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An energetic approach to the study of life-history
traits of two modular colonial benthic invertebrates

ABSTRACT: In order to study contrasted ecological strategies and life-history traits of modular colonial
organisms, the energy budgets of 2 common Mediterranean cnidarians, the hydroid Campanularia
everta and the gorgonian Paramuricea clavata, were compared. C. everta is a small hydroid that forms
stoloniferous colonies on ephemeral substrata. Adapted to an epibiotic life strategy, it produces small
colonies with 6% of weight as structural material. Growth is very fast and much energy is allocated
throughout the year to growth and it develops stolons which enable it to spread readily on the algal
substratum. A colony may live for 2 to 6 wk. Maintaining high growth rates requires rapid metabolism
supported by daily ingestion rates of more than 19% of body weight and commensurately high respi-
ratory and excretory rates (8.5% of body weight daily). Sexual reproduction in this gonochoric species
is precocious and concentrated in autumn, when a daily effort equivalent to 4-10 % of somatic biomass
is expended on reproduction. The flow of energy through C. everta amounts to some 1915calg C™'d™,
with @ mean turnover time of 12 d. P. clavata forms large colonies with polyps 100 times larger than
those of the hydroid. The skeleton consists of spicules and an organic skeletal axis which amount to
54 and 35 %, respectively, of the colonies’ total biomass. Growth is slower than in C. everta, equivalent
to 0.15% of tissue weight daily, with a turnover rate of 9 yr. The main energetic component (72 %) is
basal metabolism. From March to June, daily investment in reproduction is equivalent to 0.4-0.7 % of
the tissue weight. The total energy flow through P. clavata is no more than 150 cal g C™! d~!. The daily
energy demand is 1.43 % of tissue weight or 3% of total dry weight. Although they exhibit quite differ-
ent ecological strategies, which appear to be regulated mainly by trophic and substratum constraints,
the 2 species have certain life-history traits in common. In annual budgetary terms, reproductive effort
is similar in both species, substratum constraints notwithstanding, and concentrated in a period of the
year favourable to the survival of offspring. The results suggest that, at least in seasonal seas like the
Mediterranean, an energetic approach can provide an important contribution to the understanding of
life-history traits of modular colonial organisms.

KEY WORDS: Energy budget - Life history - Resource allocation - Reproductive effort - Somatic invest-
ment - Gorgonian - Hydroid - Mediterranean

INTRODUCTION

Certain ecological theories developed for aclonal
organisms may not be directly applicable to clonal
organisms (e.g. Jackson et al. 1985). Life-history theory
has been used to predict patterns of somatic and repro-
ductive investments under varying regimes of environ-
mental conditions and mortality (reviewed in Stearns
1977, 1992), but always from the standpoint of aclonal
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organisms. Sebens (1979) and Hughes & Cancino
(1985) carried out a specific analysis of the repercus-
sions of cloning on life histories and adapted the pre-
dictive framework to the domain of clonal organisms.
In the words of Hughes & Cancino (1985), *...1t is evi-
dent that the clonal soma, resulting from unitary repli-
cation, 1s characterized by great morphological flexi-
bility, by a potential to accumulate large biomass, and
often by a potential to grow rapidly. As elaborated
upon below, these characteristics tend to be polarized
toward (1) rapid proliferation and efficient dispersal of
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units in clones opportunistically exploiting temporally
or spatially variable patches of resources or (2} larger
aggregations of biomass in sedentary species competi-
tively acquiring space on relatively persistent sub-
strata’. However, theoretical efforts to study clonal
organisms have not been matched by sufficient exper-
imental evidence (Hughes & Jackson 1985, Jackson
1985, Hughes 1989).

Fisher's (1958) life-history theory attempted to
explain the budgeting of matter and energy among
reproduction, growth and maintenance in terms of nat-
ural selection. Later developments in life-history the-
ory focused on the adaptive basis of demographic
traits, such as spawning size, parity, and precocity in
sexual maturity, in age-classified populations, under
the premise that these traits should maximize expected
lifetime reproductive output (Caswell 1989). There
have been a number of models predicting interactions
among age-specific sets of life-history traits (Caswell
1982, 1989). These models are difficult to apply to
clonal animals because it is problematical to measure
the fecundity and growth of an individual that can sur-
vive as morphologically disconnected pieces (Jackson
et al. 1985). Furthermore, these models cannot account
for the selective value of investments in maintenance
and growth, which can be extremely important in
clonal organisms.

In the Mediterranean, as in other temperate seas, the
seasonal variation of important environmental factors
such as temperature, food availability and photoperiod
(Zabala & Ballesteros 1989) can cause shifts in resource
allocation of benthic modular organisms. The energet-
ics approach can examine how matter and energy are
invested In reproduction, growth and maintenance
throughout the year. Consequently, energetics can
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provide a complementary approach to the understand-
ing of life history of modular colonial organisms, where
demographic models are insensitive to the timing of
activity patterns such as reproductive and growth
events.

The energetics of cnidaria were reviewed by Sebens
(1987). However, most contributions have been incom-
plete and have been biassed towards a clear prefer-
ence for such aspects as growth, feeding, and repro-
ductive cycles. The quantification of the components of
the energy budget should be as thorough as possible,
carried out separately for the different age classes, and
performed over an entire annual cycle. The object of
this paper is to compare, based on their resource allo-
cation strategies, the ecological tactics and life histo-
ries of 2 modular colonial organisms that both dwell in
the same community and are taxonomically related
(same phylum), but whose clones are at opposite ends
of the spectrum in terms of colony size, organization,
and longevity, i.e. the small stoloniferous hydroid
Campanularia everta (Clarke, 1876) and the large
upright gorgonian Paramuricea clavata (Risso, 1826).

MATERIAL AND METHODS

Some of the data used in this work have been pub-
lished in previous, more specific work on the feeding,
reproduction and growth of both species. These
sources are cited, as appropriate, in respective sections
of the 'Materials and methods'. The different sources
of variation considered for each of these 3 components
of the energy budget are shown in Table 1.

Daily energy intake. Stomach contents were esti-
mated by examining 3 sources of variation in Para-

Table 1 Campanularia everta and Paramuricea clavata. Sources of variation examined for feeding, reproduction and growth of
these 2 species and studies in which these variations were examined. Intra-colonial refers to position within the colony; digestion
refers to time required for prey digestion and longevity refers to life-span of gonangia

Source of variation Reference
Season Diel Intra-colonial Digestion
Feeding C. everta X X Coma et al. (1995a)
P. clavata X % X Coma et al. (1994)
Season Colony size Intra-colonial Longevity
Reproduction C. everta x - - X Coma et al. {1996)
P. clavata x X X - Coma et al. (1995b)
Season Colony size Intra-colonial
Growth C. everta X - - Llobet et al. (1991a)
P. clavata X X Coma (1994)
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muricea clavata: season, diel and intra-colonial (posi-
tion within the colony), and 2 sources of variation in
Campanularia everta: season and diel (Table 1). Prey
capture rates, expressed as the number of prey items
captured per polyp and hour, were calculated using
the equation (Coma et al. 1994):
D 1-1
C = N/ Y1-(/D
t=0 <

where C = no. of prey captured polyp™ h™!; N = prey
items per polyp; { = time (in h); and D = digestion time
(in h). The different sources of variation together with
the maximum observed digestion times of 2 h for C.
everta and 4 h for P. clavata were used to calculate the
daily energy intake (Table 1). Prey biomass was esti-
mated from their biovolume (Sebens & Koehl 1984)
using conversion factors to wet weight of (1.025; Hall et
al. 1970), dry weight (13 % of wet weight; Beers 1966),
carbon content (45% of dry weight; Biswas & Biswas
1979) and caloriccontents (Cummins & Wuycheck 1971).

Reproductive eifort. Gonadal volume per polyp over
an annual cycle was calculated by examining 3 sources
of variation on Paramuricea clavata: season, colony
size and intra-colonial, and 2 sources of variation in
Campanularia everta: season and gonangial longevity
(Table 1). Dry weight (DW) of gonads and gonangia
was established after heating 4 replicates of 200
gonads (P. clavata) and 200 gonangia (C. everta) at
70°C for 24 h. The carbon content of these replicates
was determined in a C:N:H analyzer.

Growth. Growth in Paramuricea clavata was calcu-
lated from changes in colony total length over time
based on photographic monitoring. Variation was cal-
culated on the basis of season, colony size and position
within the colony (intra-colonial, Table 1). Conversion
equations for the parameters height, total length, dry
weight, and carbon content were calculated based on
the results of a biometric study of colonies (Coma 1994).
Size classes (10 cm size classes) were distinguished
base on reproductive status (Coma et al. 1995b).

Colonies of Paramuricea clavata are composed of
tissue, a skeletal axis, and spicules, the proportions of
which vary according to colony size. The dry weight of
the organic matter in the tissue contains 40 % organic
carbon; the dry weight of the skeletal axis contains 44 %
organic carbon; and the spicules contain 12 % inorganic
carbon (Coma 1994). Organic carbon production by the
colony was used in the energy budget equation.

In Campanularia everta, changes in individual (hy-
dropolyps and gonangia) densities were examined for
a total surface area of 240 cm? bi-weekly over an an-
nual sampling cycle {621 colonies; Llobet et al. 1991a).
Secondary production was calculated according to a
modified version of the method of Allen (Holme &
MclIntyre 1984). Based on the size frequency distribu-

tion (number of hydropolyps), cohorts were identified
using the method of Bhattacharya (Bhattacharya 1967)
and the ELEFAN program (Gayanilo et al. 1989). This
method produces a best-fit normal distribution for each
cohort with a calculated mean and standard deviation.
Four replicates of 200 polyps were dried at 70°C for
24 h to convert production values, in terms of number
of polyps, to dry weight. The carbon content of these
same replicates was assessed in a C:N:H analyzer to
convert production to carbon weight.

Respiration. The respiratory rate of Paramuricea
clavata was measured according to the method of Win-
kler (Strickland & Parsons 1968). The most suitable
combination of gorgonian biomass, container volume,
and incubation time of 0.75 g DW, 240 ml bottles, and
2 h incubation time determined by Coma (1994), which
enables the detection of decreases in oxygen concen-
tration without allowing concentrations ever to fall
below 90% of initial levels, was used. Two experi-
ments were carried out in May, 2 in August, and 1 in
September 1992. In each experiment, 9 apical frag-
ments were removed, completely cleaned of any
macroepibionts, and attached to a PVC frame in their
habitat using natural fibers. Twenty-four hours after
collection they were incubated separately in situ to-
gether with control bottles that contained no colonies.
The respiratory rate at ambient temperature, 15°C
(May), 22°C {(August), and 19°C (September), was
measured. At the end of the incubation periods the
colonies were heated for 48 h at 110°C and their dry
weight measured. Afterwards they were heated at
550°C for 5 h to determine their AFDW. Expansion
state of the polyps was recorded throughout the respi-
ration experiments.

A respiratory rate of 2.24 ml O, g ' DW h™! at 16°C, as
reported by Paffenhéfer (1968) for small colonies of
Clava multicornis (2 mm), was considered to be the near-
est available data, in terms of modular size, to that of C.
everta (0.6 mm). A Qo of 2.37 was estimated from the
field data on Eudendrium glomeratum (Arillo et al.
1989), because it is the only seasonal respiratory study on
hydroids in the Mediterranean. This value is consistent
with the Q;q values (2.4) estimated for aposymbiotic Hy-
dra viridis (Pardy & Dieckmann 1975). A general Q,, the
energy equivalent for converting rate of oxyen con-
sumption into rate of heat production (cal g™} oxygen
consumed), of 3380 cal g~! was used to convert the rate of
oxygen consumption to heat production (Elliott & Davi-
son 19795).

Excretion. In May 1992, 18 Paramuricea clavata api-
cal fragments were removed, completely cleaned of
macroepibionts, and attached to a PVC frame in their
habitat using natural fibres. After 24 h they were incu-
bated separately in situ for 2 h. The ammonium excre-
tion rate was measured at approximately 15°C accord-
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ing to the phenol hypochlorite method (Solérzano
1969} in dark 80 ml bottles. Simultaneously, control
incubations were performed using the same equip-
ment and procedure but no colonies. The water used in
the incubations had previously been filtered through
Whatman GF/F (0.7 pum) glass fibre filters. Excretory
rates were expressed per unit dry weight of colony.

An NQ (mol of excreted nitrogen per mol of oxygen
consumed) of 0.189 reported for Eudendrium racemo-
sum (Barange et al. 1989) was used for Campanularia
everta, because, although this species has maximum
population in summer (opposite to C. everta), this is
the only reference to excretion in hydroids in the lit-
erature. An ammonium enthalpy of combustion of
83.2 kcal mol™! (Elliot & Davison 1975) was used.

Energy budget. The equations describing the energy
budget were:

I = G+R+Ex+Rep+Eg and
A = 1-Eg (Crisp 1984)

where 1 = ingesta; A = assimilation; G = growth; R =
respiration; Ex = excretion; Rep = reproductive effort;
and Eg = egesta. All fractions in the metabolic budgets
were expressed in terms of carbon per polyp and as a
proportion of organic carbon weight of tissue (devoid
of spicules and skeletal axis in Paramuricea clavata). It
was not possible to evaluate the value of either the
egesta or assimilation in P. clavata. To bridge this gap,
an assimilation efficiency rate (75%) was adopted
based on the values published for other cnidaria in the
literature, which ordinarily ranged between 70 and
80 % (Ivleva 1964, Zamer 1986). Since no studies have
been published on species similar to Campanularia
everta, an assimilation efficiency rate of 70 %, an inter-
mediate value in the range (60 to 90%) reported for
other hydroids (Paffenhdfer 1968, Schroeder 1969,
Simkina 1980), was used for that species.

Growth efficiency was taken to be the fraction of
total ingesta (K]) or assimilated energy (K;) available
for growth and reproductive effort (Winberg 1971,
Crisp 1984). The energy surplus (Sebens 1979, 1982),
energy available for growth and reproduction, was cal-
culated by subtracting the basal metabolism (R + Ex)
from the total assimilated energy. Caloric content was
estimated on conversion tables from Cummins & Wuy-
check (1971). The energy values reported for tissue,
skeleton, and gonad are based on the energy in the
constituent chemical compounds.

RESULTS
Campanularia everta
Ingesta

Ingestion was significantly greater during the late
winter and early autumn, reaching a minimum in June
and July and again in December (1-way ANOVA;
Flo,987=5.73, p < 0.00001; Table 2). On average, for the
entire range of sizes and all seasons of the year, this
hydroid ingests the equivalent of 5 to 74% (mean:
19 %) of its weight daily. These values are the equiva-
lent of ingesta values of 0.45 to 6.6 x 107 cal pol
(polyps)™' d~! (mean: 1.72 x 1073 cal pol™! d°!) or 500 to
7360 cal g°' C d7' (mean: 1915 cal g7' C d7}).

Somatic growth

The investment in somatic biomass is concentrated
in autumn, winter and early spring (April), falling to
minimum levels in the summer and in the month of
October (Table 3), when all reproductive effort is

Table 2. Campanularia everta. Monthly prey capture values expressed as number of prey items (OMP: organic matter particles;

Zoopl.: zooplankton} and carbon {C) units per polyp {pol) per day. Data expressed as mean value * standard error

Month N Prey (no. pol~! d*) Biomass (g C pol™ d~!) x 100
OMP Zoopl. Total OMP Zoopl. Total

Jan 50 164 £2.7 1.6+07 180 +26 82+14 8.1+34 163 +24
Feb 50 23.4+2.3 12+04 246 +23 11.7+1.1 6.2+20 17.8+1.7
Mar 50 23.5+3.5 0.5+03 240+34 11.8+1.7 24 +1.7 142+20
Apr 50 159+19 09+03 168+19 80+1.0 44+16 124+ 1.4
May 50 207+ 1.9 0.3+03 21019 104 +£1.0 1.3+14 116+ 1.1
Jun 50 102 +1.8 00+00 10.2+1.8 51+09 0.0+0.0 51+09
Jul 50 9.0+1.0 0.0+0.0 90+1.1 45+05 0.0+0.0 45+05
Aug 50 13.2+2.2 0000 13.2+2.2 6.6+ 1.1 0.0+0.0 6.6+1.1
Sep 50 19.0+22 08+0.3 19.8+ 2.1 95x+1.1 3817 13.3+1.4
Oct 50 201 £ 2.1 3.3+09 234+ 2.1 10.1 £ 1.1 16.4 + 4.4 264 +24
Nov 50 173+ 2.1 11.5+0.9 288+ 2.1 86+1.1 576 +43 66.2+4.9
Dec 50 139z 1.0 1.1+038 150+ 1.1 70+0.5 5438 12409
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Table 3. Campanularia everta. (A) Biomass: annual variation in polyp (pol} density (polyps per 240 cm?). Monthly somatic pro-

duction rates expressed as increase in number of polyps per month per 240 cm? (A No. pol) and as increase in carbon (C) units per

polyp per month. (B) Reproduction: monthly reproductive production values expressed as number of gonangia and carbon units
per polyp per month during the spawning period: October-December. Data expressed as mean value + standard error

(A) Growth
Month Biomass Somatic production
(No. pol/240 cm?) A No. pol Carbon
(No. pol mo™1/240 cm?) (ug C pol'' mo ')  (pg C pol? d!) x 100
Jan 1921 + 121 4057 + 334 19+0.2 6.3+0.5
Feb 1527 £ 133 1884 + 143 1.1+0.1 3703
Mar 2536 + 189 1983 + 131 0.7+0.0 23x02
Apr 2745 + 253 3562 + 406 1.2+0.1 38x04
May 926 + 107 787 £ 125 0.8+0.1 25x04
Jun 173 £ 30 70+ 10 0.4 +£0.1 1.2+0.2
Jul 78 + 20 76111 09+01 29x04
Aug 620 £ 115 495 + 134 0.7+0.2 24+06
Sep 473 £ 43 752+ 21 1.4 +£0.0 4.7+x0.1
Oct 789 + 82 379 + 42 04+00 1.4+02
Nov 956 + 62 1990 + 100 1.9+0.1 6.2+0.3
Dec 1449 + 133 689 + 68 0.4+0.0 14 +0.1
(B) Reproduction
Month Gonad production
Gonangia Carbon
N cm™? ng C cm™ ng C pol ! mo™! (pg C pol ' d-1) x 100
Oct 203 +0.69 4.24 £ 1.44 2.67 £ 0.91 8.76 + 2.98
Nov 1.61£0.55 3.36+£1.14 1.05 +0.36 3.45+1.17
Dec 0.07 £ 0.02 0.14 £ 0.05 0.05 £ 0.02 0.16 = 0.05

made. On average, growth represents a daily accumu-
lation of between 1 and 7 % of body weight. This is the
equivalent of an investment of between 0.12 and 0.63 x
10-% cal pol ' d7* (133 to 695 cal g~! C d™1).

Reproductive effort

Campanularia everta has a clear seasonal pattern of
sexual reproduction. Spawning takes place essentially
during the month of October, falls off in November,
and is merely residual in December (Table 3). In Octo-
ber, C. everta invests up to the equivalent of 4 to 10%
of its weight in reproductive effort daily. The invest-
ment in gonothecae per polyp during the period of sex-
ual reproduction is on the order of 0.35 to 0.88 x 1073
cal pol"t d°}, or around 380 to 1000 cal g~ C d~1.

Energy budget

The respiratory rate selected is the daily equivalent
of 7% of body weight. Accordingly, Campanularia
everta consumes in the order of 0.67 x 107° cal pol~'d"!,
or some 734 cal g°} C d7}, in respiration. Application of
an NQ value of 0.189 to the respiratory rate yields an

energy consumption rate of 0.10 x 1073 cal pol™! d-! for
excretion or some 107 cal g! C d~!. The results show
that the energy ingested meets energy requirements
over most of the year (Fig. 1). The energy surplus was
36 % of assimilated energy; growth efficiency was 25 %
(K;), and net growth efficiency was 45% (K;). Esti-
mated respiration and excretion may account for
between 38 and 77 % (average: around 60%) of total
demand. Reproductive effort in October (46 %) may
exceed investments in all other categories, but during
the rest of autumn, winter, and beginning of spring
nearly half of the available energy is invested in
growth (Fig. 1). At the beginning of summer, the most
critical period in energy terms, the relative rate of
investment in growth drops to a fifth of winter levels.

Paramuricea clavata
Ingesta

Ingestion significantly varied among months, with
the greatest captures Iin spring and November-—
December [Fj| 1324 = 6.85, p < 0.0001; ingestion was
tested across months, and among colonies with a 2-
way nested ANOVA (colony nested in month)}]. Table 4
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Table 4. Paramuricea clavata. Daily prey capture rates (for each month) according to colony size expressed in carbon units per
polyp. Polyps: average number of polyps per colony of each size class. *Extrapolated values determined on the basis of the num-
ber of polyps per colony and proportion of polyps on the different branch orders. Data expressed as mean value * standard error

Colony size (cm)
>40 30-40 20-30 10-20 0-10
Polyps (no.) 26175 + 5782 15312 + 2007 8710 + 1670 3657 = 680 630 + 139
Prey capture rate (pg C pol™' d™!) x 100
Jan 26.7 £ 6.6 27.5+6.7 27.2° 28.6° 29.4°
Feb 34859 35.9+6.0 355" 37.3° 384"
Mar 17922 184 +£2.2 18.2° 19.2° 19.7°
Apr 408 £6.5 421 6.7 416° 43.8° 45.0°
May 58.2+9.1 60.0 £ 9.4 59.3° 624" 64.1"
Jun 35.1+£6.7 36.1£6.9 357" 37.6° 386"
Jul 23.5+7.3 242+ 7.6 23.9° 252" 25.9°
Aug 28.2 +16.9 291+ 174 28.8° 30.3° 31.1°
Sep 23.9+5.8 246 +£6.0 24.3° 25.6° 26.3"
Oct 26.8+4.8 27.6+49 27.3" 287" 29.5°
Nov 585+159 60.3 £ 16.4 59.6° 62.7" 64.5°
Dec 46.3+11.0 477 £ 11.3 47.1° 49.6° 51.0°
Annual rate (ug C pol™! yr') 128 + 30.6 132 +31.6 130" 137 141

summarizes the monthly distribution of ingesta values
for Paramuricea clavata obtained by converting the
stomach contents for an entire annual cycle to energy
units. On average, colonies of this gorgonian ingested
daily the equivalent of 0.5 to 1.4 % (mean: 0.8 %) of the
organic carbon weight of their tissues or 0.4 to 1.4 % of
colony total dry weight (including the skeletal axis and
spicules) for the entire size range over the year. These
values are the equivalent of an ingesta of 1.8 to 6.4 x
103 cal pol™t d™!, or 27 to 234 cal g~! C d"1.

Respiration and excretion

The main parameters involved in the respiration rate
of Paramuricea clavata were temperature, reproduc-
tive phase and activity rhythm (Fig. 2). Usually, polyps
of the same colony show the same pattern of activity
(open or closed). There were significant differences in
respiration between the colonies with polyps ex-
panded or contracted (2-way ANOVA; F 3¢ = 116.56,
p < 0.0001). However, respiration rate did not signifi-
cantly vary with temperature (2-way ANOVA; F| 35 =
0.14, p < 0.7079), and the interaction of both factors
(activity and temperature) was not significant (2-way
ANOVA; F, 4,=0.23, p < 0.6313). Colonies with polyps
contracted decreased their respiratory rate about 50 %.
The respiration rate in May (15°C) was as high as in
August (22°C). The respiration rate in September
(19°C) was lower than in May (15°C). This probably
was because apical fragments are involve in reproduc-
tion (Coma et al. 1995b), and the energy investment in
gonadal development in May is at its highest point
whereas there was no energy investment in gonadal
development in August and September.

Therefore, because our experiments cannot distin-
guish between the effects of temperature and the effects

YO om oA o owm o3y oA s 5 & b of energy investment in growth and reproduction, we
MONTH calculated a mean respiration rate of colonies for all tem-
[JResoravon [ ] Excrea £ Growtn Reproduction peratures. Mean respiration rate of colonies with ex-

— = [ngesta

Fig. 1 Campanularia everta. Monthly metabolic flow rates
(ingesta, reproduction, growth, respiration, excretion) ex-
pressed as carbon units per polyp (pol)

panded polyps was 398 (SD = 54) ug O, g°! AFDW h"!
and mean respiration rate of colonies with contracted
polyps was 210 (SD = 40) pg O, g°' AFDW h™". To esti-
mate the daily investment in respiration over the entire
year, we applied a correction factor based on the annual
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activity rhythm (percentage of expanded colonies) from
Coma et al. (1994). Respiratory rates measured in the in-
cubators were highly consistent with the rates reported
for gorgonians in other parts of the world (Lewis & Post
1982, Sebens 1987). These values imply that respiration
by polyps is the equivalent of 4.7 to 6.6 x 1073 cal pol™' d~!
or that respiration in Paramuricea clavata consumes
some 100 cal g=' C d~!. These do not appear to be very
high values, in that they represent a daily consumption
of the calorie equivalent of only 1% (0.9 to 1.3) of the or-
ganic carbon weight of tissue in this gorgonian species,
whereas in other coelenterates daily respiratory re-
quirements equivalent to 7-15% of body weight have
been reported (Barange et al. 1989).

The excretory rate was estimated at 1.16 (SD =
0.6) pM NH, g~! AFDW h~! at 15°C. A polyp excretes
daily 0.0036 umol NH,, the equivalent of 0.3 x 10~ cal
pol”! d°!; therefore, excretion in Paramuricea clavata
consumes 5.8 cal g C*! d°!. This value was held con-
stant when computing annual energy requirements,
since reliable correction on the basis of temperature or
other seasonally variable factors was not possible
within the limits of the available data.

Somatic growth

Growth was significantly higher in spring [1-way
ANOVA; F; 153 = 8.25, p < 0.0001). Growth rate per
apical branch significantly changed with colony size
(Fs.000 = 17.02, p < 0.0001; growth rate was tested
across size and among colonies with a 2-way nested
ANOVA (colony nested in size)]. Growth rate of

colonies below 20 cm was higher than growth of
colonies above 20 cm. However, in colonies above
20 cm, growth rate did not vary across colony size
(Sheffé post-hoc test). The increased biomass pro-
duced by growth was subdivided into tissue and
skeletal biomass, since both fractions are organic but
have differing proportions of carbon and combustion
energy values. The investment in somatic biomass
was mainly concentrated in spring and fell to its low-
est levels in summer and fall (Table 5). On average
growth represented a daily accumulation of 0.02 to
0.10% of body weight for tissue and 0.08 to 0.19% for
skeleton. Overall, the investment was between 0.08
and 0.15 x 107 cal pol! d™! in tissue growth and
between 2 and 4 times higher (0.21 to 0.37 x 107% cal
pol ! @71} in skeletal growth, which means that Para-
muricea clavata invests between 1 and 14 cal g7' C
d-! in tissue growth and between 5 and 29 cal g*' C
d™!in skeletal growth,

Reproductive effort

Table 6 summarizes the monthly energy investment
in reproductive effort calculated for the 2 sexes
according to colony size. Reproductive effort in-
creases with colony size and is concentrated in the
period from March to June (Table 6, Fig. 2). During
this period, Paramuricea clavata invests the daily
equivalent of 0.4 to 0.7 % of its tissue weight in repro-
ductive effort, whereas reproductive investment is
negligible during the rest of the year. A polyp on a
sexually mature female colony (>20 cm in height)
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Table 5. Paramuricea clavata. Energy demand for colony somatic production expressed as organic carbon units for tissue and

skeleton according to colony size and season. Colony: mean total length and biomass per colony of each size class. Annual pro-

duction: annual growth rate expressed as increase in total length (A Length), tissue mass and skeletal mass per colony of each size

class. 'Extrapolated values determined on the basis of the seasonality observed in the measured size classes. Data expressed as
mean value = standard error

Colony Annual production
Size Length Biomass A Length Tissue mass Skeletal mass
(cm) (cm) {mg C) (cm) (mg Cyr™) (mg Cyr )
0-10 18 +6.4 174+ 3.9 715 6.2+ 1.7 12.3+3.3
11-20 105+ 21.1 156.3 £29.2 15+£3.0 21245 58.0 +12.1
21-30 246 + 47.2 466.6 + 91.7 37+£82 64.3+ 158 197.4 + 48.8
31-40 426 + 51.5 1021.0 + 136.6 49+ 76 114.2+ 155 456.1 + 64.8
>41 728 + 160.3 1743.0 + 382.6 61+9.5 134.7 + 24.1 511.1+886
Seasonal growth Colony size (cm)
(ng C pol ' d™!) x 100 0-10 11-20 21-30 31-40 >41
Winter Tissue 3.0£08 1.8+0.4 23" 2.3 1.6°
Skeletal 60=x16 49210 7.0" 9.1° 6.0
Spring Tissue 4.0=x1.1 2.3+0.5 3.0° 3.0° 2.1°
Skeletal 79x2.1 6.4+13 9.2° 12.1* 7.9°
Summer  Tissue 21+06 1.3203 16° 1.6* 1.1°
Skeletal 4312 3.5+07 5.0° 6.5° 4.3°
Fall Tissue 1.6 +0.4 1.0+02 1.2° 1.2° 0.8"
Skeletal 3209 26+£05 3.7 4.9° 32"
_ |
100
— ~ invests between 2 and 4.1 x 107% cal pol™! d°}, the
80/ 7y equivalent of some 40 to 78 cal g”! C d7!, in spring.
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Fig. 3. Paramuricea clavata. Mean monthly metabolic de-
mand (ingesta, respiration, excretion, growth, and reproduc-
tion) for a colony of mean size for each sex. pol: polyp

Though the daily investment of a primary male polyp
may be half again as high as that of a female polyp in
May, averaged over the entire year, investment by the
2 sexes Is rather similar, and a single value obtained
by averaging the estimates for the 2 sexes was there-
fore used in subsequent calculations.

Energy budget

The energy budget is presented for mean colony
size of each sex in Fig. 3. Although the assimilation
efficiency rate selected (75 %) may be somewhat con-
servative, it is clear that irrespective of the value cho-
sen, the calculations could not be balanced, because
the energy value of =zooplanktonic prey items
accounted for 50 % of demand. The total energy flow
through Paramuricea clavata is no more than 150 cal
gt C d°!. Total daily energy demand is 1.43% of tis-
sue (coenenchyme) weight or 3% of total dry weight,
yielding a biomass turnover time of 9 yr (total invest-
ment in growth is 10 % of the total energy flow). Total
daily energy requirements did not seem to vary sig-
nificantly (1.30 to 1.52% d°') with colony size. On the
other hand, distribution of the total energy demand
among the different components of the budget did
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Table 6. Paramuricea clavata. Daily mean male and female gonad production (for each month) according to colony size, in car-
bon units per polyp. *Extrapolated values determined on the base is of the number of polyps per colony and proportion of polyps
on the different branch orders. Data expressed as mean value * standard error

>40 30-40

Female gonad production (ug C pol™! d™!) x 100

Jan 53+04 42+0.2
Feb 213+1.7 16.9+0.9
Mar 42.8 +3.5 340x1.9
Apr 63.2+5.1 50.2+28
May 39.2+3.2 31.2x1.7
Jun 31526 25014
Jul 0.0x0.0 0.0+0.0
Aug 0.0+0.0 0000
Sep 0.0+0.0 0.0+00
Oct 3.5+03 28+0.2
Nov 35+03 28+0.2
Dec 53+04 4.2x02
Annual (pg C pol™! yr!) 65653 52.1+29
Male gonad production (pg C pol™' d™') x 100

Jan 0.2+00 02+0.0
Feb 1.1+00 1.1+00
Mar 4.8+0.2 4.7+0.2
Apr 41.1+ 1.3 405+ 1.3
May 889+28 87.8+2.8
Jun 469+ 15 46.3=x 1.5
Jul 0.0+0.0 0.0+0.0
Aug 0.0+0.0 0.0=0.0
Sep 0.0+0.0 0.0x0.0
Oct 0.0+£0.0 0.0=x0.0
Nov 0.0+0.0 0.0+0.0
Dec 0.2+0.0 0.2+0.0
Annual (ug C pol~tyr™") 557+ 1.8 55.0+1.8

Colony size (cm)

20-30 10-20 0-10
17 0.1 0.00°"
6.9 06 0.02*
13.9* 1.2 0.03*

20.6° 17 0.05°

12.8° 11 0.03*

103" 09 0.02"
00" 0.0 0.00°"
0.0" 0.0 0.00°"
00" 0.0* 0.00*
11 01" 0.00*
11 01 0.00*
17 0.1 0.00"

214+ 2.0 18+07 0.05 % 0.01
0.1 0.0 0.0
0.5° 01 00
2.3 0.4 00"

19.6° 36" 0.4

42.4" 7.9° 0.9°

22.4" 4.2 0.5
0.0 00 0.0
0.0* 0.0 0.0
0.0° 0.0 0.0°
0.0* 0.0 0.0*
0.0° 00" 0.0*
01 0.0 0.0*

26.6 + 3.6 5009 0.6+ 0.1

vary with colony size (Fig. 4). Respiration was the
largest fraction, with a value from 70 to 82.6 % of total
demand; excretion may account for 3.8 to 4.4 % of the
total. Investments in growth and reproductive effort
accounted for the remaining 12.1 to 24.3%, the pro-
portion varying according to colony size. Small, infer-
tile colonies invest the full 20% in growth, whereas by
the end of the year large colonies will have invested
16 % in sexual reproduction and only the remaining
6.7 to 10% in growth.

Comparison of budgets

A comparison of the resource allocation strategies of
these 2 species may be undertaken provided that 2 con-
ditions are fulfilled: (1) physiologically active tissue and
structural material (virtually non-existent in the hydroid)
are considered separately for Paramuricea clavata
growth, and (2) the components of the budgets are ex-
pressed per modular unit. To remove the variation
caused by seasonal factors and colony size, the most rel-

evant values for such a comparison are presented in con-
densed form in Table 7. Overall metabolic demand per
unit of mass is an order of magnitude (10 to 20 times)
higher in the hydroid than in the gorgonian {(and 50 to
100 times higher if structural material is included in the
weight of both species). In both cases respiration is the
most important fraction of the energy demand.

Growth is much slower in Paramuricea clavata than
in the hydroid (the daily equivalent of 0.15% of tissue
weight). The biomass renewal rate for the gorgonian is
on the order of 6.6 yr, and the turnover rate is esti-
mated to be 9 yr, while in the hydroid the values are 5
and 12 d, respectively. The reason for this is, while in
Campanularia everta residual mineral matter corre-
sponding to structurad material accounts for no more
than 6 % of the weight of zooids, the 2 skeletal compo-
nents of the gorgonian (the flexible skeleton of spicules
and the organic skeletal axis) account for 54 and 35 %,
respectively, of colonies’ the total biomass (the leftover
11% was the mean tissue mass).

Assuming that the energy cost of excretion is com-
parable in both species (6 to 8%), the distribution of
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Fig. 4. Paramuricea clavata. Distribution of monthly metabolic demand (ingesta, respiration, excretion, growth, and reproduction)
according to colony size class and colony sex. pol: polyp

the energy surplus differed considerably: the energy
surplus in the hydroid (about 44 % of the total assimi-
lated energy) is invested mainly (75%) in somatic
growth, the rest (25%) in reproductive effort; in the
gorgonian, the much smaller energy surplus (nearly
25% of an amount 10 times smaller) is distributed
much more evenly between reproductive effort (50 %)

and somatic growth (50 %). The distribution pattern of
the small energy surplus changed with colony age.
On average, sexual maturity is delayed until colonies
have reached a height of 20 (11 to 30) cm, represent-
ing, according to our estimates, an age of 13 (6 to
19) yr. Up to that point, all annual energy surplus is
invested in growth. However, from the time of sexual
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Table 7 Campanularia everta and Paramuricea clavata. Mean average value of the components of the energy budgets of both
species (ingestion, assimilation, reproduction, growth, respiration, and excretion). Percentage (%): percentage of each compo-
nent of the total output. Data expressed as mean value * standard error

Input
Ingesta Assimilation
Campanularia everta
(ug C pg ' CdYyx 100 19.2 +3.7 134 -
(ug C pol’t d-Y) x 100 17.2 +3.3 121 -
Percentage (%) 108

Paramuricea clavata

(ug Cug ' Cd 'y x 100 0.80 £0.38 060 -
(ug C pol'td ') x 100 36.60 £17.26 27.45 -
Percentage (%) 50

Output Total
Reproduction  Growth Respiration  Excretion
1.1 207 36 £0.7 74 - 1.1 - 13.3
1.0 0.7 32 206 6.7 - 1.0 - 12.0
9 27 56 8
0.15 +0.02 0.15 006 0.71 =0.07 0.06 +0.02 1.10
772 £1.04 783 +£3.16 36.30 +£3.79 3.09 +£0.95 55.00

14 14 66 6

maturity, the annual investment in growth by colonies
1s divided between somatic growth and sexual repro-
duction. In a colony 25 cm tall, roughly 16 yr of age,
56 % of the surplus energy (10.7% of the total) is
invested in growth and 44 % in reproductive effort,
whereas in a colony 50 cm tall, approximately 30 yr of
age, the shares are 38% (6.7 % of the total) in growth
and 62 % in reproduction.

DISCUSSION
Energy budgets: are they in balance?
Paramuricea clavata

The error terms in growth and reproduction estima-
tions are small enough so that they would not signifi-
cantly affect the distribution of energy among the dif-
ferent components of the budget. Basal metabolism is
responsible for the higher energy demand. The error
term in respiration was also small. Although a detailed
seasonal respiratory study would provide a better
approach to evaluating the respiratory cost of the spe-
cies, the discrepancy between the energy values for
the zooplankton prey ingesta and energy demand is
too high to be eliminated by the error terms of the
other components of the budget.

Therefore, even though respiration and excretion
have not been studied as thoroughly as the other pro-
cesses, this preliminary budget points to an obvious
conclusion: the zooplanktonic prey items present in the
stomach contents, basically copepod eggs and nauplii,
cannot be the only source of food in the diet of Para-
muricea clavata. Prey digestion time is a key factor,
since lowering the value by half would suffice to offset
the discrepancies and balance the budget. The value
for digestion time used (4 h) may be somewhat conser-
vative, since eggs and nauplii make up the bulk of

prey items captured and are digested in a shorter time,
with 4 h being the digestion time for adult copepods.
Extrapolating this consideration to the smaller sizes
raises the question of whether this gorgonian might not
exploit the same amorphous particulate matter that
forms the basis of the diet of the hydroid Campanularia
everta. Other possible food sources should also be
explored.

In order to not overestimate the respiratory costs, the
mean respiration value was calculated considering
that contracted colonies have a lower basal metabolism
(approximately 50%). This approach is in accordance
with observations in the studies on expansion and con-
traction in anemones and alcyonaceans (Robbins &
Shick 1980, Sebens 1987), where the respiratory rate of
contracted individuals was only 10 to 60 % of the respi-
ratory rate of the same individuals in their expanded
state. The experiments performed with Paramuricea
clavata during a period of low temperature but with
high energy investment in gonadal development
(May) and during a period of high temperature and
zero reproductive investment result in very similar res-
piratory rates. Both phenomena, high temperature and
high reproductive investment, could produce an in-
crease in O, consumption. For this reason it was not
possible to calculate a Q, for this species, and a mean
value of O, consumption was considered for the entire
year. However, this could be an overestimation during
autumn and winter because during these periods tem-
perature is low and the energy investment in repro-
duction and growth is also low.

Campanularia everta

The values recorded for Campanularia everta agree
with the limited amount of available information (see
Gili & Hughes 1995 for review). The average annual
ingestion rate (19.1 %) and growth efficiency (K;: 25 %;
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K,: 47.6 %) calculated for C. everta are similar to those
reported by Paffenhofer (1968) for clones of Clava mul-
ticornis in the Narth Sea, and somewhat lower than
the estimates for Eudendrium racemosum (K;: 25.9%;
K3;: 58.4 %) reported by Barange et al. (1989). However,
it should be recalled that those last workers calculated
the energy balance for the period of peak proliferation
of that seasonal hydroid.

The error term of each one of the measured parame-
ters of the budget was not large enough to significantly
modify the reported trend in the pattern of energy allo-
cation of the species. However, bearing in mind that
the components of the budget related to respiration are
still provisional, the budget calculated for Campanu-
laria everta yielded a quite acceptable balance
between the inputs and expenditures. According to the
equation, at an assimilation efficiency rate of 70%
(Paffenhdfer 1968), the material from the stomach
contents, primarily amorphous particulate matter,
digested in 2 h and consumed continuously throughout
the day, would suffice to meet this hydroid's energy
needs.

Are somatic and reproductive investments limited by
energetic constraints?

The low density of prey items in summer reduces
energy inputs of Campanularia everta to a low level
capable of meeting no more than 50% of metabolic
requirements, even at their minimum levels at that
time. The fact that minimum metabolic demand coin-
cides in summer with minimum stomach contents and
with the period when C. everta colonies are in a state
of regression (Llobet et al. 1991a) suggests that a
trophic-energetics phenomenon may underlie this
summer regression. Such a trophic energy-limiting
basis for the summer regression in the activity of C.
everta would also be consistent with the pattern
observed in the gorgonian. The energy surplus of
Paramuricea clavata is limited during a long season of
the year by the precarious balance between food
inputs and metabolic demands. As shown by Coma et
al. (1994), a significant correlation exists between the
annual cycle of planktonic density and the annual
cycle of prey content in P. clavata stomachs. As plank-
tonic supply decreases sharply in summer, it is not sur-
prising that P. clavata has minimum stomach contents
and minimum metabolic requirements and spends
much more time contracted in summer than during the
rest of the year. Thus, somatic and reproductive invest-
ments of the gorgonian P. clavata may be regulated by
trophic constraints.

Regression or inactivity of colonies in summer is not
limited to these species, but has been observed in the

life cycles of a number of seasonal benthic suspension
feeders in the Mediterranean, including hydroids
(Boero et al. 1986, Llobet et al. 1991a), tunicates (Turéon
& Becerro 1992) and bryozoans (Zabala 1983) How-
ever, this pattern cannot be extrapolated to all suspen-
sion feeders, because some large hydrozoan species
such as Halocordyle disticha and Eudendrium racemo-
sum are at a population maximum during summer
(Boero & Fresi 1986). It appears that the beginning of
summer in the Mediterranean, a time of year that is
energetically adverse for some suspension feeders,
triggers a decline in the abundance of species such as
Campanularia everta, combined with lower activity
levels (a form of ‘aestivation’ analogous to the phe-
nomenon of hibernation in many species in colder cli-
mates) in perennial species such as the gorgonian
Paramuricea clavata. Worsening feeding conditions
have been observed to induce cutbacks in colony
growth or reproductive effort in several species of ben-
thic modular organisms (Yamaguchi 1975, Jebram
1980). In hydrozoans, lower somatic growth may not be
accompanied by loss of stolons, which may continue to
grow or may encyst while awaiting sufficient food to
support renewed budding of new hydranths (Crowell
1961, Braverman 1971).

The energy budgets of both species include some
component values from the literature. From these val-
ues, respiration in Campanularia everta evidently is
the only component that may have the quantitative
importance to produce significant modifications on the
budget. A variation in the respiratory estimate in the
order of 25% would produce an increase or decrease of
30% of the energy surplus. However, the trend in the
pattern of energy allocation would not become signifi-
cantly modified. In autumn and winter, except in
December, the energy surplus was always large
enough to account for respiration to be up to 25%
higher than the value estimated. In spring, if respira-
tion were 25% higher, the summer energetic shortfall
would occur earlier (about April). During summer time,
a higher respiration would make the energetic short-
fall even more severe. However, the summer energetic
shortfall would persist even if respiration estimates
were 25 % lower (Fig. 1).

Resource allocation strategies and life histories

Despite the differences in colony size, colonization
and growth strategy of the 2 species studied. they both
exhibited similarities in reproductive tactics. Besides
similarities in egg size and egg production (Coma et al.
1995b, ¢, 1996), they both concentrate their reproduc-
tive effort during a certain time of the year, which
seems to be governed by 2 important environmental
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factors: (1) food availability which allows gamete pro-
duction and development (Kojis & Quinn 1981, 1982 in
corals); and (2) substratum availability for larval settle-
ment {Nishihira 1967, Buss 1979 in hydroids). Both fac-
tors maximize the survival of offspring. Both species
invest all their sexual reproductive effort in 1 of the 2
most favourable times of year in the Mediterranean
from the standpoint of food availability (spring and
autumn), when secondary plankton production peaks
(Valentin 1972). In both species these 2 periods also
coincide with maximum ingestion rates. In autumn
Paramuricea clavata invests part of the assimilated
energy to initiate of gonad formation, while Campanu-
laria everta invests in the formation of gonangia, pro-
ducing larvae within a few days. In spring both species
appear to accumulate energy in preparation for the
summer food shortage (see the preceding section).
Both anthozoans (Kellogg & Patton 1983) and hydro-
zoans (Bouillon 1995) have been reported to accumu-
late reserves (lipids), taking the form of stolons in the
latter. But, while P. clavata spawning occurs in spring,
C. everta releases its larvae in autumn, when the
greatest algal surface area is available for larval settle-
ment (Llobet et al. 1991a). In spring and summer, algal
discs are colonized by epiphytic algae and other
organisms that block settlement by the hydrozoan's
larvae {Boero & Fresi 1986, Llobet et al. 1991b). There-
fore, even though spring would be a favourable period
for larval production regarding the high ingestion rate,
substratum availability may be a limiting factor that
causes the postponement of the release of larvae. In
this way the probable accumulation of energy in the
stolons enables colonies to produce new hydranths and
gonangia rapidly after the food storage has passed.
The picture produced by comparing the energy bud-
gets and ecological strategies of the hydroid Campan-
ularia everta and the gorgonian Paramuricea clavata
are quite consistent with the predictive framework for
sedentary clonal animals (Hughes & Cancino 1985).
These may be described as 2 opposing life-history
strategies: (1) Species of ephemeral clones follow a life
strategy based on maximizing clonal expansion by
uninterrupted modular iteration as long as conditions
are favourable to growth, and holding sexual repro-
duction in reserve for periods when modular survival
or replication is hindered by the environment (Karlson
1988, Hughes 1989). (2) Modules that dwell in persis-
tent habitats may aggregate to form dense colonies,
making them more resistent to competition and envi-
ronmental hazards (Jackson 1977, Buss 1979) and
leading to perennation and defense of the space they
have taken over (Jackson 1985). This is mainly due to
the differing natures of the substrata. Adaptation to the
substratum is achieved by means of differing somatic
biomass turnover rates, which are much higher in C.

everta. Yet substratum limitations do not seem to pre-
vent reproductive effort from being very similar in
these 2 species. In terms of colony size, since P. clavata
does not face substratum constraints, it is able to
achieve a much larger colony size than C. everta.

A species’ life-history traits are related to the invest-
ment of energy in reproduction as determined by the
interaction between the genotype and the environ-
ment (Begon & Mortimer 1985, Begon et al. 1990). Both
these species employ the same reproductive strategies
irrespective of the substrata they inhabit. This repro-
ductive strategy is characterized by the release of lar-
vae with a short planktonic phase that rarely drift far
away from the parent colonies (Coma et al. 1995c,
1996). These species increase their reproductive effort
in agreement with colony size, clearly demonstrated in
Paramuricea clavata but likewise demonstrable in
Campanularia everta. In this latter species, colony size
(number of feeding hydranths) in spring will determine
the amount of energy stored in the stolons, which in
turn will determine both the number of hydranths and
gonangia that will be generated rapidly after the criti-
cal period of lower food availability in summer.

The interpretation proposed here must be consid-
ered as a preliminary approach since, although the
obtained data have been precisely measured, an
important number of published values have bheen
required for the assessment of the components of the
energy budget of both species. This implies that inter-
specific variation and different degrees of precision
can constrain reliability of the final interpretation. We
are aware that to evaluate the predictable power of an
energy budget approach, as first pointed out in this
work, many more species should be examined. How-
ever, we believe that the energetic approach can pro-
vide an important contribution to the understanding of
life-history traits of modular colonial organisms, espe-
cially in areas with important seasonal variations of the
main environmental factors, such as the Mediter-
ranean.
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