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A B S T R A C T

Photosynthesis is an important driver of calcium carbonate deposition on tropical coral reefs largely due to the
symbiosis of numerous invertebrates with photosynthetic dinoflagellates in the family Symbiodiniaceae. In
bioeroding sponges, however, similar symbioses appear to support the decalcification of carbonate substrates.
Compared to its role in calcification, the relative importance of photosynthesis to decalcification processes is less
known. Here, the daytime and night-time chemical bioerosion rates of the common Indo-Pacific sponge Cliona
orientalis were examined under varying levels of photosynthetic activity and/or varying abundances of in-
tracellular dinoflagellates. Photosynthesis was manipulated either by preconditioning the sponges with the
photosynthetic inhibitor diuron (DCMU), or by exposing them to short-term heat stress to achieve bleaching (loss
of symbionts). DCMU reduced symbiont numbers and diminished their ability to evolve oxygen. Thermal stress
caused a significantly greater loss of symbionts, but photosynthesis was less inhibited. In both cases, decreases in
photosynthetic activity and symbiont densities led to proportionately lowered daytime chemical bioerosion
rates. Moreover, increased rates of night-time bioerosion were linked to greater daytime rates of photosynthesis,
rather than to the night-time respiration of the sponge holobiont. Our findings support the conclusion that
photosynthetic products (photosynthates) and/or by-products (oxygen) stimulate sponge bioerosion. This work
further reveals the importance of symbionts in the ecology of such sponges and in their ability to sustain high
bioerosion activity in otherwise nutrient-poor ecosystems.

1. Introduction

Tropical coral reefs thrive in shallow clear waters where sunlight
powers productive and diverse food chains. Symbioses between in-
vertebrates and a variety of photosynthetic microorganisms enable high
rates of productivity on reefs despite low environmental concentrations
of inorganic nutrients (Muscatine and Porter, 1977; Seckbach, 2004;
Yellowlees et al., 2008). The evolutionary success that results from
hosting phototrophic microbes such as dinoflagellates, diatoms, chlor-
ophytes, rhodophytes, or cyanobacteria is seen in a wide range of di-
verse invertebrates belonging to taxa such as Cnidaria, Mollusca, For-
aminifera, Platyhelminthes, and Porifera (Trench, 1993; Stat et al.,
2006; Lipps and Stanley, 2016).

Presently almost 200 sponge species (Porifera) are known to host
microbial photosynthetic symbionts (“photosymbiotic” sponges), which
may contribute to the nutrition and health of the sponge (e.g.
Wilkinson, 1987; Hill et al., 2011; Thacker and Freeman, 2012). Sponge
species that receive substantial contributions in this way are often
named “phototrophic” after the nutritional mode of their symbionts, or
“mixotrophic” given that they also depend on filter-feeding by specia-
lized food-trapping sponge cells. The nutrition of sponges is often fur-
ther supplemented by inputs from intimate associations formed with
heterotrophic bacterial populations of varying density and diversity
(e.g. Hentschel et al., 2003; Taylor et al., 2007).

Most sponge-inhabiting photosymbionts are cyanobacteria (Erwin
and Thacker, 2007; Diaz et al., 2007; Simister et al., 2012) although
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many bioeroding sponges in the family Clionaidae are unique due to
their association with photosynthetic dinoflagellates (family Symbio-
diniaceae). Invertebrates that host these dinoflagellates generally con-
tribute to the deposition of calcium carbonate (CaCO3) and reef growth,
as exemplified by reef-building corals (e.g. Trench et al., 1981;
Allemand et al., 2011; Al-Horani, 2016). In contrast, bioeroding
sponges penetrate CaCO3 substrates by manipulating acidity to che-
mically dissolve calcareous frameworks by excavating small CaCO3
chips that are then expelled mechanically (Pomponi, 1980; Zundelevich
et al., 2007; Webb et al., 2019). Not all bioeroding sponges host dino-
flagellates, yet the Symbiodiniaceae-hosting “Cliona viridis species
complex” is one of the groups accounting for substantial erosion of
coral reef frameworks globally, often eroding> 10 kg per metre sponge
area and year (Schönberg et al., 2017). This remarkable excavating
capacity is commonly attributed to energetic inputs provided by a dense
intracellular dinoflagellate population (Vacelet, 1981; Rützler, 1990;
Weisz et al., 2010; Fang et al., 2014; Achlatis et al., 2018). Under-
standing this complex symbiosis is crucial at the ecosystem level given
the role of bioeroding sponges in shaping the structural complexity and
carbonate budgets of reef systems, tipping the balance towards carbo-
nate dissolution in certain localities (e.g. Nava and Carballo, 2008;
Schönberg et al., 2017).

Theoretically, photosynthesis by dinoflagellate symbionts could in-
crease the local pH inside the sponge due to CO2 uptake, making CaCO3
dissolution less favourable (Garcia-Pichel, 2006). In contrast to this
possibility, photosynthesis and enhanced dissolution by excavating
sponges take place simultaneously (Fang et al., 2016). This suggests
that the coexistence of the two processes is made possible, to a certain
extent, by the spatial rather than temporal separation of the two pro-
cesses: potentially the tight insertion of the thin cellular extensions of
the eroding cells into the etching fissures creates a chemically con-
trollable microenvironment which is void of dinoflagellates (Rützler
and Rieger, 1973; Pomponi, 1980; Schönberg et al., 2017). Besides,
most of the dinoflagellate cells migrate to the surface layer of the
sponge by day, while very few of them remain deeper and nearer to the
endolithic cell front where bioerosion takes place (Schönberg and
Suwa, 2007; M. Achlatis, pers. obs.). Not only do photosynthesis and
dissolution co-occur in photosymbiotic sponges, but in fact light en-
hances bioerosion rates (Rosell and Uriz, 1992; Hill, 1996; Schönberg,
2006), and the symbiosis is crucial to the overall health and excavation
capacity of the host (Fang et al., 2014; Achlatis et al., 2017; Ramsby
et al., 2018a). However, studies disentangling the direct effect of pho-
tosynthesis from other diurnal effects and establishing the relation be-
tween photosynthesis and erosion on a diurnal basis that respects en-
dogenous circadian rhythms are lacking. It remains unclear which exact
process enhances chemical bioerosion: (a) photosynthesis of the sym-
biont, supplying carbon-rich photosynthetic compounds and/or a
highly oxygenated environment to drive sponge mitochondria, and/or
(b) respiration of the symbiont, providing a more acidified environment
through net CO2 production alongside host respiration.

The present study explores bioerosion by Cliona orientalis Thiele,
1900 in response to manipulating the population density of its resident
symbionts and their photosynthetic activity. C. orientalis belongs to the
“Cliona viridis species complex”, it is especially abundant on the Great
Barrier Reef (Schönberg, 2001; Schönberg and Ortiz, 2008; Ramsby
et al., 2017a), and it forms a specific and co-evolved relationship with
dinoflagellates in the genus Gerakladium LaJeunesse (formerly the
metazoan lineage of Symbiodinium Clade G) (Schönberg and Loh, 2005;
Schönberg et al., 2005; Hill et al., 2011; Pochon et al., 2014; Ramsby
et al., 2017b; LaJeunesse et al., 2018). The rate of chemical bioerosion
by individual sponges with different photosynthetic activities and/or
densities of Gerakladium were compared in the light (by day) and in the
dark (by night). To achieve photosynthetic inhibition and/or reduction
of symbiont populations, the sponges were preconditioned in two ways:
a) exposure to the herbicide/algaecide DCMU [N′-(3,4-dichlorophenyl)-
N,N-dimethylurea or diuron, the use of which has not been previously

reported in the study of sponge-dinoflagellate associations] that re-
versibly binds to the D1 protein of photosystem II and blocks the
electron transport across the chloroplast thylakoid membrane (Krause
and Weis, 1991), without negatively affecting the host (e.g. Negri et al.,
2005; Watanabe et al., 2006; Cantin et al., 2007), and b) exposure to
elevated seawater temperature that triggered symbiont loss related to
heat stress (Achlatis et al., 2017).

We hypothesized that if the symbiont invests photosynthetic (by)
products into bioerosion, then bioerosion rates should be boosted
during the day in control sponges. Alternatively, there might be a time
lag if the sponges store the translocated (by)products and utilize them
to erode at night. Generally, pH conditions are more favourable for
CaCO3 dissolution at night due to CO2 accumulated by host respiration
and by respiration of the symbionts that now reside slightly deeper in
the tissue, coinciding with naturally lower water flow rates through the
aquiferous system (Strehlow et al., 2016). We also hypothesized that
the reduction in O2 evolved by the symbionts in the preconditioned
sponges would translate to a loss of bioerosion potential. In particular,
we expected that the DCMU exposure would have a relatively greater
negative impact on bioerosion by day than by night (relative to con-
trol). On the other hand, we expected that the loss of symbionts due to
elevated temperature would drive a reduction in the rate of erosion via
reduced photosynthetic contributions by day, and potentially via re-
duced respiratory CO2 contributions by night.

2. Materials and methods

2.1. Sponge collection

In January 2015, encrusting “beta” morphology Cliona orientalis
sponges (Schönberg et al., 2017) inhabiting dead massive corals were
obtained by SCUBA (5–8m depth) at “Harry's Bommie” (151.9357°E,
23.4675°S; Heron Island, southern Great Barrier Reef). A set of eight
cylinders 35mm in diameter was cored out of three different sponges
using a pneumatic drill and hole-saw down to a depth of 15mm. Each
core contained sponge-penetrated substrate plus an underlying ca.
3mm thin disc of non-infested CaCO3 with a bulk density and porosity
of 1.52 ± 0.05 g cm−3 and 30.85 ± 2.08% respectively (mean ±
SEM of 4 substrate cores per sampled sponge). To heal and acclimate
before the preconditioning phase, the experimental cores were kept in
outdoor aquaria (40 L) receiving flow-through seawater for 2 weeks.
The aquaria were initially shaded with neutral density shade cloths
(~70% light reduction), followed by Marine Blue 131 light filters that
mimic the typical light quality and quantity of the collection depth
(~40% light reduction, Lee Filters, Andover, UK; Sampayo et al., 2016).

2.2. Preconditioning phase

In the preconditioning phase, 24 sponge cores (8 from each sponge
genotype) were randomly assigned to one of three conditions (per
condition n=2 aquaria× 4 cores, Fig. 1A, Section 2.5):

(a) Exposure to DCMU in a closed water system at ambient temperature
(100 μg/L; Falkowski and Raven, 2007; Parrin et al., 2017), here-
after collectively termed “DCMU exposure”.

(b) Exposure to elevated temperature in a flow-through regime [peak of
+3.1 °C above the local maximum monthly mean (MMM; 50-km
pixel satellite data, http://coralreefwatch.noaa.gov)].

(c) Control conditions in an ambient temperature flow-through regime
without DCMU.

The sponge cores were maintained under their respective conditions
for 9 days from the 12th to 21st of February 2015 (Fig. 1B, see Table
S1A for a summary of seawater conditions). All seawater used was fil-
tered through a 10 μm sand filter, thus still containing the main fraction
of common diets in the Clionaidae (Lynch and Phlips, 2000; Maldonado
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et al., 2012; Mueller et al., 2014). Duplicate chambers/aquaria were
used for every condition to lessen the amount of DCMU contamination
managed at the offshore site (Tolosa et al., 2011; Tremblay et al.,
2016).

DCMU-exposed sponges were kept in independent 3L chambers
equipped with a small wave maker (Hydor, Sacramento, USA) and
partially submerged in 40L aquaria for ambient temperature regulation.
To ensure nutrient replenishment, chamber water was changed every
morning without exposing the sponges to air, and DCMU dissolved in
ethanol was added daily (final DCMU concentration 100 μg/L as es-
tablished in the pilot study described in the Supplementary Material)
(Negri et al., 2005; Underwood et al., 2006; Suggett et al., 2011). The
small quantity of ethanol added did not influence the sponges (Sup-
plementary Material). Despite water replenishment, the pH in the
DCMU chambers was lower than in the two flow-through conditions
due to build-up of respiratory CO2 (Table S1A). Although necessary to
avoid DCMU contamination at the offshore site, seawater confinement
could theoretically act as a confounding factor in the preconditioning
phase of our experiment. However, carry-over effects of the seawater
confinement during the preconditioning phase to the measurement
phase were expected to be negligible given the duration of the ex-
posures, the volume and replenishment rate of the water, naturally
occurring pH variations, and the tolerance of C. orientalis to larger pH
decreases than the one observed here (Fang et al., 2013a; Wisshak et al.,
2012).

Control sponges and sponges exposed to elevated temperature were
kept in 40 L aquaria that received seawater via the ocean warming and
acidification simulation system (Dove et al., 2013; Achlatis et al.,
2017). For the control simulation, this system reproduced diurnally-
variable seawater temperature based on in situ measurements on the
reef. For the heated sponges, the system was set to warm the flow-
through water by 3.5 °C above the control simulation.

During the preconditioning phase, daily observations of the tissue
colour of the sponges were made in combination with daily assessment
of chlorophyll fluorescence by pulse-amplitude modulated (PAM)
fluorometry (Genty et al., 1989). These measurements indicated that
after 9 days the photosynthetic capacity was impaired in the DCMU-
and heat-exposed sponges, determining the onset of the measurement
phase (Supplementary Material).

2.3. Measurement phase

After the preconditioning phase, we measured daytime and night-

time chemical bioerosion rates and other physiological parameters of
the sponges that had been subjected to the DCMU exposure, elevated
temperature or control conditions (see below). Measurements were
made in incubation chambers that received the same DCMU-free am-
bient seawater (Fig. 1A, Table S1B). In this way, physiological effects of
the preconditioning could be isolated without the need for a negative
control for the direct effects of DCMU or temperature elevation on
seawater chemistry during the incubations of the measurement phase.
One hour prior to daytime measurements, DCMU-conditioned sponges
were moved from DCMU exposure to ambient running seawater. Since
the effects of DCMU on symbiont photosystems are at least partially
reversible (Jones et al., 2003), sponges were re-exposed to DCMU after
completion of the first round of incubations in preparation for the final
incubations of the next day. Heated sponges were moved to ambient
running seawater on the evening prior to the first day of incubations to
allow them to adjust to the lower temperature.

2.3.1. Oxygen flux
Actual photosynthetic CO2 fixation was estimated through photo-

synthetic/respiratory oxygen flux measurements made during the
measurement phase in the day (14:00, realized CO2 fixation) and at
night (21:00 h) as described previously (Fang et al., 2014; Achlatis
et al., 2017). Incubations were conducted on seven randomly chosen
sponge cores per condition to match the maximum capacity of the re-
spirometry setup (the eighth core of each condition was preserved for
other purposes). To measure maximum net photosynthesis (Pnet in μmol
O2 cm−2 h−1) of the photosymbionts during the day, and starting at an
oxygen saturation of 60%, the sponges were subjected to 30min of light
with an intensity of 450 μmol quanta m−2 s−1 at 25 °C, with oxygen
levels logged every 15 s. Consecutively, the light was turned off and
oxygen levels were logged for an additional 15min to measure light-
enhanced dark respiration (LEDR). At night, incubations started at an
oxygen saturation of 80% (an average value for forereefs at night; Adey
and Steneck, 1985), and oxygen depletion due to dark respiration (DR)
was logged every 15 s over 20min.

2.3.2. Chemical bioerosion, heterotrophy and ammonium flux
Chemical bioerosion rates, as well as the use of total organic carbon

and ammonium by the sponges, were determined at the end of the
entire study by conducting 4 h incubations by day and by night (11:00 h
to 15:00 h and 20:00 h to 24:00 h respectively, using the same seven
sponge replicates per condition). Total organic carbon served as a
measure of heterotrophic feeding rates in relation to bioerosion rates.

Fig. 1. Schematic illustration of (A) experimental
design and (B) timeline. Three different sponges in-
habiting dead massive corals were sampled, and
cores were randomly distributed over three experi-
mental conditions: addition of the herbicide DCMU
in a closed water system, elevated temperature in a
flow-through regime, and control conditions. During
the preconditioning phase, the photosynthetic effi-
ciency of the symbiotic community of the sponge
was monitored daily (day and night-time PAM
measurements, see Supplementary material). In the
measurement phase, seven out of eight sponges were
returned to ambient conditions and individual in-
cubations were performed to measure bioerosion
rates as well as oxygen, total organic carbon (TOC)
and total ammonia nitrogen (TAN) fluxes. One core
per condition was preserved for other purposes.
Schematics are not to scale.
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Incubation chambers were temperature-regulated and contained one
sponge replicate each, 3 L of seawater, and a small wave maker (Hydor,
Bassano del Grappa, Italy). Water chemistry was monitored over the 4 h
to control appropriate oxygen saturation, temperature and pH.
Chemical sponge bioerosion was quantified by measuring changes in
total alkalinity (AT) of the incubation seawater from t=0h to t=4h
(Zundelevich et al., 2007). AT was measured with a minimum precision
of± 3 μmol kg−1 with Gran titration after Kline et al. (2012) using an
automated titrator (T50, Mettler Toledo, Langacher, Switzerland) cali-
brated daily with pH NBS scale buffers (Radiometer Analytical, Lyon,
France) and Dickson's Standards (University of California, San Diego,
USA). Total ammonia nitrogen values (TAN=NH3+NH4+) served to
correct the alkalinity signal for potential ammonia protonation (see
below). Quantification of nitrogen oxides and phosphate fluctuations
can further improve the alkalinity precision (De Bakker et al., 2018),
but these were not considered here. The change in alkalinity due to
CaCO3 precipitation or dissolution (∆AT(CaCO3)) and the associated
chemical sponge bioerosion were calculated based on Eqs. (1) and (2):

A A AT(CaCO3) T(inc) T(TAN)= (1)

W ( A /2) MW V dCaCO3 T(CaCO3) CaCO3 sw sw= × × × (2)

where ∆AT(inc) is the total alkalinity change of the incubation, ∆AT(TAN)
is the contribution to alkalinity by TAN, WCaCO3 is the weight of the
dissolved CaCO3, ∆AT(CaCO3) is divided by 2 to match the molar value of
dissolved CaCO3, MWCaCO3 is the molecular weight of CaCO3
(100 gmol−1), Vsw is the incubation volume, and dsw is the seawater
density (modified from Schneider et al., 2011 and Zundelevich et al.,
2007). Chemical bioerosion was expressed as substrate weight loss per
area of sponge tissue per hour.

Water samples for total organic carbon quantification (dissolved
and particulate organic carbon) were analysed at the Advanced Water
Management Centre at the University of Queensland as detailed by
Achlatis et al. (2017) using a Total Organic Carbon Analyzer (TOC-L
CSH with TNM-L TN unit, Shimadzu). Total ammonia nitrogen was
photometrically quantified from seawater samples of the same in-
cubations (Parsons et al., 1984).

2.4. Density and phylogeny of Gerakladium

Once all incubations were completed, the sponge cores were snap-
frozen in liquid nitrogen and transferred at −80 °C to the St. Lucia
Campus of The University of Queensland. Upper surface areas of the
cores were quantified using a standard aluminium foil technique
(Marsh, 1970), and subsamples for symbiont DNA extraction (from 4
cores per condition) were preserved in high-salt, 20% DMSO, 0.25M
EDTA buffer (Seutin et al., 1991). To isolate the sponge tissue from the
CaCO3 substrate of the remaining core, an acid decalcification method
was used and symbionts cells were extracted and quantified from seven
cores per condition (as described in detail by Fang et al., 2013a,
2013b). The cell concentrations were then normalized to the surface
areas of the sponge cores (cells cm−2, where applicable corrected for
the subsampled area). Apart from Gerakladium, C. orientalis hosts a low
abundance of other microorganisms such as alpha-, delta- and gam-
maproteobacteria and a limited cyanobacterial population (low mi-
crobial abundance sponge; Pineda et al., 2016; Ramsby et al., 2018b).
Although responses were overall addressed at the holobiont level, mi-
crobial analyses focused on Gerakladium since it forms the vastly
dominant symbiotic community in C. orientalis in terms of biomass, and
is the primary uptake site of inorganic carbon and nitrogen in this
holobiont (Achlatis et al., 2018).

To determine the identity and stability of endosymbiont
Gerakladium in control and preconditioned sponges, nucleotide se-
quences of diagnostic genetic markers were obtained. Genomic DNA
was extracted following the methods described by LaJeunesse et al.
(2003). Chloroplast large-subunit rDNA (cp23S, amplified based on

conditions described by Zhang et al., 2000) and the partial coding and
entire noncoding region of the chloroplast psbA (psbAncr, amplified as
described by LaJeunesse and Thornhill, 2011) were sequenced. DNA
amplification and product sequencing were performed as detailed by
Ramsby et al. (2017b) at the Pennsylvania State University Genomics
Core Facility, using an Applied Biosciences sequencer (Applied Bios-
ciences, Foster City, CA, USA). Sequences of these genes obtained from
control and preconditioned samples were deposited at Mendeley Data
(http://dx.doi.org/10.17632/9g8sp5fsvt.1). Aligned sequences were
analysed via maximum parsimony and distance using the software
PAUP* v.4.0d151 (Swofford, 2014). Bootstrap analyses were conducted
based upon 1000 replicates.

2.5. Statistical analysis

Statistical analyses were done after testing the assumptions of nor-
mality with a Shapiro-Wilk test and homogeneity of variances with a
Levene's test. Preliminary analysis showed no significant effect of
genotype or aquaria (nested within the experimental conditions) for
any of the variables, therefore data from duplicate aquaria were pooled
according to standard methods (Tremblay et al., 2016; Underwood,
1997). All oxygen flux datasets and the Gerakladium density dataset
were analysed by means of one-way ANOVAs followed by Tukey's post
hoc tests (Table 1). “Preconditioning” was the between-subjects factor
with 3 levels, namely DCMU exposure, elevated temperature, and
control. Chemical bioerosion rates, ammonium uptake and carbon up-
take were analysed by means of 2-way split-plot ANOVAs followed by
post hoc comparisons (Table 1). “Preconditioning” was the between-
subjects factor of the split-plot ANOVA with levels as above, and “Time”
was the within-subjects or repeated-measures factor (2 levels: day and
night). These three datasets were additionally tested for equality of
covariances using a Box's test. Simple linear regression models were
used between chemical bioerosion and physiological parameters of in-
terest, after assessing normality and homoscedascity of residuals. Sta-
tistical tests were evaluated at a 0.05 level of significance using Sta-
tistica 13 (StatSoft, Tulsa, USA). Means and standard errors of means
are reported throughout the results (mean ± SEM).

3. Results

3.1. Oxygen flux

No areas of mortality were observed in any of the sponges during
the short experimental period, and sponges in all three experimental
conditions displayed open and pumping oscula. By day 10, after 9 days
of preconditioning, autotrophic feeding rates differed between the
groups. Control sponges were daytime net producers of photo-
synthetically-derived oxygen, whereas heat-preconditioned sponges
respired as much as they produced, and DCMU-preconditioned sponges
were net consumers of oxygen (4.06 ± 0.13, 0.01 ± 0.20
and− 1.02 ± 0.05 μmol O2 cm−2 h−1 respectively, ANOVA,
F(2,18)= 355.08, p < .0001 and Tukey's post hoc, p < .001 for both
comparisons, Fig. 2A, Table 1). Accordingly, light-enhanced dark re-
spiration measured in the day was strongest in the control sponges
(LEDR, ANOVA, F(2,18)= 9.66, p= .001 and Tukey's post hoc, p < .02
for both comparisons). Although overall weaker than LEDR, night-time
consumption of oxygen by the holobiont was also strongest in the
control sponges (−2.19 ± 0.14 in controls as opposed to
−1.54 ± 012 and−1.20 ± 0.04 μmol O2 cm−2 h−1 in the DCMU-
and heat-preconditioned sponges respectively; ANOVA, F(2,18)= 20.09,
p < .0001 and Tukey's post hoc, both p < .002, Fig. 2A, Table 1).
Dark respiration did not differ between the other two groups
(p= .112).
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3.2. Heterotrophy

Regarding heterotrophic feeding, the total organic carbon used by
the sponges was highly variable and did not differ between the three
experimental conditions. Total organic carbon uptake was greater by
day than by night, with sponges tending to acquire organic carbon by
day, but to reduce that uptake or to release carbon into the environment
by night (uptake of on average 4.8 ± 0.7 μg C cm−2 h−1 by day and
release of 1.4 ± 1.7 μg C cm−2 h−1 by night, split-plot ANOVA,
diurnal effect, F(1,18)= 9.59, p= .006, Table 1).

3.3. Chemical bioerosion

Sponge-generated chemical bioerosion was driven by independent
diurnal and preconditioning effects (split-plot ANOVA, F(1,18)= 12.16,
p= .003 and F(2,18)= 22.52, p < .0001 respectively, Fig. 2B, Table 1).
Chemical erosion rates were overall higher by night than by day (Tu-
key's post hoc, p= .003), although this diurnal effect tended to be
minimal in the control condition where the variation between the
night-time measurements was notably high (Fig. 2B). Net erosion rates
gradually decreased from control to heat-preconditioned to DCMU-
preconditioned sponges (Tukey's post hoc, all three comparisons
p < .022).

Table 1
Results of analysis of variance and follow-up tests where applicable for the key parameters of the experiment. The between-subjects factor for all one-way analyses
was “Preconditioning”, with 3 levels: DCMU exposure, elevated temperature (abbreviated as “T”), and control (“Ctrl”). In the two-way split-plot analyses the within-
subjects factor “Time” was added, with levels “Day” and “Night”. Note that post hoc comparisons may refer to negative values (i.e. not absolute values). Significant
results (evaluated at a 0.05 level) are highlighted in boldface. * Dataset transformed based on log(x+ 1).

Analysis of variance Post hoc comparisons

ANOVA Source of variation DF SS MS F P Conclusions P

Oxygen flux (μmol O2 cm−2 h−1)
Net Photosynthesis 1-way Preconditioning 2 101.13 50.567 355.08 <0.0001 DCMU < T <0.001

Error 18 2.563 0.142 DCMU < Ctrl <0.001
T < Ctrl <0.001

Dark respiration (DR) 1-way Preconditioning 2 3.545 1.772 20.09 <0.0001 DCMU – T 0.112
Error 18 1.588 0.088 DCMU > Ctrl <0.002

T > Ctrl <0.001
Light-enhanced DR 1-way Preconditioning 2 2.594 1.296 9.66 0.001 DCMU – T 0.495

Error 18 2.416 0.134 DCMU > Ctrl 0.016
T > Ctrl 0.001

Organic carbon uptake (mg C cm−2 h−1)
Split-plot Preconditioning 2 0.0001 0.00006 1.51 0.247

Error 18 0.0007 0.00004
Time 1 0.0004 0.0004 9.59 0.006 Day > Night
Preconditioning×Time 2 <0.0001 0.00001 0.356 0.705
Error 18 0.0008 0.00004

Bioerosion rates (mg CaCO3 cm−2 h−1)
Chemical* Split-plot Preconditioning 2 0.005 0.003 22.52 <0.0001 DCMU < T 0.021

Error 18 0.002 0.0001 DCMU < Ctrl <0.001
Time 1 0.001 0.001 12.16 0.003 T < Ctrl 0.004
Preconditioning×Time 2 0.0001 0.0002 2.46 0.114 Day < Night
Error 18

Ammonium uptake (μmol cm−2 h−1)
split-plot Preconditioning 2 0.026 0.013 7.25 0.005 DCMU – T 0.227

Error 18 0.033 0.002 DCMU < Ctrl 0.004
Time 1 0.002 0.002 0.77 0.390 T – Ctrl 0.120
Preconditioning×Time 2 0.003 0.001 0.45 0.639
Error 18 0.053 0.003

Gerakladium density (106 cells cm−2)
1-way Preconditioning 2 1.477 0.738 49.92 <0.0001 DCMU > T 0.002

Error 15 0.222 0.015 DCMU < Ctrl <0.001
T < Ctrl <0.001

Fig. 2. (A) Oxygen flux of the bioeroding sponge
holobiont Cliona orientalis in the day (net photo-
synthesis, Pnet and light-enhanced dark respiration,
LEDR) and in the night (dark respiration, DR) under
three different conditions: (1) exposure to the her-
bicide DCMU, (2) symbiont loss due to elevated
temperature (T), and (3) control condition (Ctrl).
Significant differences between Pnet (P) across the
three conditions are indicated by the different
number subscripts (e.g. P1≠P2≠P3). Likewise for
LEDR (L) and DR (D). (B) Chemical bioerosion rates
of the sponge in the day and in the night under the
three conditions. Asterisks (*) indicate significant
main effects. Bars display means ± SEM.
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3.4. Ammonium flux

Ammonium use by the sponges did not follow a diel pattern, but a
preconditioning effect was detected (split-plot ANOVA, F(2,18)=7.25,
p=.005, Table 1). Ammonium was absorbed by the sponge holobionts in
the control condition (0.024 ± 0.015 μmol NH4+ cm−2 h−1) in contrast
to the DCMU-preconditioned sponges, which released ammonium
(−0.037 ± 0.014 μmol NH4+ cm−2 h−1, Tukey's post hoc, p=.004).
Use of ammonium in heat-preconditioned sponges did not differ from the
other two groups (−0.009 ± 0.007 μmol NH4+ cm−2 h−1).

3.5. Density and phylogeny of Gerakladium

Overall, exposure of the sponge cores to the chemical and thermal
preconditioning led to visible and statistically significant changes in the
symbiotic community of the sponges (ANOVA, F(2,15)= 49.91,
p < .0001, Fig. 3A–D, Table 1). DCMU exposure over 9 days resulted
in moderate paling of the surface tissue of the sponges (viewed by day),
and the Gerakladium population decreased by approximately 50%
compared to control sponges (Tukey's post hoc, p < .001). Exposure to
elevated temperature caused a stronger yet still incomplete loss of
symbionts (85% loss, Tukey's post hoc, p < .001). Sequencing of cp23S
and psbAncr indicated that the resident Gerakladium was identical
among control samples and remaining populations in DCMU and heat-
preconditioned specimens (Fig. 3E and F). Moreover, phylogenetic
analyses indicated that the sponges contained a new species of Ger-
akladium sp. different from G. endoclionum, which was recently de-
scribed as the symbiont common to C. orientalis from Okinawa, Japan,
and the central Great Barrier Reef (Ramsby et al., 2017b). The psbAncr

further indicated that each of the three sponge genotypes (Fig. 1A)
contained a distinct genotype, or strain, of this new species of en-
dosymbiont (Fig. 3F). Per symbiont cell, the net photosynthetic oxygen
flux amounted to −2.5 ± 0.2 pmol O2 h−1 in the sponges pre-exposed
to DCMU, and− 0.5 ± 2.1 pmol O2 h−1 in those exposed to elevated
temperature, as opposed to 5.1 ± 0.3 pmol O2 h−1 in the control cells
(ANOVA, F(2,15)= 9.956, p= .002 and Tukey's post hoc, p < .05 for
control versus remaining conditions).

3.6. Chemical bioerosion in relation to oxygen flux

Simple regression analysis showed a significant (positive) correla-
tion between net daytime photosynthesis and daytime as well as night-
time chemical bioerosion activity in C. orientalis (F(1,19)= 80.21,
p < .001, Fig. 4A, and F(1,19)= 9.28, p= .007, Fig. 4B, respectively).
The proportion of variance of daytime chemical bioerosion rates that
could be accounted for by net photosynthesis equalled 81%. The
equivalent proportion for night-time bioerosion rates was 33% (Fig. 4).
Night-time respiration explained an additional 8% of the variance in
night-time bioerosion rates, but by itself, this correlation was not sig-
nificant (not shown in Fig. 4).

Fig. 3. Density of Gerakladium cells (A, mean ± SEM) and tissue colour (B–D)
of the Cliona orientalis sponge holobiont under the three experimental condi-
tions with photographs taken by day: (B) 9-day exposure to the herbicide
DCMU, (C) symbiont loss due to elevated temperature, and (D) control condi-
tion. Asterisks indicate significant differences between groups. The scale bar in
(D) equals 0.5 cm. (E) cp23S and (F) psbAncr phylogenies identified a single
species of Gerakladium sp. (formerly the metazoan lineage of Symbiodinium
Clade G) in the control samples and comprising the remnant populations from
DCMU- and heat-preconditioned sponges. Font colours correspond to the
sponge genotypes in Fig. 1A. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 4. Regression analysis between net daytime
photosynthesis and chemical bioerosion rates of the
bioeroding sponge holobiont Cliona orientalis by day
(A) and by night (B). Net daytime photosynthesis is
strongly related to daytime chemical bioerosion
rates, but also to night-time chemical bioerosion
rates. For each group, the mean and standard de-
viations for each axis are shown in red. Note the
relatively high standard deviation in the night-time
erosion rates of the control group. (For interpreta-
tion of the references to colour in this figure legend,
the reader is referred to the web version of this ar-
ticle.)
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4. Discussion

Exposure of the photosymbiotic bioeroding sponge Cliona orientalis
to the herbicide DCMU or to elevated temperatures resulted in a de-
crease in the photosynthetic activity and density of Gerakladium sp.
(Symbiodiniaceae) hosted by the sponge. Chemical bioerosion by the
sponge decreased steeply as photosynthetic activity declined, demon-
strating the presence of a strong and direct link between photosynthetic
(by)products and bioerosion. Surprisingly, night-time respiration of the
host alone proved insufficient to support high levels of bioerosion de-
spite the favourable water chemistry, revealing that day-time photo-
synthesis also supports night-time erosion activity. These findings
confirm that photosymbioses on coral reefs is not only the energetic
basis for how some organisms build reef frameworks (Muscatine, 1990;
Gattuso et al., 1999), but also how bioeroding organisms such as C.
orientalis can erode them.

4.1. Photosynthesis and bioerosion rates

The absolute bioerosion rates we report approximate the upper range
of earlier rates for the same species, although variable substrate density
and other methodological issues introduce data variability (Achlatis et al.,
2017; De Bakker et al., 2018a). Exposure-driven decreases in photo-
synthetic rates coincided with decreases in bioerosion rates, with DCMU-
preconditioned sponges eroding the least. In other words, photosynthetic
rates explained 81% of the variability found in chemical bioerosion during
the day, and 33% by night. While correlations do not imply causation
necessarily, and the existence of other non-photosynthetic preconditioning
effects on bioerosion were not observed but cannot be excluded, this link
between photosynthesis and bioerosion is consistent with previous studies,
and may result from photosynthate transfer to and/or boosted oxygen
supply to the mitochondria of cells undertaking the etching process. De-
pressed bioerosion rates in C. orientalis were previously found in shaded
specimens (Rosell and Uriz, 1992; Hill, 1996; Schönberg, 2006) and after
short- and long-term bleaching, when the sponges eventually suffered
from an unsustainable carbon budget that resulted in starvation (Fang
et al., 2014, 2018a; Achlatis et al., 2017). Furthermore, photosynthetic
compounds fixed by dinoflagellates are shared with hosting sponge cells in
the outer symbiont-rich and light-exposed layer of C. orientalis and other
photosymbiotic sponges (Weisz et al., 2010; Achlatis et al., 2018), and
translocation of these photoassimilates to deeper etching cells requires
further study.

Assuming that photosynthetic products would directly boost sponge
bioerosion, we would have expected more intense bioerosion during the
day compared to during the night under ambient conditions. However,
day and night rates appeared to be similar. We found no significant
interaction between preconditioning and sampling time, and therefore
we could not statistically compare day and night rates within each
condition. A previous study suggested that diurnal changes in ambient
seawater acidity are of less importance in regulating the bioerosion of
healthy C. orientalis than the input of photosynthetic energy during the
day, leading to higher chemical erosion rates by day than by night (8 h
autumn incubations; Fang et al., 2016). This has been observed in other
photosymbiotic Cliona species (Webb et al., 2017; De Bakker et al.,
2018), but no diurnal variability was found in a dinoflagellate-hosting
Pione species (possibly Pione mussae; Zundelevich et al., 2007). Ac-
cording to our observations both seawater chemistry and photosynth-
esis play a role, but their proportional contributions can shift with the
condition of the photosymbionts. In our experiment (4 h post-exposure
incubations under summer conditions), daytime bioerosion rates of the
control sponges did not surpass the highly-variable night-time rates, but
photosynthetic products appeared to enable daytime bioerosion to
nearly meet night-time levels when water chemistry is generally more
favourable for dissolution. Photosynthetic loss under DCMU exposure
or heating removed this effect and coincided with a trend of higher
bioerosion by night.

When the dinoflagellate population was diminished, or when net
daytime O2 production was significantly impeded by preconditioning
effects, bioerosion rates decreased as compared to those of control
sponges by day as well as by night (schematic summary in Fig. 5). The
decrease by night indicates that, in intact symbioses, photosynthetic
(by)products are potentially stored for night-time use. In favour of the
metabolic or oxygenic spill-over from day to night is the observation
that under long-term darkness, bioerosion rates of C. orientalis decrease
(Pineda et al., 2016; Fang et al., 2017). Reductions in the contribution
and acidifying effect of respired CO2, potentially due to reductions in
symbiont biomass or symbiont derived carbohydrates, may contribute
to the observed reduction in night-time chemical erosion for pre-
conditioned compared to control sponges. In particular, healthy

Fig. 5. Schematic representation summarizing the main physiological responses
monitored in experimental cores of Cliona orientalis by day (left panels, in
white) and by night (right panels, in black) after (A) exposure to the herbicide
DCMU and (B) exposure to elevated temperature (T) over 9 days relative to
control sponges (C). Cross sections of sponge cores display a heterogeneous
distribution of dinoflagellate densities (varying colours representing the cor-
responding Gerakladium sp. abundance; while colouration suggests zones, there
is no clear separation, but one merges into the other). The abundance of
Gerakladium cells (not to scale), the saturating pulse of light and resulting yields
of Photosystem II (incoming and outgoing PAM Photon paths respectively,
pulse- amplitude modulated fluorometry), the net oxygen and ammonium flux,
and the chemical bioerosion rates are schematically represented by day and by
night. The size of the symbols displays the approximate intensity of the corre-
sponding function. For example, in DCMU-preconditioned sponges (A): (i) The
saturating pulse of light during the PAM measurement (incoming Photon path)
results in low chlorophyll fluorescence (outgoing Photon path) indicative of
poor photosynthetic potential. (ii) Since photosynthesis is inhibited, the sponge
holobiont is a net consumer of O2 both by day and by night. (iii) The symbiont
population is halved compared to the control and kept lower in the sponge body
by day for protection from light and herbicide. (iv) Ammonium is released by
the host as a metabolic waste product without consumption by Gerakladium (v)
Bioerosion takes place only by night, and at reduced rates compared to the
control sponges.
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dinoflagellates undergo chlororespiration at night which adds to total
respiration (e.g. Hill and Ralph, 2008), but since DCMU does not allow
the plastoquinone pool to accept electrons, this respiration and any
bioerosion it may have facilitated would likely be diminished.

Interestingly, the alkalinity of the water decreased during the day-
time incubation of the DCMU-preconditioned sponge holobionts. In
combination with the lowering of the chemical bioerosion rate, the
decrease in alkalinity may be explained by the release of protons due to
enhanced microbial calcification or other metabolic processes (e.g.
Riding, 2000; Reyes-Nivia et al., 2013). Similar decreases in alkalinity
may have been masked by the erosion signal in the heated or control
sponges. Alkalinity shifts due to shifts in the composition of the mi-
crobiome of the preconditioned C. orientalis cores are plausible, since
the microbiome community changes in response to different light and
temperature conditions (Pineda et al., 2016; Ramsby et al., 2018b).
Further research is necessary to fully explain this decrease in alkalinity.

4.2. Other holobiont responses

The observed differences in autotrophic activity and hence bioero-
sion between the sponge groups can be explained by photostress that
resulted either in reductions of the photosymbiont density (expulsion,
or even digestion of photosymbionts by the host; Rosell, 1993; Hill and
Hill, 2012), or reductions of their photosynthetic efficiencies, or both
(Fig. 5). The DCMU exposure allowed the persistence of a large yet
photochemically inactive population of resident symbionts. The few
symbionts that persisted under elevated temperature remained photo-
synthetically active (oxygen production per cell almost met respiratory
costs), perhaps taking advantage of the larger availability of light or
nutrients in the bleached tissue (Enríquez et al., 2005; Hoogenboom
et al., 2010).

When applied at high concentrations and over several days, DCMU
causes photochemical changes that lead to the near-complete bleaching
of scleractinian corals (e.g. Jones, 2004; Negri et al., 2005; Underwood
et al., 2006). In the sponges studied here, just over half of the dino-
flagellate population remained in place, despite the saturating DCMU
concentration and despite photosynthetic impairment. In the heat-
stressed sponges (MMM+3.1 °C), there was no gradual decline in
photosynthetic potential of individual symbionts as typically seen at the
onset of coral bleaching (Jones et al., 1998; Jones, 2004). Instead,
symptoms were delayed until a sudden collapse occurred, presumably
when not enough functional symbionts remained (Supplementary Ma-
terial). These observations indicate that partnerships between clionaid
sponges and dinoflagellates respond differently to photosynthetic stress
as compared to the coral- dinoflagellate mutualisms (Hill et al., 2011;
Schönberg et al., 2008; Schönberg and Wisshak, 2012). Host physio-
logical attributes such as symbiont migration, active pumping and
regulation of the lipid bilayer composition of cell membranes may
moderate light and/or heat stress (Schönberg and Suwa, 2007;
Schönberg et al., 2017; Bennett et al., 2018), enabling the sponge to
better cope with certain levels of stress prior to the eventual dis-
association of the symbiosis (see also Achlatis et al., 2017; Fang et al.,
2018a,b; Ramsby et al., 2018a).

The persistence of Symbiodiniaceae cells within stressed corals may
be related to differences in tolerance among different dinoflagellates
(Berkelmans and Van Oppen, 2006; Sampayo et al., 2008; Wang et al.,
2017). In the sponge however, high resolution phylogenetic analysis of
remnant Gerakladium found no differences between the symbionts in
control specimens and those with reduced populations from chemical
and thermal preconditioning (Fig. 3) (see also Ramsby et al., 2018a).
Therefore, variation in the persistence of symbionts under DCMU or
heat most likely reflects physiological heterogeneity of the symbiont
population affected by location in the sponge tissue (Achlatis et al.,
2018). Symbionts in the uppermost, sunlit layer are more readily ex-
posed to herbicide, thermal and light stressors and are likely to be

physiologically compromised and, therefore, are more vulnerable to
expulsion from the host (Jones et al., 2003; Jones, 2004).

Cnidaria that are symbiotic with dinoflagellates may compensate for
the loss of photosynthetically-derived nutrients by depending more on
heterotrophy (Grottoli et al., 2006; Dove et al., 2013), but such mod-
ulation in behaviour is undocumented in sponges (Fang et al., 2014,
2017, 2018a; Achlatis et al., 2017; Pineda et al., 2017). In our experi-
ment, uptake of organic carbon was generally higher by day than by
night regardless of the preconditioning undergone, which is in ac-
cordance with naturally higher pumping rates of C. orientalis by day
(Strehlow et al., 2016). Since heterotrophic rates did not differ between
the preconditioned groups, our experiment was not suitable for testing
the impact of heterotrophic feeding on bioerosion rates, although pre-
vious studies have established a strong link between the two (e.g.
Holmes et al., 2009; Achlatis et al., 2017; Webb et al., 2017).

Ultimately, the reduction of photosynthesis through chemical in-
hibition or symbiont cell loss in C. orientalis allowed examination of
nutrient cycles that are linked to the presence of photosymbionts.
Ammonium is commonly excreted as a metabolic waste product in
sponges that host a low abundance of microbes (Hentschel et al., 2012;
Maldonado et al., 2012), but the Gerakladium community of C. orientalis
rapidly reassimilates ammonium (Achlatis et al., 2018). This can also be
seen in Cliona varians and in various Cnidarian hosts (Corredor et al.,
1988; Wang and Douglas, 1998; Rädecker et al., 2015). Our control
sponges demonstrated net uptake of ammonium, likely through the
costly glutamine synthetase/glutamate synthase (GOGAT) pathway of
dinoflagellates (Muscatine and D'Elia, 1978; Rahav et al., 1989; Foyer
et al., 2003). Accordingly, with the loss of Gerakladium cells and/or
their photosynthetic ability, ammonium was no longer assimilated
during the day or night, and a net excretion was measured. Similar
observations have been made in bleached or DCMU-exposed symbiotic
corals (e.g. Muscatine et al., 1979; Rahav et al., 1989; Falkowski et al.,
1993).

4.3. Conclusions

Photosynthetic activity is a driver of bioerosion rates in photo-
symbiotic clionaid sponges, and symbiont presence is integral to the
functional ecology of these sponges on a diurnal basis. Further in-
vestigations of the photo-bleaching behaviour and thresholds of these
understudied bioeroders can be performed, as demonstrated, with the
aid of the photosystem II herbicide DCMU, and will advance our un-
derstanding of their susceptibility to warming waters. With photo-
synthesis being crucial to the metabolic needs of photosymbiotic clio-
naids, their ecological prevalence may depend on the continued
maintenance of a stable mutualism with co-evolved symbionts (Achlatis
et al., 2017; Fang et al., 2018a; Ramsby et al., 2018a). Animal-photo-
symbiont associations on tropical coral reefs have exploited solar en-
ergy to power decalcification as well as calcification for millions of
years, yet this energetic benefit comes with the price of an increased
vulnerability to the abrupt environmental changes accompanying cur-
rent and projected shifts in global climate.
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