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Abstract On coral reefs, some of the most aggressive

calcium carbonate eroders are dinoflagellate-hosting

sponges of the genus Cliona. Like in other marine taxa, the

influence of these symbiotic microorganisms on the meta-

bolism of the host sponge, and thereby on erosion of the

surrounding ecosystem, is increasingly acknowledged.

Despite elevating pH (and hence carbonate saturation

state), dinoflagellate photosynthesis promotes bioerosion

by their hosts. This paradox might be solved by a spatial

isolation of photosynthesis from carbonate dissolution, but

it remains unknown which mechanism connects the

dinoflagellates’ photosynthesis with the sponge’s bioero-

sion. Here, we simulate the outcomes of photosynthesis in

two separate ways, namely as production of carbon-rich

compounds (in this case glycerol) and as an increase in

oxygen content. This allows testing their potential to

enhance bioerosion rates of sponge holobionts that were

preconditioned under variable photosynthetic regimes. We

find that glycerol, a commonly shared photosynthate in

marine symbioses, stimulates chemical bioerosion rates in

the dark of photosynthetically impaired sponges. Chemical

bioerosion was all the more limited by availability of suf-

ficient oxygen, while the combination of added glycerol

and oxygen boosted chemical bioerosion rates. We argue

that under normal physiological conditions, bioerosion is

promoted by both organic carbon and oxygen production,

and we provide evidence for the storage of photosynthates

for night-time use. We further discuss our findings in the

context of the current knowledge of the bioerosion mech-

anism, which we expand by integrating the effects of car-

bon-rich compounds and oxygen as drivers for bioerosion

by Cliona.
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Introduction

Symbiotic microorganisms are increasingly recognized as

cornerstone components of the metabolism of marine

holobionts, thereby impacting their overall ecological

functioning. Analogous to ‘Russian Matryoshka dolls’, the

concept of nested ecosystems thus predicts that microor-

ganismal functionality has cascading effects to higher

community or ecosystem levels (McFall-Ngai et al. 2013;

Kelly et al. 2018; Pita et al. 2018; Dittami et al. 2021).

Tropical coral reefs owe their existence to such a ripple
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effect: photosynthesis by endosymbiotic dinoflagellates

enables fast calcification rates by scleractinian corals in

oligotrophic waters, allowing them to build reefs, which in

turn house a diverse array of organisms sustaining an even

more diverse food web (Goreau et al. 1979; Stanley 2006;

Fisher et al. 2015).

Depending on the characteristics of each of the nested

levels, microorganismal functionality can have contrasting

effects. When in symbiosis with bioeroding Clionaidae

sponges for instance, photosynthesis by endosymbiotic

dinoflagellates stimulates some of the fastest rates of cal-

cium carbonate (CaCO3) breakdown by invertebrates on

coral reefs (reviewed by Schönberg et al. 2017a). This

apparent geochemical paradox—the temporal co-occur-

rence of photosynthesis, which increases CaCO3 saturation

due to CO2 uptake, and decalcification, which requires

decreased CaCO3 saturation—is hypothesized to be pos-

sible due to the spatial separation of the two processes:

photosynthesis takes place inside intracellular dinoflagel-

lates found during the day in the upper, sunlit sponge body,

whereas bioerosion is active at the interface of sponge and

CaCO3 substrate, which is at least several cell membranes

and millimetres deeper (Schönberg and Suwa 2007; Ach-

latis et al. 2019; Webb 2019). In this way, symbiont pho-

tosynthesis and host bioerosion not only co-occur, but the

former would even stimulate the latter (Achlatis et al.

2019). As a result, erosion by some clionaid species

amounts to more than 10 kg of CaCO3 per m2 sponge

surface per year (Schönberg et al. 2017a). With a decrease

in net accretion rates due to a strong decline in reef-

building corals in the past decades, sponge bioerosion

threatens to tip the balance towards net erosion on certain

reefs (e.g., Nava and Carballo, 2008; Schönberg et al.

2017b). The ability of reefs to maintain positive carbonate

balances is fundamental to their already threatened per-

sistence and the crucial ecosystem services they provide

(Glynn 1997; Moberg and Folke 1999; Kennedy et al.

2013).

While the physiological mechanisms linking symbiont

photosynthesis to coral calcification have been scrutinized

for decades (reviewed in Allemand et al. 2011), similar

studies are urgently needed in the opportunistic, globally

increasing, coral-undermining bioeroding sponges. These

sponges already pose significant threats to coral growth

worldwide, and their bioerosion rates are expected to

increase disproportionately in the coming decades (López-

Victoria and Zea 2005; González-Rivero et al. 2011;

Schönberg et al. 2017a). Renewed interest in the bioerosion

mechanism of sponges has uncovered a localized pH

reduction that facilitates chemical dissolution at the etching

site, likely maintained by actively pumping protons, which

are stored within specialized excavating cells in the form of

low-pH intracellular vesicles. Together with CaCO3 chips

that are mechanically removed by these cells, Ca2? is

thought to be discharged into excurrent canals via path-

ways of myocyte-like cells that coalesce at the boring pit

(Webb et al. 2019). Maintenance of such a H?/Ca2? gra-

dient would require a constant supply of energy in over-

saturated seawater (Garcia-Pichel 2006). Alongside

efficient heterotrophic feeding, symbiont photosynthesis

may well supplement this energetic need (Weisz et al.

2010; Fang et al. 2014; Achlatis et al. 2018, 2019), but the

underlying mechanisms remain unclear.

Photosynthesis results in a production of high-caloric

organic carbon photosynthates and a highly oxygenated

microenvironment. Here, we delineate the role of symbiont

photosynthesis in sponge bioerosion and the resulting reef

dissolution, by artificially simulating these two main pho-

tosynthetic outcomes under dark conditions, and testing

their independent and concomitant effects. Increased

organic carbon availability was simulated in the form of

glycerol (C3H8O3), a low-molecular mass photosynthate

that supports several basic metabolic pathways and is

translocated by photosymbionts in various marine inver-

tebrate symbioses (Venn et al. 2008), including sponges

(Wilkinson 1979; Arillo et al. 1993). The oxygen-rich

microenvironment was achieved by supersaturating sea-

water with O2 (e.g., Colombo-Pallotta et al. 2010; Wij-

gerde et al. 2012). To account for potential influences of

photosynthetic products stored during the day, sponge

holobionts that were previously either photosynthetically

active or inactive were tested. As an experimental model,

we used the abundant Caribbean species Cliona caribbaea

Carter, 1882 which is known to erode at higher rates during

daytime when photosynthesis of its intracellular symbionts

is active (Webb et al. 2017; De Bakker et al. 2018).

Materials and methods

Sponge collection

Cliona caribbaea (Porifera: Demospongiae) is one of the

most common Caribbean sponges (Loh and Pawlik 2014).

It belongs to the Cliona viridis species complex and it hosts

intracellular dinoflagellates of the genera Gerakladium and

Symbiodinium (formerly Symbiodinium clades G and A,

respectively, LaJeunesse et al. 2018) (Zea and Weil 2003;

Granados et al. 2008). C. caribbaea individuals in

encrusting ‘‘beta’’ morphology (Schönberg et al. 2017b)

inhabiting dead Orbicella annularis colonies were sampled

by SCUBA (7–12 m water depth) in July 2019 at station

‘‘Buoy 0’’ on the leeward side of the fringing reef of

Curaçao in the Southern Caribbean (12.1246�, -68.9728�).
In total, 64 cylindrical cores of 35 mm in diameter and

15 mm long were collected from 16 different sponge

882 Coral Reefs (2021) 40:881–891

123



individuals (while tracking the origin of each core) using a

pneumatic drill and a hole-saw (Fig. 1a). Each core con-

sisted of an upper disc of sponge-penetrated CaCO3 and an

underlying ca. 3 mm thin disc of non-penetrated CaCO3

(bulk density = 1.15 ± 0.04 g cm-3 and poros-

ity = 34.07 ± 0.80% (mean ± SE) of 3 CaCO3 pieces

from each O. annularis colony). All collected cores were

left to heal for two weeks while monitored at the collection

site at 10 m depth. Full tissue regeneration was observed

well within this period and subsequently the cores were

transported to the Caribbean Research and Management of

Biodiversity (CARMABI) marine research station, where

they were randomly allocated to 8 groups (n = 8 per group)

(Fig. 1b).

Preconditioning: manipulating photosynthetic

activity

To inhibit daytime photosynthesis, half of the sponges

(n = 32) were exposed for 2 d prior to the bioerosion

incubations to the herbicide/algaecide DCMU [N’-(3,4-

dichlorophenyl)-N,N-dimethylurea, also known as diuron]

(Fig. 1b). Under the presence of light, DCMU reversibly

binds to the D1 protein of photosystem II. This blocks the

electron transport along the photosynthetic chain, thereby

specifically inhibiting photosynthesis, but without directly

affecting the host (Krause and Weis 1991; Watanabe et al.

2006; Achlatis et al. 2019). The replicate sponges (n = 8)

of each relevant group were distributed over 3 continuously

mixed containers that each held 1.4 L of confined, DCMU-

enriched seawater. The containers were submerged in a

flow-through water bath for temperature regulation, which

was placed outdoors and covered with Marine Blue 131

light filters to simulate the light quality and quantity at the

collection site (40% light reduction, Lee Filters, Andover,

UK). The water bath was continuously supplied with

seawater from 10 m depth at the nearby reef. Water tem-

perature ranged between 28.4–31.2 �C and 28.3–28.8 �C
during day and night, respectively (Hobo Pendant loggers,

Onset, Bourne, USA). DCMU dissolved in ethanol was

added to the containers daily at 1100 h (final concentration

100 lg L-1 as in Achlatis et al. 2019). Previous analyses

have shown that the small quantity of ethanol added does

not affect the sponges (Achlatis et al. 2019). Everyday at

1500 h all water was refreshed including a new dose of

DCMU. At 2000 h, the sponges were removed from the

containers and placed in flow-through non-DCMU water

overnight, remaining shaded until the next addition of

DCMU. Thus, inhibited sponges did not photosynthesize

for 2 d prior to the bioerosion incubations. The sponges that

were not exposed to DCMU (referred to as photosynthet-

ically unaltered) underwent the identical procedure in

parallel outdoor containers that were filled with ambient

DCMU-free seawater and placed inside the same water

bath. All sponges were observed to be actively pumping,

irrespective of the addition or absence of DCMU. During

the experiment, sunrise was at 0622 h and sunset at 1901 h,

while average PAR light at solar noon (1242 h) was

782 ± 102 lmol quanta m-2 s-1 (mean ± SE, Odyssey

light loggers, Dataflow Systems, Christchurch, New

Zealand).

The impact of DCMU on photosynthetic CO2 fixation

was quantified during the preconditioning phase (2nd

afternoon) using oxygen evolution measurements on a

subset of photosynthetically unaltered (n = 8) and photo-

synthetically inhibited sponges (n = 8). To measure max-

imum net photosynthesis of the symbionts, the sponges

were subjected to 25 min of natural light with an intensity

of 670 ± 57 lmol quanta m-2 s-1 (mean ± SE), with

oxygen levels logged every 15 s using Presens OXY-4

optical probes (Presens GMBH, Regensburg, Germany).

Oxygen levels were measured in air-tight, temperature-

Fig. 1 a Top view of a Cliona caribbaea core used in the experiment.

Scale bar = 5 mm. b Experimental design. During the precondition-

ing phase (2 d under a natural light cycle, in white), the photosyn-

thetic activity of half of the sponges was manipulated using DCMU

(factor 1). c In the subsequent treatment phase (1 h on the second

night), the bioerosion rates of the sponges were measured in the dark

(in black) under an orthogonal supplementation of glycerol (factor 2)

and oxygen (factor 3). In addition, the bioerosion rates of four

photosynthetically unaltered sponges (that had not been exposed to

glycerol or oxygen) were measured in the light on the following day

(not shown in figure)
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controlled incubation chambers (placed inside the outdoor

water bath described above) containing 1.6 L filtered sea-

water (25 lm) without trapped air bubbles and continu-

ously stirred. Each sponge incubation was preceded by a

background non-sponge seawater-only incubation that also

lasted 25 min to determine microbial oxygen changes in

the water column, which were then used to correct the final

oxygen fluxes that were calculated from the sponge-con-

taining incubations.

Treatment phase: chemical bioerosion incubations

At the end of the preconditioning phase (2nd night), the

sponges were returned to flow-through seawater (DCMU-

free) for 1 h before their chemical bioerosion rates were

determined. To isolate the impacts of glycerol and oxygen

production, bioerosion rates were measured in the dark

under four different treatments, each applied on both

photosynthetically unaltered and photosynthetically inhib-

ited sponges (Fig. 1c):

(1) Control treatment [no glycerol, normoxia, i.e.,

normal oxygen level]

(2) Glycerol treatment [glycerol, normoxia]

(3) Oxygen supersaturation treatment [no glycerol,

hyperoxia]

(4) Combined glycerol and oxygen supersaturation

treatment [glycerol, hyperoxia]

This design resulted in 8 groups of sponges (n = 8 per

group). All bioerosion incubations lasted 1 h in the dark in

individual chambers containing one sponge core and

700 mL of continuously stirred treatment water (no DCMU

added, seawater chemistry summarized in Supplementary

Table S1). This water was filtered over 25 lm and thus

contained bacterio- and phytoplankton and dissolved

organic matter (DOM) for heterotrophic feeding. Glycerol

(AR, Fisher Chemical, Waltham, USA, pH = 5) was pre-

added to the incubation chambers (1% final concentration

based on Colombo-Pallotta et al. 2010 and Holcomb et al.

2014), causing alkalinity to decrease by 17.31 ± 2.59

lmol kg-1 (mean ± SE, measured as described below).

Hyperoxia was continuously maintained at 160% saturation

(10.31 compared to 6.44 mg O2 L
-1 in control treatments)

throughout the incubations by adding pure oxygen regu-

lated to\ 1 bar pressure (Haas et al. 2014). Hyperoxia

occurs commonly during dinoflagellate photosynthesis

inside marine invertebrates and at a higher level than

implemented here (Shick 1990; Kuhl et al. 1995). Addi-

tional daytime incubations measuring bioerosion rates of a

subset of photosynthetically unaltered sponges solely of the

control treatment (n = 4, no glycerol, normoxia) were

performed as a reference on the day following the night-

time incubations. Seawater oxygen saturation, temperature

and pH were monitored throughout each incubation, while

open oscula on all sponge core surfaces were indicative of

active pumping. Background non-sponge seawater only

incubations were used to determine changes in water

chemistry over time (n = 3 per treatment). Water samples

(250 mL) taken at the beginning (from each individual

treatment) and end of the sponge and background incuba-

tions were immediately analysed to determine changes in

total alkalinity (AT), which were later adjusted for nutrient

changes (in lmol L-1) (Eq. 1). The background-corrected

sponge values were then used to calculate the chemically

eroded CaCO3 (Eq. 2) (Zundelevich et al. 2007; Gazeau

et al. 2015).

DAT CaCO3ð Þ ¼ DAT incð Þ � dSW
� �

þ DPO4 � DNH4

þ D NO3 þ NO2ð Þ ð1Þ

MCaCO3
¼ 1

2
DAT CaCO3ð Þ �MMCaCO3

� VSW � 10�3 ð2Þ

where DAT CaCO3ð Þ is the change in alkalinity (lmol L-1)

due to CaCO3 dissolution, DAT(inc) is the alkalinity change

(lmol kg-1) during the incubation, dsw is the seawater

density (1.022 kg L-1), MCaCO3
is the mass of the dissolved

CaCO3 (converted to mg due to the 10–3 factor),

DAT CaCO3ð Þ) is divided by 2 to match the molar value of

dissolved CaCO3, MMCaCO3 is the molar mass of CaCO3

(100 g mol-1), and Vsw is the incubation volume (L).

Chemical bioerosion was then expressed as mg dissolved

CaCO3 cm-2 sponge tissue h-1. Mechanical bioerosion

rates were not assessed here, and chemical rates are only a

proxy for the total bioerosion capacity of the sponges.

Upper surface areas (in cm2) of the sponges were quantified

from standardized photographs using ImageJ 1.52p in Fiji

platform (Schindelin et al. 2012) with the aid of colour

thresholding to selectively measure the live sponge surface

without any potentially interspaced CaCO3 (Fig. 1a).

AT(inc) was measured with a precision of at

least ± 0.7 lmol kg-1 using an automated spectrophoto-

metric alkalinity system (Liu et al. 2015) following a

protocol modified from Breland and Byrne (1993) and Yao

and Byrne (1998). Certified reference material was used as

a standard (Dickson’s CRM, University of California, San

Diego, USA). Filtered nutrient samples (0.2 lm syringe

filters, Acrodisc, Pall, Port Washington, USA) were frozen

(-20 �C) and later analysed for [PO4
3-], [NH4

?],

[NO3
- ? NO2

-] and [NO2
-] (in lmol L-1) on a QuAAtro

continuous flow analyzer (SEAL Analytical, GmbH,

Norderstedt, Germany) according to the GO-SHIP guide-

lines (Hydes et al. 2010) at the Royal Netherlands Institute

for Sea Research (NIOZ), Texel, the Netherlands.

Night-time respiration of the sponges was also measured

at night in the dark using the same setup described above

for the daytime O2 assay, but without addition of DCMU.
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For the control and glycerol treatments (1% glycerol as

described above), oxygen depletion was logged continu-

ously during 30 min. Respiration was not quantified in the

hyperoxia treatments due to the confounding effect of

continuous O2 addition.

Statistical analysis

Preliminary analysis showed no significant effect of the

sampling origin of each core or the distribution of the cores

across the DCMU-preconditioning containers (nested

within the experimental conditions) for any of the vari-

ables; therefore, data were pooled according to standard

methods (Underwood 1997). Chemical bioerosion rates

were analysed following an orthogonal ANOVA model

(2 9 2 9 2 matrix), the factors being photosynthetic

capacity (unaltered/ inhibited), glycerol (not supplemented/

supplemented) and oxygen (normoxia/ hyperoxia) (n = 8

sponge cores per cell of the design, Fig. 1b, c). Oxygen

flux variables were analysed using one- or two-factor

ANOVA (detailed in Supplementary Table S2). The

assumptions of normality (Shapiro–Wilk test) and homo-

geneity of variances (Levene’s test) were respected. Sig-

nificance was assessed at the 0.05 level using the software

Statistica v.13 (StatSoft, Tulsa, USA). Means and standard

errors of means are reported throughout the results

(mean ± SE).

Results

Photosynthesis and respiration

DCMU effectively blocked photosynthesis during the pre-

conditioning and resulted in net oxygen consumption by

sponges (corrected for seawater controls) under light con-

ditions, in contrast to net production in photosynthetically

unaltered sponges (ANOVA, F(1,14) = 47.70, p\ 0.0001,

Supplementary Table S2, Fig. 2). DCMU preconditioning

did not affect the night-time respiration rates (Fig. 2).

Regardless of their daytime photosynthetic activity, night-

time respiration of sponges was slightly, but not signifi-

cantly stimulated by the addition of glycerol (net con-

sumption rate of 3.18 ± 0.27 (photosynthetically

unaltered) and 2.76 ± 0.28 (inhibited) lmol O2 cm
-2 h-1,

Supplementary Table S2, not shown in Fig. 2) in com-

parison to the non-glycerol treated individuals shown in

Fig. 2.

Chemical bioerosion rates

During the day, control sponges with unaltered photosyn-

thesis chemically eroded CaCO3 at a rate of

0.033 ± 0.002 mg cm-2 h-1. During the night, the

chemical bioerosion rate of the same sponges was

approximately halved to 0.017 ± 0.003 mg cm-2 h-1

(Fig. 3a).

Night-time chemical bioerosion rates were overall sig-

nificantly higher in the sponges that had not been precon-

ditioned with DCMU and had thus remained

photosynthetically active during the preceding days (3-

factorial ANOVA, main effect, F(1,56) = 13.29, p\ 0.001,

Supplementary Table S2, Fig. 3). Under normoxia and in

the absence of glycerol, the loss of daytime photosynthesis

translated to a 38% decrease in night-time bioerosion rates

(Fig. 3a vs. b, left bars). The individual glycerol and

oxygen treatments slightly mitigated that decrease to 33

and 27%, respectively (Fig. 3a vs. b, middle two bars).

When glycerol and oxygen additions were combined, the

largest decrease in night-time chemical bioerosion rates

was found ([ 50%) in photosynthetically inhibited sponges

compared to unaltered sponges (Fig. 3a vs. b, right bars).

Regardless of daytime photosynthetic activity, the

addition of glycerol stimulated bioerosion rates across all

comparisons (main effect, F(1,56) = 8.07, p = 0.006, Sup-

plementary Table S2, Fig. 3). Under normoxia, this stim-

ulation amounted to an approximately 50% increase in

bioerosion, regardless of the preconditioning (Fig. 3a, b,

1st vs. 2nd bar). Under hyperoxia, the glycerol-mediated

stimulation ranged from a negligible increase of 13% in

bioerosion in the photosynthetically inhibited sponges

(Fig. 3b, 3rd vs. 4th bar), to an 88% increase in the pho-

tosynthetically unaltered sponges (Fig. 3a, 3rd vs. 4th bar).

Fig. 2 Net oxygen evolution rates of the bioeroding sponge holobiont

Cliona caribbaea a during the day (net photosynthesis, in yellow) and

b at night (dark respiration, in black). Rates of photosynthetically

unaltered or inhibited (using DCMU) sponge individuals are shown,

corrected for seawater control treatments. Oxygen fluxes presented

are all in the absence of glycerol or oxygen supplementation. Letters

inside bars indicate statistical significance of separate one-way

ANOVAs for net photosynthesis (in a) and for dark respiration (in

b) respectively (mean ± SE, n = 8)
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The hyperoxia treatment showed an even stronger

stimulation effect on chemical bioerosion rates than the

glycerol treatment (main effect, F(1,56) = 23.52, p\ 0.001,

Supplementary Table S2, Fig. 3). In the absence of glyc-

erol, hyperoxia approximately doubled the bioerosion rates

of all sponges compared to normoxia (Fig. 3a, b, 1st vs. 3rd

bar). When combined with glycerol addition, hyperoxia

almost tripled the bioerosion rates of sponges that had been

photosynthetically active during the preceding days

(Fig. 3a, 2nd vs. 4th bar). For the sponges that had been

photosynthetically inhibited but were given glycerol,

hyperoxia increased their bioerosion rates by 66% com-

pared to normoxia (Fig. 3b, 2nd vs. 4th bar).

Discussion

Photosymbiotic bioeroding sponges are aggressive exca-

vators of CaCO3 on coral reefs and are fuelled by primary

productivity of their resident dinoflagellates. By experi-

mentally simulating photosynthesis, we infer that both

carbon-rich photosynthates as well as oxygen production

by the photosymbionts have a crucial role in driving bio-

erosion. We thus show how symbiotic microorganisms

may influence CaCO3 budgets in nested ecosystems.

The importance of symbiont photosynthesis

for sponge bioerosion

Daytime chemical bioerosion rates of the sponge C.

caribbaea were higher than night-time rates, as previously

reported for this species (Webb et al. 2017; De Bakker

et al. 2018) and other species of the same genus (C. ori-

entalis, Fang et al. 2016; C. aprica, De Bakker et al. 2018

but see Zundelevich et al. 2007; Achlatis et al. 2019).

Regardless of the glycerol and oxygen treatments, the

inhibition of daytime photosynthesis using DCMU resulted

in decreased night-time bioerosion rates. This suggests that

when natural photosynthetic activity is unaltered, sugars

and other photosynthates produced during daytime photo-

synthesis are also used to promote night-time bioerosion

(Achlatis et al. 2019). These photosynthates are possibly

stored in the form of starch or triacylglycerols in the

dinoflagellate symbiont cells (Crossland et al. 1980; Kyung

and Fritz 2002; Grant et al. 2006), and as glycogen or other

mobilizable compounds in the sponge host cells (Boury-

Esnault 1977; Pomponi 1979). Glycogen granules are

abundant in the cytoplasm of sponge excavating cells

(Pomponi 1979). In contrast to the photosynthates, oxygen

generated during the day is unlikely to be stored until usage

during night. This most likely caused the larger effect of

experimental oxygen addition on night bioerosion in

comparison with the addition of glycerol (i.e., in the

presence of already stored photosynthates).

Direct effects of DCMU preconditioning on host phys-

iology that could, in turn, affect sponge bioerosion rates

cannot be excluded, but they were not observed (e.g.,

respiration rates were unaffected) and not expected given

the specificity of the herbicide (Negri et al. 2005; Watan-

abe et al. 2006; Cantin et al. 2007).

Fig. 3 Net chemical bioerosion rates of the sponge Cliona caribbaea
measured at night (black background) under independent and

concurrent glycerol and oxygen addition (mean ± SE, n = 8 per

group). The photosynthetic activity of the sponges was a unaltered or

b inhibited using DCMU during the two days preceding the glycerol

and oxygen treatments. All three factors independently affected the

bioerosion rates [3-way factorial ANOVA, significant main effects

indicated by the designations Phot Activ, Oxy and Gly for photosyn-

thetic activity (unaltered vs. inhibited), oxygen saturation (normoxia

vs. hyperoxia) and glycerol (no glycerol vs. glycerol addition),

respectively]. Daytime bioerosion rates of photosynthetically unal-

tered, control (no glycerol or oxygen addition) sponges are shown in

yellow as a comparative baseline (mean ± SE range, n = 4)
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Experimental addition of glycerol and oxygen

in the dark

Across treatments, glycerol accelerated night-time chemi-

cal bioerosion by the sponge C. caribbaea. ATP generated

by glycolysis of glycerol may stimulate bioerosion, and in

the sponges that had been photosynthetically active, this

apparent enhancement was even higher when oxygen was

plentiful. On the other hand, sponges that had been pho-

tosynthetically inhibited and thus deprived of photosyn-

thates for their metabolic demands may have readily

consumed the added glycerol, or invested it into gluco-

neogenesis to sustain their basic metabolic needs, thereby

retaining relatively less energy for bioerosion. This could

have contributed to the lower stimulation of bioerosion due

to glycerol compared to the photosynthetically unaltered

sponges, at least during the short period of glycerol addi-

tion in our experiment. Photosymbiotic sponges are not

known to adjust their pumping rates to readily compensate

for the loss of autotrophic carbon sources through increased

heterotrophic feeding (Fang et al. 2014, 2017; Achlatis

et al. 2017; Pineda et al. 2017). Thus, the photosyntheti-

cally-inhibited sponges might have been in metabolic need

during the DCMU preconditioning and prior to the glycerol

addition. Our results also suggest that the addition of

glycerol, even at high concentrations, does not supply the

full energetic need that is normally derived from diverse

photosynthates. We supplied glycerol at a relatively high

concentration (see Holcomb et al. 2014 for a comparison of

concentrations in corals), and thus we do not expect that

this quantity was limiting compared to normal photosyn-

thate production during the day. Instead, we argue that the

quality of the supplied photosynthate might have been

inferior compared to the range of beneficial compounds

(e.g., glucose and other sugars, amino acids, lipids) pro-

duced under natural photosynthesis (Berg et al. 2006; Venn

et al. 2008). It is also important to note that, even though

the addition of glycerol at the start of the incubation low-

ered the alkalinity and thus the saturation state of aragonite

(Supplementary Table S1), the decreased saturation did not

correspond to higher bioerosion across the treatments and

is thus unlikely to have significantly influenced the

observed bioerosion rates.

Oxygen further accelerated night-time chemical bio-

erosion across the treatments. In the sponges that had been

photosynthetically inhibited, hyperoxia lead to bioerosion

rates that were almost similar to daytime rates of photo-

synthetically unaltered sponges. In the glycerol-supple-

mented, photosynthetically unaltered sponges, daytime

rates were surpassed when oxygen was added in the night.

The surpassing of daytime bioerosion rates in the night

under the high caloric and hyperoxic conditions indicates

that our glycerol addition was high compared to normal

photosynthate production, and that daytime bioerosion is

limited by the rate of normal photosynthate production.

Taken together, our results suggest that both photosynthate

and oxygen availability are crucial for daytime bioerosion,

and that oxygen limitation is the primary factor responsible

for comparatively low night-time bioerosion rates under

natural conditions. Pumping activity is shown as an

important driver of the oxygenation of sponges (Hoffmann

et al. 2008; Lavy et al. 2016), and therefore, the inner body

of clionaid sponges may be less well oxygenated at night,

when their pumping rates decrease and their oscula con-

tract (Strehlow et al. 2016 and references therein). Under

decreased pumping, it is plausible that any CO2 accumu-

lated due to night-time respiration could increase acidity

and stimulate night-time bioerosion purely due to the

resulting chemical microenvironment at the etching site.

However, our results suggest that the experimental addition

of oxygen stimulates bioerosion more strongly through

metabolic activation of the sponge etching cells.

Chemical boring facilitates the mechanical removal of

CaCO3 chips by etching cells, and this process would likely

also benefit directly from glycerol and oxygen addition.

Nevertheless, potential stimulation of mechanical bioero-

sion and thus the cumulative stimulation of total bioerosion

rates by our treatments remain to be determined.

Natural role of glycerol and oxygen in bioerosion

Little is known about the cellular physiology of the sponge-

dinoflagellate symbiosis and the decalcification mechanism

in sponges, particularly in comparison with the coral

symbiosis and calcification literature (Schönberg 2008;

Allemand et al. 2011; Davy et al. 2012). In the final

paragraphs, we integrate our findings with those of recent

sponge bioerosion studies, and with testable hypotheses,

synthesizing an updated model of sponge bioerosion

(Fig. 4) and highlighting current knowledge gaps. While

enhanced in photosymbiotic species, the physiological

mechanisms that we propose can advance understanding of

bioerosion in non-photosymbiotic sponges as well (where

high-caloric and oxygen-rich microenvironments are sup-

plied by enhanced filter and suspension feeding), or in

other bioeroding invertebrates.

Our glycerol addition simulates the natural production

of photosynthates by symbiotic dinoflagellates inside

sponges. These dinoflagellates are found inside specialized

sponge cells that resemble archaeocytes (Zea and Weil

2003) (Fig. 4a, b). Dinoflagellate photosynthesis generates,

amongst others, triose dihydroxyacetone phosphate, which

is converted to glycerol via the glycerol-phosphate dehy-

drogenase enzyme (Ben-Amotz et al. 1982; Suescún-

Bolı́var et al. 2012). We suggest that glycerol is then either

consumed by the dinoflagellates, or translocated to sponge
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cells possibly through a transmembrane channel that per-

mits osmolyte passage (Fig. 4b, c), similar to the aqua-

porins found in a dinoflagellate-hosting freshwater sponge

(Mueller and Grachev 2009) or in scleractinian corals

(Leggat et al. 2007).

Under natural conditions, once glycerol is translocated

from the dinoflagellates to the sponge cells, it can be stored

or metabolized together with other photosynthates in the

upper sponge body, or transported closer to the excavating

cells (Fig. 4b). As our results suggest, the transported

glycerol stimulates the metabolism of these cells and, in

turn, the bioerosion rates. We hypothesize that such pho-

tosynthate transportation towards the excavating cells

might be facilitated at night, given that the archaeocyte-like

cells that host dinoflagellates are known to migrate deeper

into the sponge body in the absence of light (Schönberg

and Suwa 2007; Webb 2019). Oxidation of photosynthates

is expected to be enhanced by photosynthesis during the

day, since O2 (being non-ionic) diffuses across lipid

membranes out of the dinoflagellate cells and dissolves in

the seawater that is transported via the canals of the sponge

throughout the body (Fig. 4a, b). Photosynthate oxidation

further generates a mitochondrial proton gradient and ATP

(Fig. 4c). Both protons and ATP are necessary to maintain

the proton-calcium pathway that has been proposed to

supply the pseudopodia of excavating cells with proton-

filled vesicles used to dissolve CaCO3 (Fig. 4c), and to

enable removal of the generated Ca2? from the sponge

body (Webb et al. 2019). Secondary metabolites that che-

late (i.e., bind) Ca2? in exchange for H? have been sug-

gested to contribute to this process (Sullivan and Faulkner

1990). We propose that Ca2?-ATPases on the excavating

cell membrane can further accelerate the release of protons

used for dissolution into the etching front (Fig. 4c), as seen

in excavating cyanobacteria, but this remains to be tested

(Garcia-Pichel et al. 2010; Guida and Garcia-Pichel 2016).

Fig. 4 Conceptual schematic of a photosymbiotic bioeroding sponge

during active photosynthesis. a Symbiotic dinoflagellates (brown

circles, approx. 10 lm in diameter) are hosted intracellularly in

archaeocyte-like cells of the upper, sunlit mesohyl of the sponge. (At

night, these cells move deeper, away from the outer pinacocyte cell

layer). Feeding chambers consist predominantly of flagellated

choanocytes that pump water and retain resources (e.g., oxygen,

nutrients), which are then transferred to other cells in the mesohyl of

the holobiont. The sponge has an endoskeleton made of siliceous

spicules (elongated tylostyles and spiny spirasters), but it remains

intertwined in the eroded CaCO3 which offers additional support.

Excavating cells are mostly concentrated at the etching front at the

interface with CaCO3 that has not been eroded yet (distance to sponge

surface not to scale with cell sizes). Extensions of their cell

membranes named pseudopodia actively participate in chemical and

mechanical erosion. b Part of the oxygen produced in dinoflagellate

chloroplasts (khaki organelles) and the photosynthates (such as

glycerol) are transferred to the hosting sponge cell, where they are

either used in mitochondrial oxidation (red organelles), stored, or

further transferred to other sponge cells. c Excavating cells consume

ATP and use the H? gradients generated by mitochondrial respiration

to release protons to the underlying CaCO3, either through Ca2?-

ATPases or H?-rich vesicles (green dots) that accumulate in their

pseudopodia. The enzyme carbonic anhydrase accelerates the con-

version of released bicarbonate to CO2, which may then, alongside

released Ca2?, be partly absorbed by dinoflagellate photobiology
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Our study allows us to infer that dinoflagellate photo-

synthesis enhances sponge bioerosion due to provision of a

high-caloric and, most importantly, a richly oxygenated

microenvironment that secures the energetic potential

needed to dissolve calcium carbonate in saturated seawater.

As such, we highlight an often-neglected paradigm of

ecosystem nestedness on coral reefs, where photosynthesis

of endosymbiotic dinoflagellates promotes erosion of coral

frameworks. More elaborate studies that synthesize physi-

ological, biochemical, and mineralogical principles in the

holobiont—including the physiological functions of the

wide variety of other microbial symbionts of these spon-

ges—are needed to better understand current and predict

future biological erosion of already impacted coral reefs.
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