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Abstract

Sponges consume dissolved silicon (DSi) to build their skeletons. Few studies have

attempted to quantify DSi utilization by these organisms and all available determinations

come from laboratory measurements. Here we measured DSi consumption rates of the

sponge Tethya citrina in its natural habitat, conducting 24h incubations in benthic chambers.

Sponges consumed DSi at an average rate of 0.046 ± 0.018 μmol h-1 mL-1 when DSi avail-

ability in its habitat was 8.3 ± 1.8 μM. Such DSi consumption rates significantly matched the

values predicted by a kinetic model elsewhere developed previously for this species through

laboratory incubations. These results support the use of laboratory incubations as a suitable

approach to learn about DSi consumption. During the field incubations, utilization of other

dissolved inorganic nutrients by this low-microbial-abundance (LMA) sponge was also mea-

sured. The sponges were net sources of ammonium (-0.043 ± 0.031 μmol h-1 mL-1), nitrate

(-0.063 ± 0.031 μmol h-1 mL-1), nitrite (-0.007 ± 0.003 μmol h-1 mL-1), and phosphate (-0.004

± 0.005 μmol h-1 mL-1), in agreement with the general pattern in other LMA species. The

detected effluxes were among the lowest reported for sponges, which agreed with the low

respiration rates characterizing this species (0.35 ± 0.11 μmol-O2 h-1 mL-1). Despite rela-

tively low flux, the dense population of T. citrina modifies the availability of dissolved inor-

ganic nutrients in the demersal water of its habitat, contributing up to 14% of nitrate and

nitrite stocks. Through these effects, the bottom layer contacting the benthic communities

where siliceous LMA sponges abound can be partially depleted in DSi, but can benefit from

inputs of N and P dissolved inorganic nutrients that are critical to primary producers.

Introduction

Major dissolved inorganic nutrients (i.e., silicate, ammonium, nitrate, nitrite, and phosphate)

are far from being at saturating concentrations in the photic ocean [1–3]. Although geochemi-

cal processes may be partially responsible for the existing concentrations, a major role is
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attributed to processes of consumption and recycling by the microphytoplankton and the bac-

terioplankton [4–8]. In contrast, the role of benthic marine invertebrates has been less fre-

quently quantified as part of this biological utilization, even when there is evidence that

marine sponges are involved in the benthic pelagic coupling of some inorganic nutrients [9–

12].

Most sponges consume silicic acid from the seawater to produce their silica skeletons.

Silicic acid will be hereafter referred to as DSi, because it dissolved nature. Despite several pre-

vious physiological studies [13–18], the rates at which DSi consumption takes place and the

factors that control them are still little understood, including potential methodological arti-

facts. The available direct measurements of DSi consumption by sponges (i.e., values not being

estimated from assumed growth rates) have consistently been obtained from hours-to-days

incubations in the laboratory [13, 16, 18–22]. Some authors have also attempted to determine

rates of DSi consumption in sponges in situ by measuring the difference in DSi concentration

between the seawater going into the sponge and the seawater going out through the osculum/a

(an approach often referred to as “In-Ex approach”). However, the flux of water through the

sponge is so rapid and retention rate of DSi is so small that the putative consumption rates are

at the limit of reliable detectability (e.g., [23–25]). Therefore, the incubation approach to deter-

mine DSi consumption is compelled by logistic constraints. It has been assumed that the phys-

iology of the sponges taken to the laboratory will perform identically to that of individuals in

their natural habitats. However, such a hypothesis remains poorly tested [26]. Here we have

assayed the demosponge Tethya citrina by taking the incubation chambers to the natural habi-

tat rather than taking the sponges to the laboratory. We have compared subsequently the in
situ experimental results with those previously obtained for this same species in laboratory

incubations [27]. Thus, this study provides a first test for "laboratory" versus "field" determina-

tions of DSi utilization rates in a shallow-water sponge.

A variety of studies have indicated that, in addition to DSi, sponges can release and/or take

up other dissolved inorganic nutrients, such as ammonium, nitrate, nitrite, and phosphate [9,

11, 28–30]. Most of these nutrient influx and outflux are thought to result from a complex

combination of physiological processes that include not only the metabolism of the sponge

cells but also that of the microbial communities (archaea, bacteria, cyanobacteria, dinoflagel-

lates, etc) that live, sometimes in large quantities, within the sponge body. Because the fluxes of

those nutrients through the sponge body often happen at higher rates than DSi flux does, they

have been determined efficiently in a few cases by both the In-Ex approach [24, 26, 31–33] and

laboratory incubations (e.g., [10, 26]). Before this study, only nitrogen (N) fluxes of dissolved

inorganic compounds had been measured in situ using benthic chambers [34]. Herein,

although our primary objective was to measure DSi fluxes, we have taken the opportunity of

these in situ incubations to examine whether the assayed sponge species is a net source or sink

of ammonium, nitrate, nitrite, and phosphate, discussing the results in the frame of the previ-

ous knowledge available.

Materials and methods

Experimental setup

We investigated utilization of dissolved inorganic nutrients by the species Tethya citrina (Fig

1A and 1B) in the bay of Brest (France). A total of nine incubations were conducted by scuba

diving. Eight of them (#1 to #8) were aimed to estimate changes in nutrient concentration in

the presence of a sponge individual in the benthic chamber. A ninth incubation chamber

served as a control (C), containing only seawater but no sponge. The limited number of incu-

bations and a single control were forced by logistic constraints regarding the number of
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chambers (n = 4) available for simultaneous replication, security concerns on scuba diving in

the bay of Brest, and a variety of technological, economic and logistic issues associated to each

chamber deployment. Each incubation unit consisted of a methyl methacrylate chamber, two

sampling bottles of 1 L each, and an adjustable submersible pump connected to a flowmeter

and powered by a battery (Fig 1C; [35]). Each unit has a capacity of 7.50 ± 0.37 L of seawater

and it was hermetically sealed during the incubation. The water was circulated at 2 L min-1,

similar to the prevailing flow in the natural habitat of the sponge in the bay [36]. Incubations

lasted 24h, a period representing a balance between the duration of the battery (about 25h)

and a minimum time required to detect reliably changes in nutrient concentration (particu-

larly DSi) due to the sponge activity. In four sponge incubations (#2, 5, 6, and 7) and in the

control chamber, a multiparameter probe (YSI 6920) was included in the incubation unit to

record dissolved oxygen (% and mg L-1), temperature (˚C), salinity (ppt), and depth (m) every

minute (Fig 1D), with measuring accuracy of 1%. Dissolved oxygen was measured with two

purposes: 1) to determine sponge respiration rates and also monitoring whether sponges were

physiologically active (i.e., respiring) during the entire incubation period, and 2) to detect

whether accidental leakage could have occurred in the chambers during the incubations.

Fig 1. View of Tethya citrina (A-B) and the experimental setup (C-D) at the sponge habitat. (A) Individual of T.

citrina growing at its habitat in the bay of Brest. (B) General view of the maërl bed of Lomergat (bay of Brest, France),

which hosts a multispecific sponge aggregation, including T. citrina (tc). White arrows indicate some of the sponges

occurring on the maërl. (C-D) Each incubation unit consisted of a methyl methacrylate benthic chamber (bc), a

submersible pump (sp) connected to a flowmeter (fm) powered by a waterproof battery (wb), and two sampling bottles

(sb) hermetically connected to the whole system. Some incubation units (#2, 5, 6, 7, and the control) also incorporated

a multiparameter probe (p) that measured oxygen concentration. The seawater flow direction is indicated by white

arrows.

https://doi.org/10.1371/journal.pone.0218787.g001
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For the incubations, chambers were deployed at 6.5 m depth on the maërl bed of Lomergat

(48.290˚ N, 4.346˚ W), where the sponges abound (Fig 1B). At the time of the experiments

(November 2016), photoperiod was 9:15 light:dark and seawater temperature 11.1 ± 0.5˚C,

with no substantive changes between day and night. When installing the incubation units on

the seafloor, special attention was paid to avoid resuspension of sediments and interstitial

nutrients. Individual sponges, each attached to a small piece of maërl, were transferred from

the surrounding bottom into the chambers. Once the system was deployed and in place, the

pump was turned on while keeping the benthic chamber open, circulating ambient water

throughout the entire system during 15 minutes. This ensured that the water to be used during

the incubations was the one in the sponge habitat.

Immediately after the incubations, we transported the sampling bottles and the assayed

sponges to the laboratory for nutrient analysis and biomass determination. During the trip

back to the laboratory, sponges were kept under seawater at all times and nutrients refriger-

ated. At the laboratory, sponges were first measured in volume (mL) by the water displacement

method, and then wet weighted (g), dried at 60˚C to constant weight (g), and turned into ash

at 540˚ for 10h. Ash-free dry weight (AFDW; g) was also calculated by subtracting the ash

weight from the dry weight. All morphometric parameters measured are included in S1 Table.

Nutrient analyses

In addition to the utilization of DSi by the sponges, which was our primary objective, we esti-

mated net fluxes of ammonium, nitrate, nitrite, and phosphate over the incubation period.

Seawater samples were filtered through a 0.22-μm Whatman-Nucleopore polycarbonate mem-

brane, keeping 50 mL in the fridge prior to DSi determination and freezing 200 mL for subse-

quent ammonium, nitrate, nitrite, and phosphate determinations. All DSi samples were

processed in a single analysis, using a Shimadzu, UV-1700 PharmaSpec UV-VIS spectropho-

tometer and following the standard colorimetric method [37], with a determination accuracy

of 5%. Samples for ammonium, nitrate, nitrite, and phosphate were analyzed using a Techni-

con Auto-Analyzer (3 HR, SEAL), following the method described by Tréguer and Le Corre

[38], with a determination accuracy of 1%.

Nutrient fluxes were calculated as the value of nutrient concentration in the seawater at the

beginning of the incubation minus the value after 24h of incubation, being negative values

interpreted as nutrient release and positive values as nutrient incorporation by the sponges.

Fluxes values were also corrected by the change in concentration occurring in the control unit.

Yet we understand that the incubation approach used is more reliable to estimate DSi utiliza-

tion than fluxes of N and P nutrients, since modification of the concentrations of ammonium,

nitrate, nitrite, and phosphate might occur during the 24h incubation, as well as conversion of

one N compound into another, as a result of re-filtration, the metabolic activity of the phyto-

plankton and bacterioplankton in the chambers and, more importantly, the microbiome

within the sponge body. Utilization of oxygen by the assayed individuals (#2, 5, 6, 7) was calcu-

lated as that of dissolved inorganic nutrients.

Utilization of nutrients and oxygen was normalized by seawater volume in the incubation

unit (L), duration of incubation (h), and sponge size (mL). We preferentially used sponge vol-

ume for normalization because it facilitates future comparisons without the need of using

destructive sampling on the sponge communities. The normalized rates of DSi consumption

obtained from the in situ incubations were compared with the consumption rates predicted

from two kinetic models previously developed by us through laboratory incubations [27]. The

two models used for the comparison incorporate the variability in the DSi consumption kinet-

ics in T. citrina under different seasonal conditions (summer vs autumn).

Si, N, and P utilization by Tethya citrina
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Finally, we examined the potential pairwise relationships between the fluxes of the different

nutrients in the assayed individuals (n = 8), using linear and non-linear regression.

Results

Oxygen utilization

Oxygen measurements revealed that the control unit slightly produced oxygen during daytime

due to photosynthesis of the microphytoplankton in suspension (n = 5; -2.21 ± 3.63 μmol O2

h-1) while consumed oxygen during nighttime because of respiration (n = 18; 7.35 ± 5.54 μmol

O2 h-1). This pattern suggests that the microphytoplankton and the bacterioplankton trapped

in the water of the chamber kept active during the incubation (Fig 2). In the incubation units

containing sponges, the phytoplankton photosynthesis was initially able to compensate the

sponge respiration during daytime (Fig 2; n = 4; -2.39 ± 1.98 μmol O2 h-1) but soon all units

showed a net oxygen consumption (n = 80; 13.73 ± 5.95 μmol O2 h-1). That oxygen decrease

over time was expected. This is so because the incubations took place during nighttime, with

only a brief sunset initial period and a brief sunrise final period, which were both characterized

by dim light that did not trigger much net photosynthesis and new oxygen production.

The rate of oxygen consumption averaged across all sponges during the corresponding

incubation time and after correcting by the control accounted for 0.35 ± 0.11 μmol O2 h-1

sponge-mL-1 (n = 4). The respiration rate measured for the sponges #5, 2, 7, and 6 were,

respectively, 0.22, 0.33, 0.38, and 0.48 μmol O2 h-1 sponge-mL-1, that is, relatively similar across

individuals. These results also involve that the sponges showed similar levels of physiological

activity during the incubations. By expressing the oxygen decrease in the sponge-containing

chambers and in the control in mathematical units unrelated to the sponge biomass, that

is μmol O2 h-1, it was determined that the plankton community trapped in the water of the

chambers was responsible for about 45 ± 15% of the global oxygen decrease in the chambers,

at a rate of 5.77 μmol O2 h-1. Additionally, because the incubated sponges were attached to a

Fig 2. Oxygen saturation profiles during incubations. Dissolved oxygen saturation (%) is plotted against time course

during the incubations. Oxygen was measured every minute in five out of nine conducted incubations, considering

four incubations with a sponge (#2, 5, 6, and 7) and a control incubation chamber lacking the sponge.

https://doi.org/10.1371/journal.pone.0218787.g002
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tiny piece of maërl, we examined whether the maërl potential photosynthetic activity during

daytime and respiration during nighttime were of significance. If relevant, that stepped signal

should have been captured by the oxygen sensors. However, there was no sign of such a

stepped pattern, but just a slow progressive oxygen decrease over time (Fig 2), which suggests

that the inaccuracy introduced by the maërl presence in our sponge respiration estimates was,

if any, negligible.

Silicate utilization

It took about two weeks (from November 15 to 28, 2016) to complete the 9 incubations in the

field. During those two weeks, important river discharges occurred at the bay after heavy rains,

causing a slow, progressive increase of the natural DSi concentration, from 4.9 to 10.1 μM

(Table 1). The control chamber showed no detectable change in DSi concentration during its

incubation (Table 1), indicating that diatoms were scarce or non-active during the period of

incubation. This result was expected because diatom abundance is minimal during November

in the bay [39, 40]. The individuals of T. citrina consumed DSi at an average rate of

0.046 ± 0.018 μmol Si h-1 mL-1 over the incubation period (Table 1). Of note, the increase in

DSi in the natural habitat slightly increased the consumption rates through the incubations

over November (Table 1). This was expected because DSi consumption in sponges is known to

rise with rising DSi availability following a hyperbolic asymptotic function (see [16, 18, 20,

21]). When the consumption rates determined in situ in the assayed individuals were com-

pared with the rates predicted by the models elaborated elsewhere through laboratory incuba-

tions of T. citrina [27], their values closely matched (Fig 3). The consumption rate of all

incubated individuals fell consistently within the 95% confidence interval of the laboratory

kinetic model for DSi consumption in T. citrina, irrespective of considering the kinetic model

developed for either summer or autumn conditions for this species. Also, the average con-

sumption value of the set of assayed individuals fell exactly on top of the summer prediction

line and its standard deviation values overlapped the autumn prediction line (Fig 3B). Thus,

Table 1. Summary of the nutrient fluxes and its associated parameters. The table contains the reference labels for the 9 conducted incubations, the date of incubation,

the size of the incubated sponges, the initial concentration (μM) of the dissolved inorganic nutrients (silicic acid—DSi, ammonium—NH4
+, nitrate—NO3

-, nitrite—NO2
-,

phosphate—PO4
3-) at each incubation system and the utilization rate (μmol h-1 mL-1) normalized by the 24h incubation period and the sponge biomass. Nutrient utiliza-

tion rates have been corrected by the control effect. The average (±SD) utilization rate by the assayed sponges is indicated in the lower rows of the table.

Code Date Size Initial nutrient level Nutrient utilization

DSi NH4
+ NO3

- NO2
- PO4

3- DSi NH4
+ NO3

- NO2
- PO4

3-

(mL) (μM) (μmol h-1 mL-1)

C 11.15.16 - 4.9 0.8 5.1 0.3 0.5 0.000a 0.003a 0.026a 0.002a 0.002a

1 11.15.16 20 4.9 0.9 5.0 0.3 0.5 0.039 -0.044 -0.022 -0.012 -0.001

2 11.22.16 18 7.8 1.8 6.1 0.3 0.5 0.035 -0.012 -0.055 -0.004 -0.003

3 11.22.16 17 7.8 1.6 6.0 0.3 0.4 0.031 0.024 -0.038 -0.002 0.002

4 11.22.16 21 7.8 1.5 5.9 0.3 0.4 0.026 -0.066 -0.046 -0.004 0.002

5 11.22.16 11 7.8 1.6 5.2 0.2 0.4 0.082 -0.078 -0.116 -0.008 -0.011

6 11.28.16 19 10.1 1.8 12.3 0.4 0.6 0.049 -0.024 -0.068 -0.010 -0.007

7 11.28.16 27 10.1 1.5 11.1 0.4 0.5 0.061 -0.075 -0.062 -0.006 -0.007

8 11.28.16 13 10.1 1.7 11.5 0.4 0.6 0.042 -0.002 -0.100 -0.009 -0.002

AVRG 0.046 -0.043� -0.063 -0.007 -0.004

SD 0.018 0.031� 0.031 0.003 0.005

a Nutrient utilization rates in the control are given in μmol h-1.

� Average (±SD) ammonium release rate was calculated from seven sponges that released ammonium, discarding one that took it up.

https://doi.org/10.1371/journal.pone.0218787.t001
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the agreement between laboratory and field determinations of DSi consumptions rates was

nearly total.

Fig 3. Field versus laboratory rates of DSi consumption in Tethya citrina. (A) The average (±SD) rate of DSi

consumption determined through the in situ incubations matched the predictions of the hyperbolic models (solid

lines) obtained in the laboratory for T. citrina for summer and autumn conditions [27]. (B) Individual and average

(±SD) rates of DSi consumption determined in situ (white and black circles, respectively) fell within the 95%

confidence band (dotted lines) of both the summer and autumn kinetics.

https://doi.org/10.1371/journal.pone.0218787.g003
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N and P utilization

The incubations indicated that all sponges were net sources of nitrate and nitrite. The availabil-

ity of nitrate during the two weeks of experimentation shifted from 5.0 to 12.3 μM in the natu-

ral habitat, while variation was minimal in the case of nitrite (from 0.2 to 0.4 μM). Individual

rates of nitrate release ranged from -0.022 to -0.116 μmol h-1 mL-1, and those of nitrite, from

-0.002 to -0.012 μmol h-1 mL-1. Average rates of nitrate and nitrite production were

-0.063 ± 0.031 and -0.007 ± 0.003 μmol h-1 mL-1, respectively (Table 1). Regarding the ammo-

nium, the natural availability doubled, from 0.8 to 1.8 μM, during the two weeks of experi-

ments. All sponges were net sources of ammonium, except individual #3, which consumed

this nutrient at a rate of 0.024 μmol h-1 mL-1 (Table 1). The rest of the sponges released ammo-

nium at an average rate of -0.043 ± 0.031 μmol h-1 mL-1.

The natural concentration of phosphate shifted from 0.4 to 0.6 μM over the two weeks of

experiments. This is a nutrient for which the sponges showed no consistent pattern in the sign

of the flow, with a majority of 6 individuals being net sources (-0.005 ± 0.004 μmol h-1 mL-1)

and a minority of 2 sponges being net sinks (0.002 ± 0.0001 μmol h-1 mL-1).

When the rate at which each of these 4 nutrients was released by the sponges was compared

to the rate at which DSi was consumed by the sponges (Fig 4), no statistically significant rela-

tionship was found, except for one case: the rate of phosphate release increased linearly (p<

0.001, R2 = 0.88) with the rising of the silicate consumption (Fig 4D). The two individuals (#3

and 4) showing phosphate consumption were also the ones having the lowest DSi consump-

tion rates. The biological reasons behind the relationship between the phosphate and DSi

fluxes remain enigmatic (see Discussion). No statistically significant pairwise coupling

between the rest of the nutrients was detected.

Discussion

This study corroborates that no major departures in DSi utilization rates occur between labo-

ratory and field incubations. The set of T. citrina individuals incubated in the bay of Brest con-

sumed, on average, 0.046 ± 0.018 μmol Si h-1 mL-1 (Table 1). Such a field consumption was

efficiently predicted by both the summer and autumn kinetic models previously derived from

laboratory experiments for this species (Fig 3A). In the range of natural DSi concentration

experienced in the field, that is, under a DSi availability lower than about 15 μM, both summer

and autumn DSi consumption models for T. citrina [27] largely match with each other and

also with the results of the field incubations (Fig 3B). The excellent agreement between labora-

tory-based model predictions and field incubations corroborate that DSi consumption rates

can reliably be determined through laboratory experiments, what simplifies enormously the

logistic approach and may produce more comparable and reproducible results across species

and laboratories.

For nutrients others than DSi, some studies have reported that artefactual nutrient utiliza-

tion rates might result when sponges are studied in the laboratory, out of their natural habitat.

For the in situ research, the In-Ex methods (e.g., [26, 31]) and in situ incubations (e.g., [34])

are thought to provide more realistic results, each with its own pros and cons. Unlike for DSi,

the fluxes of N and P are due not only to the sponge cell metabolism, but also to that of the

microbial communities within the sponges. Those sponge-associated microbiomes have the

capacity to readily convert one N nutrient into another, depending on the sponge species and

the level of oxygenation of the mesohyl [41]. A complex combination of factors often hinders a

straightforward interpretation of measured net rates for N and P nutrients, particularly if incu-

bation periods as long as those required to detect DSi consumption (i.e., 24h or longer; [18])

are used, as it was our case.
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To date, most studies on N fluxes have been conducted on shallow-water, high-microbial

abundance (HMA) sponges (revised in [11]). These sponges typically remove ammonium

from seawater, as a N source for chemo and phototrophic bacteria and energy source for

ammonium oxidizing bacteria and archaea. In contrast, they release nitrate and nitrite, as the

probable result of the metabolic activity of nitrifying symbiotic bacteria [42]. The species T.

citrina is here believed to be a low microbial-abundance sponge (LMA) which also contains

cyanobacteria, since its congener Tethya aurantium has been proved to be so [43]. Most LMA

sponges are typically net sources of both nitrate and nitrite, and, in many cases, also ammo-

nium [10, 24, 26, 28, 44]. Therefore, regarding the in-going and out-going directions of the

various N nutrient fluxes, the results of our incubations (Table 1) strongly agree with the

results of previous literature on LMA shallow-water sponges. It is worth mentioning that while

nitrite and nitrate flux were highly consistent across the incubated individuals, all our incu-

bated sponges but one (#3) released ammonium. The reasons for singular reversed flux are not

clear, but between-individual disparity in the direction of the ammonium flux has also been

reported for other sponges [26].

Cyanobacteria and proteobacteria have been reported to dominate the bacterial community

in Mediterranean individuals of T. aurantium [45], a species phylogenetically close to T.

Fig 4. Pairwise relationship between the nutrient fluxes measured in Tethya citrina. No statistically significant

relationship was found between silicate utilization rates and nitrate (A), nitrite (B), and ammonium (C) utilization

rates. In contrast, the consumption of silicate by T. citrina was linearly related to its release of phosphate (D). The rest

of possible pairwise relationships between all 4 nutrients was also examined but with non-significant results.

https://doi.org/10.1371/journal.pone.0218787.g004

Si, N, and P utilization by Tethya citrina

PLOS ONE | https://doi.org/10.1371/journal.pone.0218787 July 8, 2019 9 / 15

https://doi.org/10.1371/journal.pone.0218787.g004
https://doi.org/10.1371/journal.pone.0218787


citrina. Whether these microbiome features are also present in the North-Atlantic population

of T. citrina remains unknown. Since sponge cells lack the ability of nitrification (i.e., oxidizing

ammonium into nitrite and then nitrate), the released of nitrate and nitrite in T. citrina is

likely, as it has been assumed for other sponges [11], the result of nitrifying bacteria and cyano-

bacteria inactivating the toxic ammonia excreted by the sponge cells. The released of ammo-

nium in T. citrina is more difficult to explain. It could be a secondary consequence of the

remineralization of organic matter by anaerobic denitrification through associated microbes

to produce N2 which is subsequently excreted as ammonium ion [46]. It could also result from

the nitrogenase activity of N2-fixing symbiotic cyanobacteria [47]. In the absence of detailed

studies of the microbial metabolism within this specific sponge, the pathways that generate the

net efflux of N nutrients from the incubated sponges remain highly speculative.

In the case of P fluxes, the scarce data in the literature suggest that sponges are net sources

of this nutrient [10, 24, 28, 48]. Again, our results come into general agreement with those pre-

vious studies (Table 1), although two of the incubated sponges took phosphate up at very low

rates. The mechanisms behind the release of phosphate and its inverted relationship to DSi

consumption (Fig 4D) remain enigmatic. Unpublished data for deep-sea sponges (Maldonado

et al, unpublished) do not reveal any relationship between DSi consumption and release of

phosphate, so that, it cannot be discarded the possibility that the correlation in T. citrina is spu-

rious. Of note, the abundance of cyanobacteria in T. citrina should induce uptake rather than

release of phosphate [49]. Given the lack of knowledge regarding the microbiome of T. citrina
and the putative functional integration of the main biochemical pathways, further investiga-

tions are necessary to elucidate whether phosphate release is indeed biologically related to DSi

consumption.

The composition of the sponge-associated microbiome has a direct impact on N and P

fluxes, being likely responsible of the between-species differences reported in nutrient utiliza-

tion rates [11, 41, 50, 51]. For some species, that composition has also been reported to change

between individuals of a same population and between populations of a same species estab-

lished in different geographical regions and/or environments [52]. Additionally, the disparity

of approaches makes the comparison of the rates at which N and P effluxes occur in T. citrina
complicated. The only available study measuring N fluxes in sponges through in situ incuba-

tions [34] reported an average ammonium efflux of -0.052 ± 0.006 μmol h-1 mL-1 in two out of

three LMA sponges from the Florida Keys (i.e., Haliclona sp. and Halichondria melanodocia),

whereas a third species (Cinachyrella sp.) consumed ammonium at an average rate of

0.005 ± 0.002 μmol h-1 mL-1. Nitrate+nitrite fluxes were only detected in Cinachyrella sp.

(-0.016 ± 0.007 μmol h-1 mL-1), being no detectable in Haliclona sp. and H. melanodocia. Rix

[53], using 3h laboratory incubations for five LMA sponges from the Red Sea, reported an

average efflux rate of -0.079 ± 0.018 μmol h-1 mL-1 for ammonium, and -0.023 ± 0.014 μmol h-

1 mL-1 for nitrate+nitrite, being all these rates similar to the ones detected herein

(-0.043 ± 0.031 and -0.070 ± 0.032 μmol h-1 mL-1, respectively; Table 1) through 24h field incu-

bations. Jimenez and Ribes [10], who incubated the Mediterranean LMA Dysidea avara in the

laboratory for 6 h, reported an average release rate of -0.109 μmol NH4
+ h-1 mL-1, but no

detectable flux for nitrate+nitrite. Two studies that used the In-Ex approach to estimate ammo-

nium utilization in shallow-water LMA sponges reported average release rates ranging from

-0.199 ± 0.012 to -0.260 ± 0.110 μmol h-1 mL-1 [24, 26]. The In-Ex method was also used to

estimate rates of nitrate+nitrite release in 5 HMA species from the Florida Keys: Agelas coni-
fera, -0.150 ± 0.134 μmol h-1 mL-1; Aplysina archeri, -0.097 ± 0.041 μmol h-1 mL-1; Aplysina
lacunosa, -0.116 ± 0.051 μmol h-1 mL-1; Ircinia strobilina, -0.260 ± 0.204 μmol h-1 mL-1; Xestos-
pongia muta, -0.168 ± 0.094 μmol h-1 mL-1 [26]. All these rates of nitrate+nitrite release were

about one order of magnitude larger than the ones measured herein for T. citrina and also
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than those in most LMA species from the literature. That same study [26] reported controver-

sial between- and within-species disparity in consumption and release of ammonium, which

rendered the resulting average rates unreliable for comparison (see Table 2 in [26]). In sum-

mary, it can be concluded that the release rates of N nutrients in T. citrina are among the low-

est known for LMA sponges, suggesting that the combined metabolism of the microbiome and

the sponge cells may be integrated through feed-back mechanisms of nutrients and also that

the basal metabolism is relatively slow. The latter hypothesis comes into agreement with the

relatively low respiration rate measured (see below).

The monitored changes in oxygen concentration during the incubations revealed an aver-

age respiration of 0.35 ± 0.11 μmol O2 h-1 mL-1. This rate is in the range of those measured in

two other species of the same genus: 0.89 and 0.23 μmol O2 h-1 mL-1 in T. crypta [54] and T.

californiana [55], respectively. The respiration values known for demosponges range from

0.21 to 24.6 μmol h-1 mL-1 (reviewed in [56]). Therefore, the respiration values in Tethya spp.

can be said to fall among the lowest measured for sponges to date. This conclusion is also in

congruence with previous studies indicating that respiration in LMA sponges is consistently

much lower than in HMA sponges (e.g., [54, 57]).

The species T. citrina is one of the most frequent species in the rich sponge assemblage of

the bay of Brest, but it only represents 15% of the sponge biomass in the maërl community at

the bay of Brest [18], being these maërl beds the prevailing habitat in the bay [18, 36]. The bio-

mass of T. citrina averaged 45.6 ± 76.3 mL m-2 [18]. By extrapolating the in situ net nutrient

fluxes measured in this study, T. citrina is herein estimated to consume 0.061 ± 0.065 mmol Si

m-2 d-1, and is responsible for releasing -0.057 ± 0.073 mmol NH4
+ m-2 d-1, -0.094 ± 0.103

mmol NO3
-+NO2

- m-2 d-1, and -0.005 ± 0.008 mmol PO4
3- m-2 d-1. Such figures are not negli-

gible when compared to the diel net fluxes previously measured for the entire benthic commu-

nity of the mäerl bed during autumn [58]. Those values, which were initially considering the

activity of the microphytobenthos and benthic macroalgae only, disregarded the role of macro-

invertebrates such as sponges. The species T. citrina is here estimated to consume about 5.7%

of the DSi released from the bottom of the mäerl bed (-1.07 ± 3.20 mmol m-2 d-1). The release

of N nutrients by T. citrina contributes to the general efflux of nitrate+nitrite from the bottom

(-0.68 ± 2.78 mmol m-2 d-1) in about 13.8% and about 1.5% of the ammonium (-3.78 ± 2.09

mmol m-2 d-1). Finally, the phosphate released by the maërl bed (-0.23 ± 0.18 mmol m-2 d-1)

would be increased by the activity of T. citrina in about 2.1%. Because T. citrina represents

only about 15% of the sponge biomass in this benthic community, an extrapolation to the total

sponge biomass, if assuming similar rates of nutrient influx and efflux in the other sponge spe-

cies, would be of consideration to the bay biogeochemical cycling.

In global terms, our study adds congruence to the growing view that sponges actively par-

ticipate in the modulation of the local availability of dissolved inorganic nutrients (DSi, ammo-

nium, nitrate, nitrite, and phosphate) in the bottom layers of benthic communities,

participating actively in the benthic-pelagic coupling of nutrients. The importance for the eco-

systems of that activity will vary depending on the relative abundance of sponges and the spe-

cies-specific composition.
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41. Schläppy ML, Schottner SI, Lavik G, Kuypers MMM, de Beer D, Hoffmann F. Evidence of nitrification

and denitrification in high and low microbial abundance sponges. Mar Biol. 2010; 157(3): 593–602.

https://doi.org/10.1007/s00227-009-1344-5 PMID: 24391241; PubMed Central PMCID: PMC3873014

42. Corredor JE, Wilkinson CR, Vicente VP, Morell JM, Otero E. Nitrate release by caribbean reef sponges.

Limnol Oceanogr. 1988; 33(1): 114–20. https://doi.org/10.4319/lo.1988.33.1.0114

43. Gloeckner V, Wehrl M, Moitinho-Silva L, Gernert C, Schupp P, Pawlik JR, et al. The HMA-LMA dichot-

omy revisited: an electron microscopical survey of 56 sponge species. Biol Bull. 2014; 227(1): 78–88.

https://doi.org/10.1086/BBLv227n1p78 PMID: 25216505.

44. Yahel G, Whitney F, Reiswig HM, Eerkes-Medrano DI, Leys SP. In situ feeding and metabolism of

glass sponges (Hexactinellida, Porifera) studied in a deep temperate fjord with a remotely operated sub-

mersible. Limnol Oceanogr. 2007; 52: 428–40. https://doi.org/10.4319/lo.2007.52.1.0428

45. Thiel V, Neulinger SC, Staufenberger T, Schmaljohann R, Imhoff JF. Spatial distribution of sponge-

associated bacteria in the Mediterranean sponge Tethya aurantium. FEMS Microbiol Ecol. 2007; 59(1):

47–63. https://doi.org/10.1111/j.1574-6941.2006.00217.x PMID: 17059482.

46. Shanmugam KT, Valentine RC. Microbial production of ammonium ion from nitrogen. Proc Natl Acad

Sci USA. 1975; 72(1): 136–9. https://doi.org/10.1073/pnas.72.1.136 PMID: 1090930

47. Tikhonovich I, Provorov N. Beneficial plant-microbe interactions. In: Dyakov Y, Dzhavakhiya V, Korpela

T, editors. Comprehensive and Molecular Phytopathology: Elsevier Science; 2007. p. 365–420.

48. Hatcher A. Nitrogen and phosphorus turnover in some benthic marine invertebrates: implications for the

use of C:N ratios to assess food quality. Mar Biol. 1994; 121(1): 161–6. https://doi.org/10.1007/

bf00349485

49. Zhang F, Blasiak LC, Karolin JO, Powell RJ, Geddes CD, Hill RT. Phosphorus sequestration in the form

of polyphosphate by microbial symbionts in marine sponges. Proc Natl Acad Sci USA. 2015; 112(14):

4381–6. https://doi.org/10.1073/pnas.1423768112 PMID: 25713351; PubMed Central PMCID:

PMC4394258.

50. Pita L, Rix L, Slaby BM, Franke A, Hentschel U. The sponge holobiont in a changing ocean: from

microbes to ecosystems. Microbiome. 2018; 6. https://doi.org/10.1186/s40168-018-0428-1 PMID:

29523192; PubMed Central PMCID: PMC5845141.

51. Bayer K, Schmitt S, Hentschel U. Physiology, phylogeny and in situ evidence for bacterial and archaeal

nitrifiers in the marine sponge Aplysina aerophoba. Environ Microbiol. 2008; 10(11): 2942–55. https://

doi.org/10.1111/j.1462-2920.2008.01582.x PMID: 18363713.

52. Moitinho-Silva L, Steinert G, Nielsen S, Hardoim CCP, Wu YC, McCormack GP, et al. Predicting the

HMA-LMA status in marine sponges by machine learning. Frontiers in Microbiology. 2017; 8. https://

doi.org/10.3389/fmicb.2017.00752 PMID: 28533766; PubMed Central PMCID: PMC5421222.

Si, N, and P utilization by Tethya citrina

PLOS ONE | https://doi.org/10.1371/journal.pone.0218787 July 8, 2019 14 / 15

https://doi.org/10.1002/lno.10533
https://doi.org/10.3791/54221
http://www.ncbi.nlm.nih.gov/pubmed/27585354
https://doi.org/10.1002/lno.10960
https://doi.org/10.1002/lno.10960
https://doi.org/10.1371/journal.pone.0122898
https://doi.org/10.1371/journal.pone.0122898
http://www.ncbi.nlm.nih.gov/pubmed/25849317
https://doi.org/10.3354/meps335019
https://doi.org/10.3354/meps267057
https://doi.org/10.3354/meps161225
https://doi.org/10.3354/meps161225
https://doi.org/10.1007/s00227-009-1344-5
http://www.ncbi.nlm.nih.gov/pubmed/24391241
https://doi.org/10.4319/lo.1988.33.1.0114
https://doi.org/10.1086/BBLv227n1p78
http://www.ncbi.nlm.nih.gov/pubmed/25216505
https://doi.org/10.4319/lo.2007.52.1.0428
https://doi.org/10.1111/j.1574-6941.2006.00217.x
http://www.ncbi.nlm.nih.gov/pubmed/17059482
https://doi.org/10.1073/pnas.72.1.136
http://www.ncbi.nlm.nih.gov/pubmed/1090930
https://doi.org/10.1007/bf00349485
https://doi.org/10.1007/bf00349485
https://doi.org/10.1073/pnas.1423768112
http://www.ncbi.nlm.nih.gov/pubmed/25713351
https://doi.org/10.1186/s40168-018-0428-1
http://www.ncbi.nlm.nih.gov/pubmed/29523192
https://doi.org/10.1111/j.1462-2920.2008.01582.x
https://doi.org/10.1111/j.1462-2920.2008.01582.x
http://www.ncbi.nlm.nih.gov/pubmed/18363713
https://doi.org/10.3389/fmicb.2017.00752
https://doi.org/10.3389/fmicb.2017.00752
http://www.ncbi.nlm.nih.gov/pubmed/28533766
https://doi.org/10.1371/journal.pone.0218787


53. Rix L. Carbon and nitrogen cycling by Red Sea coral reef sponges [PhD Thesis]: Universität Bremen;

2015.

54. Reiswig HM. Water transport, respiration and energetics of three tropical marine sponges. J Exp Mar

Biol Ecol. 1974; 14: 231–49. https://doi.org/10.1016/0022-0981(74)90005-7

55. Ludeman DA, Reidenbach MA, Leys SP. The energetic cost of filtration by demosponges and their

behavioural response to ambient currents. J Exp Biol. 2017; 220(6): 995–1007. https://doi.org/10.1242/

jeb.146076 PMID: 28011822.

56. Osinga R, Tramper J, Wijfels RH. Cultivation of marine sponges. Mar Biotechnol. 1999; 1: 509–32.

https://doi.org/10.1007/PL00011807 PMID: 10612677.

57. Reiswig HM. Partial carbon and energy budgets of the bacteriosponge Verongia fistularis (Porifera:

Demopongiae) in Barbados. Mar Ecol. 1981; 2: 273–93. https://doi.org/10.1111/j.1439-0485.1981.

tb00271.x

58. Martin S, Clavier J, Chauvaud L, Thouzeau G. Community metabolism in temperate maerl beds. II.

Nutrient fluxes. Mar Ecol Prog Ser. 2007; 335: 31–41. https://doi.org/10.3354/meps335031

Si, N, and P utilization by Tethya citrina

PLOS ONE | https://doi.org/10.1371/journal.pone.0218787 July 8, 2019 15 / 15

https://doi.org/10.1016/0022-0981(74)90005-7
https://doi.org/10.1242/jeb.146076
https://doi.org/10.1242/jeb.146076
http://www.ncbi.nlm.nih.gov/pubmed/28011822
https://doi.org/10.1007/PL00011807
http://www.ncbi.nlm.nih.gov/pubmed/10612677
https://doi.org/10.1111/j.1439-0485.1981.tb00271.x
https://doi.org/10.1111/j.1439-0485.1981.tb00271.x
https://doi.org/10.3354/meps335031
https://doi.org/10.1371/journal.pone.0218787

