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Abstract
Sponges are commonly divided into high (HMA) and low (LMA) microbial-abundance species according to
the bacterial biomass in their tissue. These two groups reflect distinct aquiferous structures and feeding strategies. In the NW Mediterranean coralligenous community, HMA and LMA sponges are often packed in dense,
multispecies assemblages that cover many pinnacles and overhangs. We investigated the metabolism of HMA
and LMA species that cohabitate the coralligenous community by sampling in situ the inhaled and exhaled
water. Sponges consumed plankton, dissolved organic carbon (DOC), and ammonium in relation to their
abundance in ambient water. The plankton retention efficiency was high for all species. DOC was the main
source of C for the sponge species, accounting for  90% of the examined sources. Nitrogen fluxes markedly
differed between the two groups: plankton was the main source of nitrogen for LMAs that excreted dissolved
organic nitrogen (DON) and ammonium. The nitrogenous waste products of LMAs were found to be the
major source of nitrogen (up to 97%) for HMAs that efficiently removed DON and ammonium and excreted
nitrate. The different capacity of both sponge strategies to use dissolved resources suggests a partial trophic
niche separation related to HMA-LMA dichotomy as a mechanism facilitating their dense co-existence in the
community. Our findings suggest that a mixed assemblage of sponges (and their associated microbes) is able
to utilize the suspended particulate and dissolved material more efficiently than a single species population
and may contribute to the understanding of the phenomena of the stability and diversity of dense sponge
assemblages in oligotrophic habitats.

Introduction

Coma et al. 2001), facilitating their coexistence in such
dense communities.
Marine sponges filter large volumes of seawater (Reiswig
1971; Weisz et al. 2008; Kahn et al. 2015) and remove particles of a wide range of sizes (Ribes et al. 1999a). They are
opportunistic feeders, specialized on filtration of planktonic
cells < 10 lm (Pile et al. 1996; Coma et al. 2001; Yahel et al.
2007), and display a lower efficiency on micro- and
nanoplankton (Ribes et al. 1999a). Sponges can serve as
either a sink and/or source for dissolved carbon (Yahel et al.
2003; Ribes et al. 2012; Mueller et al. 2014), nitrogen
(Jimenez and Ribes 2007; Fiore et al. 2010, 2013; Keesing
et al. 2013; Fiore et al. 2015), phosphate (Hatcher 1994;
Yahel et al. 2007; Ribes et al. 2012), and silicate (Frøhlich
and Barthel 1997; Reincke and Barthel 1997; Maldonado
et al. 2012a). Such characteristics designate sponges as an
important link between the benthos and the pelagic realms
that can sometimes control planktonic abundance in the
overlying water column (Savarese et al. 1997; Pile and Young

Multispecific assemblages of suspension feeders such as
sponges, ascidians, polychaetes, and bivalves are ubiquitous
throughout most oceanic regions (Gili and Coma 1998;
Hooper et al. 2002; Gili et al. 2006). Their feeding activity
can control plankton distribution, generating prey-depleted
boundary layers above the bottom (Kimmerer et al. 1994;
Yahel et al. 1998; Nielsen and Maar 2007). A scarce prey
availability might trigger inter and intra specific competition
(Buss and Jackson 1981; Best and Thorpe 1986). However, filter feeders employ different foraging strategies and rely on
different preys according to particle size, morphological
structure, and water movements (Riisgård and Larsen 1995;
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depletion of the planktonic community and to elevation of
dissolved inorganic nitrogen (DIN) (see also Alexander et al.
2015) with ambient DIN concentrations (mostly NH1
4 ) of up
to seven-fold higher than natural in situ concentrations
(Jimenez and Ribes 2007; Jimenez 2011; Ribes et al. 2012).
Under these circumstances, LMA sponges from the NW Mediterranean coralligenous community exhibited considerable
DIN uptake, providing a nice example of the trophic plasticity that sponges can display. These results exemplified the
problems associated with in vitro experiments, as they cannot be directly attributed to the nitrogen metabolisms of
these sponges under natural conditions. The present study
examines the in situ metabolism of five common sponge
species that cohabit rocky walls in a temperate environment
and quantify the relative importance of planktonic and dissolved nutrients in the sponge holobiont, particularly in the
context of the HMA and LMA dichotomy and their putative
relationships.
A nonintrusive in situ technique was used to quantify the
uptake and excretion of N and C of five abundant Mediterranean sponge species that cohabit the coralligenous community by measuring the concentration of dissolved
compounds and pico-and nanoplankton in the water that
they inhaled and exhaled. We aimed to examine: (1) whether the rate of uptake and excretion of dissolved and particulate carbon and nitrogen differ among species and whether
it could be related to the HMA and LMA dichotomy; (2)
whether these rates are related to the availability of compounds. Our findings suggest the occurrence of a partial trophic niche separation among the most common and
abundant Mediterranean species, in which HMA sponges use
waste products excreted by LMA sponges, thus facilitating
the dense co-existence of sponge species within the concentration boundary layer on the walls of the coralligenous
community.

2006) and nutrient cycling (Maldonado et al. 2012b; de
Goeij et al. 2013).
Sponges host abundant, diverse, and specific microbial
communities. They are generally divided into two large
groups: high microbial abundance species (HMA), defined as
sponges containing 1082109 bacteria per gram of sponge tissue and low microbial abundance species (LMA), defined as
sponges containing 1052106 bacteria per gram of sponge tissue, that is similar to the microbial abundance in seawater
(Vacelet and Donadey 1977; Hentschel et al. 2012; Gloeckner
et al. 2014). LMA species may have similar microbial richness
to HMA sponges, but the diversity of the microbial community is lower due to the small number of bacteria species that
account for the bulk of the population (Erwin et al. 2011;
Giles et al. 2012; Poppell et al. 2013). Although LMA microbial composition usually appears to be closer to seawater bacteria composition (Hentschel 2003; Hentschel et al. 2006; Giles
€ rk et al. 2013), sponge-specific bacteria have
et al. 2012; Bjo
recently been found in the mesohyl of some LMA, just as in
HMA species (Gerçe et al. 2011; Blanquer et al. 2013;
Moitinho-Silva et al. 2014; Erwin et al. 2015). Vertical transmission appears to be the main mechanism to maintain the
specific lineages of symbionts of the host (Schmitt et al. 2008;
Webster et al. 2010; Hentschel et al. 2012).
Besides microbial abundance and diversity, HMA and
LMA sponges also differ in their morphology and physiology. HMA species have a denser mesohyl, longer and narrower canals (Weisz et al. 2008), and a lower density of
choanocyte chambers than LMA species (Poppell et al.
2013). This leads HMA species to exhibit a lower specific
pumping rate than LMA species (Weisz et al. 2008). These
morphological characteristics may reflect two different feeding strategies. HMA species may rely on their associated
microbes for energy inputs (Weisz et al. 2007; Freeman and
Thacker 2011), because they remove high amounts of dissolved organic matter (DOM) that can account for up to 80–
90% of the carbon ingested (Yahel et al. 2003; de Goeij et al.
2008a; Ribes et al. 2012; Mueller et al. 2014). They can also
remove NH1
4 from seawater (as a N source for chemo and
phototrophic bacteria and energy source for ammonium oxidizing bacteria and archaea) and excrete nitrate and nitrite
(hereafter referred to as NO2
x ), which is suggested to be an
outcome of nitrification (Corredor et al. 1988; Southwell
et al. 2008a; Ribes et al. 2012; but see Fiore et al. 2015). In
contrast, LMA species obtain carbon and nutrients mainly by
filtering particulate organic matter (POM, pico-and nano€ppy
plankton and detrital POM) (Ribes et al. 1999a; Schla
et al. 2010; Freeman and Thacker 2011). As end products of
remineralization, LMA sponges excrete dissolved compounds
32
such as NH1
4 , PO4 , and DOM (Southwell et al. 2008; Maldonado et al. 2012b; Ribes et al. 2012).
Working in a running seawater system, Jimenez and coworkers (Jimenez 2011) reported that their system was severely
affected by fouling communities that led to a strong

Material and method
Study site
The Mediterranean Sea is a temperate oligotrophic sea in
which nitrogen and phosphorous are the main limiting
nutrients (e.g., Thingstad et al. 1998). It is characterized by a
marked seasonality that contrasts relatively high productive
periods in late winter and early spring with low productive
periods of water stratification (Estrada 1996). As in other
temperate oligotrophic seas, these oligotrophic waters are
dominated by pico-and nanoplankton communities (Tremblay and Legendre 1994; Denis et al. 2010). This is also the
dominant pattern of plankton composition near the bottom
where the coralligenous communities dwell (Ribes et al.
1999b).
The coralligenous concretion is a calcareous formation
from biogenic origins unique to the Mediterranean benthic
environment. This concretion prevails in hard-bottom areas,
2
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cytometry analysis as described below. A total of six transect
were sampled over two consecutive days (23rd and 24th July
2013). To characterize the local hydrodynamic regime during
the study at the transect’s site, a current meter (Argonaut
ADV, Sontek) was positioned at 50 cm from the wall
throughout the experiment. Temperature was recorded continuously during the study with an Onset HOBO Pendant
Temperature Data Logger (UA-002-64, Onset Computer
Corporation).

from shallow to deeper waters at low-light condition. The
coralligenous community is among the main “hot spots” of
species diversity in the Mediterranean. It is inhabited by a
wide variety of organisms, from encrusting calcareous corallines and green algae, which are the major contributors of
the coralligenous framework, to suspension feeders such as
bryozoans, anthozoans, hydrozoans, sponges, tunicates, serpulids, and mollusks (Ballesteros 2006). This multispecific
assemblage of active and passive suspension feeders coexists
by feeding on a wide spectrum of prey types.
The study was conducted at “Reserva Natural de Montgrı,
Illes Medes i Baix Ter” (NW Mediterranean Sea, 428. 060 N, 38.
210 E) between 5 m and 10 m depth, where the rocky benthic
coralligenous community is well developed. We focused on
Demospongiae species that are common and widespread
habitants of the coralligenous community (Uriz et al. 1992),
where they normally cohabit the same rocky surfaces and
the tightly packed sponges commonly create an intervening
mosaic of species and colors (Fig. 1). On the basis of electron
microscope observations, Agelas oroides, Petrosia ficiformis,
and Chondrosia reniformis are HMA species, and Crambe
crambe and Dysidea avara are LMA species (Vacelet and
Donadey 1977; Gloeckner et al. 2014 and reference therein).
The studied species harbor a unique microbial community
that differs from those of surrounding water (Ribes et al.
2012), and both sponge groups harbor phototrophic as well
as ammonia oxidizing microbes (Ribes et al. 2012, 2015). A
survey of species composition of the coralligenous community at the study site showed that these five species covered
26% of the seafloor and represented 54% of the area covered
 et al. 2013), suggesting
by active suspension feeders (Teixido
a major role for the examined species in this community.

In situ sampling
InEx
Sampling of the water inhaled (In) and exhaled (Ex) by
the sponges was conducted by SCUBA diving during July
2012 and July 2013. Three weeks before sampling, ten representative specimens from each species were selected during
preparatory dives on the basis of ease of access. In 2012, we
sampled only specimens with a single osculum, but since
such specimens with sufficiently large oscula were hard to
find, in 2013, specimens were chosen solely on the base of
ease of access and most possessed more than one osculum. A
support plaque was placed next to each specimen using twocomponent resin epoxy (IVEGOR, 09257). On the day of the
experiment, five specimens were checked for pumping, by
placing diluted and filtered fluorescein dye near the sponge
surface. To cleanly collect inhaled and exhaled water, we
used the VacuSIP technique. A detailed description of the
experimental procedure and step-by-step video clips can be
found in Morganti et al. (2016) (http://www.jove.com/video/
54221/vacusip-an-improved-inex-method-for-situ-measurement-particulate). Briefly, the VacuSIP system allows simultaneous, clean, and controlled collection of the water inhaled
and exhaled by the sponge without any contact or interference with the studied animal. The VacuSIP system consisted
of a tripod (Gorilla Pod, Original, Joby) attached to a plaque
in the substrate close to the specimen and two polyetheretherketone tubes (1.6 mm OD, 0.25 mm ID, IDEX Health &
Science 1531), held by the tripod branches. The first tube
was placed next to the sponge ( 5 mm from the sponge
ostia) to sample the inhalant water (In); the second tube was
placed few millimeters inside the osculum, avoiding any
contact with the individual, to sample the exhalant water
(Ex). At the distal end, the tubes were fitted with a Female–
Male Luer connector (IDEX Health & Science, Upchurch Scientific, UP-P-655) attached to a filter holder. Evacuated vials
(Vacuette, 9 mL, no additive, Greiner BioOne GmbH) were
used to collect pico-and nanoplankton abundance samples
(PKPL). Pre-cleaned EPA glass vials (Cole-Parmer 03756-20)
were used to collect samples for DOM (dissolved organic
nitrogen [DON] 1 dissolved organic carbon [DOC]). Combusted (4 h at 4508C) glass vials were used to collect samples
2
2
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for dissolved inorganic nutrients (NH1
4 , NO2 1 NO3 , PO4 )
and acid-rinsed plastic vials for silicate (SiO4) samples. Vials
were connected to the system by piercing their septa with a

Cross-shore transects
In order to examine the potential of the combined activity of the suspension feeders community at the walls on the
concentrations within the boundary layer wherein the studied sponges reside, the abundance of pico-and nanoplankton
was examined on cross-shore transects at a north-east facing
vertical wall with a well-developed coralligenous community. In order to integrate the inherent variability of plankton
distribution, we used mooring lines to position nine sampling stations at increasing distances from the wall (0 m, 0.1
m, 0.8 m, 1.4 m, 2.9 m, 4.2 m, 5.6 m, 10 m, and 20 m from
the wall). A VacuSIP sampler (Morganti et al. 2016) equipped
with evacuated glass vials that meet the Environmental Protection Agency (EPA) criteria for volatile organic analyses
(Cole-Parmer 03756-20) was positioned on each station at a
fixed depth of 15 m. For the initiation of sampling of each
cross-shore transect, a diver triggered the suction of the
VacuSIPs so that the ambient water was slowly sucked
(< 1 mL min21) into the collecting vial. Sampling was terminated after 30 min. Upon retrieval, samples were stored on
ice until they could be aliquoted and preserved for flow
3
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Fig. 1. A typical view of a rocky crop of the Mediterranean coralligenous community at the study site on the Montgrı Catalan coast, densely populated by all five studied sponge species (labeled in the picture) among other suspension feeders and coralligenous algae. [Color figure can be viewed at
wileyonlinelibrary.com]
17295), installed with acid-rinsed polycarbonate filters (0.2
lm, Milipore GTTP01300) for SiO4 sample collection. Samples
for pico-and nanoplankton were not filtered.
A strict cleaning protocol was applied to ensure
contamination-free sampling: prior to sampling, stainless
steel filter holder assemblies were cleaned by flushing
100 mL Contrad Solution (Contrad solution 2000, Deconlab; 5%) and 100 mL Milli-Q, while the polycarbonate filter
holder assemblies were cleaned by flushing 100 mL of 5%
HCl and 100 mL Milli-Q. Once the VacuSIP was installed,
the entire assembly was flushed with at least 30 mL of seawater prior to the collection. Upon retrieval, samples were
stored on ice until they could be frozen and preserved as
described below. This entire procedure was repeated in full
for every specimen sampled so that all diet components
(other than detrital POM, see below) were measured within
3 h.

sterile syringe needle attached to the filter holder. The suction was initiated by the vacuum previously created in the
vials and by the pressure difference between the external
water and the evacuated sample container. The sampling
rate (< 1 mL min21) was kept sufficiently lower than the
pumping—excurrent jet—rate of the sponge to avoid sampling contamination by ambient water, and above a minimum rate (> 0.5 mL min21) to optimize the sampling time.
The retention or excretion of the different compounds was
estimated from the difference in concentration between the
inhaled (In) and exhaled (Ex) water samples (InEx). Samples
for dissolved components were filtered in situ using two filtering assemblages: (1) in-line stainless steel 13 mm Swinney filter holders (Pall, 516-9067), installed with pre-combusted
(4008C for at least 2 h) binder-free glass fiber filters (GF/F 97%
n et al.
retention efficiency at 0.7 lm, Pall 516–9126) (Mora
1999); (2) 13 mm polycarbonate filter holders (Cole-Parmer
4
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compounds (DOC 1 DON) were filtered in situ as described
above and fixed on the boat with 25% orthophosphoric acid
(ultrapure, Sigma 79617) and stored in the dark at 48C for a
maximum of 1 week before the analysis. Water samples for
2
32
dissolved inorganic compounds analysis (NH1
4 , NOx , PO4 ,
SiO4) were also filtered in situ (as described above) and kept in
ice on the boat and then frozen at 2208C until the analysis.

Particulate detritus can potentially be an important source
of both carbon (as POC) and nitrogen (as PON), and some
sponges have been reported to excrete large amounts of POC
(Alexander et al 2014). Therefore, we allocated most of the
sampling time of each sponge specimen for prolonged sampling bouts (> 8 h per individual per sample) of POC and
PON that were collected on in-line GF/F filters conducted
with independent filters. All filters were then processed for
C : N analysis (elemental organic analyzer Thermo EA 1108,
Thermo Scientific). Unfortunately, we encountered high
blank measurements (some control filters for POC that have
gone through the washing procedure showed values higher
than control filters that did not go through the washing procedure and also from some of the filters collected in situ)
and thus these samples had to be abandoned.

Water sample analysis
Flow cytometry for pico-and nanoplankton quantification
Synechococcus sp., Prochlorococcus sp., nonphotosynthetic
bacteria, pico-and nanoeukaryotes were quantified with flow
cytometer (FACSCalibur, Becton-Dickinson, 488 nm excitan
tion blue laser) following the method of Gasol and Mora
(1999). Once the samples were quick-thawed, a Polysciences
Fluoresbrite beads (1 lm) solution was added as an internal
standard from a stock solution pre-calibrated with BectonDickinson Truecount High Control Beads (Cat.# 340335).
The Becton-Dickinson Cell Quest program was used to separate different cell groups, which were detected on the basis
of cell-side scatter and forward scatter (as a proxy of cell size)
and orange fluorescence of phycoerythrin, red fluorescence
of chlorophyll and green fluorescence of DNA stained, emitted after excitation by blue laser. Phytoplankton cells were
analyzed at high flow rate ( 46 lL min21) for 4 min. Synechococcus sp. (hereafter Syn) was identified based on both
orange and red fluorescence emission. Prochlorococcus sp. and
eukaryotes were identified based on low and high red fluorescence respectively and the lack of orange fluorescence.
The nonphotosynthetic bacteria (hereafter Bact) were stained
with nucleic acid dye (SYBER Green I) and analyzed at a
medium flow rate ( 19 lL min21) for 2 min. Two different
groups of Bact were distinguished based on their DNA content: high- and low-DNA nonphotosynthetic bacteria, respectively (Gasol et al. 1999). They were characterized by the
lack of both red and orange fluorescence. The Flow cytometry data analysis was performed using Flowing Software
(Perttu Terho, Turku Center for Biotechnology, Finland,
www.flowingsoftware.com) as depicted in Morganti et al.
(2016).
Carbon and nitrogen content was estimated based on
conversion factors from the literature. Since a wide range of
conversion factors is available in the literature, the most
appropriate factors to our study site and season were selected: Synechococcus sp. 470 fg C cell21 and 50 fg N cell21
(Campbell et al. 1994), pico-and nanoeukaryotes 1496 fg C
cell21 (Zubkov et al. 1998) and 26.1 fg N lm23 (Caron et al.
1995), nonphotosynthetic bacteria 20 fg C cell21 (Ducklow
et al. 1993) and 5.4 fg N cell21 (Caron et al. 1995).

Pumping rate
The pumping rate of each sponge species was estimated
for randomly selected sponge specimens possessing only a
single osculum. We used a modification of the dye front
speed (DFS) method described by Yahel et al. (2005). Briefly, a short transparent tube with a diameter greater than or
equal to the sponge oscula was positioned as close as possible above the sponge osculum and the speed of the movement of a dye front inside the tube was measured in order
to determine the pumping rate. Unlike Yahel et al. (2005),
we did not apply the dye inside the tube, but rather
allowed the sponge to inhale a small amount of dyed seawater released next to the sponge just before the sampling.
A disposable syringe filter (25 mm, 0.2 lm) was attached to
the dyed seawater syringe to avoid the release of dye particles. A frame-by-frame analysis was used to measure
speed of the dye front inside the tube. The per osculum
pumping rate was calculated following Yahel et al. (2005)
as the product of the osculum or tube cross-sectional area
and the dye front speed. Cross-calibration of the modified
method to the original DFS indicated that both methods
produced nearly identical results for all five sponges examined (data not shown). We sampled between 22 and 29
specimens for each species and at least three replicates
were conducted for each specimen at each sampling session. To estimate the sponge size and osculum dimensions,
each sponge specimen was photographed and its height
was measured in the field.
Sample preservation
Upon collection, water samples were immediately fixed
on the boat.
For pico-and nanoplankton samples, three aliquots of 2 mL
were withdrawn and fixed with 1% paraformaldehyde 1 0.05%
electron microscopy grade glutaraldehyde (final concentration,
Sigma P6148 and Merck 8.206.031.000, respectively) and
placed in ice. Once in the harbor, samples were frozen in liquid nitrogen and stored at 2808C until flow cytometry analysis was performed. Water samples for dissolved organic

Analysis of dissolved compounds
32
1
Nutrients NO2
x , NH4 , PO4 , and SiO4 were measured with
an Alliance autoanalyzer following the method of Grasshoff
et al. (1999). DOC was determined by the high-temperature
catalytic oxidation method using Schimadzu TOC-V analyzer
5
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h21 or cells oscula21 h21). These flux estimates were later
normalized to sponge area (cm2) to produce sponge specific
areal flux estimates and then multiplied by the coverage area
of each species in the studied area to obtain areal flux
estimates.

(Sharp et al. 2002). Total dissolved nitrogen (DN) was analyzed by high-temperature catalytic oxidation using a chemiluminescence detection method with the Schimadzu TOC-V
analyzer for the samples collected in July 2012 and by using
a Seal Analytical determination after persulfate oxidation for
samples collected in July 2013. In both cases, DON concentrations were calculated by subtracting the DIN concentra2
tion (NH1
4 1 NOx ) from DN.

Results
Environmental parameters
During the two sampling periods in July 2012 and 2013,
water temperature ranged between 19.38C and 22.98C and
the averaged salinity was 37.5&. Pico-and nanoplankton
concentrations at the walls, where the studied sponges resided, were at the low end typical to the area and the sampling
period (Ribes et al. 1999b) ranging from 1.1 3 105 cells
mL21 to 5.1 3 105 cells mL21 for nonphotosynthetic bacteria, 0.5 3 104 cells mL21 to 2.6 3 104 cells mL21 for Synechococcus sp., and 1.0 3 102 cells mL21 to 9.2 3 102 cells mL21
for pico-and nanoeukaryotes (See Supporting Information
Table S1 for mean 6 SD values). Prochlorococcus was not
detectable during the experiments, because of its seasonal
pattern (Ribes et al. 1999b). Dissolved nutrients were relatively high for surface Mediterranean water, ranging from
21
0.3 lmol L21 to 1.1 lmol L21 NO2
to 700
x , 30 nmol L
21
21
21
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nmol L
PO4 , 100 nmol L
to 700 nmol L
NH1
4 , and
0.8 lmol L21 to 2.2 lmol L21 SiO4 (Supporting Information
Table S1). Dissolved organic compounds ranged from 4 lmol
L21 to 14 lmol L21 DON and from 61 lmol L21 to 131 lmol
L21 DOC (Supporting Information Table S1).

Data analysis
Net removal and excretion of each compound was calculated by the difference in concentration between the
inhaled and exhaled water for each pair of samples (DCIn21
or cells L pumped21). Positive
Ex , lmol L pumped
values indicate removal and negative values indicate
excretion. To test for a significant removal or excretion
(DCIn-Ex 6¼ 0), we used a paired t-test unless the number of
available pairs was small or data violated the normality
assumption. In those cases, the nonparametric MannWhitney Rank Sum Test was applied. For each species, the
percentage of pairs showing removal or excretion was calculated. Since the studied sponges normally remove Synechococcus sp. at high efficiency (86% 6 11%), we screened
the data set using Syn removal as a tracer. Experiments,
showing Synechococcus sp. retention efficiency lower than
60%, were interpreted as contaminated with ambient
water (tube dislodged from the osculum or the specimen
might have stopped pumping) and removed from the
analysis.
The nitrogen and carbon budget was calculated including
live particle and dissolved fractions to obtain a partial picture of C and N removed/excreted by all five species from/to
the environment. Because of blank problems, we did not
observed any evidence of POC or PON removal/excretion
from detrital origin, neither this fraction could be quantified
by flowcytometer, so detritus was not accounted in the total
budget. Therefore, the particulate C and N contribution was
obtained from the live fraction (PKPL). To test for significant
differences between retention efficiency of each planktonic
group between the studied species, we conducted a one-way
analysis of variance (ANOVA). Analysis of covariance (oneway ANCOVA) was used to test for differences in the slope
of the regression of cell removal over inhaled cell concentration between the studied species and two sampling years.
Since no significant difference was found among the slope of
regression of cell removal over cell concentration between
two sampling periods, the data from July 2012 and 2013
were then pooled together (Supporting Information Fig. S1).
The analyses were performed with SigmaPlot program (Ver
12, Systat) and R studio (Ver 0.99.486). The area of each
sponge was measured using size-calibrated images in ImageJ.
An estimate of the mean mass flux mediated by a sponge
was generated for each sponge species as the product of
mean pumping rate and the mean DCIn-Ex, (lmol oscula21

Depletion gradients near the wall
The six cross-shore transects carried during 23rd and 24th
of July 2013 at a pinnacle closed to the study area, revealed
a clear, sharp and consistent decrease in plankton concentration of both phytoplankton and nonphotosynthetic bacteria
in proximity to the sponge wall. The thickness of the concentration boundary layer at which the drop of the pico-and
nanoplankton concentration could be measured was on the
order of 3 m with clear decrease of pico-and nanoplankton
concentration toward the wall, reaching the lowest concentrations just above the substrate (Fig. 2). Within the depleted
boundary layer, phytoplankton (Syn and Euk) and nonphotosynthetic bacteria (Bact) concentrations were 60% and
70% of those observed at the off-shore (20 m away from the
wall), respectively. Cell concentrations at the wall were within the range of abundance measured by the inhaled VacuSIP
samples (Supporting Information Table S1). The current
speed during the period that the cross-shore transects were
performed was low (mean value 1.7 6 0.28 cm s21) and no
correlation was observed between current speed and the
magnitude of plankton depletion (data not shown).
Pico-and nanoplankton retention
All sponge species efficiently removed Synechococcus sp.
and eukaryotic cells from the ambient water with a grand
6
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Fig. 2. Cross-shore distribution of Synechococcus sp. (Syn), nonphotosynthetic bacteria (Bact), and pico-and nanoeukaryotes (Euk) from the wall (left)
toward the “open sea” (right). The data are the mean percentage of each datum from the corresponding concentration measured at the most distant
sample of the transect (20 m from the wall). (a) Distance from the wall is plotted in a ln scale. (b, inset) Distance is plotted on a linear scale. Six transects were conducted during two consuctive days (23 and 24) in July 2013. Error bars were omitted for clarity of the presentation.

threshold or saturation over the range of concentrations
found in this study (Table 1; Fig. 3 and Supporting Information Fig. S1). A significant difference of the retention efficiencies (the slopes of the regression) of nonphotosynthetic
bacteria was found between sponge species (F4,36 5 5.56,
p 5 0.002, ANCOVA), but not for photosynthetic cells. The
lack of difference between both years in the slope of the relationship between ambient prey concentration and the number of cells removed (per mL pumped) (ANCOVA,
F1,34 5 2.34, p 5 0.14 for SYN, F1,34 5 0.005, p 5 0.94 for
BACT, F1,34 5 0,14, p 5 0.71 for EUK; Supporting Information
Fig. S1) suggests that retention efficiencies did not differ
between the 2 yr.

average (over all five species) removal efficiency of 86% 6
11% and 69% 6 14% (mean 6 SD), respectively (Fig. 3, Supporting Information Fig. S1 and Table 1). No significant
differences between sponge species were found in the removal efficiency of Synechococcus sp. and eukaryotic cells (one
way ANOVA, F4,36 5 1.88, p 5 0.14). Nevertheless, due to the
relatively small sample size, the statistical power of our
experiments was too low (< 0.8) to allow robust inference
about the differences in retention efficiency between the
sponge species. In contrast, the removal efficiency of
nonphotosynthetic bacteria varied significantly among the
sponge species (one way ANOVA, F4,36 5 4.15, p 5 0.008)
with C. crambe (LMA) and P. ficiformis (HMA) removing less
than 60% of the bacteria, whereas the other sponges
removed nonphotosynthetic bacteria (82% 6 4%) with a similar efficiency to that of Synechococcus sp. (Fig. 3, Supporting
Information Fig. S1 and Table 1).
The examined sponge species removed Synechococcus sp.,
nonphotosynthetic bacteria and eukaryotic cells from the
water in direct proportion to their ambient concentration,
suggesting a Type I functional response (Holling 1965) for all
cell types (Fig. 3). These regressions represent that the retention efficiency remained constant with no evidence of a

Dissolved compounds uptake and excretion
Dissolved nitrogen
Examination of nitrogenous compounds data in the
framework of resource concentration provided evidence of a
marked pattern of HMA and LMA species grouping together
in terms of removal and excretion of N compounds (Supporting Information Figs. S3, S4). HMA and LMA sponges
exhibited a markedly different pattern of nitrogenous compound processing. C. reniformis, P. ficiformis, and A. oroides
7

Fig. 3. The functional response by the five species to variable prey concentration. Cell removal rate (cell s21 (cm sponge)22) is plotted against the cell
concentrations in ambient (inhaled) water. Synechococcus sp. (SYN), pico-and nanoeukaryotes (EUK), nonphotosynthetic bacteria (BACT). Linear regression: y(SYN) 5 0.07x 2 83.33, R2 5 0.60, p < 0.001; y(EUK) 5 0.06x 2 3.03, R2 5 0.34, p < 0.001; y(BACT) 5 0.06x 2 37.72, R2 5 0.41, p < 0.001. The slopes
of the two sampling periods where not significantly different (ANCOVA, F1,34 5 1.97, p 5 0.17 for SYN; F1,34 5 1.14, p 5 0.29 for BACT, and F1,34 5 3.76,
p 5 0.06 for EUK). Full symbols 5 2013; open symbols 5 2012. CC, Crambe crambe; DA, Dysidea avara; AO, Agelas oroides; CR, Chondrosia reniformis; and
PF, Petrosia ficiformis. It should be noted that due to methodological limitation, removal efficiency and pumping rate could not be measured simultaneously and thus the calculated uptake rates are not the response of individual sponges but rather a population average. See Supporting Information
Fig. S1 for the relationship between the ambient prey concentration and the number of cell ingested (per mL pumped).
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Table 1. The retention efficiency (mean 6 95% CI, Confidence Interval for the mean) of planktonic cells quantified with a flow
cytometer and the regression parameters of the concentration of cells removed over ambient cell concentration for each sponge species. The intercepts were not significantly different from 0 (p > 0.05).
Synechococcus sp.
Species

N

Retention
efficiency

Slope

Eukaryotic algae
R2

Retention
efficiency

Slope

Bacteria
R2

Retention
efficiency

Slope

R2

D. avara

9

89%68%

0.85

0.91

68%610%

0.74

0.94

85%68%

0.81

0.76

C. crambe

8

84%613%

0.88

0.93

63%617%

0.64

0.46

53%68%

0.85

0.86

A. oroides
C. reniformis

8
5

86%69%
86%615%

0.81
0.84

0.87
0.91

74%611%
76%69%

0.73
0.75

0.62
0.83

77%614%
83%620%

0.71
0.8

0.26
0.91

P. ficiformis

7

86%611%

0.88

0.88

61%612%

0.65

0.85

60%68%

0.6

0.85

N and C budget
DOC was the major source of carbon, accounting for 
90% of the carbon gained from the examined sources by D.
avara, A. oroides, C. reniformis, and P. ficiformis. C. crambe was
the only species showing DOC excretion. Despite the high
removal efficiency of the examined species on pico-and
nanoplankton groups, the particulate live fraction accounted
for  13% of the measured carbon ingested by the different
sponge species.
The balance of nitrogen markedly differed between HMA
and LMA sponge species, being positive in HMA and negative in LMA species (Fig. 6a). HMA species removed nitrogen
mostly as dissolved compounds (94%, 93%, and 83% in P.
ficiformis, C. reniformis, and A. oroides, respectively) with
DON constituting > 55% of the total N removed from the
examined sources and NO2
x being the major nitrogenous
waste product. On the contrary, 100% of nitrogen ingested
by LMA species was as particulate nitrogen (PKPL), and the
N output mainly consisted of DON (89% and 44% of the
total DN excreted by D. avara and C. crambe, respectively,
Fig. 6a).

(HMA) usually removed considerable amounts of DON
(0.22–1.12 lmol L21) from the water they pumped and
21
excreted NO2
). HMA species also removed
x (0.5–1 lmol L
up to 48% of the ambient concentration of ammonium
(Table 2; Fig. 4). In contrast, D. avara and C. crambe (LMA)
excreted considerable amounts of both DON (0.2–1.8 lmol
L21) and ammonium (0.1–0.2 lmol L21) whereas their NO2
x
excretion was small or null (< 0.2 lmol L21) (Table 2; Fig.
4). No correlation was found between the amount of NO2
x
produced and NH1
removed
in
any
of
the
studied
sponges
4
(Fig. 4b).
Dissolved organic carbon
DOC removal was highly variable and the amount of
DOC removed from the surrounding water linearly increased
with the increase of ambient DOC concentration from 80
lmol L21 to 130 lmol L21 with no evidence of an upper
threshold or saturation (Fig. 5, Supporting Information Fig.
S2). However, the 80 lmol L21 appeared as a threshold
below which most specimens showed net DOC excretion
(Fig. 5, Supporting Information Fig. S2). DOC was removed
in two-thirds of the InEx pairs (Table 2) showing a net mean
retention of 5–13 lmol L pumped21 for all sponges but C.
crambe, that showed net excretion. It should be noted that
the ambient DOC levels during the C. crambe sampling was
exceptionally low (75 6 8 lmol L21).

Pumping rates and flux comparison
The average pumping rates (pooled for July 2012 and July
2013) were 3.1 6 1.1 mL min21 (cm sponge)22 and 7.1 6
4.2 mL min21 (cm sponge)22, for the LMA sponges C. crambe
and D. avara and 2.2 6 0.3 mL min21 (cm sponge)22, 4.7 6
0.5 mL min21 (cm sponge)22, and 5.2 6 1.2 mL min21 (cm
sponge)22 for the HMA sponges P. ficiformis, C. reniformis,
and A. oroides, respectively. Using these pumping rates, we
could estimate the N and C fluxes per sponge area (cm2). At
the study site, LMA species excreted 0.4 6 0.5 lmol h21 (cm
sponge)22 and 0.07 6 0.03 lmol h21 (cm sponge)22 of dissolved N (DON and DIN, respectively). HMA species ingested
on average 0.04 6 0.02 lmol h21 (cm sponge)22 and
0.2 6 0.2 lmol h21 (cm sponge)22 of NH1
4 and DON, respectively, and excreted on average 0.14 6 0.03 lmol h21 (cm
1
sponge)22 of NO2
x . Normalized to sponge area, the NH4 and
DON excretion rates of the two LMA species (0.05 6 0.04
lmol h21 (sponge cm)22 and 0.4 6 0.5 lmol h21 (cm

Particulate N and C
Per liter pumped, the contribution of plankton removal
to the N and C budget (estimated using published conversion factors) was similar for all studied species. A grand average over all five species yielded 0.09 6 0.02 lmol N L21 and
0.65 6 0.15 lmol C L21 (Table 2). The planktonic groups differently contributed to the live C and N ingested, with Synechococcus sp. contributing 56%67% of the planktonic carbon
and 38%66% of planktonic nitrogen, whereas nonphotosynthetic bacteria contributed 35%65% of the planktonic carbon and 60%66% of the planktonic nitrogen ingested. In
contrast, removal of eukaryotes algae contributed < 10% of
either C or N.
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Table 2. Average net difference and average concentration (6 95% CI) of different components in the water inhaled and exhaled
by each sponge species. N, number of In-Ex pairs. %I, percentage of In-Ex pairs for which ingestion was recorded. %E, percentage of
In-Ex pairs for which excretion was recorded. Positive values indicate ingestion; negative values indicate excretion (bolded). The asterisk (*) indicates significant difference between inhaled and exhaled concentrations (p < 0.05, with either paired t-test or MannWhitney Rank Sum Test).
Species

Nutrient
21

D. avara

DOC (lmol L

(LMA)

21
)
NH1
4 (lmol L
2
NOx (lmol L21)

)

Inhaled

Exhaled

88 6 13

83 6 8

0.26 6 0.06
0.57 6 0.19

0.45 6 0.24
0.58 6 0.13

Net difference (In-Ex)
5 6 13
20.19 6 0.23
20.02 6 0.08

N

%I

%E

6

67

33

8
6

0
33

100
67

DON (lmol L21)

8.17 6 1.92

9.94 6 2.79

21.77 6 2.82

7

43

57

21
)
PO32
4 (lmol L
21
SiO4 (lmol L )

0.06 6 0.02
0.95 6 0.13

0.15 6 0.12
0.94 6 0.13

20.09 6 0.12
0.01 6 0.13

8
8

13
62

87
38

Syn (3 103 cells mL21)

12 6 3.34

1.58 6 1.25

10.4 6 2.46

9

100

0

*

Euk (3 102 cells mL21)
Bact (3 105 cells mL21)

5.32 6 1.7
1.95 6 0.48

1.5 6 0.43
0.33 6 0.25

3.83 6 1.53
1.62 6 0.31

9
9

100
100

0
0

*
*

*

PKPL N (lmol L21)

0.12 6 0.03

0.02 6 0.02

0.10 6 0.02

9

100

0

*

PKPL C (lmol L21)

0.86 6 0.22

0.14 6 0.09

0.73 6 0.15

9

100

0

*

C. reniformis

DOC (lmol L21)

6

67

33

(HMA)

21
)
NH1
4 (lmol L
2
NOx (lmol L21)

0.37 6 0.18
0.44 6 0.06

0.19 6 0.1
0.89 6 0.28

0.18 6 0.12
20.45 6 0.25

7
7

100
0

0
100

DON (lmol L21)

8.76 6 2.02

7.37 6 1.81

1.4 6 1.03

8

100

0

21
)
PO32
4 (lmol L
21
SiO4 (lmol L )

0.14 6 0.2
1.2 6 0.36

0.07 6 0.03
1.22 6 0.36

0.07 6 0.18
20.01 6 0.1

8
8

50
50

50
50

99 6 27.29

86 6 12.59

13 6 19.94

*

Syn (3 103 cells mL21)

15 6 6.67

2.31 6 2.18

12.7 6 5.58

8

100

0

*

Euk (3 102 cells mL21)
Bact (3 105 cells mL21)

6.83 6 1.48
2.29 6 1.12

1.69 6 0.69
0.44 6 0.38

5.14 6 1.02
1.85 6 0.91

8
8

100
100

0
0

*
*

PKPL N (lmol L21)

0.14 6 0.07

0.03 6 0.03

0.12 6 0.05

8

100

0

*

PKPL C (lmol L21)

1.06 6 0.44

0.19 6 0.15

0.87 6 0.36

8

100

0

*

A. oroides

DOC (lmol L21)

(HMA)

21
)
NH1
4 (lmol L
2
NOx (lmol L21)

C. crambe
(LMA)

*

89 6 13.87
0.31 6 0.13
0.55 6 0.08

82 6 9.25

7 6 18.5

7

71

29

0.14 6 0.06
1.12 6 0.33

0.17 6 0.14
20.57 6 0.29

8
8

100
13

0
87

DON (lmol L21)

9.85 6 0.67

9.64 6 0.47

0.22 6 0.42

5

80

20

21
)
PO32
4 (lmol L
21
SiO4 (lmol L )

0.12 6 0.09
1.04 6 0.13

0.11 6 0.07
1.09 6 0.13

0.01 6 0.05
20.05 6 0.13

7
8

29
38

71
62

*
*

Syn (3 103 cells mL21)

9.69 6 3.39

1.62 6 1.5

8.07 6 2.26

8

100

0

*

Euk (3 102 cells mL21)
Bact (3 105 cells mL21)

6.57 6 1.25
1.82 6 4.36

1.75 6 7.71
0.48 6 0.38

4.83 6 0.98
1.35 6 2.41

8
8

100
100

0
0

*
*

PKPL N (lmol L21)
PKPL C (lmol L21)

0.17 6 0.13
0.77 6 0.21

0.03 6 0.03
0.17 6 0.13

0.08 6 0.02
0.60 6 0.13

8
8

100
100

0
0

*
*

DOC (lmol L21)
21
)
NH1
4 (lmol L

75 6 9.93
0.41 6 0.38

76 6 9.93
0.51 6 0.32

21 6 4.97
20.10 6 0.11

5
4

20
0

80
100

21
)
NO2
x (lmol L

0.48 6 0.1

0.60 6 0.1

20.12 6 0.07

5

0

100

DON (lmol L21)
21
)
PO32
4 (lmol L

8.98 6 2.28
0.08 6 0.05

9.15 6 1.86
0.09 6 0.03

20.17 6 0.53
20.01 6 0.02

4
4

50
25

50
75

SiO4 (lmol L21)

1.08 6 0.15

1.04 6 0.09

0.04 6 0.12

5

40

60

Syn (3 103 cells mL21)
Euk (3 102 cells mL21)

9.17 6 3.32
6.45 6 1.64

1.28 6 1.22
2.41 6 1.58

7.89 6 4.1
4.16 6 2.12

5
5

100
100

0
0

*

*
*

Bact (3 105 cells mL21)

1.73 6 0.5

0.79 6 0.17

0.94 6 0.42

5

100

0

*

PKPL N (lmol L21)
PKPL C (lmol L21)

0.10 6 0.02
0.73 6 0.22

0.04 6 0.01
0.21 6 0.07

0.07 6 0.04
0.52 6 0.25

5
5

100
100

0
0

*
*
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TABLE 2. Continued
Species
P. ficiformis
(HMA)

Nutrient

Inhaled

Exhaled

78 6 18.89
0.28 6 0.07

70 6 8.4
0.20 6 0.11

21
)
NO2
x (lmol L

0.73 6 0.23

1.64 6 1.06

20.91 6 0.83

DON (lmol L21)
21
)
PO32
4 (lmol L

11.07 6 1.37
0.09 6 0.04

9.95 6 0.81
0.14 6 0.06

1.12 6 1.65
20.05 6 0.06

21

DOC (lmol L )
21
)
NH1
4 (lmol L

SiO4 (lmol L21)
Syn (3 103 cells mL21)
Euk (3 102 cells mL21)

Net difference (In-Ex)
8 6 20.99
0.09 6 0.15

N

%I

%E

6
7

67
71

33
29

6

0

100

7
7

71
14

29
86

1 6 0.16

0.95 6 0.18

0.05 6 0.12

6

67

33

9.33 6 3.15
5.88 6 1.41

1.18 6 1.09
2.17 6 0.55

8.15 6 3.14
3.71 6 1.43

7
7

100
100

0
0

*

*
*

Bact (3 105 cells mL21)

1.78 6 0.56

0.71 6 0.29

1.07 6 0.33

7

100

0

*

PKPL N (lmol L21)
PKPL C (lmol L21)

0.10 6 0.03
0.74 6 0.2

0.03 6 0.02
0.19 6 0.09

0.07 6 0.02
0.55 6 0.17

7
7

100
100

0
0

*
*

sponge)22, respectively) were comparable to the ingestion
rates of the three co-inhabitant HMA species (see Fig. 6b).
The areal fluxes mediated by the studied sponge were calculated based on published cover data (C. crambe 12%, D.
avara 7.8%, A. oroides 3.3%, C. reniformis 3.2%, and P. ficifor et al. 2013). While Teixido
 et al. (2013) estimis 0%, Teixido
mated P. ficiformis % cover as null, this species is commonly
abundant in most sciaphilic environment, such as in caves
and crevices (M. A. Bibilioni unpubl.). Due to the heterogeneous habitat in which this study was performed, we conservatively considered that P. ficiformis coverage area was 0.1%.
Using these data, we estimated the N excreted by LMA
sponges as 0.6 6 1.1 mmol DON h21 m22 and 0.12 6 0.16
mmol DIN h21 m22. The estimated N uptake by HMA
21
sponges was 33.8 6 29.3 lmol NH1
m22 and 0.2 6 0.2
4 h
21
22
mmol DON h m and their N excretion was estimated as
21
99.9 6 61.1 lmol NO2
m22 (see Fig. 6c). Altogether, the
x h
studied species ingested 3 6 8 mmol h21 m22 of DOC.

Clearly, all studied sponges are well adapted to remove
pico-and nanoplanktonic cells, irrespective of their microbial
abundance and composition. However, the contribution of
planktonic cells to the carbon and nitrogen budget varied
between HMA and LMA sponges. HMA sponges mostly relied
on dissolved compounds as the main source of reduced C
and N, whereas LMA sponges used the particulate fraction as
the main N source. Our data also suggest that during periods
of high levels of (putatively labile) DOC, LMA sponges could
also uptake DOC. Despite considerable effort, we could not
examine the contribution of particulate detritus to the
sponge C and N budget due to high blank problems in the
filters.
DOC accounted for  90% of the carbon removed by the
sponges from the examined sources. A higher DOC uptake
was observed at higher ambient DOC concentrations with
an apparent lower threshold at  80 lmol L21 for all five
species (Fig. 5, Supporting Information Fig. S2). For the LMA
C. crambe, all experiments were conducted at an ambient
DOC concentration of  80 lmol L21 or below. Therefore, it
is unclear if the lack of DOC removal by C. crambe was due
to the low DOC concentration during the experiments or is
an intrinsic inability to utilize DOC. The removal of DOC by
the species C. reniformis, P. ficiformis, A. oroides, and D. avara
(5–13 lmol L21) resembled values reported for coral reef species (6–13 lmol L21, Yahel et al. 2003; de Goeij et al. 2008b;
Mueller et al. 2014) and our laboratory studies on C. reniformis and A. oroides (8–10 lmol L21, Ribes et al. 2012). The
complex and variable mixture of molecules that composed
the DOC pool can be functionally divided into labile, semilabile, and refractory fractions (Carlson 2002, and reference
therein). Refractory DOC commonly accounts for the main
share of the bulk of DOC, even in productive surface waters
(Hansell et al. 2009; Santinelli et al. 2010) and it is thought
to be difficult for marine organisms to use it (Carlson 2002;
Nebbioso and Piccolo 2013). All sponges we studied showed
net DOC uptake only when its concentration exceeded 80

Discussion
In this study, we used in situ techniques to directly measure the diet, ingestion, excretion, and biochemical fluxes
mediated by five of the most prominent sponge species of
the coralligenous community in the NW Mediterranean Sea.
Comparison of the concentration differences in pico-and
nanoplankton and dissolved compounds between the water
inhaled and exhaled by the sponges in situ provided a partial
N and C budget for each species. The examined Demospongiae species efficiently removed pico-and nanoplanktonic
cells (Synechococcus sp., nonphotosynthetic bacteria, and
eukaryotes) in agreement with previous reports (e.g., Pile
et al. 1997; Ribes et al. 1999a; Yahel et al. 2003). The average
removal efficiency obtained in this study is in accordance
with the removal efficiency observed in tropical demosponges and deep glass sponges (Yahel et al. 2003, 2006,
2007; Lesser 2006; Mueller et al. 2014; Kahn et al. 2015).
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Fig. 4. Relationships between net ingestion and/or excretion of different nitrogen compounds calculated as the difference between inhaled and
exhaled concentration (DIn-Ex). Positive values denote ingestion and negative values denote excretion. Averages 6 SE. Note that the Y axis (DDIN) is
reversed so that excretion can be visually correlated with uptake.

lmol L21, suggesting that below this threshold most DOC is
probably refractory (see also Santinelli et al. 2010). This
result is consistent with the lack of DOC removal below the
80 lmol L21 threshold in three Caribbean sponge species
(Mueller et al. 2014; McMurray et al. 2016), and in other

tropical species (G. Yahel unpubl.). Pawlik et al. (2016)
recently suggested that sponges might use the refractory
fraction of DOC, but this suggestion is not supported by
empirical data. Our understanding of the metabolism of
DOC by sponges is in its infancy but see Fiore et al. (2017);
12
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Fig. 5. Ingestion rate (or excretion in negative terms) (lmol s21 (cm sponge)22) of DOC plotted against DOC concentration in the ambient (inhaled)
water for the five studied sponge species. Regression line, y 5 0.06x 2 4.51, R2 5 0.63, p < 0.001. CC, Crambe crambe; DA, Dysidea avara; AO, Agelas
oroides; CR, Chondrosia reniformis; and PF, Petrosia ficiformis. Full symbols indicate HMA species; empty symbols indicate LMA species. See Supporting
Information Fig. S2 for a similar functional response plot where DOC ingested (lmol L21) is plotted against DOC concentration in the ambient
2
(inhaled) water. See also Supporting Information Figs S3, S4 for the relationships between NH1
4 and NOx availability and ingestion/excretion by both
HMA and LMA sponges.
21
insignificant amounts of NO2
) whereas C.
x (< 0.1 lmol L
2
crambe excreted some NOx , but this excretion was five times
lower than the nearby HMA sponges, suggesting that nitrification is not a relevant process in the examined LMA species
under field conditions. Reports of LMA sponge nitrification
€ppy et al. 2010) should be
in a lab experiment (Schla
regarded with caution due to the method employed (incubation chambers) and to the high ammonium concentration
(10 times higher than natural concentration) present in the
water supply. If corroborated, such phenomenon would be a
further indication for the metabolic plasticity of sponges.
In oligotrophic and prey-depleted waters, HMA species rely
on their symbiotic microbiota to provide for the holobiont
needs by using dissolved sources (such NH1
4 and DON) that
most other metazoans are incapable of using. Ammonium
2
oxidizers can use the NH1
4 as energy source and excrete NOx
(e.g., Fiore et al. 2013 and reference therein). Nevertheless,
the increase in ammonium ingestion was not correlated with
similar increase in NO2
x excretion suggesting multiple metabolic pathways (Zehr and Ward 2002); by instance DON may
2
1
be oxidized producing NH1
4 ; NH4 and NOx may be used for
photosynthesis as photoautotrophs are present in the studied
species (Ribes et al. 2012, 2015).
The nitrogen fluxes measured in this study are in accordance with previous reports (e.g., Southwell et al. 2008b;
Fiore et al. 2013). The rate of nitrate production in our tem21
perate species (155 6 84 lmol NO2
(L sponge)21) resemx h
bled values reported for coral reef species, ranging from
21
97 6 23 NO2
(L sponge)21 excreted by Aplysina
x lmol h
archei (Southwell et al. 2008b) and up to 445 6 470 lmol N
21
O2
(L sponge)21 excreted by the giant X. muta (Fiore
x h

the elucidation of DOC composition and transformation by
the holobiont still needs to be addressed.
The nitrogen budget was neutral or positive for all three
HMA species (Fig. 6a). Dissolved compounds (DON 1 NH1
4)
accounted for  83% of the total nitrogen ingested by the
examined HMA sponges and pico-and nanoplankton
accounted for the rest. These results indicated that for the
HMA sponges we studied, DON uptake accounted for most
of the nitrogen removed from the examined sources. In
contrast, for the two LMA species, the nitrogen budget was
negative (Fig. 6a). The high excretion of dissolved compounds (DIN 1 DON) by these LMA sponges did not
account for pico-and nanoplankton uptake that only covered a small fraction (6%) of the measured nitrogen excretion. McMurray et al. (2016) documented detritus to
account for  20% of the diet of Xestospongia muta. It is
plausible that the unresolved particulate nitrogen (depicted
as UnPON in Fig. 6a), required to balance the N budget of
the LMA sponges, might derive from particulate detritus.
Nitrogen fixation has been demonstrated in phototrophic
sponges (Wilkinson and Fay 1979; Mohamed et al. 2008)
and, therefore, it is another potential N source for some
species. However, given the high nitrogen efflux measured
for all five examined species, it is unlikely that nitrogen fixation would confer a selective advantage to these holobionts or to one of their symbiotic members. Indeed,
nitrogen fixation has been shown to be minimal in the
examined sponge species (Ribes et al. 2015).
All InEx pairs from LMA sponges showed excretion of
ammonium, suggesting it is a common metabolic endproduct released by the sponges. D. avara excreted
13

Fig. 6. The average contribution of different C and N pools gained and excreted by the five studied species. (a) C and N budget in the water
pumped (lmol L21); (b) C and N fluxes per sponge area (lmol h21 (cm sponge)22); (c) C and N areal fluxes (lmol h21 m22). Positive and negative
values represent ingestion and excretion, respectively. UnPON is the unresolved particulate organic matter that can potentially explain the missing N
in the budget. [Color figure can be viewed at wileyonlinelibrary.com]
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Mediterranean species, the suggested threshold for the
removal of DOC observed in this study together with the
marked seasonal pattern of DOC in the Mediterranean Sea
(Romera-Castillo et al. 2013; Santinelli 2015) points to the
need for seasonal assessments in order to determine the role
of DOC as a food source over an annual cycle. Furthermore,
measurements of the detrital POM fluxes in sponges are still
lacking. Clearly, more data on sponge metabolism (including
respiration) and a construction of a full N and C budget is
needed before a debate regarding top-down vs. bottom-up
control of sponge communities in the Mediterranean can be
properly addressed.

et al. 2013). Unlike our HMA sponges, X. muta was revealed
1
to be a large source of NH1
4 , excreting 450 6 328 lmol NH4
21
21
h (L sponge) (Fiore et al. 2013). The observed ammoni21
um fluxes reported here (uptake of 45 6 28 lmol NH1
(L
4 h
21
21
1
sponge)
and excretion of 199 6 12 lmol NH4 h
(L
sponge)21 by HMA and LMA species, respectively) are also
comparable to reports from tropical species (uptake of
21
49 6 39 lmol NH1
(L sponge)21 and excretion of
4 h
21
1
86 6 112 lmol NH4 h
(L sponge)21, Southwell et al.
2008b). It is noteworthy that important differences in patterns and amount of DIN processed have been observed
between populations (Southwell et al. 2008b; Fiore et al.
2013). Given the observed trophic plasticity of sponges (see
Introduction), this could be related to differences in ambient
concentration of the dissolved compounds.

Co-existence of HMA and LMA sponges in the
coralligenous community
The dense packing of both HMA and LMA sponges in
many pinnacles and overhangs of the coralligenous community (see for example Fig. 1) suggests that competition for
space and access to unfiltered water should be harsh among
these closely related suspension feeders (Zabala and Ballesteros 1989). However, signs for interspecific aggression in the
coralligenous community are rare (Ballesteros 2006) in comparison to those observed in coral reef communities (Lang
and Chornesky 1990; Wulff 2006). In summer, the oligotrophic conditions of the Mediterranean become accentuated
(Coma et al. 2000, 2009). The scarcity of pico-and nanoplankton is expected to intensify inter and intra specific
competition (Buss and Jackson 1981; Best and Thorpe 1986)
among the densely packed sponges as depicted in our cross
shore transects (Fig. 2) that show a developed concentration
boundary layer with near-bottom plankton depletion. Differences in competitive ability, together with differences in
niche, are key processes contributing to stabilizing species
coexistence (Chesson 2000; Mayfield and Levine 2010). Data
reported here suggest that the dissolved waste products of
LMA sponges, that process large volumes of water and feed
mostly on particulate food, might be consumed by their
neighboring HMA sponges (Fig. 7). LMA sponges excrete
DON and NH1
4 , whereas HMA sponges consume DON and N
H1
and
excrete
NO2
4
x.
To estimate the benthic fluxes mediated by the sponge
community (Fig. 6c), we used the product of the sponge areal cover and their areal pumping rate. The estimated flux of
DON excreted by LMA sponges at the study site (629 lmol
h21 m22) was about four times the DON consumed by HMA
sponges (148 lmol h21 m22). Similarly, the flux of NH1
4
excreted by LMA sponges (86 lmol h21 m22) was roughly
three times the flux of NH1
4 removed by the HMA sponges
(34 lmol h21 m22) (Fig. 7). It should be noted that not all
DON is necessarily labile and that there are others potential
consumers of NH1
4 (e.g., the coralline algae, planktonic
microbes and algae) and DON (e.g., water born bacteria).
These estimates suggest that N released by LMA sponges may
be an important source of recycled N (Keesing et al. 2013),

Response to ambient concentrations
All sponges exhibited constant removal efficiency that
resulted in a linear increase in removal rate of food sources
with increased concentration of both the particulate food
(Syn, Euk, Bact, Fig. 3, Supporting Information Fig. S1) and
the DOC (Fig. 5, Supporting Information Fig. S2), with no
apparent saturation level within the range of examined natural concentrations. These results suggest a Type I functional
response (i.e., linear increase of food consumption up to a
threshold level above which it remains constant). This feeding behavior has been documented in both temperate and
tropical species, suggesting it as a typical pattern of sponge
feeding on live particulate (Ribes et al. 1999a; Yahel et al.
2003, 2006, 2007; Lesser 2006; Perea-Blazquez et al. 2013;
Kahn et al. 2015) and potentially also on dissolved inorganic
nutrients (such as NH1
4 , Supporting Information Fig. S3) and
organic carbon above a threshold from what removal takes
place (Mueller et al. 2014; McMurray et al. 2016 and this
study). The feeding behavior of an organism is closely related to the optimization of energy intake. The functional
response is a manifestation of this relationship between the
resource abundance and intake (Holling 1965). A Type I
functional response has so far only been observed in filterfeeders, but the majority of filter feeders do not display a
Type I response (Jeschke et al. 2004). As demonstrated here,
sponges seem to be perfectly designed for a Type I response
due to their specialization on the smallest and most abundant water constituents. Feeding on the dissolved compounds, pico-and nanoplankton results in a negligibly small
handling time and allows the sponges to spend most of the
time foraging, thus maximizing intake rate.
The role of food availability in structuring sponge communities is still uncertain (e.g., Lesser and Slattery 2013;
Pawlik et al. 2015). Our study can contribute to this topic by
documenting that DOM is also a primary source of food for
some Mediterranean sponges as has been observed in the
tropics (Yahel et al. 2003; de Goeij et al. 2008b; Mueller
et al. 2014; McMurray et al. 2016). However, in the
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by dissolved components that are potentially derived from
the LMA species (and other animals) excretions. This illustrates a phenomenon in which a metabolic end-product of
the LMA species is a resource for the HMA species. This can
be interpreted as a syntrophy interaction (i.e., a unilateral
interaction in which the product of an organism is a
resource for another one, Dolfing 2014) although the level
of dependence is yet to be determined. This trophic link is
facilitated by the holobiont nature of sponges as the use of
DON and DIN by HMA species is mediated by the high density
of microbial symbionts. As it has been previously documented
on other microbe communities (Watanabe et al. 2012), the different capacity of the examined sponges to use dissolved
resources suggests trophic niche separation between HMA and
LMA sponge species.
Our current knowledge cannot determine the type of relationship between HMA and LMA sponges because, while the
benefit that HMA sponges are gaining from the proximity to
LMA sponges is clear, the reverse is not. Indeed, both HMA
and LMA sponges are using the same living cell resources
and may be competing for space. If the latter is true, this is
conducive to an evolutionary unstable community. However, the coralligenous community is a persistence and stable
community in which both strategies, HMA and LMA sponge
 et al. 2013).
species, are abundant (Ballesteros 2006; Teixido
Potentially, LMA species may be food limited in the depleted
concentration boundary layer in which they reside and HMA
sponges, with their ability to use many alternative source of
energy, simply feels in the gaps. It may also be that LMA
species are gaining other benefits from the proximity to
HMA sponges, such as allelopathy or other means of chemical defense.
A recent theoretical study indicates that unilateral interactions can contribute more to community stability than symmetrical interactions such as competition and mutualism and
that a mix of unilateral interactions increases stability of the
community (Mougi 2016). This suggests that, in a high diversity of species and their interactions such as that of the coralligenous community (Ballesteros 2006), unilateral interactions
may play an important role in stabilizing communities which
points to the need to further investigate and model them.
The differential capability of the different sponge strategies in using resources indicates a partial trophic niche separation related to the HMA-LMA dichotomy as a
mechanism facilitating their coexistence. Our findings suggest that a mixed assemblage of sponges (and their associated bacteria) is able to utilize the suspended particulate and
dissolved material more efficiently than a single species
population. Partial niche separation between HMA and
LMA species and their relationships may contribute to
understand the stability and diversity of dense sponge
assemblages in oligotrophic habitats such Mediterranean
coralligenous community.

Fig. 7. Schematic draft of the trophic niche separation concept and
putative nitrogen fluxes. Nitrogen fluxes are provided per average
square meter of the coralligenous community (lmol h21 m22). Black
arrows indicate uptake, dash arrows indicate excretion, and yellow arrow
indicates the DN compounds excreted by LMA species, which are suggested to serve as the primary source of N for HMA species. Gray arrows
are putative N fluxes not quantified in this study. It should be noted
that not all the dissolved N excreted by LMA sponges is being uptake
by the HMA sponges. [Color figure can be viewed at wileyonlinelibrary.
com]
not only for primary producers (Feng and Wild-Allen 2010)
but also for other sponge species.
Clearly, pico-and nanoplankton accounted for only a
small portion of the N ingested by the sponges. The source
of the DON produced by LMA sponges was likely the degradation of particulate detritus. As we failed to quantify the
particulate detrital flux, the source of this nitrogen is yet
unresolved, but the prime suspect source is the large algal
beds that normally cover the upper portions of the same
rocks. Similarly, the fate of the excreted NO2
is yet
x
unknown. However, it is very likely that a significant portion
of the recycled nitrogen is taken up by the coralline algae
and some will return to the benthic algae or will be taken up
by the planktonic community (Fig. 7).
In conclusion, we provided evidence for different feeding
strategies in Mediterranean sponges, with HMA species having a broader spectrum of food sources, mostly represented
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Morganti et al.

Trophic niche separation in Sponges

and mass mortality events in the Mediterranean. Proc.
Natl. Acad. Sci. USA. 106: 6176–6181. doi:10.1073/
pnas.0805801106
Corredor, J. E., C. R. Wilkinson, V. P. Vicente, J. M. Morell,
and E. Otero. 1988. Nitrate release by Caribbean reef
sponges. Limnol. Oceanogr. 33: 114–120. doi:10.4319/
lo.1988.33.1.0114
de Goeij, J., H. van den Berg, M. van Oostveen, E. H. G.
Epping, and F. C. van Duyl. 2008a. Major bulk dissolved
organic carbon (DOC) removal by encrusting coral reef
cavity sponges. Mar. Ecol. Prog. Ser. 357: 139–151. doi:
10.3354/meps07403
de Goeij, J. M., L. Moodley, M. Houtekamer, N. M.
Carballeira, and F. C. Van Duyl. 2008b. Tracing 13 Cenriched dissolved and particulate organic carbon in the
bacteria- containing coral reef sponge Halisarca caerulea:
Evidence for DOM feeding. Limnol. Oceanogr. 53: 1376–
1386. doi:10.4319/lo.2008.53.4.1376
de Goeij, J. M., D. van Oevelen, M. J. A. Vermeij, R. Osinga,
J. J. Middelburg, A.F.P.M. de Goeij, and W. Admiraal.
2013. Surviving in a marine desert: The sponge loop
retains resources within coral reefs. Science 342: 108–110.
doi: 10.1126/science.1241981
Denis, M., M. Thyssen, V. Martin, B. Manca, and F. Vidussi.
2010. Ultraphytoplankton basin-scale distribution in the
eastern Mediterranean Sea in winter: Link to hydrodynamism and nutrients. Biogeoscience 7: 2227–2244. doi:
10.5194/bg-7-2227-2010
Dolfing, J. 2014. Syntrophy in microbial fuel cells. ISME J. 8:
4–5. doi:10.1038/ismej.2013.198
Ducklow, H. W., D. L. Kirchman, H. L. Quinby, C. A. Carlson,
and H. G. Dam. 1993. Stocks and dynamics of bacterioplankton carbon during the spring bloom in the eastern
North Atlantic Ocean. Deep-Sea Res. Part II Top. Stud. Oceanogr. 40: 245–263. doi:10.1016/0967-0645(93)90016-G
Erwin, P. M., J. B. Olson, and R. W. Thacker. 2011. Phylogenetic diversity, host-specificity and community profiling of
sponge-associated bacteria in the northern Gulf of Mexico.
PLoS One 6: e26806. doi:10.1371/journal. pone.0026806
 pez-Sendino, E. Serrano, and M.
Erwin, P. M., R. Coma, P. Lo
Ribes. 2015. Stable symbionts across the HMA-LMA
dichotomy: Low seasonal and interannual variation in
sponge-associated bacteria from taxonomically diverse
hosts. FEMS Microbiol. Ecol. 91: 1–11. doi:10.1093/femsec/fiv115
Estrada, M. 1996. Primary production in the northwestern
Mediterranean. Sci. Mar. 60: 55–64.
Feng, M., and K. Wild-Allen. 2010. Carbon and nutrient
fluxes in continental margins: A global synthesis. Springer
Science & Business Media.
Fiore, C. L., J. K. Jarett, N. D. Olson, and M. P. Lesser. 2010.
Nitrogen fixation and nitrogen transformations in marine
symbioses. Trends Microbiol. 18: 455–463. doi:10.1016/
j.tim.2010.07.001

References
Alexander, B. E., and others. 2014. Cell turnover and detritus
production in marine sponges from tropical and temperate benthic ecosystems. PLoS One 9: e109486. doi:
10.1371/journal.pone.0109486
Alexander, B. E., B. Mueller, M. J. A. Vermeij, H. H. G. van
der Geest, and J. M. de Goeij. 2015. Biofouling of inlet
pipes affects water quality in running seawater aquaria
and compromises sponge cell proliferation. PeerJ 3:
e1430. doi:10.7717/peerj.1430
Ballesteros, E. 2006. Mediterranean coralligenous assemblages: A synthesis of present knowledge. Oceanogr. Mar.
Biol. 44: 123–195. doi:10.7717/peerj.1430
Best, M. A., and J. P. Thorpe. 1986. Feeding-current interactions and competition for food among the bryozoan epiphytes of Fucus serratus. Mar. Biol. 93: 371–3715. doi:
10.1007/BF00401104
€ rk, J. R., C. Dıez-Vives, R. Coma, M. Ribes, and J. M.
Bjo
Montoya. 2013. Specificity and temporal dynamics of
complex bacteria-sponge symbiotic interactions. Ecology
94: 2781–2791. doi:10.1890/13-0557.1
Blanquer, A., M. J. Uriz, and P. E. Galand. 2013. Removing
environmental sources of variation to gain insight on
symbionts vs. transient microbes in high and low microbial abundance sponges. Environ. Microbiol. 15: 3008–
3019. doi: 10.1111/1462-2920.12261
Buss, L. W., and J. Jackson. 1981. Planktonic food availability and suspension-feeder abundance: Evidence of in situ
depletion. J. Exp. Biol. Ecol. 49: 151–161. doi:10.1016/
0022-0981(81)90067-8
Campbell, L., H. A. Nolla, and D. Vaulot. 1994. The importance of Prochlorococcus to community structure in the
central North Pacific Ocean. Limnol. Oceanogr. 39: 954–
961. doi:10.4319/lo.1994.39.4.0954
Carlson, C. A. 2002. Production and removal processes, p.
91–151. In D. A. Hansell and C. A. Carlson [eds.], Biogeochemistry of marine dissolved matter. Academic Press.
Caron, D. A., and others. 1995. The contribution of microorganisms to particulate carbon and nitrogen in surface
waters of the Sargasso Sea near Bermuda. Deep-Sea Res.
Part I Oceanogr. Res. Pap. 42: 943–972. doi:10.1016/09670637(95)00027-4
Chesson, P. 2000. Mechanisms of maintenance of species
diversity. Annu. Rev. Ecol. Syst. 31: 343–366. doi:
10.1146/annurev.ecolsys.31.1.343
Coma, R., M. Ribes, J. M. Gili, and M. Zabala. 2000. Seasonality in coastal benthic ecosystems. Trends Ecol. Evol. 15:
448–453. doi:10.1016/S0169-5347(00)01970-4
Coma, R., M. Ribes, J. M. Gili, and R. N. Hughes. 2001. The
ultimate opportunistic: Consumers of seston. Mar. Ecol.
Prog. Ser. 219: 305–308. doi:10.3354/meps219305
Coma, R., M. Ribes, E. Serrano, E. Jimenez, J. Salat, and J.
Pascual. 2009. Global warming-enhanced stratification
17

Morganti et al.

Trophic niche separation in Sponges

Hatcher, A. 1994. Nitrogen and phosphorus turnover in
some benthic marine invertebrates: Implications for the
use of C:N ratios to assess food quality. Mar. Biol. 121:
161–166. doi:10.1007/BF00349485
Hentschel, U. 2003. Microbial diversity of marine sponges.
Boll. Mus. Ist. Univ. Genova. 68: 365–372.
Hentschel, U., K. M. Usher, and M. W. Taylor. 2006. Marine
sponges as microbial fermenters. FEMS Microbiol. Ecol.
55: 167–177. doi:10.1111/j.1574-6941.2005.00046.x
Hentschel, U., J. Piel, S. M. Degnan, and M. W. Taylor. 2012.
Genomic insights into the marine sponge microbiome. Nat.
Rev. Microbiol. 10: 641–654. doi:10.1038/nrmicro2839
Holling, C. S. 1965. The functional response of predators to
prey density and its role in mimicry and population regulation. Mem. Entomol. Soc. Can. 45: 3–59. doi:10.4039/
entm9745fv
Hooper, J. N. A., J. A. Kennedy, and R. J. Quinn. 2002. Biodiversity “hotspots”, patterns of richness and endemism,
and taxonomic affinities of tropical Australian sponges
(Porifera). Biodivers. Conserv. 11: 851–885. doi:10.1023/
A:1015370312077
Jeschke, J. M., M. Kopp, and R. Tollrian. 2004. Consumerfood systems: Why type I functional responses are exclusive to filter feeders. Biol. Rev. 79: 337–349. doi:10.1017/
S1464793103006286
Jimenez, E. 2011. Nutrient fluxes in marine sponges: Methodology, geographical variability and the role of associated microorganisms. Ph.D. thesis. Univ. Politècnica de
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Gerçe, B., T. Schwartz, C. Syldatk, and R. Hausmann. 2011.
Differences between bacterial communities associated with
the surface or tissue of Mediterranean sponge species.
Microb. Ecol. 61: 769–782. doi:10.1007/s00248-011-9802-2
Giles, E. C., J. Kamke, L. Moitinho-Silva, M. W. Taylor, U.
Hentschel, T. Ravasi, and S. Schmitt. 2012. Bacterial community profiles in low microbial abundance sponges.
FEMS Microbiol. Ecol. 83: 232–241. doi:10.1111/j.15746941.2012.01467.x
Gili, J. M., and R. Coma. 1998. Benthic suspension feeders:
Their paramount role in littoral marine food webs. Trends
Ecol. Evol. 13: 316–321. doi:10.1016/S0169-5347(98)01365-2
Gili, J. M., and others. 2006. A unique assemblage of epibenthic sessile suspension feeders with archaic features in
the high- Antarctic. Deep-Sea Res. Part II Top. Stud. Oceanogr. 53: 1029–1052. doi:10.1016/j.dsr2.2005.10.021
Gloeckner, V., and others. 2014. The HMA-LMA dichotomy
revisited: An electron microscopical survey of 56 sponge
species. Biol. Bull. 227: 78–88. doi:10.1086/BBLv227n1p78
Grasshoff, K., M. Ehrhardt, and K. Kremling. 1999. Methods
of seawater analysis, 2nd revised and extended ed. Wiley.
Hansell, D. A., C. A. Carlson, D. J. Repeta, and R. Schlitzer.
2009. Dissolved organic matter in the ocean: New insights
stimulated by controversy. Oceanography 22: 52–61.
doi.org/10.5670/oceanog.2009.109
18

Morganti et al.

Trophic niche separation in Sponges

Pawlik, J. R., S. E. McMurray, P. Erwin, and S. Zea. 2015. A
review of evidence for food limitation of sponges on
Caribbean reefs. Mar. Ecol. Prog. Ser. 519: 265–282. doi:
10.3354/meps11093
Pawlik, J. R., D. E. Burkepile, and R. V. Thurber. 2016. A
vicious circle? Altered carbon and nutrient cycling may
explain the low resilience of Carribean coral reefs. BioScience 66: 470–476. doi: 10.1093/biosci/biw047
zquez, A., S. K. Davy, B. Magana-Rodrıguez, and J. J.
Perea-Bla
Bell. 2013. Temporal variation in food utilisation by three
species of temperate demosponge. Mar. Ecol. Prog. Ser.
485: 91–103. doi:10.3354/meps10316
Pile, A., M. Patterson, and J. Witman. 1996. In situ grazing on
plankton <10 lm by the boreal sponge Mycale lingua. Mar.
Ecol. Prog. Ser. 141: 95–102. doi:10.3354/meps141095
Pile, A. J., M. R. Patterson, M. Savarese, V. I. Chernykh, and
A. Vladimir. 1997. Trophic effects of sponge feeding within Lake Baikal’s littoral zone. 2. Sponge abundance, diet,
feeding efficiency, and carbon flux. Limnol. Oceanogr.
42: 178–184. doi: 10.4319/lo.1997.42.1.0178
Pile, A. J., and C. M. Young. 2006. The natural diet of a hexactinellid sponge: Benthic-pelagic coupling in a deep-sea
microbial food web. Deep-Sea Res. Part I Oceanogr. Res.
Pap. 53: 1148–1156. doi:10.1016/j.dsr.2006.03.008
Poppell, E., J. Weisz, L. Spicer, A. Massaro, A. Hill, and M. Hill.
2013. Sponge heterotrophic capacity and bacterial community structure in high- and low-microbial abundance
sponges. Mar. Ecol. 35: 414–424. doi:10.1111/maec.12098
Reincke, T., and D. Barthel. 1997. Silica uptake kinetics of
Halichondria panicea in Kiel Bight. Mar. Biol. 129: 591–
593. doi:10.1007/s002270050200
Reiswig, H. 1971. In situ pumping activities of tropical Demospongiae. Mar. Biol. 9: 38250. doi:10.1007/BF00348816
Ribes, M., R. Coma, and J. Gili. 1999a. Natural diet and grazing rate of the temperate sponge Dysidea avara (Demospongiae, Dendroceratida) throughout an annual cycle. Mar.
Ecol. Prog. Ser. 176: 179–190. doi:10.3354/meps176179
Ribes, M., R. Coma, and J. Gili. 1999b. Seasonal variation of
particulate organic carbon, dissolved organic carbon and
the contribution of microbial communities to the live
particulate organic carbon in a shallow near-bottom ecosystem at the Northwestern Mediterranean Sea. J. Plankton Res. 21: 1077–1100. doi:10.1093/plankt/21.6.1077
 pez-Sendino, B. Diez, R.
Ribes, M., E. Jimenez, G. Yahel, P. Lo
Massana, J. H. Sharp, and R. Coma. 2012. Functional convergence of microbes associated with temperate marine
sponges. Environ. Microbiol. 14: 1224–1239. doi:10.1111/
j.1462-2920.2012.02701.x
Ribes, M., C. Dziallas, R. Coma, and L. Riemann. 2015. Microbial diversity and putative diazotrophy in high- and lowmicrobial-abundance Mediterranean sponges. Appl. Environ. Microbiol. 81: 5683–5693. doi:10.1128/AEM.01320-15
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