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ABSTRACT 15 

Polyp activity in passive suspension feeders has been considered to be affected by 16 

several environmental factors such as hydrodynamics, water temperature and food 17 

concentration. To better elucidate the driving forces controlling polyp expansion in these 18 

organisms and the potential role of particle concentration, the octocoral Corallium rubrum 19 

was investigated in accordance with two approaches: 1) High-frequency in-situ 20 

observations examining various environmental and biological variables affecting the water 21 

column, and 2) Video-recorded flume-controlled laboratory experiments performed under a 22 

range of environmental and biological conditions in terms of water temperature, flow 23 

speed, chemical signals and zooplankton. In the field, C. rubrum polyp expansion 24 

correlated positively with particle (seston and zooplankton) concentration and current 25 

speed. This observation was confirmed by the flume video records of the laboratory 26 

experiments, which showed differences in polyp activity due to changes in temperature 27 

and current speed, but especially in response to increasing nutritional stimuli. The 28 

maximum activity was observed at the highest level of nutritional stimulus consisting of 29 

zooplankton. Zooplankton and water movement appeared to be the main factors 30 

controlling polyp expansion.  31 

These results suggest that the energy budget of passive suspension feeders (and 32 

probably the benthic community as a whole) may rely on their ability to maximise prey 33 

capture during food pulses. The latter, which may be described as discontinuous organic 34 

matter (dead or alive) input, may be the key to a better understanding of benthic-pelagic 35 

coupling processes and trophic impacts on animal forests composed of sessile suspension 36 

feeders. 37 

 38 

  39 
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INTRODUCTION 40 

Passive suspension feeders play an important role in energy transfer from the water 41 

column to the benthos (Gili & Coma, 1998). These organisms are important biomass 42 

contributors in benthic communities, being an essential part of the ‘animal forest’, in which 43 

the main three-dimensional builders are clonal or individual organisms of animal origin 44 

(Rossi et al., 2017a). Seston (alive and deadth particles present in the water column, 45 

Rossi & Gili 2007) availability, which depends on its abundance, composition and renewal 46 

rate, is one of the most important parameters affecting the distribution, energy fluxes and 47 

biological constraints of suspension feeders (Grémare et al., 1997; Coma et al., 2001). As 48 

such, it is key to expanding our knowledge of community dynamics and the potential 49 

regression, substitution and/or mortality of suspension feeder populations, processes that 50 

have led to profound transformations over the last few decades (Rossi, 2013). 51 

An immediate response of passive suspension feeders to changes in seston availability 52 

and hydrodynamism is to tune their feeding activity, which can also be affected by other 53 

short-term and seasonal environmental and biological changes (Coma et al., 1994; Rossi 54 

& Gili, 2007; Previati et al., 2010). In gorgonians, alcyonarians and zoanthids for example, 55 

feeding activity is reflected in polyp expansion (Dai & Lin, 1993). It has been demonstrated 56 

to vary seasonally (Coma et al., 1994; Garrabou, 1999; Rossi, 2002), with the frequency of 57 

food inputs a potential factor driving polyp expansion (Tsounis et al., 2006; Rossi & Gili, 58 

2007, Rossi et al., 2017b).  59 

The more variable the water column environmental factors, the more diversified the 60 

mechanisms to enhance prey capture and feeding optimisation, as organisms adopt a 61 

range of strategies to take advantage of every potential source of food (Coma et al., 2001). 62 

In laboratory experiments, capture rates and polyp expansion among passive suspension 63 

feeders have been shown to be related to nutritional stimuli, particle concentration and 64 

flow speed (Leversee, 1976; Dai & Lin, 1993; Anthony, 1999), but there is almost no 65 
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information on how environmental factors affect in situ polyp activity during short-term 66 

cycles (Rossi & Gili, 2007). Epibenthic water masses and associated plankton and seston 67 

concentrations can change rapidly, with particulate organic matter concentration tripling or 68 

quadrupling in less than a day (Grémare et al., 2003; Rossi & Gili, 2007; Rossi et al., 69 

2013). These non-continuous food pulses have never been fully studied in relation to the 70 

activities of passive suspension feeders and may be a key factor for understanding the 71 

overall energy budget of sessile organisms in animal forests. 72 

The aim of this study is to achieve a better understanding of which factors drive polyp 73 

activity in passive suspension feeders, seeking to determine whether environmental and 74 

biological factors act synergistically in polyp expansion, using the red coral (Corallium 75 

rubrum) as a model organism. To achieve this objective, two different methodological 76 

approaches were used: 1) High-resolution polyp observations in the field (Rossi & Gili, 77 

2007), under recorded environmental conditions (i.e. current speed, zooplankton 78 

concentration, chlorophyll a and protein content of epibenthic seston). This will help to 79 

better understand whether there is any pulse-like energy input (Palardy et al., 2006; 80 

Tsounis et al., 2006). 2) Ex-situ high-resolution flume (closed channel in which you may 81 

control current speed, temperature, etc.under controlled conditions) experiments to test C. 82 

rubrum polyp activity in relation to a range of environmental factors (i.e. temperature, 83 

current speed, nutritional stimuli and presence of zooplankton). The main aim is to 84 

understand how intermittent food supply may influence the energy budgets of passive 85 

suspension feeders.  86 

 87 

MATERIALS AND METHODS 88 

Field survey 89 

The field survey was conducted in the Medes Islands, NW Mediterranean (40º 02’ 55’’N, 3º 90 

13’ 30’’E). Sampling and observations were carried out at 18–20 m depth among within a 91 



5 
 

coralligenous community located in a channel. The channel was alternately influenced by 92 

northerly and southerly currents, which may reach high speeds (from 2 up to 30 cm s-1, 93 

Rossi & Gili, 2007).  94 

C. rubrum polyp expansion was monitored at a high frequency (i.e. once every 6 hours) by 95 

a single SCUBA diver from June 24 to 29, 1997. This period was chosen because pelagic 96 

primary production and the frequency of seston pulses is high (Rossi & Gili, 2007). 97 

Expansion is defined as the maximum aperture of polyps (Sebens, 1987). Polyp activity 98 

was observed in ten groups of ten colonies each time by scuba divers. 99 

The following parameters were concomitantly monitored: (1) hydrodynamics (using an 100 

Aandera SDP® Doppler current meter, moored in the same place as the observed passive 101 

suspension feeders, recording currents 0.5 m above the benthic surface), (2) seston 102 

concentration and quality, the latter determined by assessment of chlorophyll a and protein 103 

concentrations (see Rossi & Gili, 2007), and (3) zooplankton concentration, determined by 104 

analysing two samples collected by a scuba diver towing two small plankton nets (22 cm in 105 

diameter with a mesh size of 100 m) a distance of 40 m (Coma et al., 1994; Rossi et al., 106 

2004). Wind, wave height and tidal oscillation were recorded every day by the Estartit 107 

Meteorological Station in accordance with the protocols of Cebrián et al. (1996). 108 

 109 

Experimental observations on polyp activity 110 

On March 15, 2007, several small colonies of C. rubrum were collected at depths of 28-30 111 

m (water temperature 14ºC) using a crowbar, and were immediately transferred to the 112 

Observatoire Océanologique de Banyuls (France) (see a description of the area in Rossi 113 

et al. 2003; this area is 40 km apart from the Medes Islands, where we made the field 114 

study). Colonies were placed in small cylinders, 4 cm in diameter (two colonies per 115 

cylinder), attaching them with non-toxic rubber, and kept at 15°C in running seawater for 116 

two weeks prior to the start of the experiments. Corals were fed three times a week with 117 
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copepods, ground mussels and Artemia nauplii. Running seawater supplied to the tanks 118 

was filtered through a 4 µm filter, allowing only pico- and nano-plankton to be present in 119 

the aquaria, which is a negligible part of the diet of these species (Tsounis et al., 2006; 120 

Picciano & Ferrier-Pagés, 2007).  121 

The flume used (Fig. 1) was 10 cm wide X 20 cm high with a total length of 450 cm, 122 

resulting in an overall maximum water capacity of 85 litres. For each experiment, filtered (2 123 

µm) seawater was used. Four colonies (two cylinders) were tested in each experiment. 124 

The pump used could generate speeds ranging from 1 to 6 cm s-1. A Minilab SD12 125 

ultrasonic current meter (Sensordata, Bergen, Norway) (resolution 1 mm s-1, bandwidth 35 126 

Hz and effective acoustic path length 29 mm) was used to measure water flow during each 127 

experiment. Water temperature was recorded to the nearest 0.5ºC. 128 

The polyps of all colonies were closed at the beginning of each experiment. Colonies were 129 

placed in the flume and acclimated for 30 min, with experiments conducted from 24 to 72 130 

hours.  131 

For assessment of the effects of zooplankton and nutritional stimuli, natural Mediterranean 132 

zooplankton was used.  133 

Zooplankton was collected from epibenthic waters using 200 µm mesh nets near the coast 134 

on the 6th and 14th April, 2007. The samples were transported in a cooler to the main lab. 135 

The zooplankton was centrifuged (3000 rpm), and stored at -20ºC until its use in the 136 

experimental set-up. An aliquot of 1 ml in 5 replicates from each sampling was fixed with 137 

6% formalin in order to count the number of items added to the flume water in each 138 

experiment (Coma et al., 1994).  139 

For the chemical signal experiments, a selected volume of zooplankton (40 and 120 ml in 140 

65 litres, corresponding to nutritional stimuli N1 and N2) was gently ground with a glass 141 

homogeniser, in order to make a uniform mass of the zooplankton. The homogenised 142 

zooplankton was filtered through a 10 µm mesh to remove the solid part and the liquid part 143 
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was stored 60-90 minutes before the experiment in a cooler. The liquid part was the 144 

nutritional stimulus added to the flume. A selected volume (120 ml in 65 litres, final 145 

concentration 1500 ± 252 ind. m-3) was used directly in the experiment to understand the 146 

influence of zooplankton (not ground, the dead particles directly added to the flume) on the 147 

polyp expansion (N3). In both cases, the zooplankton (filtrate or particles) was placed 148 

directly in the flume once the water was running, not before. All the nutritional stimuli 149 

experiments were conducted at a temperature of 18ºC with a constant flow speed of 3 cm 150 

s-1. 151 

The flume was illuminated using LEDs (Lunartec 48 LED white 40W bulbs). A mirror 152 

oriented 45º with respect to the flume’s main axis was placed downstream from the 153 

monitored colonies so that they could be observed through cameras without major 154 

disturbance to the water current (Fig.1). A video system with a colour camera (JAI S3200® 155 

fitted with a 50 mm objective) was placed next to the flume and used to monitor the 156 

colonies. The signal was received using a Falcon Plus® video grabber and transferred to a 157 

PC, where the images were recorded in JPEG format (80% compression). Real image size 158 

was 104 x 78 mm (Duchêne et al., 2000; Maire et al., 2007) corresponding to 736 X 568 159 

pixels and thus to a resolution of 140 µm pixel-1. The frame capture rate was set at 3 160 

images/min. 161 

Maximum polyp expansion was recorded and calculated (taking into account the 162 

contracted and fully expanded polyp). The coral’s white polyps and tentacle crowns 163 

contrast with the black background and red coenenchima, allowing for good image 164 

analysis. The JPEG images were assembled into AVI films (SEM VIDEO 1). Image 165 

processing was then performed on the films using CVAB software (© J.C. Duchêne). 166 

Image analysis allowed calculation of the surface area of open polyps on the coral 167 

branches. The surface area of open polyps on each branch was separated and accounted 168 

for in every image of each film. Segmentation of the images allowed the open polyps to be 169 
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separated from the coenenchyme in distinct pixel patches corresponding to existing 170 

regions of the coral. The labelled regions were tracked across images in the films, 171 

providing information on the activity of the polyps forming the colonies. Two types of 172 

information were derived from the observations: (1) the total surface area of the open 173 

polyps, and (2) the polyp activity index (taking into account the minimum and maximum 174 

expansion of the polyp, as total pixel counting), obtained from subsequent image 175 

differentiation. The polyp expansion showed the changes occurring in each region at any 176 

given time, including opening and closing polyps and moving tentacles. If a polyp moved 177 

its tentacles, the recorded surface area is expected to remain the same, with a null 178 

difference between the two successive apparent surface areas. While measuring colony 179 

size, the software also allowed to measure the events characterised by low dynamism, 180 

such as slow feeding movements, and examination of mesoglea inflation before polyp 181 

opening. 182 

 183 

Statistical analysis  184 

The variability in i) C. rubrum polyp expansion, ii) seston composition and iii) zooplankton 185 

composition was assessed at various temporal scales by multivariate analyses and 186 

correlated with the environmental variables recorded during the sampling. By means of two 187 

laboratory experiments, we assessed the variability in C. rubrum polyp expansion in 188 

response to a range of temperatures, current speeds and nutritional stimuli.  189 

In situ, to assess differences in C. rubrum polyp expansion, the design incorporated two 190 

factors: Cycle (Cy, as a fixed factor with 5 levels, each 24 h) and Time (Ti, as a random 191 

factor with 4 levels, nested in Cycle, each 6 h), with n = 3. Multivariate analyses of variance 192 

(PERMANOVA, Anderson, 2001) considered Euclidean distances based on untransformed 193 

polyp expansion data and previously normalised seston composition, using 9,999 random 194 

permutations of the appropriate units (Anderson & Braak, 2003).  195 
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To assess differences in zooplankton composition we performed permutational analyses of 196 

variance (PERMANOVA, Anderson, 2001) considering Bray Curtis dissimilarities based on 197 

transformed data (fourth root), using 9,999 random permutations of the appropriate units 198 

(Anderson & Braak, 2003), adopting a design with one factor, i.e. Cycle (Cy, as a fixed factor 199 

with 5 levels, n = 4). In order to detect which taxa contributed most to dissimilarity among 200 

the cycles, a similarity percentage (SIMPER) analysis was performed (Clarke, 1993). To 201 

examine the generality of patterns in polyp expansion, seston composition and zooplankton 202 

composition, we generated MDS plots. 203 

In addition, we performed another two laboratory experiments in order to evaluate C. rubrum 204 

polyp expansion under a range of physical conditions and nutritional stimuli. To assess the 205 

effect of temperature and current speed on polyp activity, we performed permutational 206 

analyses of variance (PERMANOVA, Anderson, 2001) considering Euclidean distances 207 

based on untransformed data, using 9,999 random permutations of the appropriate units 208 

(Anderson & Braak, 2003), adopting a design with two factors: Temperature (Te, as a fixed 209 

factor with 3 levels) and Current (Cu, as a fixed factor with 3 levels) with n = 12.  210 

Moreover we performed a further experiment in order to evaluate the effects of nutrient 211 

levels, following a design with one factor, i.e. Nutritional Stimuli (Nu, as a fixed factor with 4 212 

levels) with n = 8.  213 

When significant differences were encountered (p < 0.05), post-hoc pairwise tests were 214 

carried out in order to ascertain the consistency of the differences across the different 215 

conditions tested. Because of the restricted number of unique permutations in the pairwise 216 

tests, p values were obtained from Monte Carlo samplings. The analyses were performed 217 

using PRIMER v. 6 (Clarke & Gorley, 2006). 218 

 219 

Results 220 

Polyp activity in high time-resolution field monitoring 221 
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 222 

The activity rhythms (polyp expansion) of C. rubrum between the 24th of June (15:00) and 223 

the 29th of June (9:00) 1997 in relation to the environmental variables tested are shown in 224 

Figure 2 (A to D). The activity of the 100 colonies varied between 0% (polyps fully closed) 225 

and 100% (polyps fully open), the change occurring in only 6 hours in some cases (see for 226 

example the transition between 26 of June at 9:00 and 26 of June at 15:00). Current speed 227 

ranged from 0.2 cm s-1 to 30 cm s-1. The mean current speed during the activity rhythm 228 

observations was 9.3±9.4 SD cm s-1, with the highest speeds recorded towards the middle 229 

and end of the experimental period (Fig. 2A). Zooplankton concentration (mainly copepods 230 

and nauplii) varied from 298 individuals m-3 to 8437 individuals m-3. The mean 231 

concentration was 2122±2412 SD individuals m-3. Zooplankton had higher concentrations 232 

in the later cycles (Fig. 2B). Chlorophyll a concentration varied from 0.28 µg L-1 to 0.70 µg 233 

L-1, with a mean of 0.4±0.1 SD µg L-1, with the highest values recorded at the beginning of 234 

the experimental period (Fig. 2C). Protein concentration followed a different tendency (Fig. 235 

2D), ranging from 135 µg L-1 to 243 µg L-1. The mean concentration was 176±32 SD µg L-236 

1, with the highest concentrations found towards the middle and end of the experimental 237 

period. No significant relationships were directly observed between the tested 238 

environmental variables and red coral polyp expansion. 239 

The results of the PERMANOVA reveal that the percentage of expanded C. rubrum polyps 240 

varied significantly among sampling times of cycles (Table S1), while pairwise analyses 241 

underline the differences within each cycle (Table S2).  242 

Following the same experimental design, PERMANOVA analyses on seston composition 243 

exhibited significant differences at the investigated temporal scales (Tables S1 and S2). In 244 

particular, pairwise analyses of both polyp expansion and seston composition showed 245 

significant differences among all sampling times of the first cycle. 246 



11 
 

MSD plots of seston composition in relation to each sampling time show separation of cycles 247 

and sampling times (Fig. 3a), indicating the high number of open polyps during the cycles 248 

characterized by higher sea water movement. Significant differences among cycles are were 249 

confirmed by Permanova for zooplankton composition (Table S3). 250 

 251 

The SIMPER analysis revealed the highest dissimilarity in the zooplankton assemblages, 252 

reaching 30.74% for C1 vs. C5, followed by C2 vs. C5 (30.12%), C1 vs. C4 (27.02%), C1 253 

vs. C3 (25.09%) and C2 vs. C4 (25.06%) (Table S4), highlighting variation between the first 254 

and last cycles. The MSD plots confirm the separation of cycles (Fig. 3b).  255 

 256 

Laboratory experiments 257 

In the experiments, a clear rhythm appears in the opening events of the coral branches 258 

(Fig. S1 SEM). This rhythm was most dominant when the colony's polyps are fully 259 

extended as could be observed in the records of individual polyp activity Records of 260 

individual polyp activity showed the full colony’s polyps expansion (Fig. S2 SEM). 261 

The results of the PERMANOVA showed a significant Te x Cu interaction (Table S5 and S6, 262 

Fig. 4), demonstrating that C. rubrum polyp expansion varied significantly among the tested 263 

temperatures and currents. Increased of temperature led tosupport a rapid expansion of C. 264 

rubrum expansion in still-water, however the simultaneous interactions between current and 265 

temperature underline resulted in very fast polyp expansion when the current speed is was 266 

maximum and the temperature is was low (Fig. 4). 267 

 268 

Nutritional stimuli 269 

The results of the PERMANOVA (Table S7) and pairwise analyses (Table S8) reveal that 270 

C. rubrum polyp expansion varied significantly among the different nutritional stimuli tested, 271 

except for N1 vs. N2 (Fig. 5). In particular, the analyses showed a rapid expansion of C. 272 
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rubrum polyps when nutrition stimuli increased, reaching the maximum ofa maximal reaction 273 

when nutritional stimulus consisteds of zooplankton (Fig. 5). 274 

 275 

DISCUSSION 276 

The present study represents a first step to provide new insights into the relationship 277 

between environmental-biological conditions and the capacity of passive suspension 278 

feeders to intercept pulse-like energy inputs. High-resolution observations of polyp activity 279 

in the field highlighted the complex combination of environmental variables linked to 280 

seawater movement even on the small scale.  281 

Ex-situ high-resolution flume experiments showed that polyp expansion accelerates with 282 

current speed. In addition, the presence of nutritional stimuli, especially zooplankton, 283 

induces a clear response in C. rubrum polyp activity, confirming they areto be sensitive in 284 

detecting food availability.  285 

The obtained outcomes also contribute to our understanding of the biology and ecology of 286 

red coral. Corallium rubrum polyp expansion seems to be most affected by water 287 

temperature, as observed by Picciano & Ferrier-Pages (2007), and by sea water 288 

movement as revealed here. Passive suspension feeding depends on current flow. 289 

Nevertheless, given constant seston concentrations, increasing current speed enhances 290 

filtration up to a maximum beyond which filtration no longer increased (Wildish, & 291 

Kristmanson, 2005). Our in situ results suggest complex hydrodynamic conditions act in a 292 

complementary way to shape polyp activity. It is clear that different conditions were 293 

present in the first and second slot of the week. During the last days, a combination of 294 

water movement and seston concentration could be the key to understanding an increase 295 

in theincreased activity of C. rubrum. Water movement effects are essential to 296 

understanding plankton activity and concentration (Sebens & De Reimer, 1977; Palardy et 297 
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al., 2006). Increasing water movement will increase this plankton activity and 298 

concentrations which, in turn, will increase the number of red coral expanded colonies.   299 

While the assessment of the effect of drag forces on polyp retention ability is beyond the 300 

scope of the current study, we found a clear relationship between polyp activity and 301 

current speed, similar to what was has been reported in studies of other gorgonian species 302 

(Dai & Lin, 1993). The rigid structure of the CaCO3 skeleton of C. rubrum creates a highly 303 

inflexible structure that has a limited range of movement, unlike other highly flexible 304 

gorgonian passive suspension feeders used in other previous studies (Dai & Lin, 1993). 305 

Highly flexible organisms may be able to minimise drag forces by altering colony shape 306 

and reducing projected colony area when exposed to increased flow (Vogel, 1996). 307 

Previous studies of scleractinian corals suggest that current velocity within colonies has an 308 

upper limit, or saturation velocity, which is dependent on colony morphology (Chamberlain 309 

& Graus, 1975). The current speeds used in our study have no dramatic effect on polyp 310 

shape and are considered optimal for polyp particle capture (Leversee, 1976; Sponaugle, 311 

1991). An increase in current speed (from 0 to 6 cm s-1) therefore increases particle 312 

delivery to the polyps. Dai and Lin (1993) showed that Acanthogorgia vega had a broader 313 

spectrum of polyp efficiency (as capture rates) at flow speeds ranging from 0 to 15 cm s-1 314 

than the other two species tested, probably due to its bushy shape. In fact, the effect of 315 

flow on particle capture by polyps is probably a general phenomenon among octocorals 316 

(Robbins & Shick, 1980; Patterson, 1991; Dai & Lin, 1993), with polyp capture efficiency 317 

falling as the Reynolds number increases. In the present study, C. rubrum polyp activity 318 

tends to increase with current speed, even in the absence of increased abundance of food.  319 

Similar to previous studies of C. rubrum polyp activity, the current study found a significant 320 

relationship between temperature and polyp activity, with less polyp activity at high 321 

temperatures. Previati et al. (2010) showed a significant relationship between oxygen 322 

consumption and activity (open polyps) at 18-20ºC and a current of 1 cm s-1 (approx.): 323 
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oxygen consumption and activity increased, but above this temperature oxygen 324 

consumption decreased. Studies of other octocorals follow the same trend of closing their 325 

polyps at higher temperatures and decreasing oxygen consumption to maintain a 326 

decreased metabolic rate in a quasi-dormant stage (Coma et al., 2002; Previati et al., 327 

2010). Although the relationship between temperature and polyp activity might be the 328 

result of endogenous rhythms related to an internal clock (Previati et al., 2010), it seems 329 

that lack of water flow (decreased current speed) is a key factor in the spontaneous 330 

opening of polyps in the absence of external stimuli. In the present study, colonies also 331 

decreased their maximum opening frequency as temperature increased in still-water 332 

conditions. One hypothesis is that polyp expansion is needed for gas exchange and 333 

excretion, however the majority of colonies tend to remain closed as much as possible as 334 

temperature increases. When food availability in the water column is low, the increase in 335 

temperature and flow seems to increase the response of C. rubrum (maximum opening 336 

frequency), indicating a balance between the need for opening and the current stimulus. 337 

Differences between the still-water and current-speed experiments in terms of maximum 338 

opening frequency suggest current stimulus has a greater influence than temperature 339 

constraints. Anthozoans need to expand their polyps to favour breathing (Previati et al., 340 

2010). Our results suggests that food acquisition (related with water movement) in these 341 

passive suspension feeders appears to have priority over gas exchange. 342 

Of all the variables used to test for a response in polyp activity in the present study, the 343 

addition of zooplankton elicited the fastest response in C. rubrum colonies. C. rubrum is 344 

considered a passive suspension feeder, capturing particulate organic matter (POM) from 345 

the surrounding environment (Tsounis et al., 2006). Other Mediterranean and tropical 346 

asymbiotic octocorals (gorgonians, soft corals) are able to capture POM (Ribes et al., 347 

2003), small zooplankton (Coma et al., 1994; Rossi et al., 2004) and phytoplankton 348 

(Widding and Schlichter 2001). C. rubrum is also able to feed on bacterioplankton (pico- 349 



15 
 

and nanoplankton) (Picciano & Ferrier-Pages, 2007). A chemical or chemical/physical 350 

(zooplankton) stimulus caused a rapid response in terms of polyp activity, in some cases 351 

within a few seconds. The rapid response of polyp activity increases with temperature, but 352 

at higher food concentrations the response becomes even more rapid (Grémare et al., 353 

2004). Relying completely on heterotrophic inputs from seston, the detection of chemical 354 

signals and/or food particles may be more important than other variables (i.e., temperature 355 

or current). Although there may be inter-individual variability in the response (Duchêne et 356 

al., 2000; Duchêne, 2017), there is clearly less variability in polyp activity when 357 

zooplankton stimuli are combined with flow speed than with flow speed alone. This result 358 

is not surprising, as it has been demonstrated in previous studies that the addition of food 359 

to the water column can elicit a response in other taxa (Duchêne & Rosenberg, 2001; 360 

Maire et al., 2007; Duchêne, 2017). The response to a chemical signal indicating 361 

increased zooplankton concentrations has not previously been experimentally tested in 362 

octocorals, but in scleractinian corals, particle concentration also elicited a response 363 

(Anthony, 1999). It is clear that the synergistic effects of higher current speed and the 364 

presence of zooplankton (or its chemical signal) provide a stimulus for the expansion of 365 

the polyps of this gorgonian. Therefore, we hypothesise that if food and current stimulate 366 

polyp activity, a recurring hydrodynamic parameter (food pulses due to high seston 367 

concentration) may cause current speed and particle concentration (dead or alive) to act 368 

synergistically.  369 

The high-frequency in situ monitoring used in this study is currently the only known method 370 

for detecting the response in terms of polyp activity to changes in zooplankton and 371 

particulate organic matter availability and current flow speeds. In the space of just a few 372 

hours, epibenthic seston concentrations may fluctuate dramatically, with large increases 373 

and decreases in the concentrations of available zooplankton or seston (Rossi & Gili, 374 

2007; Rossi et al., 2013). A greater frequency of high-speed current episodes may have a 375 
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synergistic effect on the entire coralligenous community, by both increasing currents and 376 

resuspending particulate organic matter. This environment creates optimal conditions for 377 

nutrient cycling and capture of crustacean zooplankton, and increasing prey capture rates 378 

among benthic suspension feeders. A relationship between food pulses and feeding 379 

activity was also found in other tide-dominated environments (Naylor, 1976; Naylor, 2005). 380 

We consider that in the Mediterranean Sea (and in other benthic systems), food availability 381 

is non-continuous for benthic suspension feeders. Increasing the frequency of high 382 

current-speed events and hence the quantity of available epibenthic seston may be a 383 

driver of pulse-like temporal changes in the particulate organic matter available in the 384 

water column for the energy budgets of coralligenous (and other) benthic communities. 385 

Many authors have shown the positive relationship between prey capture rates and 386 

concentrations of plankton (Sebens & De Reimer, 1977; Coma et al., 1994; Palardy et al., 387 

2006). In intertidal systems, there is a clear relationship between benthic suspension 388 

feeding activity and tidal fluxes (Sebens, 1987). In C. rubrum, short periods of high seston 389 

and zooplankton abundance could be the key to understanding energy input, high-current 390 

episodes creating high prey concentrations, leading to maximum particle capture rates.  391 

Optimal foraging theory (Hughes, 1980) posits the need to take advantage of favourable 392 

feeding pulses as an individual colony but also as a population within a community. 393 

Palardy et al. (2006) suggested that the energy budget of passive suspension feeders may 394 

be dependent on non-continuous zooplankton availability, and Robbins & Shick (1980) 395 

related the activity of Metridium senile to tidal flux. It is clear that even if polyp seston 396 

capture is an important source of nutrition (being a more constant food source, Ribes et 397 

al., 1999) the detected seasonal concentrations may not be sufficient, given the energy 398 

constraints of most passive suspension feeders. In the complex coralligenous community, 399 

a broad spectrum of energy constraints is shown by the diverse range of activities and 400 

behaviours observed during our study period. Many organisms take advantage of the food 401 
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pulses related to tidal patterns of water movement, resuspension and nutrient recirculation 402 

(Robbins & Shick, 1980; Gibson, 2003). We hypothesise that the foraging strategy of C. 403 

rubrum (but also other benthic organisms and communities) is influenced by the frequency 404 

of high current-speed events, which are far to befrom homogeneous through thein different 405 

seasons (Rossi & Gili, 2007).  406 

 407 

CONCLUSIONS 408 

In this paper we showed that temperature and current speed are essential cues to 409 

understanding the polyp expansion of passive suspension feeders, however chemical 410 

signals have a prevalence in the activity of these organisms. The synergy between 411 

currents and zooplankton is thus the key to understanding prey capture of benthic 412 

suspension feeders in natural environments. Such a combination is not homogeneous 413 

through the time, so when we try to understand and quantify the energy balance of these 414 

metazoans, we have to consider the available food pulses that may be in phase with tidal 415 

rhythm and also affected by strong winds or temporal upwellings. The presence of food 416 

pulses is key to understanding global energy inputs and the energy budgets of these 417 

organisms, and how these synergistic effects (current speed with particle concentration) 418 

bring energy pulses to the benthic communities. 419 
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AKNOWLEDGEMENTS 421 

The authors are especially grateful to Josep Pascual for environmental data collection and 422 

preliminary data processing, and to Josep-María Gili, Rafael Coma, Bernat Hereu, Marta Ribes, 423 

David Diaz, Marc Marí and Mikel Zabala for field assistance. Imma Llobet and Elisabetta Broglio 424 

made an important contribution to the zooplankton counting. We also thank Prof. Antoine Grémare 425 

for laboratory facilities. We also thank Andrea Gori and Darren Brown for their useful comments on 426 

the manuscript.  427 



18 
 

 428 

References 429 

Anderson M, Braak CT. 2003. Permutation tests for multi-factorial analysis of variance. 430 

Journal of Statistical Computation and Simulation 73:85-113 DOI 10.1080/00949650215733 431 

Anderson MJ. 2001. Permutation tests for univariate or multivariate analysis of variance 432 

and regression. Canadian journal of fisheries and aquatic sciences 58(3):626-639 DOI 433 

10.1139/f01-004 434 

Anthony KRN. 1999. Coral suspension feeding on fine particulate matter. Journal of 435 

Experimental Marine Biology and Ecology 232:85-106 DOI 10.1016/S0022-436 

0981(98)00099-9 437 

Cebrián J, Duarte CM, Pascual J. 1996. Marine climate on the Costa Brava 438 

(northwestern Mediterranean) littoral. Publicaciones Especiales Instituto Espanol de 439 

Ocenografia 22, 9-21 440 

Chamberlain JA, Graus RR. 1975. Water flow and hydromachenical adaptations of 441 

branched reef corals. Bulletin of Marine Science 25:112-125. 442 

Clarke KR, Gorley RN. 2006. PRIMER V6: User Manual/ Tutorial. Plymouth Marine 443 

Laboratory. 444 

Clarke KR. 1993. Non-parametric multivariate analyses of changes in community structure. 445 

Australian Journal of Ecology 18:117–143 DOI 10.1111/j.1442-9993.1993.tb00438.x 446 

Coma R, Ribes M, Gili JM, Zabala M. 2002. Seasonality of in situ respiration rate in three 447 

temperate benthic suspension feeders. Association for the Sciences of Limnology and 448 

Oceanography 47:324–331 DOI 10.4319/lo.2002.47.1.0324 449 



19 
 

Coma R, Ribes M, Gili JM, Zabala M. 2000. Seasonality in coastal benthic ecosystems. 450 

Trends in Ecology & Evolution 15:448-453 DOI 10.1016/S0169-5347(00)01970-4 451 

Coma R, Ribes M, Gili JM, Hughes RN. 2001. The ultimate opportunists: consumers of 452 

seston. Marine Ecology Progress Series 219:305-308 DOI 10.3354/meps219305 453 

Coma R, Gili JM, Zabala M, Riera T. 1994. Feeding and prey capture cycles in the 454 

aposymbiontic gorgonian Paramuricea clavata. Marine Ecology Progress Series 115:257-455 

270 DOI 10.3354/meps115257 456 

Dai CF, Lin MC. 1993. The effects of flow on feeding of three gorgonians from southern 457 

Taiwan. Journal of Experimental Marine Biology and Ecology 173: 57-69 DOI 10.1016/0022-458 

0981(93)90207-5 459 

Duchêne JC. 2017. Activity rhythm measurement in suspension feeders. Marine Animal 460 

Forests: The Ecology of Benthic Biodiversity Hotspots 761-785. DOI 10.1007/978-3-319-461 

21012-4_18 462 

Duchêne JC, Rosenberg R. 2001. Marine benthic faunal activity patterns on a sediment 463 

surface assessed by video numerical tracking. Marine Ecology Progress Series 223:113–464 

119 DOI 10.3354/meps223113 465 

Duchêne JC, Jordana E, Charles F, Grémare A, Amouroux JM. 2000. Experimental 466 

study of filtration activity in Ditrupa arietina (Annelida Polychaeta) using an automated 467 

image analysis system. Oceanologica Acta 23:805-817 DOI 10.1016/S0399-468 

1784(00)01124-5 469 

Garrabou J. 1999. Life-history traits of Alcyonium acaule and Parazoanthus axinellae 470 

(Cnidaria, Anthozoa), with emphasis on growth. Marine Ecology Progress Series 178:193-471 

204 DOI 10.3354/meps178193 472 



20 
 

Gibson RN. 2003. Go with the flow: tidal migration in marine animals. Hydrobiologia 473 

503:153–161 DOI 10.1023/B:HYDR.0000008488.33614.62 474 

Gili JM, Coma R. 1998. Benthic suspension feeders: their paramount role in littoral marine 475 

food webs. Trends in Ecology & Evolution 13:316-321 DOI 10.1016/S0169-5347(98)01365-476 

2 477 

Grémare A, Duchêne JC, Rosenberg R, David E, Desmalades M. 2004. Feeding 478 

behavior and functional response of Abra ovata and Abra nitida compared by image 479 

analysis Marine Ecology Progress Series 267:195–208 DOI 10.3354/meps267195 480 

Grémare A, Amouroux JM, Cauwet G, Charles F, Courties C, De Bovée F, Dinet A, 481 

Devenon JL, Durrieu de Madron X, Ferre B, Fraunie P, Joux F, Lantoine F, Lebaron P, 482 

Naudin JJ, Palanques A, Pujo-Pay M, Zudaire L. 2003. The effects of a strong winter 483 

storm on physical and biological variables at a shelf site in the Mediterranean. Oceanologica 484 

Acta 26:407-419 DOI 10.1016/S0399-1784(03)00029-X 485 

Grémare A, Amouroux JM, Charles F, Dinet A, Riaux-Gobin C, Baudart J, Medernach 486 

L, Bodiou JY, Vétion G, Colomines JC, Albert P. 1997. Temporal changes in the 487 

biochemical composition and nutritional value of the particulate organic matter available to 488 

surface deposit-feeders: a two year study. Marine Ecology Progress Series 150:195-206 489 

DOI 10.3354/meps150195 490 

Hughes RN. 1980. Optimal foraging theory in the marine context. Oceanography and 491 

Marine Biology: An Annual Review 18:423-481. 492 

Leversee GJ. 1976. Flow and feeding in fan-shaped colonies of the gorgonian coral, 493 

Leptogorgia. The Biological Bulletin 151:344-356 DOI 10.2307/1540667 494 



21 
 

Maire O, Amouroux JM, Duchene JC, Grémare A. 2007. Relationship between filtration 495 

activity and food availability in the Mediterranean mussel Mytilus galloprovincialis. Marine 496 

Biology 152:1293–1307 DOI 10.1007/s00227-007-0778-x 497 

Naylor E. 2005. Chronobiology: implications for marine resource exploitation and 498 

Management. Scientia Marina 69:157-167 DOI 10.3989/scimar.2005.69s1157 499 

Naylor E. 1976. Rhythmic behaviour and reproduction in marine animals. In: Adaptation to 500 

environment: Essays on the physiology of marine animals. RC Newell (ed). Butterworths, 501 

London. 502 

Palardy JE, Grottoli AG, Matthews KA. 2006. Effect of naturally changing zooplankton 503 

concentrations on feeding rates of two coral species in the Eastern Pacific. Journal of 504 

Experimental Marine Biology and Ecology 331: 99–107 DOI 10.1016/j.jembe.2005.10.001 505 

Patterson MR. 1991. The effects of flow on polyp-level prey capture in an Octocoral, 506 

Alcyonium siderium. The Biological Bulletin 180:93-102 DOI 10.2307/1542432 507 

Picciano M, Ferrier-Pagès C. 2007. Ingestion of pico- and nano-plankton in the 508 

Mediterranean red coral Corallium rubrum. Marine Biology 150:773–782 DOI 509 

10.1007/s00227-006-0415-0 510 

Previati M, Scinto A, Cerrano C, Osinga R. 2010. Oxygen consumption in Mediterranean 511 

octocorals under different temperatures. Journal of Experimental Marine Biology and 512 

Ecology 390: 39–48 DOI 10.1016/j.jembe.2010.04.025 513 

Ribes M, Coma R, Atkinson MJ, Kinzie Iii RA. 2003. Particle removal by coral reef 514 

communities: picoplankton is a major source of nitrogen. Marine Ecology Progress Series 515 

257, 13-23 DOI 10.3354/meps257013 516 



22 
 

Ribes M, Coma R, Gili JM. 1999. Heterogeneous feeding in benthic suspension feeders: 517 

the natural diet and grazing rate of the temperate gorgonian Paramuricea clavata 518 

(Cnidaria: Octocorallia) over a year cycle. Marine Ecology Progress Series 183:125–137 519 

DOI 10.3354/meps183125 520 

Robbins RE, Shick JM. 1980. Expansion-contraction behaviour in the sea anemonae 521 

Metridium senile: environmental cues and energetic consequences. In: Nutrition in the lower 522 

Metazoa. Smith D.C. & Tiffon Y. (Ed.) Pergamon press, 101-115. 523 

Rossi S, Bramanti L, Gori A, Orejas C. 2017a. An overview of the animal forests of the 524 

world. Marine Animal Forests: The Ecology of Benthic Biodiversity Hotspots 1-26 DOI 525 

10.1007/978-3-319-17001-5_1-11007/978-3-319-17001-5_1-1 526 

Rossi S, Coppari M, Viladrich N. 2017b. Benthic-Pelagic Coupling: New Perspectives in 527 

the Animal Forests. Marine Animal Forests: The Ecology of Benthic Biodiversity Hotspots 528 

855-885 DOI 10.1007/978-3-319-17001-5_23-1 529 

Rossi S, Isla E, Gili JM, Farrés M, Martínez-García A, Moraleda N, Rosell-Melé A, 530 

Arntz W, Gerdes D. 2013. Transfer of seston lipids during a flagellate bloom from the 531 

surface to the benthic community in the Weddell Sea. Scientia Marina 77:397-407 DOI 532 

10.3989/scimar.03835.30A 533 

Rossi S. 2013. The destruction of the ‘animal forests’ in the oceans: Towards an over-534 

simplification of the benthic ecosystems. Ocean & Coastal Management 84:77-85 DOI 535 

10.1016/j.ocecoaman.2013.07.004 536 

Rossi S, Gili JM. 2007. Short-time-scale variability of near bottom seston composition 537 

during spring in a warm temperate sea. Hydrobiologia 557: 373-388 DOI 10.1007/s10750-538 

006-0390-y 539 



23 
 

Rossi S, Ribes M, Coma R, Gili JM. 2004. Temporal variability in zooplankton prey 540 

capture rate of the passive suspension feeder Leptogorgia sarmentosa (Cnidaria: 541 

Octocorallia), a case study. Marine Biology 144(1), 89-99 DOI 10.1007/s00227-003-1168-542 

7 543 

Rossi S, Grémare A, Gili JM, Amouroux JM, Jordana E, Vétion G. 2003. Biochemical 544 

characteristics of settling particulate organic matter at two north-western Mediterranean 545 

sites: a seasonal comparison. Estuarine, Coastal and Shelf Science 58, 423-434. DOI: 546 

10.1016/S0272-7714(03)00108-2 547 

Rossi S. 2002. Environmental factors affecting the trophic ecology of benthic suspension 548 

feeders. PhD Dissertation, Department of Ecology, University of Barcelona, Spain. 549 

Sebens KP. 1987. Coelenterata. In: Pandian TJ, Vernberg FJ (eds) Animals Energetics. 550 

Academic Press, San Diego, 55-120. 551 

Sebens KP, De Reimer K. 1977. Diel cycles of expansion and contraction of coral reef 552 

anthozoans. Marine Biology 43:247-256 DOI 10.1007/BF00402317 553 

Sponaugle S. 1991. Flow patterns and velocities around a suspension-feeding gorgonian 554 

polyp: evidence from physical models. Journal of Experimental Marine Biology and Ecology 555 

148:135-145 DOI 10.1016/0022-0981(91)90152-M 556 

Tsounis G, Rossi S, Laudien J, Bramanti L, Fernández N, Gili JM, Arntz W. 2006. Diet 557 

and seasonal prey capture rate in the Mediterranean red coral (Corallium rubrum L.). 558 

Marine Biology 149:313-325 DOI 10.1007/s00227-005-0220-1 559 

Vogel S. 1996. Life in moving fluids: The physical biology of flow. Princeton University Press. 560 

Widdig A, Schlichter D. 2001. Phytoplankton: a significant trophic source for soft corals? 561 

Helgolander Marine Research 55, 198–211 DOI 10.1007/s101520100075 562 



24 
 

Wildish D, Kristmanson D. 2005. Benthic Suspension Feeders and Flow. Cambridge 563 

University Press, Cambridge, UK. 564 

  565 



25 
 

FIGURE CAPTIONS  566 

Figure 1 The flume used for laboratory experiments. It was consisted of a closed 567 

transparent plastic ellipsoid channel placed in a temperature-controlled chamber. 568 

Figure 2 The activity rhythms (polyp expansion) of C. rubrum in relation to the 569 

environmental variables. (A) Current speed, (B) Zooplankton concentration, (C) 570 

Chlorophyll a concentration, (D) Protein concentration. 571 

Figure 3 MDS plots for seston composition, with Euclidean distances based on 572 

normalised data; vectors with Pearson's correlation coefficients show (A) 573 

environmental variables and (B) polyp activity. MDS plots for the zooplankton 574 

community, with Euclidean distances based on normalised data; vectors with 575 

Pearson's correlation coefficients show (C) environmental variables and (D) polyp 576 

activity. 577 

Figure 4 The influence of temperature and current on C. rubrum polyp expansion 578 

under a range of experimental conditions. C0= still water; C1= 3 cm s-1; C2= 6 cm s-1. 579 

T1= 13° C; T2=18° C; T3= 25° C. Data are reported as mean values ± S.E.  580 

Figure 5 The influence of nutritional stimuli on C. rubrum polyp expansion under a 581 

range of experimental conditions. N0= no stimulus; N1= 40 ml; N2= 120 ml; 582 

N3=zooplankton (aprox 1500 ind m-3). Data are reported as mean values ± S.E.  583 

  584 
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SUPPLEMENTARY ELECTRONIC MATERIAL FIGURE CAPTIONS 585 

Figure S1 SEM: Periodograms from three different colonies. Example of three 586 

periodograms from three different colonies (peaks represent polyp expansion), showing 587 

endogenous rhythms at 18°C and still-water conditions. On the left the recorded 588 

normalised activities (i.e. the number of pixels divided by the maximum polyp expansion 589 

for that experiment); on the right the Lomb periodogram with frequencies on the X axis and 590 

number of occurrences on the Y axis. Figures close to the peaks indicate the periods. The 591 

3 dashed lines represent the significance of the peaks, 0.1, 0.01 and 0.001, the smallest 592 

value corresponding to the highest significance. 593 

Figure 2 SEM: Records of individual polyp activity. (A) The area below the peaks for a 594 

given experiment. (B) The derivative of this curve with absolute values (increased or 595 

decreased in polyp expansion). These records usually show a steeper descent after 596 

opening. 597 

 598 

VIDEO RECORDING: Corallium rubrum polyp activity at 18°C and 3 cm s-1 current speed. 599 

 600 
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