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ABSTRACT- We examined the effects of reproductive strategy and food intake on the early life history
traits of a Mediterranean population of Eupolymnia nebulosa, a deposit-feeding, tubicolous polychaete.
In the Mediterranean E. nebulosa are brood-caring, maturity is attained at 2 yr and up to 4 cocoons are
produced per female each year, which reduces larval dispersal. In the Atlantic E. nebulosa are free-
spawning, they mature in their first year of life and they produce larger offspring, which are released
simultaneously. An experimental population grown from spawn collected in the Mediterranean was
divided into 2 groups on the basis of the number of tentacles. These 2 groups were taken to simulate
the 2 reproductive strategies: worms with 2, 3, 4 and 5 tentacles at the start for the Mediterranean strat-
egy and worms with 3 tentacles at the start for the Atlantic strategy. They were further subdivided and
treated with low- and high-energy diets. After 3 mo the only significant difference was a high number
of survivors in the group used to simulate Mediterranean recruitment. After 12 mo the high-energy diet
increased survival, mean number of tentacles per individual, total tentacles and total worm biomass,
and reduced generation time to 1 yr. Although fecundity of these early breeders was lower than that of
2 yr old worms from both laboratory and field populations, this can be entirely attributed to differences
in maternal body size. Based on our experimental results, the ecological implications of the reproduc-
tive strategy of Mediterranean E. nebufosa are discussed and a new model of resource allocation is pro-
posed for their populations.

KEY WORDS: Terebellidae Eupolymnia nebulosa - Recruitment strategy Food intake - Early repro-
ductive traits - NW Mediterranean

INTRODUCTION

An organism's intake of resources is determined by
its ability to forage, while its life history patterns
(growth, survival, reproduction) are a reflection of
resource expenditure on fitness-related activities. In a
limited pool, the allocation of resources provides an
inextricable link between these foraging and life
history strategies (Boggs 1992). Thus, in a given envi-
ronment, organisms compete by consuming a scarce

*E-mail: dani@ceab.csic.es

© Inter-Research 1998
Resale of full article not permitted

resource or by controlling access to it (Keddy 1989),
and so resource availability and allocation may affect
the life history of individuals and the demographic
characteristics of whole populations (Boggs 1992). In
certain environments, moreover, one ecotype might
eventually replace another (Ricklefs 1991) and it has
been hypothesised that this might have occurred in the
case of Eupolymnia nebulosa (Montagu).

This terebellid polychaete has been reported on the
European Atlantic and Mediterranean coasts (see
Fig. 1A). It is believed that the Mediterranean popula-
tions are descended from the Atlantic ones (Bhaud et
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Fig. 1. {A) Records of Eupolymnia nebulosa on European shores (white circles;
modified from Lang 1986). (B) Geographical locations of {1} the Rance Estuary
(English Channel) and (2) the Bay of Banyuls. (C) Extent of area inhabited by E.
nebulosa on the Rance Estuary shores (dotted area). (D) Mediterranean records
of E. nebulosa near the Bay of Banyuls {black area). (E) Extent of area of coastal
belts inhabited by E. nebulosa on Bay of Banyuls shores (dotted area})

al. 1995). The species is an obligatory tubicolous worm
found in areas of mixed hard and soft substrata. This
particular environment occurs in markedly different
areas. Thus, in Mediterranean sites, such as the Bay of
Banyuls (Guille 1970, authors' pers. obs ), it is found in
narrow belts in shallow water (see Fig. 1D, E); while, in
the Atlantic sites, such as the Rance Estuary (Lang
1984, 1986), it occupies more extensive areas (see
Fig. 1C). Furthermore, Atlantic habitats are reported to
have higher carrying capacities than their Mediter-
ranean counterparts (Ketchum 1983, Tuvia 1983, Ben-
Péres 1985).

The life cycles of the Atlantic and Mediterranean
populations of Eupolymnia nebulosa are markedly dif-
ferent. Yet, the extent to which these differences are
genetically or environmentally determined remains
unclear (Grémare 1986, Lenaers & Bhaud 1992, Martin
et al. 1996). The denser populations of the Atlantic are
free-spawning, with egg laying occurring in one short
event, following which the free-living planktonic
larvae settle simultaneously in the adult habitat, so
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giving rise to a homogeneous cohort of
juveniles (Lang 1984, 1986, Grémare
1986, Bhaud et al. 1987, 1995). In the
less dense populations of the Mediter-
ranean, in contrast, spawning occurs
in jelly egg-masses. Four or five peaks
in egg-mass production have been
recorded between March and early
June, with each female producing up
to 4 egg-masses (Duchéne & Nozais
e 1992, Bhaud et al. 1995, Nozais et al.
1997). As in Atlantic populations, a
homogeneous cohort of juveniles joins
E \ the adult populations at the end of the
period of settlement. However, it has
been suggested that in the Mediter-
ranean this is accomplished by the
| recruitment of successive pseudo-
cohorts, each group growing at a
faster rate than the previous one in
response to increasing temperature
(Bhaud et al. 1995). However, the
overall clutch size seems to be smaller
in Mediterranean populations (au-
thors' unpubl. data). In these popula-
tions the age at first maturity is
reported to be 2 yr (Grémare 1988),
while in Atlantic populations itis 1 yr
(Lang 1986).

In the Mediterranean, after release
from the egg-mass, the Eupolymnia
nebulosa larvae preferably settle on a
fine layer of sediments. The sediments
facilitate the construction of a tube,
which the larva attaches to the subjacent hard sub-
strate thereby preventing its hydrodynamic erosion
(Cha et al. 1991, Bhaud & Cha 1994, Cha 1994). How-
ever, as the energy requirement for growth rapidly
exceeds that provided by yolk reserves, juvenile
worms have to combine tube building with foraging
activities. Initially, juveniles explore the surface by
elongating the tube, but after a month they begin to
explore the surface at a distance of more than 1 tube
length. This indicates that the tentacles become
increasingly more functional, and consequently there
is a marked decrease in the tube-building material
requirements around the 3-tentacle stage (Cha 1994).

As Eupolymnia nebulosa is a surface deposit feeder,
the sediment collected with the help of tentacles consti-
tutes the sole source of food (Lang 1984). In the typical
Mediterranean habitat, however, sediments are scarce
and patchy, and so adults with numerous long tentacles
may impede the access of juveniles to these particles
(Cha 1994). In addition, recruits from successive pseudo-
cohorts differ in their number of tentacles (authors’ pers.
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obs.}, and so competition for food may also occur after
settling and prior to joining the adult population.

This study was designed to explain how food intake
and reproductive strategy are related. It combines (1) a
simulation of the reproductive strategies of the
Mediterranean and Atlantic populations of Eupolym-
nia nebulosa (i.e. recruitment of several successive
pseudo-cohorts and single recruitment, respectively)
on the basis of the number of tentacles of newly
hatched Mediterranean offspring; and (2) a simulation
of the low and high carrying capacities of the Mediter-
ranean and Atlantic habitats. The results of these sim-
ulated conditions are then analysed to assess their
influence on the main traits of the early life history of
the species (growth, survival, age at maturity and num-
ber of offspring).

MATERIAL AND METHODS

All juvenile Eupolymnia nebulosa specimens came
from the same egg-mass (to avoid inter-individual
genetic variability) spawned in March 1994 and col-
lected by SCUBA diving at a depth of 7 m in the Bay of
Banyuls, France (NW Mediterranean) (Fig. 1). This
egg-mass was transported to the laboratory in a plastic
bag and deposited in a tank (50 x 40 x 30 cm) with
native seawater into which the larvae were released.
To facilitate settlement, a fine layer of natural sediment
collected from the Nephtys hombergii community of
the Bay was sieved through a 60 pm pore sieve and
added to the tank. Postlarvae were fed once a week for
1 mo with Tetramin® food and their health (i.e. appear-
ance of tegqument, colour, body and tentacle motility,
tube-building ability) was carefully checked prior to
beginning the experiments. The experiments were
conducted in a number of small tanks (1 1) arranged in
a flow-through system (11.5 + 2.0 1 h'! of water
renewal). Prior to being added to the tanks, seawater
from a reservoir (where large particles were deposited)
was passed through an Eheim external filter contain-
ing only synthetic fibres (mechanical filtration).

Worms were fed on either low- or high-energy diets.
The use of natural sediment from the Nephtys hom-
bergii community allowed us to simulate the low carry-
ing capacity of the Mediterranean habitat in one treat-
ment. In this diet (the low-energy diet), worms re-
ceived only an initial input of natural sediment and,
then, only the finest natural particulate material
reached the tanks during the experiment in the filtered
water supply. In the other diet (high-energy), food was
increased to levels similar to those found in natural
Atlantic (Rance Estuary, English Channel) sediments
(6.9 £ 042 mg C g sediment). In this diet, worms
received an initial input of the natural sediment from

the Nephtys hombergii community of the Bay of Ban-
yuls and, then, a weekly input of 5 mg of Tetramin®
food (0.46 + 0.13 mg C mg~' food). The initial condi-
tions were: 3.83 + 0.33 mg C g~! sediment in the low-
energy diet (24 h after sediment release into the tanks,
polychaetes absent) and 6.38 + 0.94 mg C g ' sediment
in the high-energy diet (24 h after sediment and Tetra-
min® release into the tanks, polychaetes absent). The
experiment was designed to allow all remaining envi-
ronmental variables (viz. photoperiod, temperature) to
follow their normal variability in all tanks.

One-month-old juveniles were selected according to
the number of tentacles (NT). This criterion was cho-
sen because tentacles are the only tool available to this
deposit-feeding species for collecting sediment (and
therefore food) and, also, because: (1) NT can be easily
determined without damage to live worms; (2) NT is
not fixed and may respond to the environmental condi-
tions (mainly food availability); (3) it is possible to infer
from this datum the particle collection effort that sedi-
ments can support; and (4) NT can easily be applied to
studies of natural or experimental populations (Lang
1984, Bhaud et al. 1995). Prior to determination of NT,
worms were gently anaesthetised using MS222 (tri-
caine methanous sulphide). Then, they were main-
tained for 24 h in filtered seawater and returned to the
experimental tanks.

The 2 reproductive strategies (i.e. recruitment of sev-
eral successive pseudo-cohorts in the Mediterranean
and single recruitment in the Atlantic) were also simu-
lated. The simulation of the Mediterranean strategy
was conducted with 20 juveniles per tank comprising
5 worms with 2 tentacles, 5 with 3 tentacles, 5 with
4 tentacles and 5 with 5 tentacles; whereas the Atlantic
strategy was conducted with 20 juveniles per tank,
comprising worms whose NT was the same as the mean
for the entire sample (i.e. 3 tentacles). Three replicates
of each simulated recruitment strategy were placed on
each of the 2 different diets, and the corresponding
experimental tanks (n = 12) were then interspersed.

Three months (t3; i.e. the end of the current spawn-
ing period) and 1 year (t,) after starting the experi-
ments, we estimated the number of survivors, the
mean individual NT, and the increase in the total ten-
tacles in each tank as a measure of the food-collecting
effort (NTt/NTt, where NTt, is the initial sum NT for
all worms, and NTt,is the total NT at either t; or t;,). At
t\2, we calculated 2 female postparturition blomass
indexes (total biomass in each tank and mean individ-
ual biomass) and 2 measurements of sediment organic
content (total matter and carbon percentages). Female
postparturition biomass was measured as ash-free dry
weight (AFDW; 24 h at 60°C, 3 h at 450°C). Total or-
ganic matter in the sediment was calculated as weight
loss after ashing (24 h at 60°C, 3 h at 450°C). Organic
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carbon was calculated following the standardised pro-
cedure described by Buscail et al. (19995).

When females laid eggs in the experimental condi-
tions, we recorded the number of egg-masses pro-
duced in each tank. After disaggregating the mucous
egg-masses by shaking, the number of eggs per
cocoon was counted using graded dishes. Egg-mass
volume was calculated as the displacement produced
in a known volume of seawater. We also calculated the
egg-mass volume and the egg number per cocoon in
relation to the female postparturition biomass.

Cocoons from the natural population of the Bay of
Banyuls and from a laboratory culture (established in
1992 in tanks simulating the Mediterranean carrying
capacity) were collected on the same dates as those on
which spawning occurred in the experimental condi-
tions. For these 2 additional populations, we recorded
the total clutch size (as total number of eggs from all
egg-masses produced by a single female during the
whole spawning period). Relative total clutch size
(total clutch size/female postparturition biomass) was
also calculated.

The experiment was concluded about 26 d after the
last egg-mass was produced by the experimental pop-
ulation. Although successive peaks were observed in
the natural population, no further spawning was
observed in the experimental conditions. [t was thus
assumed that no additional spawning would occur in
the experiment. The possible presence of coelomic
gametes was then checked by dissection of previously
anaesthetised worms. The number of oocytes per
female was counted using graded dishes and the pres-
ence or absence of sperm noted. Following Stearns
(1994), we considered those females effectively pro-
ducing egg-masses in the experimental conditions to
be at the age of their first sexual maturity.

Differences according to experimental times, strate-
gies and diets were analysed by factorial analysis of
variance (ANOVA) and Tukey's honestly significant
difference (Tukey HSD) multiple comparisons test. Dif-
ferences according to experimental strategies and
diets in the variables measured only at t,, were
analysed by 2-way ANOVA and Tukey HSD multiple
comparisons test. The relationships between the
organic contents of the sediment and the variables
measuring the responses of Eupolyminia nebulosa at
t), were assessed by Pearson correlation analysis. Raw
data and relative values (adjusted by female postpar-
turition biomass} measuring the offspring of natural
and laboratory populations were compared to those
from the experimental populations by 1-way ANOVA
and by analysis of covariance using female postpartu-
rition biomass as covanate (ANCOVA), respectively.
Variables were appropriately transformed so as to
comply with the assumptions of the parametric tests.

RESULTS

The highest mortality occurred during the first 3 mo
of the experiment, with about 95 and 899, of total mor-
tality at t;, occurring in the low- and high-energy
diets, respectively, in this initial period (Fig. 2A).
Therefore, the only significant changes in the number
of individuals during the course of the experiment
occurred between tqand t; (Tukey HSD, p < 0.0002).
Although the number of individuals always tended to
be higher in the simulated Mediterranean recruitment
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Fig. 2. Eupolymnia nebulosa. Time course of the variables de-
scribing worm populations raised under experimental diets
and simulated recruitment strategies. (A) Number of individu-
als. (B) Total tentacles per tank (as a measure of food-
collecting effort). (C) Mean number of tentacles per individual.
Diamonds, asterisks, and arrows indicate significant differ-
ences in recruitment strategies, time, and diets, respectively;

(0)0.052p >0.001; (¥, *%) p<0.001 Vertical bars +SD
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strategy than in the Atlantic one, this was
only significant at t; (Tukey HSD, p <
0.0002). Moreover, there was a signifi-
cant combined effect of time and diet,
since there were twice as many individu-
als on the high-energy diet as on the low-
energy diet, both at t; and t;, (Tukey
HSD, p < 0.0001).

The food-collecting effort (Fig. 2B) and
the mean number of tentacles per indi-
vidual (Fig. 2C) did not differ signifi- % 10
cantly between the 2 simulated recruit-
ment strategies over time. The
food-collecting effort showed a signifi-
cant effect of diet, attributable to a
greater effort in the high-energy than in 4
the low-energy diet at each time.
Although non-significant, the food-col-
lecting effort tended to be similar or
slightly lower at f,, than at t; in the low-
energy diet and slightly higher at ¢,
than at t; in the high-energy diet. The
mean number of tentacles per individual
showed a significant combined effect of
time and diet, attributable to means for
the low- and high-energy diets at f;3
which were non-significantly different
from the mean for the low-energy diet at
t,, and significantly lower than the mean
for the high-energy diet at ¢, (Tukey
HSD, p < 0.0002).

Total and mean individual biomass of Eupolymnia
nebulosa and sediment organic contents (i.e. total and
carbon) at t,, did not differ significantly between the
2 simulated recruitment strategies (Fig. 3). Both the
total E. nebulosa biomass (Fig. 3A) and the organic
carbon content (Fig. 3D) showed a significant effect of
diet, the high-energy diet supporting a significantly
higher biomass and containing more organic carbon
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Table 1. Eupolymnia nebulosa. Reproductive characteristics of 1 yr old worms
raised with the experimental diets and simulated recruitment strategies (i.e.
Atlantic or Mediterranean). NMS: number of males with coelomic sperm in
each tank; NFO: number of females with coelomic oocytes in each tank;
Oocytes: mean number of coelomic oocytes per females in each tank;
Cocoons: number of egg-masses produced in each tank. Values given as
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Fig. 3. Eupolymnia nebulosa. Indexes of female postparturition biomass and
measurements of sediment organic content at the end of the experiment (£12).
(A) Total biomass in each tank. (B) Mean individual biomass. (C) Percentage
of total organic matter in the sediment. (D) Percentage of organic carbon
in the sediment. Asterisks indicate significant differences between diets:

(*#) p < 0.001 Vertical bars indicate +SD

than the low-energy diet (Tukey HSD, p < 0.008 and
p < 0.004, respectively). In contrast, neither the mean
individual biomass (Fig. 3B) nor the total organic mat-
ter content (Fig. 3D) showed significant differences
between diets. Moreover, the organic carbon content
did not correlate significantly with the mean individ-
ual biomass (n = 16; r = 0.140), but did with the num-
ber of survivors (n = 16; r = 0.659, p < 0.006), the mean
number of tentacles per individual (n = 16; r = 0.724,
p = 0.002), the food-collecting effort (n =
16; 1= 0.626, p < 0.01) and the total bio-
mass (n=16; r=0.641, p < 0.008). How-
ever, the total organic matter content
did not show any significant correlation
with the number of survivors, mean
number of tentacles per individual,

mean + SD food-collecting effort, mean individual
biomass, and total biomass at t;, (n =
Low-energy diet High-energy diet 16; r < 0.06).

Atlantic Mediterranean Atlantic Mediterranean Table 1 illustrates the reproductive
.NMS - — 2951096 300 characteristics of Eupolymnia nebulosa

- - 25+ 0. 00+141 . . ) . .
NFO 100+ 0.00 ~ 37550096 3750096 ralse_d onAdlffelent c'hets‘. Effective repro-
Oocytes 903 + 0 - 1874 715 1172 + 1182 duction (i.e. spawning into egg-masses)
Cocoons - - 267+058 150+0.715 at t; occurred only in the high-energy
diet. More than 70% of the 1 yr old
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Table 2. Fupolymnia nebulosa. Summary of the reproductive characteristics of breeding females from the experimental (early

breeders), field (natural breeders) and laboratory (laboratory breeders) Mediterranean worm populations. Relative values are

adjusted by female postparturition biomass. Raw data and relative v
female postparturition biomass as covariate, respectively; ns: non-significant difterences among all breeders;

alues were analysed by 1-way ANOVA and ANCOVA using
*'p < 0.001

Laboratory breeders Natural breeders Signif.

1 Mar to 14 Apr 8 Mar to 27 Apr

2yr At least 2 yr
28.18 £12.23 41.24 + 22.55
14.10-58.90 13.10-73.20
8.09 +3.61 7.64 £ 530
2.00-16.00 3.20-18.60
035+029 0.23+0.16 ns
0.07-1.14 0.06-0.51
12063 = 4127 12175 + 11537
4547-16900 2800-37100
492 + 241 330 £ 272 ns
132-1014 90-975
16516 = 6213 15578 + 13641
6967-29163 2800-43450
650 + 359 414 £ 323 ns
257-1618 90-1199

Early breeders

Date of first spawning 16 Mar to 10 Apr
Age at spawning 1yr
Postparturition biomass (AFDW mg)

Mean + SD 4.68 +4.24

Range 1.80-16.80
Volume of first egg-mass (ml)

Mean + SD 1.36 £ 0.91

Range 0.50-3.00
Relative volume of first egg-mass

Mean + SD 0.32 +0.12

Range 0.18-0.56
Egg number of first egg-mass

Mean + SD 1702 + 1716

Range 126-4793
Relative egg number of first egg-mass

Mean + SD 363 = 299

Range 50-922
Clutch size during the whole spawning period

Mean + SD 1702 + 1716

Range 126-4793
Relative clutch size during the whole spawning period

Mean + SD 363 = 299

Range 50-922

females from the simulated Atlantic and 40% of those
from the Mediterranean recruitment strategy laid eggs
(referred to as early breeders), each female producing
only 1 egg-mass during the experiment. Consequently,
this age will be used in future articles as the time of
first reproduction for Mediterranean E. nebulosa. The
remaining females fed on the high-energy diet had
well-developed mucous glands and coelomic oocytes,
indicating that they were physiologically able to repro-
duce. However, in contrast to early breeders, these
females did not produce egg-masses during the exper-
iment.

In the low-energy diet, only 2 females had coelomic
gametes at t,,. However, these females had not devel-
oped mucous glands, indicating that they were not
ready to produce egg-masses. Although sample sizes
were too small for adequate statistical comparisons,
females fed on the high-energy diet which did not pro-
duce egg-masses at t;, (referred to as delayed breed-
ers) had about 2.5 times more coelomic oocytes than
those fed on the low-energy diet, even when correct-
ing for differences in the maternal biomass.

The individual postparturition biomass of early
breeders did not significantly differ from that of
delayed breeders fed on both the high- and low-
energy diets. In contrast, significant differences were

found when early breeders were compared with
females from the laboratory culture simulating the
Mediterranean carrying capacity (referred to as labo-
ratory breeders) and from the natural population from
the Bay of Banyuls (referred to as natural breeders),
which laid cocoons (Table 2). Laboratory breeders
were in their second year of life, and were up to 6 times
larger than the early breeders. Although the age of
natural breeders could not be assessed exactly, they
must have been at least 2 yr old, and their postparturi-
tion biomass was up to 9 times greater than that of
early breeders.

The early breeders from the simulated Atlantic
recruitment strategy produced more cocoons than
those from the Mediterranean (Table 1). However, nei-
ther mean egg-mass volume nor mean number of eggs
per egg-mass (1.3 and 1.5 ml and 1752 and 1571 eggs
in the Atlantic and Mediterranean strategies, respec-
tively) differed significantly. Therefore, they were
pooled together for subsequent comparisons.

There were significant differences in the offspring
produced by the various groups of breeders (Table 2).
Early breeders had smaller egg-masses and a lower
number of eggs per cocoon than laboratory and natural
breeders at the same dates {i.e. first-spawned egg-
masses) (Tukey HSD, p < 0.0002), though these differ-
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ences were non-significant between laboratory and
natural breeders (Table 2). In accordance with our
methods outlined above, we may consider the single
offspring produced by each early breeder as being the
total clutch produced during the spawning period.
However, comparisons between these clutches and
total clutches for each laboratory and natural breeder
led to little overall change in our results (Table 2), the
differences being greater and more significant than
those found with the first egg-masses of laboratory and
natural breeders (Tukey HSD, p < 0.0001). However,
total clutches of laboratory and natural breeders did
not differ significantly.

As reproductive allocation (Grémare 1986) and
clutch size (Nozais et al. 1997) seemed to be affected
by female biomass, we corrected for differences in
maternal size with an ANCOVA, using female postpar-
turition biomass as covariate. No significant differ-
ences were found when the relative clutches (i.e. egg-
mass volume and number of eggs per egg-mass) of the
single early breeders offspring was compared with the
relative clutches of the first offspring of laboratory and
natural breeders, nor with their relative total clutches
(Table 2). Thus, differences in the reproductive output
among groups can be considered as a function of dif-
ferences in maternal body size.

DISCUSSION

As predicted from in situ observations and experi-
mental studies, changes in the energy input for
recently settled Eupolymnia nebulosa juveniles led to
significantly different patterns of survival but similar
individual growth patterns. Although our sample sizes
in some cases were small, the high level of statistical
differences between treatments provides strong evi-
dence that these differences are real. Thus, limited
food generated different intensities of interaction
among juvenile worms, which were clearly reflected
by differences in the distribution of tentacles within
the individuals being fed on the different diets. In the
case of the high-energy diet, the number of tentacles
was similar for all survivors. For the low-energy diet,
there was low survival and, among the survivors, a sin-
gle individual bore more than half the total tentacles in
the tank (as much as 57 % at t; and 64 % at t,,). Even
at the end of the natural Mediterranean spawning
period (i.e. at t3), these results did not depend on the
simulated recruitment strategies (i.e. recruitment of
several successive pseudo-cohorts in the Mediter-
ranean and single recruitment in the Atlantic). During
the first months of benthic life, the juvenile dynamics
gave rise to populations with the same tentacle distrib-
ution, regardless of the initial presence of individuals

bearing a high number of tentacles. This finding sup-
ports the theory that the spawning period occurs in
tandem with the spring rise in temperatures. For this
reason the resulting homogeneity of the juvenile
cohort joining the adult population at the end of this
period (i.e. due to differential juvenile growth rates)
has been seen as the main evolutionary constraint in
the life cycle of Mediterranean E. nebulosa (see Bhaud
et al. 1995). Moreover, the number of survivors was
higher in the simulated Mediterranean recruitment
strategy, suggesting that this strategy tended to in-
crease the fitness of the native Mediterranean popula-
tions of the species.

Although the organic carbon content differed signifi-
cantly between diets at the end of the experiment, the
differences between sediment characteristics were cer-
tainly less than expected in the absence of worms. This
seemed to reflect the combined effect of experimental
diets and the worms' feeding activity. At the population
level, our results imply that energy-rich habitats are
able to support higher densities and biomasses than en-
ergy-poor habitats, and, in addition, are able to support
populations with a high number of tentacles. At the in-
dividual level, the high-energy diet tended to produce
more individuals bearing a higher number of tentacles
than the low-energy diet, but all the worms seemed to
grow to a similar size irrespective of food intake. This
observation supports the idea that differences in food
limitation tend to be compensated by individual inter-
actions and, thus, that a natural population’s structure
and dynamics depend heavily on the availability of
food. Furthermore, the individual reproductive re-
sponse will also be influenced by food limitations.

The negative trade-off between growth and repro-
duction is probably the most clearly demonstrated phe-
notypic trade-off (Stearns 1994). Investment in repro-
ductive activity may reduce growth and thereby future
reproductive success, leading to larger organisms
which produce more offspring than smaller organisms
(Stearns 1994). In our experiment, however, differ-
ences in offspring were qualitative (i.e. to reproduce or
not to reproduce), rather than quantitative (i.e. to
reproduce more or to reproduce less). This extreme
result was probably caused by our experimental
design, which introduced food as a limiting factor.
Females held under low-energy conditions did not
reproduce during the first year of life, whereas 56 % of
the 'physiologically’ mature females held under high-
energy conditions did. Our methods meant that the
remaining females (49 %), like females with oocytes on
the low-energy diet, would delay reproduction for 1 yr.
In natural conditions, these oocytes remaining inside
the coelom would probably be used to fuel metabolism
(i.e. oosorption), as occurs after the failure to release
eggs among various species of polychaetes (Olive et al.
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1981, Gentil et al. 1990). The failure of some females
held under high-energy conditions to reproduce may
be caused either by differences in individual perfor-
mance (see van Noordwijk & de Jong 1986) or by a
control mechanism at the population level. This would
be an interesting subject for further study. Diet had an
effect not only on the earlier age at maturity, but on the
subsequent reproductive traits as well. Early breeders
produced clutch sizes of about ' the size of those pro-
duced by laboratory and natural breeders. However,
these differences are wholly attributable to differences
in maternal body size (Table 2). Furthermore, the num-
ber of egg-masses per spawning period produced by
each female correlated positively with maternal body
size (Nozais et al. 1997). This agreed with the observa-
tion that early breeders produced only 1 egg-mass per
female under our experimental conditions.

Additional costs may influence the reproductive suc-
cess of the Mediterranean Fupolymnia nebulosa. Co-
coon materials seem not to be metabolically costly (i.e.
water plus some molecules of glyco-polysaccharids).
Part of the energy resources, however, must be allo-
cated to the mucous glands to guarantee the produc-
tion of cocoons, which increases the sources of individ-
ual variability. The absence of reproduction when food
was limited may be caused by the combined effect of
the lack of resources allocated to the gonads and the
inability of young worms to produce the jelly cocoons
(i.e. mucous glands absent or not completely devel-
oped). Moreover, as occurs in other brooding sessile
marine invertebrates (Lindquist & Hay 1996), larvae
might be chemically defended (again, a very interest-
ing subject for further study) and chemical defences
may also be costly in metabolic terms (Fagenstrém et
al. 1987, Turdn et al. 1996).

Two models of reproductive allocation have been
proposed for polychaetes. The first model (Fig. 4A) has
been described for, among others, opportunistic spe-
cies such as Capitella sp. (Tsutsumi et al. 1990). This
model implies the investment of energy in somatic
growth until a minimum reproductively competent
body size is reached. Then, allocation to the gonadic
compartment may start. This model gives rise to simi-
larly sized, mature individuals having different ages at
first maturity according to the availability of food. A
second model linking age at first reproduction to
growth rates has been proposed for semelparous poly-
chaetes such as nereids (Olive et al. 1986). In condi-
tions of high growth rates, maturity may be reached in
the first year. When growth rates are slower, reproduc-
tion may be delayed for 1 or more years. The final size
of delayed breeders at spawning may then be larger
than that of individuals maturing in the first year. By
this time, however, mature individuals would be larger
than non-mature individuals (Fig. 4B}.
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Fig. 4. Regulation models for age at first maturity in poly-
chaetes. (A) Maturity starts after reaching a minimum repro-
ductively competent body size. (B) Maturity depends on
growth rates. (C) Maturity depends on external energy pro-
cessing rates. In (C), the size axis is considered to be parallel
to the age axis; thus, all 1 yr old individuals have the
same size. Grey lines: body size at maturity for each type of
breeder. Dashed grey arrow: size axis

In Eupolymnia nebulosa, the mean individual bio-
mass did not differ between diets, but only the females
held under high-energy conditions were able to repro-
duce. Moreover, they bore more tentacles than the
females held under low-energy conditions. This was
directly related to higher collecting efforts. According
to these results, we are able to propose a third model
which depends on the rate of energy intake (Fig. 4C).



Martin et al.: Eupolymnia nebulosa early reproductive traits 155

At low intake rates, all energy inputs are allocated to
the somatic compartment. Conversely, high intake
rates give rise to supplementary inputs that may be
allocated earlier to the reproductive compartment (i.e.
gonads and mucous glands), leading to an earlier age
at first maturity. Thus, females at first reproduction
may be older and larger at lower intake rates than at
higher intake rates, but the size of both mature and
non-mature females in their first year of life may be the
same.

It has been suggested that reproductive differences
between Eupolymnia nebulosa populations are the
consequence of variable reproductive outputs (Gré-
mare 1986). In fact, the reproductive allocation in
Atlantic worms was almost double that in Mediter-
ranean populations, whereas the maximum fecundity
observed in the field was about 3 times higher in the
former (authors unpubl.). In addition, Mediterranean
environments, such as the Bay of Banyuls, provide dif-
ficult conditions for recruits after release, in spite of the
protection of early larval development provided by the
egg-masses (physical, linked to the mucous nature of
cocoons, or chemical, linked to the presence of toxic or
deterrent substances). As the strength of the relation
between juvenile growth and survival increases, i.e. as
conditions deteriorate for juveniles, maturity tends to
be delayed (Stearns 1994). This suggests that the
reproductive tactics exhibited by the Atlantic and the
Mediterranean natural populations of E. nebulosa may
not be due to genetic differences but rather to environ-
mentally induced differences (i.e. the energy intake
and/or the distribution pattern of adult habitat). At the
energy-rich Atlantic sites, a free-spawning E. nebulosa
matures during the first year of life and produces large
offspring whereas, at the energy-poor Mediterranean
sites, a brood-care E. nebulosa delays maturity and
produces cocoons which will reduce larval dispersal.
Therefore, it might be the case that, under the spatial-
and food-limited conditions of the Mediterranean, the
selection of such an ecotype will result in an increase
in fitness which compensates for the loss of fitness
attributable to a generation time longer than and an
offspring production lower than those of the Atlantic
ecotype.

The existence of different life history traits has often
been at the basis of the definition of sibling species
among polychaetes (Grassle & Grassle 1976, Wilson
1983, Bastrop et al. 1995). Nevertheless, genetic analy-
sis of Atlantic (English Channel) and Mediterranean
(Bay of Banyuls) Eupolymnia nebulosa specimens did
not reveal major differences, at least in the RNA frag-
ments studied (Lenaers & Bhaud 1992). However, both
life history strategies have never been found to occur
within the same population, and distinct populations
are maintained through time, suggesting our basic lab-

oratory results are relevant to field conditions. Unfortu-
nately, Atlantic E. nebulosa kept under Mediterranean
conditions seemed unable to spawn naturally (Martin
et al. 1996), while demographic data on E. nebulosa
in the field are virtually non-existent. Thus, while it
would be highly interesting to compare further the
strategies and relative fitness of the Atlantic and Medi-
terranean populations under different food conditions,
we cannot yet determine how these might affect sur-
vival and fitness in natural populations.

Our data provide evidence that the age at first repro-
duction in Mediterranean Eupolymnia nebulosa can
be modified by diet. However, we suggest that factors
other than the energy budget (i.e. the spatial con-
straints related to the presence of egg-masses; see
Arnoux et al. 1995) may be fixed and thus linked to the
maintenance of the 2 separate life history strategies.
Therefore, we also suggest that the production of egg-
masses might have evolved relatively recently as part
of the adaptation of the species to Mediterranean
habitats.
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