oocyte diameter (ESD in yum)

oET =HT |

Fig. 2. Eupolymnia nebulosa. A: Relationship between ‘“total” oocyte mean sizes at the

beginning of the experiment and “total” decrease of oocyte size distribution pattern for ET
females. B: : Relationship between “net” oocyte mean sizes at the beginning of the
experiment and “net” growth rates for both ET and HT females. ET: environmental

decreasing temperature. HT: high constant temperature.
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Fig. 3. Eupolymnia nebulosa. Examples of non significantly different pairs of “net” oocyte

size distributions at the beginning of the experiment which resulted: (A) not significantly and

(B) significantly different at the end (based on Pearson correlation analysis).
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Fig. 4. Eupolymnia nebulosa. Proposal of a model of oocyte growth interacting with

temperature. Successive waves of oocyte production: (F) first; (M) an example at the middle;
(L) last. Experimental period: from “a” to “b”; Spawning: from “c” to “d”; Oosorption: from
“d” to “e”. Oocyte size distributions at times “a”, “b”, “c” and “d” are schematically
represented. COE: oocyte size at release to the coelom; SPW: oocyte size at spawning; MAX:

oocyte size limit.
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Table 1. Eupolymnia nebulosa. Summary of one-way analyses of variance for the effect of

year of experience on the studied parameters. SS: sum of squares; DF: degrees of freedom;

MS: mean squares; F-ratio: value of Fisher distribution; p: probability. N.S. means non

significant.
Parameters SS DF MS  F-ratio p
Mean oocyte size 009 1 009 1941 N.S.
Coefficient of variation 0017 1 0017 0.109 N.S.
Oocyte growth rate 0052 1 0052 0.212 NS

Oocyte size distribution pattern 1.120 1 1.120 1930 N.S.




19

Table 2. Eupolymnia nebulosa. Summary of average values describing oocyte growth during

the course of the experiment. Mean Size: mean oocyte size, expressed as equivalent spherical
diameter (ESD) length in pm; Coeff. Var.: coefficient of variance; Growth rate: oocyte
growth rate, expressed as ym ESD/day; Distr. Pattern.: decrease of oocyte size distribution
pattern; AVG: average; STD: standard deviation. (A) “total” data. (B) “net” data. ET:
environmental decreasing temperature (12 females). HT: high constant temperature (14

females).

Beginning End

AVG STD AVG STD

(A)Mean Size ET 12850 16.81 15951 9.76
HT 12055 39.08 15898 18.15

Coeff. Var. ET  22.63 649 6.67 244

HT  20.18 7.08 948 3.40

Growthrate ET - - 0.621 0.294
HT - - 0.613 0.391
Distr. Pattern. ET - - 16.12  7.10
HT - - 1199 744

(B) Mean Size ET 12522 1494 17377 11.74
HT 117.67 3130 17498 1697

Coeff. Var. ET  23.08 7.31 3.82 1.80

HT 2274 1231 544 5.50

Growthrate ET - - 1.048 0.262
HT - - 1.135 0401




