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ABSTRACT: Population dynamics, morphology, density, lipid contents and prey capture rates
were studied in a patchy population of the tree-like passive suspension feeder Eudendrium race-
mosum (Cnidaria: Hydrozoa) during seasonal cycles. Density and size of colonies oscillated due to
intraspecific competition (following the self-thinning rule) and predation (nudibranchs) showing
size distributions in which alternatively large- and small-sized colonies were more abundant.
Increase in the trophic impact on the water column was correlated with colony size (30.7 mg C m~2
d~! in late spring—early summer compared with 10.2 mg C m~2 d~! in the rest of the year). Lipid
accumulation in the hydrocauli followed the same trend, being higher during the reproductive
period (140 ng lipids mg~! organic matter [OM]) compared with the rest of the year (70 nug lipids
mg~! OM). The short time cyclic variations reproduce, in a short time scale, the variations studied
in other benthic suspension feeders, suggesting E. racemosum as a model organism to better
understand the importance of large colonies in long-lived species in benthic-pelagic coupling
processes. The accordance with the self-thinning rule found for this animal species strengthens
the animal forest concept (a 3-dimensional live structure composed mainly by heterotrophic
organisms such as gorgonians, bryozoans, and sponges), confirming the validity of the utilization,
by marine ecologists, of the conceptual tools developed for terrestrial forest sciences. It is sug-
gested that the impact of mature populations on benthic—pelagic coupling and biogeochemical
cycles, simulated for long-lived species, could be validated by studying fast-growing species, in
order to understand the importance of the preservation of complex structures and long-lived eco-
engineering organisms in benthic habitats.
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INTRODUCTION

Population structure can change in order to opti-
mize energy resource inputs. Food availability, com-
petition, perturbations and a certain degree of sto-
chasticity can influence these dynamics (Lewin 1986,
Hughes 1989). In sessile suspension feeders, size dis-
tribution is related to the impact of the population on
the water column and, consequently, the study of
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their dynamics can help in understanding the
changes through time in benthic-pelagic coupling
processes (Gili & Coma 1998). Skewness, a measure
of the asymmetry, can be used to compare different
size-frequency distributions (Vermeij & Bak 2000).
Asymmetrical distributions are expected in popula-
tions with a higher percentage of small individuals,
while more symmetric ones should be present during
a shift toward larger sizes (Hughes & Jackson 1985,
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Babcock 1991, Bak & Meesters 1998, Adjeroud et al.
2007, Gori et al. 2011). Long-lived benthic suspen-
sion feeders play an important role in benthic—pelagic
coupling, but their dynamics cannot be directly
observed as their life cycles exceed the researchers’
life spans. Short-lived species with similar population
structure dynamics can be studied in order to vali-
date theoretical models giving a more precise idea of
the impact in the water column of small and large
individuals.

Terrestrial or aquatic sessile species create struc-
tures (plant or animal forest) that enhance energy
acquisition and minimize competition for space/
energy and predation. Intraspecific competition leads
to changes in population structure in accordance
with the availability of space and resources. In ben-
thic suspension feeders, a relationship between re-
source capture and colony size has been observed
(Kim & Lasker 1997). One of the most general empir-
ical rules related to intraspecific competition is the
self-thinning rule (Yoda et al. 1963, White 1981). This
general law was formulated for plant population biol-
ogy, but has also been proven valid for some octo-
corals (e.g. Paramuricea clavata and Eunicella singu-
laris; Linares et al. 2008). According to this rule, the
density of survivors (d) is related to their biomass (w)
by the power equation w = Kd* where ‘a’ is a con-
stant whose value lies between -1 and -2 and logK
is mostly between 3.5 and 5 (Miyanishi et al. 1979).
On the basis of this rule, a non-disturbed population
subject only to intraspecific competition will then be
expected to follow, during its life cycle, an ideal tra-
jectory based on a power curve with an exponent
between —1.3 and -1.8, alternatively showing popu-
lation structures characterized by low densities and
large colonies or high densities and small colonies. In
long-lived benthic suspension feeders, the theoreti-
cal trajectory of population structure can be extra-
polated from the present data considering different
populations as snapshots representing stages in a
dynamic process of population growth and decline
(Bak & Meesters 1998), as Linares et al. (2008) did
with P. clavata and E. singularis, or theoretically
modelled on the basis of demographic population
models as Bramanti et al. (2009) did with Corallium
rubrum. In whatever case, due to the long life span of
colonies and the slow dynamics of populations, the
real time process in long-lived species can never be
observed.

Passive suspension feeders are important compo-
nents of benthic communities creating living 3-
dimensional structures called animal forests (Gili &
Coma 1998). They are considered surface dependent

because their energy inputs depend mainly on the
surface exposed to the main currents (Vogel 1981). In
fast-growing species that depend on seasonal fluctu-
ations (e.g. hydrozoans), the demographic parame-
ters of the patch (i.e. size, number of polyps, density
of colonies) respond to environmental seasonal
changes in order to enhance prey capture during or
just before the reproductive period and efficiently
transform the carbon input into offspring (Gili &
Hughes 1995, Bavestrello et al. 2006). In long-lived
species, maximal gonadal output coincides with
maximum feeding surface (Coma et al. 1994), assum-
ing the extrapolation of short cycles to long cycles to
be valid. When benthic organisms share space, mor-
phological adaptations appear over time (Buss 1979);
in hydrozoans constrained by seasonal fluctuations,
the colonies can alternate their morphology and pop-
ulation structure during the annual cycle (Boero &
Fresi 1986, Gili & Hughes 1995, Bavestrello et al.
2006). Population strategy must adapt to food avail-
ability, creating the optimal patch structure at the
right moment (Sousa 1979, Paine 1994, Pulliam
1996), having a prey capture rate proportional to
their capture surface (Sebens 1982). One way of opti-
mizing food capture and allocating more energy to
the offspring of ephemeral species is to seasonally
increase the feeding surface of the population by
concentrating the captures in a low number of taller
colonies. Rapid growth is a common strategy for erect
organisms in the benthic community to avoid direct
competition for space and food (Jackson 1977) and 3-
dimensional structures enhance the capture of prey
(McMahon 1973). In seasonal environments, sessile
organisms suffer strong energy input fluctuations,
with periods of abundance and scarcity regulated by
environmental factors (Rossi et al. 2006), and short-
lived organisms adapt their life cycles to these sea-
sonal trends (Margalef 1974).

The present work focuses on the potential use of
the seasonal cycle of the fast-growing hydrozoan
Eudendrium racemosum as a model for some aspects
of the long-term dynamics of taxa such as gorgoni-
ans, alcyonarians, or hard corals that play an impor-
tant role in benthic-pelagic coupling processes. We
posed different questions to compare both long-term
and short-term strategies. Can the changes in the
demographic structure of populations of this hydro-
zoan be interpreted as an optimization of energy
input coinciding with the reproductive period? Can
this observation be connected with the optimization
of the gonadal output in long-lived species? What
is the importance of larger hydrozoan colonies in
benthic-pelagic coupling and, consequently, on bio-
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geochemical cycles? May hydrozoan population
dynamics be compared to the dynamics of long-lived
species in order to evaluate their importance regard-
ing benthic-pelagic coupling?

To answer these questions, 3 different approaches
were simultaneously followed: the monitoring of
population structure, the impact on the near-bottom
seston of hydropolyps (feeding impact) and the
energy storage change (in the form of lipids) during a
seasonal cycle.

MATERIALS AND METHODS

Hydrozoan species chosen, study area and
environmental factors monitored

Eudendrium racemosum is a Mediterranean athe-
cate hydrozoan that has been widely studied in the
last 25 yr (especially its trophic ecology; e.g. Boero &
Fresi 1986, Barangé 1988, Barangé & Gili 1988, Gili
et al. 2008, Di Camillo et al. 2012). It forms tree-like
colonies (up to 12 cm), with polyps that are 500 pm
wide and 650 pm long. This cnidarian tends to be
more abundant where currents are bi- or multi-
directional (Boero & Fresi 1986). The hydrocaulii
arise from common stolons, forming homogeneous
populations (Oliveira et al. 2000) that live between
shallow-water calcareous and fleshy algal communi-
ties (infralittoral zone) (Boero & Fresi 1986, Balles-
teros 1992). The reproductive period is between May
and October (Boero & Fresi 1986, Barangé & Gili
1988, Sommer 1992, Di Camillo et al. 2012). Like
other hydrozoans, it is an opportunistic, non-selective
carnivore in which prey capture range is limited only
by prey size and mobility (Barangé 1988, Barangé &
Gili 1988, Di Camillo et al. 2012), and it also has a
high energy input from phytoplankton (Gili et al.
2008). As a passive suspension feeder, the basic func-
tions and structure may be directly compared with
long-lived gorgonians, which are also clonal struc-
tures with polyps as the basic unit (Sebens 1982).

Our study was carried out in the Medes Islands, NE
Spain (43°3'N, 3°13'E) on a steep wall at a depth of
between 3 and 6 m, where a dense Eudendrium race-
mosum hydrozoan population is present (Gili & Ros
1985). An accurate description of the environmental
and biological characteristics of the water column in
the sampling area is available in Rossi & Gili (2005),
and a description of the rocky shore annual commu-
nity dynamics at this depth is available in Garrabou
et al. (2002). The temperature at a depth of 5 m was
recorded, as by Rossi & Gili (2005), using water tem-

perature profiles made 4 times per week with an
inverted thermometer.

Density and patch structure

From February 1999 until February 2000 a 3.20 m
long permanent transect line was followed monthly
at a depth of 3.2 to 3.5 m, and hydrocauli were meas-
ured and counted in 8 randomly placed squares of
40 x 40 cm in order to obtain data on size structure
and density (m~?). Population was divided into 5 size
classes: 0.5 to 2, 2.1 to 4, 4.1 to 6, 6.1 to 8 cm
and >8.1 cm height. At the same time, nudibranchs
Flabellina affinis feeding on the polyps were counted
in the same squares studied.

Gut contents, morphology/size and total
lipid sampling

The sampling of gut contents, morphology and
lipids was done the previous year. The sampling
design was carried out in 2 different years (1997 to
1998 and 1999 to 2000) due to time constraints. We
made the first observations on population dynam-
ics, similar to those described in the previous sub-
section for the 1999 to 2000 analysis. Di Camillo et
al. (2012) found the same trend in 2006 to 2008 in
the Adriatic Sea; thus, we are confident that inter-
annual variations are not major in this species and
should not invalidate our sampling model. Further-
more, previous observations in the same study
area were similar in both population dynamics and
prey capture rates (Barangé 1988, Barangé & Gili
1988, Barangé et al. 1989) and follow the same
trends as in other areas (see Boero & Fresi 1986
and Gili & Hughes 1995 for a general picture; see
Bavestrello et al. 2006 and Di Camillo et al. 2012
for specifics on the seasonal cycle of Eudendrium
racemosum).

From April 1997 to April 1998, 10 hydrocauli
were collected each month and fixed immediately
in formaldehyde (~6 %, for the morphology and gut
content analysis). For lipid analysis, 5 hydrocauli
were collected monthly from April 1997 to June
1998 and preserved at 5 to 10°C on the boat and
then deep-frozen with liquid nitrogen at the
harbor (no more than 30 min passed at 5 to 10°C).
The samples were collected by SCUBA diving
between 10:00 and 13:00 h to avoid circadian
rhythms, and 5 to 10 min before the end of each
dive to prevent prey digestion.



100 Mar Ecol Prog Ser 467: 97-111, 2012

Height of the colonies and polyp morphology
variations throughout the annual cycle

The height and width of the 10 hydrocauli were
measured in the laboratory with a ruler under a
binocular microscope (+0.5 mm precision). Total
extremity numbers were counted and classified
according to the following categories (Sommer 1992,
Oliveira et al. 2000):

(1) Pedicels: the step before growing polyps (the
coenosarc full) or the step after the fall or predation of
polyps (the coenosarc empty); no distinction between
pedicels is reported here (only the total number of
pedicels).

(2) Polyps: the hydranths are almost spherical, ten-
tacles are completely developed, and the coenosarc
has no empty spaces.

(3) Growing polyps: the coenosarc is continuous,
and there is a quite well developed bulk on the edge,
without tentacles and sometimes with a thin layer
(perisarc) covering it.

(4) Senescent polyps: the hydranths are smashed
and always empty, with clear degeneration of the
crown tentacles (autotomy), and, in most cases, the
coenosarc is not continuous or absent.

(5) Reproductive polyps (female and male; based
on Sommer 1992).

Height versus organic matter, dry weight and the
C/N ratio in the hydrocauli

One-hundred hydrocauli were collected on 9 Apri
1998 and divided into 4 size classes: 0.5 to 2, 2.1 to 4,
4.1 to 6 and >6.1 cm (the size class >8.1 cm was not
present). The hydrocauli were kept in filtered seawa-
ter (0.2 pm mesh) for 14 h to empty gut contents.
Then, 50 hydrocauli were used to determine the dry
weight (DW) of each size class (heated for 24 h at
80°C). Dry weights of colonies of different size
classes were then used to calculate the mean colony
weight for each month, in order to verify whether the
monthly variations were in accordance with the self-
thinning rule (see next subsection). To determine
ash-free dry weight another 50 hydrocauli were first
dried and weighed, and then combusted for 5 h at
500°C and weighed again to obtain the difference
between the DW and AFDW. To determine the car-
bon and nitrogen contents of hydrocauli, the first 50
hydrocauli (already dried and weighed) were used
and analyzed with a Carlo Erba Elemental Analyzer,
following a procedure similar to that described by
Rossi et al. (2011). Pearson's product-moment corre-

lation was applied between hydrocauli height and
organic matter, dry weight and carbon contents (Zar
1996).

Population dynamics

Analysis of skewness (Agostino's test R software,
package 'moments’; Komsta & Novomestky 2011)
was performed on the size distribution of the popula-
tion in different months during the year in order to
evaluate whether structures were significantly asym-
metrical. A significant positive value of skewness
indicates a population with a high percentage of
small individuals, while no significant skewness is
expected when the sizes are normally distributed
and large individuals are present in the population
(Hughes & Jackson 1985, Babcock 1991, Bak &
Meesters 1998, Adjeroud et al. 2007, Gori et al. 2011).

In order to verify the occurrence of the selfthinning
process, mean colony weight for each month was
plotted versus colony density (Linares et al. 2008)
and the relation was calculated in order to compare
the curve describing experimental data with a theo-
retical power curve with exponent —1.3 (Enquist et al.
1998, Muller-Landau et al. 2006). This plot allowed
us to explore the existence of processes other than
intraspecific competition in the population: if the
population was only under the effect of intraspecific
competition, all the points in the plot (representing
the different months) should be close to the ideal tra-
jectory line that goes from low biomass and high den-
sities to high biomass and low densities according to
a power curve with an exponent of —1.3. Points dis-
tant from the theoretical line indicate the presence of
processes other than intraspecific competition.

Gut contents and equations for trophic impact

Gut contents were analyzed with a binocular
microscope in 50 to 100 polyps from the 10 hydro-
cauli collected each month, following the methodol-
ogy of Coma et al. (1994), Gili et al. (1996) and Rossi
et al. (2004). The carbon content of the prey was cal-
culated by estimating zooplankton biomass from its
biovolume (Sebens & Koehl 1984), using conversion
factors to wet mass (1.025; Hall et al. 1970), dry mass
(13 % of wet mass; Beers 1966) and to carbon content
(45% of dry mass; Biswas & Biswas 1979). Carbon
content of the hydroid polyps was estimated apply-
ing the conversion factors from Paffenhofer (1968) as
described in Barangé et al. (1989) and specifically
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calculated for Eudendrium racemosum in the present
study (Table 1).

Different equations were used when the objective
was to combine population dynamics with trophic
impact through time. In the case of prey capture per
square meter per day (np), the following equation
was applied:

SC5
np = Y PxHgsc XxDxPrxCod-3 1)
sc1

where SC is size class (height of the hydrocauli:
SC1 =05t02 cm, SC2 =2.1to4 cm, SC3 =4.1 to
6 cm, SC4 = 6.1 to 8 cm, SC5 >28.1 cm), P is the
average number of polyps per centimeter of hydro-
cauli, Hsc is the average colony size (height of the
hydrocauli: SC1 = 1.5 cm, SC2 = 3.5 cm, SC3 =
5.5 cm, SC4 =7.5 cm, SC5 =9 cm), D is the number
(density) of hydrocauli per square meter, Pr is the
number of prey per polyp, and Co(1-3) is the con-
version factor for the digestion times, number of
times per day (1 = 7 h of digestion at 14°C [consid-
ered winter temperature; S. Rossi unpubl. data], 3.4
times per day; 2 = 5 h of digestion at 18°C [consid-
ered spring and autumn temperatures; Barangé &
Gili 1988], 4.8 times per day; 3 = 3 h of digestion at
22°C [considered summer temperature; Barangé &
Gili 1988], 8 times per day, following the equations
of Rossi et al. 2004, with 3 digestion temperatures
simulating the seasonal trends of the environment
[see Rossi & Gili 2005, their Fig. 3A]). Extrapolations
were made on the basis of the temperatures regis-
tered monthly at a depth of 5 m (see also Garrabou
et al. 2002).

In order to obtain the milligrams of C per square
meter per day the same equation was used substitut-
ing prey number (np) with prey biomass (pb, in mg C
m~2 d7!) such that:

SCs
pb = Y Px Hgc X DX Wy, x Cod-3) (2)
sC1
where W, is the weight in milligrams of C per polyp
entry as prey captured (monthly from April 1997 to
April 1998).

In order to transform the data into milligrams of C
(prey) per milligrams of C (hydrozoan population)
per square meter per day, the relations between
height (cm) and milligrams of C of the hydrocauli for
each size class were used:

scs
Y pbx Hsc x D x RFsc (3)
sC1

where RFgc is obtained on the basis of the height

versus C regression curve shown in Table 1.

Total lipids

The 5 hydrocauli collected for biochemical pur-
poses were lyophilized at —100°C and 100 mbar for
12 h. Only the hydrocauli without polyps were
weighed in a microweigher (range of 1.0 to 8.0 mg
hydrocauli DW). Extraction and quantification of the
total lipids were carried out according to Barnes &
Blackstock's (1973) protocols, following similar proto-
cols by Rossi et al. (2006) and Rossi & Tsounis (2007).
The dry hydrocauli were homogenized in 6 ml of
chloroform:methanol (2:1 v:v), and lipids were quan-
tified using cholesterol as a standard.

Statistics

For statistical comparison 2 periods were consid-
ered: the reproductive and non-reproductive periods
(presence or absence of gonads; Sommer 1992)
(Fig. 1). One- and 2-way ANOVAs with Scheffé's
post hoc test were used to test differences in total
extremities, number of different polyps, height of the
colonies, trophic impact and total lipids. The data
were not distributed normally and had different vari-
ances but met both of these criteria for parametric
analysis after logarithmic transformation (Brown-
Forsythe test and Levene test, p = 0.05; Shapiro-Wilk
test, p = 0.1), thus permitting the use of an ANOVA
(Zar 1996). The program used was the STATISTICA
6.0 software package.

Table 1. Eudendrium racemosum. Regression curves calculated for the hydrocaulus height (in cm) versus dry weight (DW, in
mg), organic matter (OM, in mg) and carbon (C, in mg) relations (sampling done in December 1998, see 'Materials and

methods’)
Relationship Regression curve R? P
Height vs. DW DW = -2.969 + (1.395 x height) + (0.436 x height?) 0.597 <0.019
Height vs. OM OM = -2.158 + (1.026 x height) + (0.225 x height?) 0.581 <0.023
Height vs. C C =-0.130 + (0.288 x height) 0.608 <0.005
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Fig. 1. Eudendrium racemosum. Quantification of different stages of polyps in the hydrocauli throughout the 1997/1998 cycle,
all sampling times. Cumulative mean values per hydrocaulus. Gender of reproductive polyps (male and female) was not dis-
tinguished. Pedicels are hydrocauli without polyps. Senescent polyps show extremities in which the polyp is clearly deterio-
rated or absent. Growing polyps have a prominent bulk on the edge. Polyps are normal as described in Oliveira et al. (2000)

RESULTS
Polyp variations throughout the annual cycle

Fig. 1 shows the distribution of different extremi-
ties found in the hydrocauli of colonies of Euden-
drium racemosum during the annual cycle. During
the reproductive period, the number of total extremi-
ties is higher (240 + 136 SD) than during the rest of
the year (105 + 78 SD) (2-way ANOVA, F 305 =
118.00; p < 0.0005). Distribution of different extremi-
ties in the hydrocauli was analyzed taking into
account each type of extremity (as described in Som-
mer 1992, Oliveira et al. 2000):

(1) Reproductive polyps: reproductive gonophores
were found from May to June in both years (Fig. 1); in
July 1997, we still found some reproductive polyps,
but they were clearly in a senescent phase. The num-
ber of gonads per hydrocauli was lower in 1998. The
existence of reproductive polyps has been consid-
ered a threshold for the analysis of the life cycle.

(2) Pedicels: pedicels were significantly more
abundant in June to July 1997 and in February to
April 1998 (Fig. 1) than in the other months (2-way
ANOVA, F14 295 = 14.88; p < 0.0005).

(3) Senescent polyps: these types of polyps were
found only in late November and December 1997
(Fig. 1). They became highly abundant until the dete-
rioration of the entire extremities.

(4) Growing polyps: during the reproductive period
these are more abundant (35 + 27 SD) than during

the rest of the year (7 £+ 7 SD) (2-way ANOVA,
Fi14,205) = 19.13; p < 0.0005).

(5) Polyps: polyps are more abundant in May to
June (162 + 103 SD) than during the rest of the year
(62 = 52 SD) (2-way ANOVA, F14,95 = 13.53; p <
0.0005); in July there is a sharp decrease and recov-
ery in late September; the same tendency is observed
between October and late December (Fig. 1).

Height versus organic matter, dry weight
and C/N ratios in the tissue

Table 2 shows the results for the amounts of dry
weight, organic matter, carbon and nitrogen found
per size class. These data are needed for the eq-
uations involving energy input per milligram of C.
The height versus dry weight and organic matter
relations better fit a power curve. The 3 relation-
ships explain almost 60% of the variance, with a
probability of <0.05, especially the height versus C
relation (Table 1). In the sampling time (December
1998), colonies were all <8 cm; the data for the
colonies >8 cm height were extrapolated from these
equations.

Height of the hydrocauli

The relationship between mean monthly temper-
ature and mean hydrocauli height tends to increase
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Table 2. Eudendrium racemosum. Dry weight (DW), organic
matter (OM), carbon (C) and nitrogen (N) contents of
hydrocauli of different size classes (means + SD)

Size class DW OM C N
(cm) (mg) (mg) (mg) (mg)
0.5-2 1.8+09 1.0+04 04+02 0.1+0.1
2.1-4 24+13 1.2+06 06=+02 02=+0.1
4.1-6 114 +£5.0 6.6 +3.3 1.8+£1.0 1.1+£0.2
>6.1 207+ 11,7 120+68 39+21 16+0.3

to become statistically significant (R? = 0.66, p <
0.05; N = 6) only in the April to June period (both
in 1997 and 1998; Fig. 2) which corresponds to
thermocline formation [height (cm) = 0.37 x tem-
perature — 1.09]. In the second year of sampling
(1998), the temperature increase (April to May) is
>3°C, and this change is in parallel with the
increase by almost 2 cm in the mean height of the
population.

Maximum height of hydrocauli was measured in
June (1997 and 1998), while minimum height was
measured in April 1998, followed by a sudden
increase shortly thereafter. The colonies were taller
(mean = 5.73 cm) during the reproductive period
(May to June, considering the presence of reproduc-
tive polyps, see below) compared with the rest of the
annual cycle (mean = 4.04 cm) (2-way ANOVA,
F1,308) = 109.00; p < 0.0005). The hydrocauli were 2.5

7,
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233230248882 =<%23
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Fig. 2. Eudendrium racemosum. Temperature (°C) and height of the
hydrocauli (distance between the base and the tip of the colony, in cm) in
the 1997/1998 cycle of E. racemosum (mean monthly values + SD). There
is a significant relationship only in the spring months, coinciding with the

reproductive period

to 3.5 times higher than they were wide over the
whole cycle, with no seasonal differences. The maxi-
mum number of polyps coincided with the maximum
height of the colonies.

Population dynamics

Variations in colony density are shown in Fig. 3.
The patch structure in February, March and April
was characterized by high density, small mean
colony size (Fig. 3) and a size distribution in which
most colonies belonged to small size classes. Analysis
of skewness confirmed a significant value of asym-
metry of the size distributions (Table 3). After April,
the structure of the patch changed, becoming less
dense, with a higher mean colony size and with a
greater presence of large classes: in May, June and
July the density was low (Fig. 3) and the size distribu-
tions were not significantly skewed until July 1999
(Table 3). The appearance of nudibranchs hatching
on the Eudendrium racemosum branches seemed to
be related to the presence of larger colonies and
determined the decrease in population density and
mean colony size recorded in August and September
(Fig. 3). The nudibranchs were observed feeding on
the polyps and reproductive polyps. The densities of
nudibranchs were 1.06 + 3.4 m™2 in July, 1.34 =
6.67 m~2 in August and 1.12 + 3.6 m™2 in September
1999, while they were absent during the rest of the
cycle. In October, colony density and
mean size started to return to values simi-
lar to those found in April (Fig. 3); also the
distribution was not yet significantly
24 skewed (Table 3), meaning that the fre-

quency of small-sized colonies had yet to

26

22 O  reach maximum levels. November,
° December, January and February showed
20 = . o,
2 high densities and small mean colony
18 g sizes, and the predominance of small
g' colonies led to significantly skewed size
16 0 distributions (Table 3).
14 In Fig. 4, the curve describing the ex-

perimental data was drawn without tak-
12 ing into account the months of August
and September (when the density of
nudibranchs is higher). It is a power
curve with an exponent of —1.2884 that
is extremely similar to the theoretical
curve expected if the population were to
follow the self-thinning rule (exponent
—-1.3). Points representing the months
from February 1999 to July 1999 and
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from October 1999 to February 2000 are located
close to the self-thinning line, suggesting that in
these periods the population is only subject to
intraspecific competition processes. The only 2
points that are far from the ideal trajectory are
those representing the months of August and Sep-
tember, when nudibranchs were observed preying
on larger colonies.
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Fig. 3. Eudendrium racemosum. Hydrocauli density in the

1999/2000 cycle (number of hydrocauli m™2). Density is

inversely proportional to the height of the hydrocauli.
Monthly means + SD
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Fig. 4. Eudendrium racemosum. Relationship between colony
density and colony dry weight of the experimental data,
excluding August and September (gray points), when a high
presence of nudibranchs Flavellina affinis—predators of
E. racemosum—was observed. It is almost the same as the
ideal trajectory representing the self-thinning rule (w = Kd®?,
where w is mean weight, K'is a constant, d is density of sur-
vivors and ‘a’ is a constant whose value lies between -1 and 2

600

Eudendrium racemosum trophic impact on the
seston throughout the annual cycle

The impact of the Eudendrium racemosum popula-
tion on the seston in the water column is shown in
Fig. 5. Maximum estimated prey capture was
recorded in the reproductive period (273 x 10° prey
m~2 d7!) coinciding with the change in structure and

Table 3. Eudendrium racemosum. Skewness values for the

size distributions of E. racemosum in different months. Sig-

nificance of skewness was calculated with D'Agostino's test.

Size distributions with a significant value of skewness indi-

cate the abundance of small size colonies, while in distribu-

tions with non-significant (p > 0.05) skewness, large size
colonies are more abundant

Month Skewness P
1999

Feb 1.46 <0.001
Mar 1.06 <0.001
Apr 1.13 <0.001
May 0.11 >0.05
Jun -0.14 >0.05
Jul 0.25 >0.05
Aug -0.35 >0.05
Sep 0.18 >0.05
Oct 0.03 >0.05
Nov 0.59 <0.001
Dec 0.96 <0.001
Jan 0.99 <0.001
2000

Feb 0.95 <0.001

Table 4. Eudendrium racemosum. Calculation of the impact
in the water column (prey capture m~2 d~!) throughout the
1997/1998 cycle of E. racemosum (means + SD; according

to Eq. 1)

Month Prey m™2d! SD
1997

Apr 37900 11900
May 126000 54800
Jun 372000 92000
Jul 265000 34100
Aug 32000 34300
Sep 60900 57900
Oct 97200 67500
Nov 157000 57000
Dec 109000 18500
1998

Jan 109000 32000
Feb 68200 48300
Mar 112000 35700
Apr 65900 2660
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density of the patch (Fig. 3) and the surface capture
of each hydrocaulus (considered the number of
polyps m™). There is a significant difference be-
tween the estimations for this period and those for
the rest of the year (101 x 10° prey m~2 d™!) (2-way
ANOVA, F,95 = 7.77; p < 0.01). The estimation per
month appears to be more acute, the impact in May
to June being 2.99 x 107 prey m™2 mo~! as opposed to
7.53 x 10°% prey m™2 mo™! in the non-reproductive
period (Table 4). The carbon input is also higher in
the reproductive period (30.7 mg m~2 d™!) than in the
other months (10.2 mg C m™2 d™!) (2-way ANOVA,
F1,25=7.95; p < 0.0093). When the renewed biomass
estimated based on milligrams of C values of the
hydrocauli was calculated, we found higher values in
the reproductive period (0.84 mg C [prey] mg~! C
[hydrozoan] m~ d~!) than in the non-reproductive
one (0.19 mg C [prey] mg~! C [hydrozoan] m™2 d1)
(2-way ANOVA, F 45 = 12.70; p < 0.0015). Fig. 5
shows this turnover of energy: the last 3 size classes
(from 4.1 to >8.1 cm height) represent most of the
energy input. During the rest of the year, the pattern
is regular for all size classes.
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Total lipids

The total lipids in the hydrocaulus varied season-
ally throughout the year (Fig. 6). Comparing the
reproductive and non-reproductive groups (May to
June 1997 and 1998 and rest of the cycle) there is a
significant difference (May to June 1997: 136.8 +
66 SD ng lipid mg~! AFDW; July 1997 to April 1998:
70.8 + 38 SD g lipid mg~! AFDW; May to June 1998:
137 + 81 SD ng lipid mg~! AFDW) (2-way ANOVA,
Fi2,114) = 20.68; p < 0.0005).

DISCUSSION

Seasonal trends of the Eudendrium racemosum
population and trophic dynamics

The hydrozoan Eudendrium racemosum changes
its hydrocaulus height, population density and the
morphology of polyps in relation with the reproduc-
tive period. The general seasonal dynamics did not
change in the 2 different years of samling, also

i

Feb Mar

Oct Apr

1998

Fig. 5. Eudendrium racemosum. Impact of different colony size classes (see key on figure) in the water column throughout the
1997/1998 cycle (means + SD). Larger colonies have a larger impact on the water column even if they are less abundant.
Calculations from Eq. (3)
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Fig. 6. Eudendrium racemosum. Lipid storage in the hydro-

caulus of E. racemosum (pg total lipid mg™ dry weight)

throughout the 1997/1998 cycle. Energy is stored coinciding

with the reproductive period (April-July). The autumn

period shows the lower values of lipids, coinciding with the
autumn trophic crisis. Monthly means + SD

shown in previous work (Di Camillo et al. 2012). In
fact, a general pattern of seasonality, with only small
temporal offsets (weeks), may be observed in most
Mediterranean hydrozoans (Bavestrello et al. 2006).
As a consequence, the relation between growth pat-
terns and capture rates shown for several cnidarian
species (McFadden 1986, Hunter 1989, Sebens &
Johnson 1991, Patterson 1992, Helmuth & Sebens
1993) is also reflected in the seasonal changes in
polyp morphology and height of E. racemosum,
linked to the optimization of capture rates during the
most important part of the life cycle. In the reproduc-
tive period, the hydrocauli are taller; the polyp,
growing polyp and pedicel/hydrocaulus density and
mean colony weight increases; and the density of the
colonies decreases. The growing polyps are also
more abundant in the reproductive period because of
their transformation into polyps. These features lead
to an increase in the number of polyps (feeding sur-
face) per square meter. As rates of prey contact
depend on the surface area of the capture structure
(Sebens 1982), the increase in polyp number and
consequent increase in colony size during the repro-
ductive period result in an increase in capture effi-
ciency. This hypothesis is supported by the fact that
lipids are almost twice as abundant in the hydro-

caulus during the reproductive period than during
the rest of the year.

The appearance of senescent polyps (together with
the increase in size of the hydrocauli) only in Novem-
ber and December could be a response of the popu-
lation to a second bloom in early autumn that disap-
pears shortly thereafter (Ribera d'Alcalé et al. 2004).
Notwithstanding the increased food supply, hydro-
cauli do not reach the same size as in spring. In gen-
eral, a low number of species of hydrozoans and
hydrocauli appear in late autumn-early winter in
warm temperate seas (Bavestrello et al. 2006).
According to recent studies (Rossi et al. 2006, Gori et
al. 2007, Rossi & Tsounis 2007), the hydroids may also
be affected by a late autumn-—early winter trophic cri-
sis observed in warm temperate seas, in which the
particulate organic matter concentration is very high,
but its quality is very poor (Grémare et al. 1997, Rossi
et al. 2003). In Llobet et al. (1991), most of the epi-
phytic hydrozoans of the algae Halimeda tuna are of
highly variable abundance throughout the seasonal
cycle, but some of their maximum pedicel numbers
are in strong coincidence with the periods before and
after reproduction. Coma et al. (1992) recorded the
same trend in the hydrozoan Halecium pusillum, and
also in the case of Campanularia everta, where the
proportion of pedicels without hydrants/total extrem-
ities is higher before and after reproduction. Another
recent study of Eudendrium racemosum in the Adri-
atic Sea corroborates the trend observed in our study
(Di Camillo et al. 2012). We can conclude that the for-
mation of the pedicel accelerates when the popula-
tion is constructing new polyps and that, after the
reproductive effort, predation, senescence, or the
trophic shadow cast by other benthic organisms
again cause the appearance of pedicels.

Sexual reproduction in hydrozoans in temperate
waters is typically restricted to a specific season of
the year (Boero & Fresi 1986, Calder 1990, Llobet et
al. 1991, Coma et al. 1996, Calder & Mayal 1998), and
the same species could develop different seasonal
strategies depending on environmental- and depth-
related conditions (Gili & Hughes 1995). This could
explain the different behaviors of Eudendrium race-
mosum at our study site (Medes Islands) and those
referenced by Boero & Fresi (1986) and Di Camillo et
al. (2012). Whilst Boero & Fresi (1986) observed the
population disappearing in winter and sexually
reproducing up to October (neither of which were
observed in our fieldwork in 1997/1998 or in 1999/
2000), Di Camillo et al. (2012) found a wider fertility
period between April and September (in concur-
rence with our present results). Minimal density of
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hydrocauli in winter and maximal density in summer
were also observed by Barangé & Gili (1988) in the
same study area in the late 1980s. Another Euden-
drium species (E. glomeratum) also shows clear sea-
sonal dynamics, but its reproductive period seems to
be related to the early autumn peak of productivity,
starting with thermocline mixing (Boero et al. 1986).

Changes in colony morphology and size are related
to consequent changes in population density. The
changes occur in accordance with the self-thinning
rule (Yoda et al. 1963, Miyanishi et al. 1979, White
1981), indicating that the process is driven by intra-
specific competition. The mechanism underlying
these variations could thus be the capture rate opti-
mization that leads to an increase in size of the
colonies and a consequent decrease in density due to
intraspecific competition. Plotting mean weight ver-
sus colony density, excluding the data of August and
September, gives a power curve with an exponent of
—1.2884; this is the equation expected by the self-
thinning rule (Fig. 4). It is worth noting that 2 months
(August and September) lie far from the theoretical
line representing the self-thinning rule (Linares et al.
2008). If only intraspecific competition processes
were driving density changes, we would have ex-
pected all the points representing the population
structure of different months to be close to the theo-
retical line. So, in August and September some pro-
cess other than intraspecific competition apparently
drives the population dynamics of Eudendrium race-
mosum. The explanation could lie in predation by
nudibranchs that feed on the polyps of hydrozoans.
The feeding of nudibranchs on hydrozoans or other
suspension feeders has been described in many stud-
ies, although it has rarely been quantified (MacLeod
& Valiela 1975, Bryan et al. 1998, Di Camillo et al.
2012). This phenomenon has been observed for E.
racemosum (Barangé et al. 1989), and the hydro-
zoans have no effective mechanisms of defense
against the predator (Martin 2003, Martin & Walther
2003). In our observations from July to September the
density of nudibranch feeding on the polyps and of
hatching on the hydrocauli was >1 nudibranch m2,
considerably lower than the recent results by Di
Camillo et al. (2012), in which the density of the nudi-
branchs Cratena peregrina was almost 10 ind. m™
(feeding up to 500 polyps d~!). Notwithstanding the
1 order of magnitude lower density, changes in
the population structure of the Medes Islands due
to nudibranchs are similar to the description by
Di Camillo et al. (2012). The appearance of the pred-
ators accelerates the decrease in the number of
polyps, the density of hydrocauli and, in the end, the

disappearance of the 6.1 to 8 and >8.1 cm size classes
(taller colonies are more exposed to predators). Pre-
dation effects are therefore coupled with the scarcity
of available food in determining the decrease in den-
sity and the disappearance of large size classes.
Many hydroids decrease in density and cannot cap-
ture prey in shallow waters in summer because of the
summer trophic crisis, in which poor water move-
ment and the rise in water temperature force a dor-
mant stage in these and other suspension feeders
(Coma et al. 2000).

The description of size-frequency structure by
means of skewness analysis supplied additional
information on the dynamics of the population of
Eudendrium racemosum, showing in the course of
the annual cycle an alternation in distributions char-
acterized by higher frequencies of alternately large
and small colonies. The same dynamics of cyclic
abundances of small and large colonies (young and
old) have theoretically been forecast for Corallium
rubrum by means of a mathematical model (Bramanti
et al. 2009) and have been explained as an effect of
exploitation (Santangelo et al. 2007, Linares et al.
2010) or anthropogenic disturbance (McClanahan &
Muthiga 1988, Hughes et al. 2003, Blackwood et al.
2010). In long-lived species, the extremely slow life
cycle does not allow direct observation of the fore-
casted dynamics, and the use of simulations, based
on demographic models, is the only way to under-
stand the long-term patterns (Heppel et al. 1996,
Fujiwara & Caswell 2001, Santangelo et al. 2004,
Santangelo & Bramanti 2006, Arrigoni et al. 2011).
Dynamics of fast-growing species with annual life
cycles make it possible to observe in real time the
same processes driving the dynamics of slow-grow-
ing species. E. racemosum can thus be considered a
living real time model to evaluate the hypotheses
made for other species. The importance of the discov-
ery of the occurrence of self-thinning processes lies
in the possibility of extending the validity of a pro-
cess occurring in plants to animal populations,
strengthening the conceptual connection between
vegetal and animal forests and consequently giving
marine ecologists the possibility of applying concep-
tual tools developed in forest sciences.

The importance of being largest

Now that we have quantified the variability of the
feeding surface in a patch of Eudendrium racemo-
sum, we can calculate its predatory impact. Results
suggest that E. racemosum plays an important role in
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energy transfer from the water column to benthic lit-
toral communities. Predation impact on the seston by
individual colonies is negligible, but considering the
total feeding surface, patch capture rates are very
high.

Considering the change in hydrocaulus height and
the number of polyps per centimeter, the energy
input in the reproductive period (May to June 1997)
is different from that during the rest of the annual
cycle. The 344 prey per hydrocaulus calculated for
the reproductive period (38.3 ng C hydrocaulus™) is
3 times greater than that in the non-reproductive
period, with 117 prey hydrocaulus™ (and almost 4
times less C entry, 10.9 ng C hydrocaulus™). The diel
mass-specific ingestion rate (in %) also varies accord-
ing to the patch dynamics of Eudendrium race-
mosum,; higher values are reached during the repro-
ductive period (45 to 120%) than during the
non-reproductive period (10 to 40 %), and are among
the highest for hydrozoans (Gili & Coma 1998). The
values coincide with those previously recorded by
Barangé & Gili (1988) in the non-reproductive period
(39 %, values from July and September). Di Camillo
et al. (2012) also found a coincidence of this preda-
tory impact and the reproductive period in the Adri-
atic Sea. This reinforces the hypothesis that there is a
favorable period when the structure of the hydrocauli
change, enhancing the feeding capability of the
hydrozoan. The higher presence of lipids in the
hydrocauli confirm this. This can also be extrapo-
lated to gorgonians. It has been shown that lipid con-
tents in young gorgonians (Paramuricea clavata,
<10 cm tall, not reproductive) are 25 to 35 % lower in
the same period with respect to larger ones (females
vs. young colonies; Rossi et al. 2006). The E. racemo-
sum hydrocauli in the reproductive period may be
compared to these mature colonies, whilst the young
gorgonian colonies can be viewed similar to the
short, dense colonies of the hydrozoan. In our view, it
is important to stress again that it is not the prey per
polyp that is favorable in the reproductive period (see
Fig. 6), but the change in morphology of the hydro-
caulus that optimizes the feeding surface of the patch
and lets the hydrocauli accumulate essential energy
stores that will be transferred to their offspring.

More importantly, as the patch structure changes
to larger colonies, the trophic impact increases. This
key point suggests that larger colonies have a more
prominent role in benthic-pelagic coupling and in
biogeochemical cycles than smaller ones. A 3-fold
impact on the plankton community is not negligible,
and the retention of carbon and nutrient cycling (by
digestion, egesting and excretion) are more impor-

tant as the hydrocauli grow and the capture surface
increases as well. Compared with long-lived species,
the present results demonstrate that larger colonies
of e.g. gorgonians, alcyonarians and hard corals have
a greater impact on benthic-pelagic processes and
carbon retention than a denser patch of smaller col-
onies. In hydrozoans, carbon retention passes from
ephemeral, fast-growing plankton to more stable
structures (the hydrocaulus). In long-lived species,
seston passes from the water column to the structural
parts of animals which can retain carbon for decades
or centuries.

There is increasing interest in the real impact of
larger structures (land forests, kelp forests, sea-
grasses, animal forests) in carbon retention as they
become older and more mature. Larger colonies will
have a greater impact than non-mature populations
on benthic-pelagic coupling and biogeochemical
cycles and processes. In gorgonians, large colonies
have a larger trophic impact and energy output (in
terms of gonadal output, growth, and carbon reten-
tion in the structures) (Coma et al. 1998, Lasker et al.
1998, Rossi et al. 2008, Rossi & Gili 2009), but the pos-
sibility of comparing young and old populations has
never been followed up. In the present study, we
suggest that, taking into account the precise popula-
tion dynamics of fast-growing species (which have
similar growing structures compared to long-lived
ones) and their trophic impact, we can make an
acceptable extrapolation to the long-lived clonal ani-
mals, connecting these results to better understand
the real impact of the animal forest in biogeochemi-
cal cycles.

CONCLUSIONS

The population dynamics of fast-growing benthic
suspension feeders reproduce, in a short time scale,
the dynamics of long-lived species in which oscilla-
tions between size structure characterized by abun-
dance of alternatively small or large colonies are sup-
posed to occur over decades (Linares et al. 2008,
Bramanti et al. 2009).

The strategy of suspension feeders to change patch
structure over the annual cycle can be summarized in
3 points: (1) reproduction time is in spring, when the
increase in feeding surface/hydrocaulus is highest;
(2) a fast increase in height occurs within a few
weeks, to avoid the trophic shadow of fleshy algae
and compete better for food; and (3) lipids are ac-
cumulated in the hydrocaulus during the reproduc-
tive period. An optimal demographic structure for
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patches seems to enable the population to catch more
prey and to accumulate energy for transfer to their
offspring. The present study can be considered an
interesting approach to the impact of animal forests
on carbon retention and cycling using a fast-growing
species as a model.
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