Journal of Experimental Marine Biology and Ecology 444 (2013) 38-45

Contents lists available at SciVerse ScienceDirect

S olrnlot e
" EXPERIMENTAL
MARINE BIOLOGY

AND ECOLOGY

Journal of Experimental Marine Biology and Ecology

journal homepage: www.elsevier.com/locate/jembe

Effects of food availability on the sexual reproduction and biochemical
composition of the Mediterranean gorgonian Paramuricea clavata

@ CrossMark

Andrea Gori ¥, Cristina Linares °, Nuria Viladrich ¢, Ana Clavero ?, Covadonga Orejas ¢, Ida Fiorillo ?,
Stefano Ambroso °, Josep-Maria Gili °, Sergio Rossi ©

2 Institut de Ciéncies del Mar, Consejo Superior de Investigaciénes Cientificas, Passeig Maritim de la Barceloneta 37-49, 08003 Barcelona, Spain

b Departament d'Ecologia, Universitat de Barcelona, Avda. Diagonal 645, 08028 Barcelona, Spain

¢ Institut de Ciéncia i Tecnologia Ambientals, Universitat Autonoma de Barcelona, UAB Campus Cn s/n, 08193 Cerdanyola del Vallés, Barcelona, Spain
4 Instituto Espaiiol de Oceanografia, Centro Oceanogrdfico de Baleares, Moll de Ponent s/n, 07015 Palma de Mallorca, Spain

ARTICLE INFO ABSTRACT

Article history:

Received 16 December 2012

Received in revised form 14 March 2013
Accepted 17 March 2013

Available online 10 April 2013

Food availability strongly affects the ecology and physiology of coral and gorgonian species, as well as their resis-
tance to stress factors. Since the resources available to these species must be allocated among the energy-costly
processes of maintenance, regeneration, growth and reproduction, a reduction in food availability is expected to
negatively influence these processes. Here, we show evidence that starvation induces a significant decrease in
the gonadal volume produced by the Mediterranean asymbiotic gorgonian Paramuricea clavata, with a differential
effect on male and female colonies. Fed and starved female colonies produced the same number of oocytes per
polyp, but the oocytes were significantly smaller in the starved colonies. Conversely, the spermaries showed the
same size in fed and starved male colonies, but fewer spermaries per polyp were produced in the starved colonies.
The percentage of organic matter in the coenenchyme of the fed colonies did not change during the experiment,
and its composition showed an increase in the relative amount of lipids. In contrast, the starved colonies showed
a decrease in the percentage of organic matter, and a constant proportion of lipid. These results confirm a direct
link between food availability and both reproductive output and biochemical composition in this organism, and
underscore the potentially important role of food availability in explaining the spatial variability in the reproduc-
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tion and energy storage of suspension feeders.
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1. Introduction

Environmental conditions strongly influence the ecology and phys-
iology of marine organisms, determining seasonal patterns in feeding,
growth, reproduction and abundance. For this reason, studies of the
response of marine species to variability in the main environmental
factors are crucial for understanding the potential adaptability of spe-
cies to local conditions, as well as to future changes in environmental
features (Gardner, 2000; Wildish and Kristmanson, 1997). Biotic and
abiotic factors that influence food availability have a special influence
on the life cycles of sessile benthic suspension feeders that rely primar-
ily or entirely on the capture of seston (Gili and Coma, 1998; Wildish
and Kristmanson, 1997). The resources available to these species are
often limited in time and space and must be allocated among the
energy-costly processes of maintenance, regeneration, growth and re-
production (Richmond, 1987; Rinkevich, 1989; Ward, 1995).
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Food availability has been shown to affect the principal physiological
processes in coral species, whose starved colonies show a significant de-
crease in calcification, respiration and excretion rates (Houlbreque and
Ferrier-Pagés, 2009; Naumann et al., 2011; Szmant-Froelieh and Pilson,
1984). During thermal stress, food availability significantly promoted
survival and recovery in tropical coral species (Connolly et al., 2012;
Ferrier-Pagés et al., 2010). Nutrients also directly mitigate the effects
of elevated pCO, on coral calcification (Holcomb et al., 2010), and act
in concert with other abiotic factors to maintain the calcification rates
(Edmunds, 2011). In temperate gorgonians, supplemental food avail-
ability delayed the appearance of partial mortality (Coma et al.,, 2009).
The nutritional history of an organism will affect not only its physiology
and metabolism but also its biochemical composition (Szmant-Froelich
and Pilson, 1980). Coral and gorgonian species show depletion of
energy reserve materials, such as lipids and carbohydrates (Grottoli et
al., 2004), during periods of starvation (Harland et al., 1992; Szmant-
Froelich and Pilson, 1980) or under ambient food and/or light con-
straints (Ben-David-Zaslow and Benayahu, 1999; Rossi et al., 2006).
Resources available to benthic suspension feeders are often diluted,
patchily distributed, and stochastically variable in time and space (Gili
and Ballesteros, 1991; Ribes et al.,, 1999; Rossi and Gili, 2005, 2007). In
this context, the high lipid content of coral and gorgonian species
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(Ben-David-Zaslow and Benayahu, 1999; Grottoli et al., 2004; Stimson,
1987; Ward, 1995) can constitute an energy reserve that may be
employed to outlast periods of food shortages (Harland et al., 1992;
Rossi et al., 2006).

In a temperate sea, such as the Mediterranean, the seasonal cycles of
primary production strongly control the food available to benthic sus-
pension feeders (Coma and Ribes, 2003; Rossi and Gili, 2005). Among
these organisms, gorgonians represent a structural component and con-
tribute significantly to the biomass, structural complexity, and energy
flow of many benthic communities (Ballesteros, 2006; Gili and Coma,
1998; Gili and Ros, 1985). Shallow-water Mediterranean gorgonian
species show a marked seasonality in biochemical composition, with
an increase in lipid content during the spring. This increase coincides
with the principal bloom in Mediterranean primary and secondary pro-
duction. These gorgonians also show lipid depletion during the summer
period of water stratification as well as in late autumn, when the quality
of food decreases due to storms and rainfall (Gori et al., 2007; Rossi
et al., 2006).

Recent studies have reported substantial interpopulation variability in
the reproductive output and biochemical composition of Mediterranean
gorgonians (Gori et al., 2007, 2012; Rossi and Tsounis, 2007). However,
energy storage and reproductive output do not always appear to be
directly related (Gori et al,, 2007; Rossi and Tsounis, 2007; Rossi et al.,
2006). Understanding the influence of food availability on reproduction
and energy storage has major implications for understanding gorgonian
population dynamics. Further research on this topic may highlight the
potential nature and importance of food availability in the response and
recovery of these organisms following environmental stress caused by
human and climate-induced disturbances, which are increasingly affect-
ing Mediterranean benthic communities dominated by gorgonians and
sponges (Garrabou et al., 2009; Lejeusne et al., 2010). A decrease in
food availability could impact the reproductive output and energy storage
capability of these organisms. In this case, a future scenario characterized
by lower food availability as a consequence of stronger water stratifica-
tion (Doney, 2006; Smetacek and Cloern, 2008) may have important
consequences for the long-term viability of populations of benthic sus-
pension feeders.

For these reasons, the primary goal of this study was to experi-
mentally investigate the effect of food availability on (1) the gonad
development and (2) the biochemical composition of the Mediterra-
nean gorgonian Paramuricea clavata. The final aim of the study is to
investigate how changes in energy availability may potentially affect
the reproduction of asymbiotic temperate gorgonian species and,
consequently, the potential recovery and survivorship of these spe-
cies under a scenario of change.

2. Materials and methods
2.1. Study species

P. clavata (Risso, 1826) is an emblematic asymbiotic gorgonian
species characteristic of the western Mediterranean and the Adriatic
Sea (Carpine and Grasshoff, 1975; Weinberg, 1976), where it displays
a strongly patchy distribution associated with vertical rocky walls and
bottoms exposed to strong currents (Gori et al., 2011; Linares et al.,
2008a; Weinberg, 1978). This species is characterized by a low growth
rate, high mortality rates of recruits and juvenile colonies (Coma et al.,
2001; Mistri and Ceccherelli, 1994), and low natural mortality of adults
(Coma et al., 2004; Linares et al., 2007). Its populations are maintained
by sexual reproduction, and the effect of asexual reproduction is negli-
gible. Synchronous spawning occurs annually in mid-June near the
times of the new and full moons (Coma et al., 1995). P. clavata regularly
feeds on pico-, nano- and micro-zooplankton. It feeds less frequently on
mesozooplankton, such as calanoid copepods (Coma et al., 1994; Ribes
et al., 1999).

2.2. Sample collection

In late February, 60 P. clavata colonies were sampled by SCUBA
diving at a depth of 18-22 m in the Medes Islands (NW Mediterranean
Sea, 43° 2’ 30" N, 3° 13’ 30” E). All sampled colonies, haphazardly
chosen, were higher than 30 cm (sexually mature colonies according
to Coma et al., 1995). From each of the 60 colonies, 6 primary branches
(approximately 5 cm in length) were collected. Branches from each
colony were preserved separately in a labeled plastic bag filled with sea-
water (one bag for each colony). In the laboratory, one branch from
each colony was preserved for analysis (see Sections 2.3 and 2.4),
whereas the other five branches from each colony were attached to a
concrete base with a two-component resin. The bases were identified
with a colony identification code and placed into two circular tanks
(30 colonies per tank) 55 cm in diameter, 20 cm high, and 50 1 in vol-
ume. Two submersible pumps (Marea 3200, Croci Trading Company,
Gazzada, Italy) in each tank provided a continuous circular current
with a flow rate of 3200 1 h—'. Water renewal was provided by a
continuous flow of Mediterranean seawater pumped from a depth of
15 m at a rate of 50 1 h~! and filtered with a 4 um pore size. To avoid
interference by any factor other than food availability, the water was
maintained at a constant temperature of 12 4+ 1.0 °C, corresponding
to the in situ temperature at the moment of sampling. The gorgonians
were maintained in the dark. Only one of the tanks was fed 5 times a
week with frozen Cyclops and a liquid mixture of particles from approx-
imately 10 to 450 pm in size (Bentos Nutrition, Marine Active Supple-
ment, Maim, Vic, Spain), a suitable range of food sizes for P. clavata
(Coma et al., 1994; Ribes et al,, 1999). During feeding, water renewal
in both experimental tanks was interrupted for approximately 3 h to
allow the gorgonians to feed. During the experiment, a branch from
each colony was collected and preserved for analyses after 28 days,
67 days, 95 days, 123 days, and 138 days. At each of these sampling
times, every branch was divided into three portions: the first was pre-
served in 10% formalin to study gonad development, the second portion
was analyzed to assess the quantity of organic matter in the gorgonian
coenenchyme, and the third portion was frozen at —20 °C and lyophi-
lized for 16 h at —110 °Cand at 100 mbar pressure (Lyo Alfa 6, Telstar,
Terrassa, Spain) to assess carbohydrate, protein, and lipid content.

2.3. Gonad development

To study gonad development and reproductive output during the
experiment, 10 female and 10 male colonies were analyzed at each
sampling time for each treatment. Polyps were dissected under a stereo
microscope (Wild, Heerbrugg, Switzerland), and the diameters of all
oocytes and spermaries present in 5 polyps in each sample were mea-
sured with an eyepiece micrometer (410 pm), avoiding apical ends
where reproductive output may be affected by annual growth (Coma
et al., 1995). If the gonads were elliptical, both minor (a) and major
(b) diameters were measured, and the diameter of a sphere with an
equivalent volume was calculated (d = 2 ((a/2)? - b/2)!/3).Toes-
timate the gonadal volume per polyp, diameters (d) were transformed
into volume (V = 4 /3m (d / 2)3).

2.4. Biochemical analyses

Gorgonian organic matter in the coenenchyme and its composition in
carbohydrates, proteins and lipids were assessed at each sampling time
in 10 colonies from each treatment. Approximately 30 mg (40.01 mg)
of coenenchyme dry weight from each sample was reduced to ash for
4 h at 500 °C in a muffle furnace (Raypa HM-9, R. Espinar, Terrassa,
Spain), and the weight of organic matter (OM hereafter) was calculated
as the difference between the coenenchyme dry weight and ash weight
(Slattery and McClintock, 1995). To determine carbohydrate content,
approximately 10 mg (£0.01 mg) of coenenchyme dry weight from
each sample was homogenized in 3 ml of double-distilled water, and
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carbohydrates were quantified colorimetrically (Dubois et al., 1956)
with glucose as a standard. To quantify protein content, approxi-
mately 10 mg (£0.01 mg) of coenenchyme dry weight from each
sample was homogenized in 2 ml 1 N NaOH, and proteins were
quantified colorimetrically (Lowry et al., 1951) with albumin as a
standard. Finally, to determine lipid content, approximately 15 mg
(£0.01 mg) of coenenchyme dry weight from each sample was
homogenized in 3 ml of chloroform:methanol (2:1), and total lipids
were quantified colorimetrically (Barnes and Blackstock, 1973) with
cholesterol as a standard. All the colorimetric quantifications were
performed with a spectrophotometer (UV mini-1240, Shimadzu, Kyoto,
Japan), and the results are presented in pg carbohydrate-protein—
lipid mg ™" of OM.

2.5. Statistical analyses

Two-way factor PERMANOVA with treatment and time as fixed fac-
tors was used to test for significant differences over time and between
fed and starved gorgonians for each of the seven variable parameters
analyzed in the study (gonadal volume, number of gonads per polyp,
diameter of the gonads, organic matter in coenenchyme, carbohydrate,
protein, and lipid content). Pairwise comparisons were performed
for the factor of interest (here, feeding treatment) separately for each
sampling time. Although the variables were univariate, a PERMANOVA
was employed because the null distribution of the test statistic in
PERMANOVA is produced by permutation (in this case we used 9999
random permutations), thus avoiding the usual normality and spheric-
ity assumptions of ANOVA (Anderson, 2001). The analyses were
performed with the Primer v6 statistical package (Clarke and Gorley,
2006) in conjunction with the Windows PERMANOVA + module
(Anderson et al., 2008).

3. Results
3.1. Gonad development

Oocyte volume and diameter increased with time in both treatments
but presented significantly lower values in the starved than in the fed
colonies at the end of the experiment (Fig. 1A, B, Table 1). At the begin-
nings of the experiment, the mean number of oocytes per polyp showed
significant differences between treatments. However, after a clear de-
crease with time in both treatments, no significant differences were
observed between the fed and starved colonies at the end of the exper-
iment (Fig. 1C, Table 1). The volume of the spermaries increased signif-
icantly with time in both treatments, showing significantly lower values
in the starved than in the fed colonies at the end of the experiment
(Fig. 2A, Table 1). The diameter of the spermaries increased with time,
with no differences between treatments (Fig. 2B). The mean number
of spermaries per polyp decreased in the starved colonies and increased
in the fed ones, with significantly lower values in the starved than in the
fed colonies at the end of the experiment (Fig. 2C, Table 1).

3.2. Biochemical analyses

The percentage of organic matter in the coenenchyme decreased
significantly in the starved colonies (Fig. 3, Table 1). In contrast, the bio-
chemical composition of the organic matter showed a decrease in car-
bohydrate content in both treatments (Fig. 4A, Table 1), a significant
increase in protein content in the starved colonies (Fig. 4B), and a signif-
icant increase in lipid content in the fed colonies (Fig. 4C, Table 1).

4. Discussion
The results of this study demonstrate two important effects of dif-

ferential food availability on gorgonian reproduction: (1) a significant
effect was observed on the gonadal volume produced by P. clavata,
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Fig. 1. Temporal changes in (A) mean polyp volume of oocytes, (B) oocyte diameter,
and (C) oocyte number per polyp in fed (filled circle) and starved (open circle)
Paramuricea clavata female colonies (mean =+ SE); significant differences between
the two treatments shown by the pairwise test are indicated by one (p-value < 0.05),
two (p-value < 0.01), or three asterisks (p-value < 0.001).
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Table 1

Two-way PERMANOVA comparing the mean gonadal volume per polyp, gonad diameter,
gonad number, organic matter, content of carbohydrates, proteins, and lipids, during time
and between feed and starved gorgonians; significant p-values are indicated by one
(p-value < 0.05), two (p-value < 0.01), or three asterisks (p-value < 0.001).

df SS MS Pseudo-F  p Value
Female gonadal volume
Treatment 1 459,561 45,961 7.2 0.008 **
Time 5 498,652 99,729 15.6 <0.001 e
Treatment « Time 5 194,171 38,834 6.1 0.002 **
Residual 595 3,795,411 6378
Female gonad diameter
Treatment 1 19,403 19,403 19.8 <0.001 e
Time 5 292,323 58,461 5954 <0.001 o
Treatment « Time 5 44,295 8859 9.0 <0.001 e
Residual 1088 577,321 981
Female gonad number
Treatment 1 2041 2041 17.9 <0.001 e
Time 5 5257 1051 9.2 <0.001 o
Treatment « Time 5 2482 496 44 0.002 o
Residual 585 66,528 114
Male gonadal volume
Treatment 1 984,611 984,611 55.0 <0.001 e
Time 5 4,874,121 974,822 59.0 <0.001 e
Treatment * Time 5 1,264,911 252,987 153 <0.001 o
Residual 555 91,687,699 16,521
Male gonad diameter
Treatment 1 59,736 59,736 3.2 0.075
Time 5 4,388,221 877,651 46.7 <0.001 e
Treatment « Time 5 140,721 28,143 1.5 0.192
Residual 1168 2,195,277 18,795
Male gonad number
Treatment 1 1767 1767 213 0.005 **
Time 5 2254 451 5.4 <0.001 o
Treatment « Time 5 7308 1461 17.6 <0.001 e
Residual 556 46,029 83
Organic matter
Treatment 1 514 514 23.7 <0.001 e
Time 5 1057 211 9.7 <0.001 o
Treatment « Time 5 833 167 7.7 <0.001 e
Residual 344 7467 22
Carbohydrate content
Treatment 1 436 436 2.7 0.112
Time 5 15,545 3109 19.3 <0.001 o
Treatment « Time 5 4821 964 6.0 <0.001 o
Residual 108 17,387 161
Protein content
Treatment 1 80,130 80,130 119 <0.001 o
Time 5 353,681 70,736 10.5 <0.001 e
Treatment * Time 5 149,422 29,884 4.5 <0.001 o
Residual 108 710,464 6702
Lipid content
Treatment 1 14,266 14,266 31.3 <0.001 o
Time 5 12,991 25,983 5.7 0.002 **
Treatment « Time 5 64,803 12,961 2.8 0.014 *
Residual 108 49,240 4559

with a considerable decrease in starved colonies, and (2) a differential
effect on the reproductive cycle of male and female colonies, presum-
ably related to the moment of gametogenesis at which the food con-
straint occurred. Fed and starved female colonies produced the same
number of oocytes per polyp, but the oocytes were significantly
smaller in the starved colonies. Conversely, the spermaries showed
the same size in fed and starved colonies, but fewer spermaries per
polyp were produced in the starved colonies. These differences are
most likely related to the longer duration of oogenesis, compared
with spermatogenesis, in gorgonians from temperate environments
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Fig. 2. Temporal changes in (A) mean polyp volume of spermaries, (B) spermary diameter,
and (C) spermary number per polyp in fed (filled circle) and starved (open circle)
Paramuricea clavata male colonies (mean + SE); significant differences between the two
treatments shown by the pairwise test are indicated by one (p-value < 0.05), two
(p-value < 0.01), or three asterisks (p-value < 0.001).
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% Organic matter

Date

Fig. 3. Temporal changes in the organic matter in the coenenchyme of fed (filled circle) and
starved (open circle) Paramuricea clavata colonies (mean + SD); significant differences be-
tween the two treatments shown by the pairwise test are indicated by one (p-value < 0.05),
two (p-value < 0.01), or three asterisks (p-value < 0.001).

(Grigg, 1977; Ribes et al., 2007; Tsounis et al., 2006a). In P. clavata,
oocyte development begins between February and July and culmi-
nates in spawning during the summer (June and July) of the following
year (Coma et al., 1995). Thus, at the beginning of this experiment,
the number of maturing oocytes was already established, and the dif-
ference in energy availability between the fed and starved colonies
only affected the size of the oocytes. Conversely, the development of
the spermary is considerably shorter, beginning in January (almost co-
inciding with the beginning of this experiment) and culminating in
spawning during the summer of the same year (Coma et al., 1995). Con-
sequently, a smaller number of spermaries developed and matured in
the unfed colonies. We have no explanation for the higher number of
oocytes and spermaries observed in the starved colonies at the begin-
ning of the experiment. However, since gonads are extremely small at
this stage of the gametogenesis, these differences only slightly affected
the oocyte volume, and did not affect the spermaries volume (Figs. 1A
and 2A). The small dimensions of gonads may have also resulted in a
lower precision in their quantification at the beginnings of the experi-
ment. Previous studies focusing on the effects of climate-induced
mass mortality events on P. clavata (Cupido et al., 2012; Garrabou et
al., 2009; Linares et al., 2005) showed a significant decrease in the pop-
ulation reproductive output. A reduction in fecundity was observed in
both male and female colonies affected by partial mortality. However,
the sizes of the oocytes and spermaries were not affected (Linares et
al., 2008b). This result may suggest that if the stress driver operates
before the beginning of gametogenesis, both male and female colonies
respond by reducing fecundity but maintaining gonad sizes. However,
if the stress factor starts to operate after the beginning of gametogenesis
(as occurs in this experiment), the gonad sizes could also be affected.
Colonies of P. clavata colonized by epibionts following injuries were
not able to invest as much in reproduction as unaffected colonies and
showed a resulting decrease in both male and female fecundity. These
results indicate a compensatory response in which energy resources
that would normally be used for reproduction were invested in the
recovery of injured tissue (Tsounis et al., 2012). Similarly, in tropical
corals, stress factors (such as temperature increase, contamination,
bleaching and injuries) have been observed to affect reproduction by
reducing gonad size (Guzman and Holst, 1993) or fecundity (Kojis
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Fig. 4. Temporal changes in the (A) carbohydrate, (B) protein, and (C) lipid content in tissue
of fed (filled circle) and starved (open circle) Paramuricea clavata colonies (mean =+ SD);
significant differences between the two treatments shown by the pairwise test are indicated
by one (p-value < 0.05), two (p-value < 0.01), or three asterisks (p-value < 0.001).
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and Quinn, 1984; Michalek-Wagner and Willis, 2001; Szmant and
Gassman, 1990; Van Veghel and Bak, 1994). Elevated nitrogen reduced
the reproductive output of acroporid corals, while elevated levels of
phosphorus increased the number of produced gametes (Ward and
Harrison, 2000), and heterotrophic feeding induced the production of
bigger oocytes, but overall reduced the fecundity and reproductive
effort of the symbiotic coral Pocillopora verrucosa (Séré et al., 2010).

Coral and gorgonian ecology and physiology depend strongly on
the quantity and quality of available food (Ferrier-Pages et al.,
2003; Gili and Coma, 1998; Naumann et al., 2011; Szmant-Froelich
and Pilson, 1984). For this reason, time periods (or sites) with low
food availability may show a significant decrease in coral and gorgo-
nian reproductive output (Ben-David-Zaslow et al., 1999; Dahan and
Benayahu, 1997). A reduction in the production of spermary volume
may affect the probability of fertilization (Coma and Lasker, 1997;
Oliver and Babcock, 1992) and then, ultimately, reduce the number
of larvae produced. Conversely, in time periods (or sites) of high
food availability, more resources can be allocated to reproduction
(Ben-David-Zaslow et al., 1999), which could produce high repro-
ductive success and recruitment.

Spatial variability in reproductive output has been previously
reported in P. clavata and in the other Mediterranean gorgonian
Eunicella singularis (Gori et al,, 2007, 2012; Ribes et al., 2007), as well
as in tropical coral species, being attributed to differences in the alloca-
tion of resources to gamete production (Fan and Dai, 1995; Kruger et al,,
1998; Sier and Olive, 1994). A negative impact on the oocyte size may
have important consequences for the long-term viability of populations
because smaller oocytes may produce larvae with a reduced energetic
content, with an ultimate result of low recruitment success. Tropical
soft coral larvae produced during periods of high food availability
were larger, and almost all of these larvae were competent to metamor-
phose, whereas significantly lower rates of metamorphosis were ob-
served in planulae produced during periods of lower food availability
(Ben-David-Zaslow and Benayahu, 1996). Moreover, smaller planulae
with lower energetic content could reduce their pelagic larval duration,
consequently affecting connectivity among populations.

The absence of spawning in both fed and starved colonies
(maintained at the constant winter seawater temperature of 12 °C)
highlights the importance of temperature as a determinant of spawning
in shallow coral and gorgonian populations (Benayahu and Loya, 1983,
1986; Coma et al., 1995; Gori et al., 2007; Grigg, 1977; Weinberg and
Weinberg, 1979). However, the observed development of oocytes and
spermaries despite the constant seawater temperature (differently
from the increase in seawater temperature that occurs in early spring
in the Mediterranean Sea) also suggests that temperature interacts
with additional factors or with endogenous timing in gonadal develop-
ment. In any case, the environmental drivers that determine spawning
in temperate gorgonian species deserve further research. Both the
oocytes and the spermaries of the fed colonies were smaller than
those previously observed in the field (Coma et al., 1995; Gori et al.,
2007; Linares et al., 2008b), whereas their number per polyp was of
the same order of magnitude. These differences could not only be due
to a delay in the gametogenesis as a consequence of the low tempera-
ture, but also to the aquarium conditions relative to those of the field,
as suggested by the rapid reduction in carbohydrates observed after a
few weeks in both experimental treatments. Carbohydrates have been
shown to have a relatively direct relationship to trophic stress in antho-
zoan species, showing a rapid response to food depletion (Fitt and
Pardy, 1981; Rossi et al.,, 2006; Willmer et al., 2000). This result might
suggest that the quantity or quality of the food used in this experiment
resulted in a much poorer diet than the food that P. clavata generally
uses in the field (Coma et al., 1994; Ribes et al, 1999). In a similar
way, Acropora danae colonies in the field showed much higher carbohy-
drate content than colonies maintained in aquaria, possibly as a conse-
quence of variation in feeding frequencies and/or in the nutritional
value of the food (Szmant-Froelich and Pilson, 1984).

The percentage of organic matter in the coenenchyme of the fed col-
onies did not change during the experiment, and its composition showed
a significant increase in the relative amount of lipids. In contrast, the per-
centage of organic matter decreased in the starved colonies, and lipid
content remained at the low values (~200 ug mg ™! OM) previously ob-
served in P. clavata during winter (Gori et al.,, 2007; Rossi et al., 2006),
resulting in an overall decrease in the total amount of lipids. This result
confirms a direct link between food availability and biochemical compo-
sition in these organisms (Harland et al., 1992; Rossi et al., 2006; Szmant-
Froelich and Pilson, 1984). Lipids have been reported to represent the
principal storage molecules used by corals, and the large amount of
lipid content in coral organic matter constitutes an energy reserve
that can be partitioned between growth and reproduction (Ben-David-
Zaslow and Benayahu, 1999; Rossi et al., 2006). During periods of starva-
tion, as well as in bleached corals, lipids and carbohydrates are depleted
relative to proteins (Grottoli et al,, 2004; Szmant-Froelich and Pilson,
1984), as observed in this experimental study. Conversely, lipids
are stored during times of abundant food and/or light availability
(Ben-David-Zaslow and Benayahu, 1999; Glynn et al., 1985; Harland et
al.,, 1992; Rossi et al., 2006; Stimson, 1987).

Due to the temporal and spatial variability of littoral seston quantity
and quality (Rossi and Gili, 2005, 2007; Rossi et al., 2003) and the ob-
served high variability in prey capture rates at the colony (Coma et al.,
1994) and population level (Tsounis et al., 2006b), the results of this
study underscore the potentially important role of food availability in
explaining the spatial variability in the reproductive output and energy
storage of suspension feeders. To the extent that the responses of
P. clavata in this experiment are representative of the response of this
species to food availability in nature, our results show that a lower
food availability due to stronger water stratification in a future scenario
for shallow coastal waters (Doney, 2006; Smetacek and Cloern, 2008)
will have a direct impact on the capability of gorgonian populations to
withstand environmental changes. The present results may help to
better understand the sublethal responses expected after environmen-
tal stresses and to identify those populations in which food availability
may produce greater resistance and resilience to human- and climate-
induced disturbances.
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