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Abstract
Coral reefs are complex marine ecosystems providing valuable economic and environmental
services. These ecosystems are under serious threat worldwide due to global warming and ocean
acidification. Particularly calcium carbonate producing marine organisms, such as corals, will
suffer from the projected decrease in pH. Because the compounded effects of ocean acidification
and warming significantly reduce reef-building potential, shifts in erosional processes could have
substantial consequences for the carbonate budgets of coral reefs. Bioerosion by boring sponges,
especially from the genus Cliona, has been shown to increase under acidification scenarios, but
the mechanisms involved are poorly understood. Here, we decouple the covariance of [H+] and
[CO32-] to reveal the individual effects of these parameters on the bioerosion rates of
C. caribbaea during incubations. Varying these carbonate system parameters independently from
each other revealed that high [H+] alone does not induce enhanced bioerosion. Instead, Ω
constitutes a crucial threshold for bioeroding sponges; values above Ω ~ 4 result in the sponge
being unable to reduce Ω enough for dissolution to occur. Thus, Ω is the defining factor that
governs whether and at which rate bioerosion occurs. Inspired by osteoclast bone resorption, the
enzyme carbonic anhydrase II plays a central role in our hypothetical model for sponge
bioerosion, which creates a framework for future study directions. By reducing the metabolic cost
of both carbonate dissolution and the maintenance of ion gradients, the changes in chemistry due
to ocean acidification enhance the bioerosion potential of clionaid sponges. Our findings confirm
the present hypothesis that enhanced bioerosion rates are related to increased metabolic
efficiency. The process of flushing is a potentially limiting factor for bioerosion rates and
requires detailed, in-situ observations to reveal its underlying mechanisms. With enhanced
bioerosion in future oceans alongside a decreased reef building potential of corals and calcifying
algae, it seems inevitable that carbonate budgets will become increasingly negative.
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1. Introduction
1.1 Coral reefs are under threat
Coral reefs are complex marine ecosystems providing valuable economic and environmental
services. Their importance cannot be underestimated as they are essential for many local
economies through tourism and fisheries and also provide coastal protection by buffering wave
action and preventing erosion (Moberg & Folke, 1999). Given their contribution to human
welfare, current trends in their decline are all the more alarming. Coral reefs are under serious
threat worldwide, primarily due to over-harvesting (Jackson et al., 2001; Pandolfi et al., 2003),
pollution (McCulloch et al., 2003; Williams et al., 2002), disease (Bourne et al., 2008; Burge et
al., 2014) and climate change (Bellwood et al., 2004; Hoegh-Guldberg et al., 2007; Hughes et al.,
2003). The latter poses the greatest threat because coral reefs already live near their physiological
thresholds for temperature and seawater chemistry (Pandolfi et al., 2011).

1.2 Climate change, ocean acidification and impacts on marine life
Climate change is primarily driven by the burning of fossil fuels, which increased atmospheric
CO2 concentrations to 400 ppm (CO2 Earth website, March 2016). This increase can be put into
perspective considering that concentrations were around 280 ppm at the start of the industrial
revolution in 1750. The rate of increase is unprecedented in geological history (Lüthi et al., 2008;
Petit et al., 1999) and raises the question whether marine life will be able to adapt to the changes
associated with this fast increase in CO2 (Hoegh-Guldberg et al., 2007) The increase has been
partially dampened because the ocean acts as a sink for anthropogenic CO2 (Sabine et al., 2004).
Accordingly, approximately 25% of the total CO2 emitted by human activities since the industrial
revolution has already been absorbed by the world’s oceans (Canadell et al., 2007).
The absorption of additional CO2 in seawater is termed ocean acidification (OA). When the
partial pressure of CO2 (pCO2) in the atmosphere is higher than that of the underlying water
column, CO2 diffuses into the ocean (Fig. 1, Eq. 1) where most of the CO2 reacts with water
molecules to form carbonic acid (Eq. 2). This unstable compound quickly dissociates into a free
hydrogen ion and a bicarbonate ion (Eq. 3). The protons released by reaction (3) lead to the
decrease in oceanic pH that typifies ocean acidification (Raven et al., 2005).

[Ca2+][CO32-]
Ω=
Ksp

(5)

Fig. 1. The dissolution of CO2 in seawater results in several reactions (Eq. 1-4), whereby the net effect is to increase
the concentrations of H2CO3, HCO3− and H+, and decrease the concentration of CO32−, thereby lowering oceanic pH.
Eq. 5 describes the saturation state of CaCO3 (Ω); the product of [Ca2+] and [CO32-] divided by a solubility constant
(Ksp) specific for the form of carbonate (e.g. aragonite in corals).
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The anthropogenic acidification of the oceans is occurring at a rate unprecedented over at
least the past 300 million years (Honisch et al., 2012) and has already dropped oceanic pH values
by 0.1 pH unit since pre-industrial times. Since pH is measured on a logarithmic scale, this
seemingly marginal decrease in pH represents a H+ increase of almost 30% (Sabine et al., 2004)
and thus a major change in one of the most basic environmental norms of marine life (Veron,
2011). With an ongoing decline of 0.3-0.4 pH units projected to occur by the end of the century
(IPCC, 2007), both the rate and the scale of change in the oceans is significant for marine life.
Particularly calcium carbonate producing marine organisms will suffer from the projected
decrease in pH; the protons formed during OA readily react with carbonate ions to form
bicarbonate, in turn decreasing CO32- concentration (Veron, 2011) (Eq. 4). The ability of these
creatures to calcify largely depends on the saturation state of CaCO3 (termed Ω), which consists
of the product of [Ca2+] and [CO32-] divided by a solubility constant (Ksp: Eq. 5) specific for the
form of carbonate. Thus when [CO32-] decreases due to OA, Ω decreases accordingly, likely
hampering production of calcium carbonate and increasing dissolution rates of calcite and
aragonite. Due to a higher Ksp, aragonite dissolves faster than calcite. This makes aragonite
precipitating organisms such as corals especially vulnerable to OA and bioeroding organisms.
Indeed, many experimental studies have shown up to 40% reduced calcification rates in
corals and foraminifers under altered pH or pCO2 levels simulating projected future conditions
(Anthony et al., 2008; Anthony et al., 2011; Hoegh-Guldberg et al., 2007; Kleypas & Langdon,
2006; Langdon & Atkinson, 2005; IPCC, 2007). Overall, the effect of OA on coral health,
calcification, survival and reproduction has been shown to overwhelmingly negative (Anthony et
al., 2011; Dufault et al., 2012; Marubini et al., 2008; McCulloch et al., 2012; Nakamura et al.,
2011). Field studies have confirmed that net calcification on coral reefs approaches zero or even
becomes negative at Ω values of 3.25, which would occur if atmospheric CO2 concentrations
([CO2]atm) were to approach 480 ppm by the end of the century, dropping [CO32-] below 200
μmol kg-1 (Kleypas et al., 1999; Kleypas & Langdon, 2006). Simulation work by HoeghGuldberg et al. (2007) illustrates the potential marked decrease in saturation state in areas where
warm water coral reefs are abundant (Fig. 2). With Ω values too low for net calcification to occur
(Ω < 3.25), coral reefs would seize to grow (Veron et al., 2009).
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Fig. 2. The carbonate saturation state of aragonite is predicted to change upon increasing anthropogenic CO 2
concentrations. Nearly all shallow-water coral reefs (pink dots) had Ω values > 3.25 at the start of the industrial
revolution (left pane, 280 ppm[CO2]atm). The number of reefs still above this vital Ω value (marked by an asterisk, *)
is greatly diminished in future climate simulations (right pane, 500 ppm [CO2]atm). Present day conditions (not
shown) reflect intermediate values between these two scenarios. Figure adapted from Hoegh-Guldberg et al. (2007).
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1.3 The carbonate budget
The production and accumulation of reef framework is controlled by a dynamic balance between
bioconstructional and (bio-)erosional processes. The relative rates of ecologically, physically and
chemically driven processes all influence this balance, and ultimately, the carbonate budget of
coral reefs (Montaggioni & Braithwaite, 2009; Perry et al., 2008). Corals usually form the
primary (and dominant) framework producers on a reef, adding significant amounts of carbonate
per unit area (Vecsei, 2004). Calcareous encrusters, especially crustose coralline algae (CCA),
form a secondary group of carbonate producers (Payri, 1997). The physiochemical and biological
lithification of carbonate forms an important third source. These sources of carbonate on reefs are
offset by processes that erode the reef framework (Fig. 3). Violent tropical storms are natural
events known to seriously affect coral reefs, but their frequency is low (Endean, 1976). The local
breakage, toppling and overturning of corals caused by these events can set back reef growth for
a century. In contrast to these natural phenomena, the process of bioerosion is a lot more frequent
on coral reefs. First described by Neumann (1966), the term bioerosion involves any organism
that erodes and weakens the calcareous skeletons of reef-building species. Numerous studies have
shown that bioerosion plays an important role in sculpting coral reef growth and producing the
sediments cement the structures of reef environments (Glynn & Manzello, 2015). Interestingly,
carbonate budget studies have demonstrated that constructive and destructive processes are
closely balanced on healthy reefs, with net reef accumulation only barely ahead of net reef loss
(Glynn & Manzello, 2015; Glynn, 1988; Scoffin et al., 1980). Carbonate budgets allow for the
conceptualization and quantification of coral reef growth in a time where environmental and
ecological stressors are pervasive on reefs (Glynn & Manzello, 2015; Perry et al., 2012).

Fig. 3. The carbonate budget consists of a dynamic balance between reef production and erosion processes
(green and red arrows resp.). Processes that lead to reef accumulation are offset by erosional processes, which
can be destructive natural events such as tropical storms but also the action of bioeroding organisms that
weaken the carbonate framework. Figure adapted from Glynn & Manzello (2015).
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1.4 Changing dynamics of Caribbean reefs
Although coral reefs are declining globally, the state of Caribbean reefs is arguably the most
alarming (Glynn & Manzello, 2015; Perry et al., 2013, 2014). Caribbean reefs have experienced
several major disturbances that have led to large-scale coral mortality such as the ecological
extinction of the keystone sea urchin herbivore Diadema antillarum, overfishing, coastal
pollution, high seawater temperatures inducing coral bleaching (symbiont loss) and disease
(Aronson & Precht, 2001; Eakin et al., 2010; Hughes, 1994; Jackson et al., 2001). Since the
1970s, live coral cover has declined by about 80% and carbonate production by corals has
decreased to 50% below historical averages (Gardner et al., 2003; Perry et al., 2013). Caribbean
reefs are not only losing their architectural complexity which is crucial to species diversity, but
more than a third of investigated reef sites were found in net erosional states, displaying negative
carbonate budgets (Alvarez-Filip et al., 2009; Perry et al., 2013). Field studies by Perry et al.
(2013) suggest that a live coral cover threshold of ≥10% is crucial to maintain a positive
carbonate budget. Since many Caribbean reefs exhibit live coral cover close to this value, it is
likely that their carbonate budgets are in a neutral state, a phenomenon termed ‘accretionary
stasis’ (Perry et al., 2008).
With most Caribbean reefs in accretionary stasis, shifts in the relative importance of the
processes illustrated in Fig. 3 could define future carbonate budget trajectories (Perry et al.,
2014). Because the compounded effects of ocean acidification and warming have significantly
reduced reef-building potential (Fig. 3, green arrows) (Hoegh-Guldberg et al., 2007), shifts in
erosional processes (Fig. 3, red arrows) could have substantial consequences for the carbonate
budgets of coral reefs (Perry et al., 2014). A study by Kennedy et al. (2013) found that changes in
coral calcification due to warming and ocean acidification were most important in carbonate
budget simulations for healthy, coral-dominated reefs. Conversely, bioerosion became the
dominant process in unhealthy reefs exhibiting low coral cover.

1.5 Bioeroding sponges
Widespread declines in coral coverage are known to facilitate increased bioeroder abundance
(Carballo et al., 2013; Holmes, 2000; López-Victoria & Zea, 2004; Rose & Risk, 1985).
Furthermore, increased bioerosion rates under acidification and/or warming scenarios have been
reported for several taxa of bioeroders, including algae (Tribollet et al., 2009), polychaetes,
lithophagid bivalves (DeCarlo et al., 2014) and sponges (Fang et al., 2013; Fang et al., 2014;
Stubler et al., 2015; Wisshak et al., 2012, 2013). Sponges are the most effective group of
bioeroders in terms of total carbonate mass removed from coral reefs (Neumann, 1966), ranging
from 0.84 to up to 23 kg CaCO3 m-2 year-1, accounting for up to 95% of total bioerosion (Nava &
Carballo, 2008; Zundelevich et al., 2007a). Specifically, sponges from the genus Cliona are the
most common and destructive bioeroders on coral reefs worldwide (Glynn & Manzello, 2015;
Schönberg, 2008). The potential of this significant group of bioeroders to shift reefs into a
negative carbonate budget in the future is exacerbated by several factors: a) residing inside
carbonate framework, their endolithic lifestyle provides shelter from predators and adverse
8

ambient conditions (Schönberg & Suwa, 2007), b) organic pollution (i.e. eutrophication) benefits
these filter feeders (Holmes, 2000; Rose & Risk, 1985), c) they are highly opportunistic and
resilient, showing major increases after bleaching events that damage and kill corals, thus
allowing quick colonization of the newly available dead coral substrate (Carballo et al., 2013;
Glynn & Manzello, 2015; Schönberg & Ortiz, 2008), and d) seawater temperature increases may
promote their growth, increasing their bioerosion potential (Márquez et al., 2006; Rützler, 2002).
Negative carbonate budgets as result of intensive sponge bioerosion have already been
recognized on some reefs and may become pervasive under future climate scenarios (Acker &
Risk, 1985; Enochs et al., 2015a; Nava & Carballo, 2008). The reaction of bioeroding sponges to
the processes of ocean acidification and the lowering of oceanic Ω remains unknown.

1.6 Shedding light on clionaid bioerosion
Although the general process of clionaid bioerosion is known, the driving physiological and
chemical mechanisms are only partly understood. It is known that calcium carbonate dissolution
by sponges is accomplished by cells called amoebocytes which etch and chip away minute
fragments of carbonate (Fig. 4), often referred to as ‘sponge chips’ (Pomponi, 1979; Rützler &
Rieger, 1973). By dissolution of aragonite, the amoebocytes extend fine filopodia sheets into the
carbonate that eventually meet each other, cutting out a hemispherical carbonate chip (Fig. 5, size
range 15–85 μm). This chip production constitutes the mechanical boring of sponges; but the
detachment of chips by amoebocytes from solid carbonate requires the use of chemical boring as
well. The exact etching agent involved in chemical bioerosion remains unknown, but the
enzymes carbonic anhydrase and acid phosphatase have been hypothesized to be involved in
sponge bioerosion, providing means for mineral dissolution and the digestion of organic
components (Schönberg, 2008). Once the sponge chips are produced, they are expelled from the
sponge together with their associated etching cells. Paradoxically, sponge chips contribute up to
40% of carbonate sediments on Caribbean reefs (Glynn & Manzello, 2015), thus partially
facilitating the sediment incorporation process that consolidates and strengthens reef structures
(Perry et al., 2008) (Fig. 3).

F

C
F

C
F

S
Fig. 4. Etching cells in cross section of C. lampa in the process of undercutting sponge chips (C) in the
substratum (S). The etching cell filopodia (F) slowly burrow into the substratum until they meet, dislodging
the carbonate and forming a sponge chip. (TEM, x2500) Image adapted from Rützler and Rieger (1973).
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Fig. 5. Bioerosion by sponges leaves tell-tale concave chipping marks in the carbonate substrate. The
left pane illustrates a piece of calcite (Icelandic spar) with extensive bioerosion marks. The proximity of
these chip marks to each other causes distinct edges on the produced sponge chips (right pane).

Recent studies have found that clionaid bioerosion rates will very likely increase in a highCO2 world, possibly in synergy with elevated seawater temperatures (Enochs et al., 2015; Fang et
al., 2013, 2014; Stubler et al., 2014, 2015; Wisshak et al., 2012, 2013). However, the effect of
temperature may actually cause a parabolic response, whereby bioerosion rates could increase up
to a certain thermal threshold and then decline due to the clionaid sponges experiencing an
overall negative energy balance as a result of metabolic costs (Fang et al., 2014). Similar
parabolic temperature responses were reported by Wisshak et al. (2013) and Enochs et al. (2015)
and may also be linked to disease and/or bleaching in symbiont-bearing clionaid sponges
(Schönberg et al., 2008; Schönberg, 2008).
Despite the forecasted enhanced clionaid bioerosion under future climate scenarios, it is still
unknown which component(-s) of the carbonate system is actually impacting coral aragonite loss.
The increase in [H+] due to ocean acidification has generally been attributed to facilitate
increased sponge bioerosion rates by decreasing [CO32-], lowering the environmental threshold
for substrate dissolution (i.e. Ω). A lower Ω would decrease the metabolic cost of chemical
bioerosion, subsequently increasing the efficiency of the bioerosion process and leading to
significantly increased sponge bioerosion rates (Fang et al., 2013; Wisshak et al., 2012). This
hypothesis poses a clear link between [H+] and [CO32-] in the bioerosion process, since the
inverse covariance of these two ions is an intrinsic part of the carbonate system. However, the
underlying mechanisms driving bioerosion and how they are affected by ocean acidification have
not yet been studied in detail and there is currently no proposed model for sponge bioerosion.
Here, we will try to verify the link between [H+] and [CO32-] proposed by these previous
workers. By decoupling the covariance of [H+] and [CO32-], we aim to reveal the individual
effects of these parameters on sponge bioerosion rates. Experimentally varying one of these two
parameters at a time whilst keeping the other constant will enable us to shed light on the possible
mechanisms responsible for the enhanced bioerosion rates associated with ocean acidification.
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2. Methods
2.1 Study location
All sampling and experimental work was conducted on the island of St. Eustatius, Dutch
Caribbean (Fig. 6, left). A leeward fringing reef in Gallows Bay was selected as the sampling site
for specimens within the sponge Cliona caribbaea (Fig. 4, right, marked by an asterisk, *).

Fig. 6. The location of St. Eustatius in the Caribbean (left) and the sampling site on the leeward
fringing reef in Gallows Bay (right). Figure adapted from Wikipedia Commons and Google Maps.

2.2 Sponge collection
At this reef, the symbiont-bearing sponge species C. caribbaea was core-sampled in 1 to 3 m
water depth from large overgrown Diploria labyrinthiformis (grooved brain coral) colonies with
an air-drill and hole-saw (inner diameter: 30 mm, Fig. 7, left). Cores containing only carbonate
were also drilled and used as control cores. Each sponge core sample (n = 20) contained spongeinfested material in the upper section and clean coral skeleton below (Fig. 7, right). The core
samples were color coded and transferred into outdoor flow-through tanks under ambient
conditions for a week to allow the sponge tissue to fully heal before starting the experiment.

Fig. 7. Core-sampling of a D. labyrinthiformis colony overgrown by C. caribbaea (left). The resulting sponge
cores were allowed to fully heal before the start of the experiment (right).
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2.3 Incubation scenario preparations
To experimentally vary [H+] or [CO32-] whilst keeping the other parameter constant, four batches
of chemically altered seawater were prepared from one initial batch of seawater (Table 1). This
involved carefully adjusting two properties, dissolved inorganic carbon (DIC) and total alkalinity
(AT). The definitions of DIC and the total alkalinity of seawater are given by equations 6 and 7
respectively (Dickson et al., 2007; Stumm & Morgan, 1981):

DIC

(6)

(7)
whereby [CO2*] describes dissolved [CO2] and [H2CO3] in water. AT is defined as the excess of
proton acceptors over proton donors (Wolf-Gladrow et al., 2007) and is a key property of the
inorganic carbon system. DIC and AT were manipulated in three ways: 1) by addition of NaHCO3
and/or Na2CO3 to increase AT and DIC in a ratio of 1:1 and 2:1 respectively, 2) addition of 0.1M
HCl to decrease AT while keeping DIC constant, and 3) addition of HCl to decrease A T in
combination with purging by N2 gas to decrease DIC. The pre- and post-treatment AT and DIC of
the batches were measured using a Versatile Instrument for the Determination of Titration
Alkalinity (VINDTA) (Mintrop et al., 2000) at the Caribbean Netherlands Science Institute
(CNSI), the remaining components of the carbonate system were calculated using the CO2SYS
program (Table 2; Pierrot et al., 2006). The accuracy and precision of the VINDTA
measurements was ±4 and ±2 for TA, ±1 and ±5 for DIC respectively.
Table 1. Four batches reflecting different chemical scenarios were prepared by adjusting DIC and TA accordingly.

Scenario
1
2
3
4

Variable
High [CO32-]
Low pH
Low [CO32-]
Low [CO32-] * Low pH

Constant
pH
[CO32-]
pH
-

Chemical(s) and/or process used
NaHCO3, Na2CO3
NaHCO3, HCl
HCl, N2 purging
HCl, N2 purging

Table 2. Chemical compositions of the four batches in relation to initial values. N denotes control conditions.

Scenario
N
1
2
3
4

AT
2333.6
5612.8
5261
1060
1292.4

DIC
2005.9
4953.7
5033.1
870.4
1205.8

pH
8.034
8.04
7.64
8.01
7.62

[HCO3-]
1761.7
4347.36
4711.8
769.83
1130.31

[CO32-]
233.6
580.36
250.63
95.63
57.88

Ω
3.77
9.37
4.04
1.54
0.93
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2.4 Chemical bioerosion rates
Rates of chemical bioerosion (kg CaCO3 m-2 year-1) were calculated from the change in AT
during day and night incubation periods of varying length. Using the incubation method, the
change in AT (ΔAT) in each incubation chamber is almost entirely the result of CaCO3 production
or - dissolution, with the impact of respiration and photosynthesis on AT considered negligible in
our calculations (Zundelevich et al., 2007). Since AT increases with dissolution and decreases
with calcification, the equation shows that the molar amount of CaCO3 dissolved by the
bioeroding sponges was half of the observed AT increase in the incubation chamber. ΔAT was
calculated for each chamber by subtracting the AT at the end of each incubation from the initial
AT. AT and DIC were determined using the VINDTA. The mass of CaCO3 dissolved by the
bioeroding sponges, m(CaCO3) (in g) was calculated from ΔAT by:
m

(8)

where 100 is the molar mass of CaCO3; Vsw is the volume (in l) of seawater in the incubation
chamber; and ρsw seawater density (Zundelevich et al., 2007). Subsequently relating the mass of
CaCO3 dissolved by the bioeroding sponges to the sponge tissue surface area determined from
measurements and photographs, final sponge bioerosion rates were calculated and converted to
[kg CaCO3 m-2 year-1]. This allowed for ecologically relevant comparisons with published
literature regarding reef carbonate budgets (e.g. census-based approaches by Perry et al. (2012)).

2.5 Mechanical bioerosion rates
The methods used to quantify the aragonite chips produced by the bioeroding sponges during
incubation follows Fang et al. (2013). After extracting most of the incubation chamber water for
chemical bioerosion rate analysis, the remaining volume (containing the sponge chips) were
filtered through a 150 μm sieve to remove coarser materials and subsequently filtered through a
0.7 μm GF/F glass microfiber filter paper which was precombusted at 550 ⁰C for 3h and preweighed. Each chamber was given a final rinse with 200 ml distilled water that was run through
the same filter to recover the remaining sponge chips. The filter was then again combusted at 550
⁰C for 3h to remove organic matter and reweighed, thus allowing calculation of the sediment
weight produced over the incubation period. The weight of sediment obtained from 250 ml was
multiplied by 2 to correct for the 500 ml final volume. Previous authors (e.g. Fang et al., 2013;
Zundelevich et al., 2007) have calculated mechanical bioerosion rates directly from this weight
difference, assuming that the sediment on the filters can be attributed to the presence of sponge
chips. We used scanning electron microscopy (SEM) analysis of our filters to verify this
assumption. On filters from both day and night incubations, diagonal transects of 5-10 images at
300x magnification from both the middle and outer areas of each filter were captured and
analyzed for sponge chip presence and quantity. Unlike previous studies, we did not filter our
treatment water prior to incubations so that DIC levels would remain similar to the control (N)
scenario. Thus, the filters did contain single-celled organisms but their overall biomass was
13

considered negligible in comparison to sponge chip numbers. A SEM image used in the analysis
is given in Fig. 8 as an example.

Fig. 8. An example SEM image containing two sponge chips and a single-celled organism (black and yellow arrows resp.)

2.6 Incubation rounds
Over an interval of two days, four rounds of incubations were performed, spanning both the night
and day (Table 3, next page). Preliminary testing showed a significant difference in oxygen levels
after day and night incubations. Night incubations with durations longer than 3 hours suffered
from substantial oxygen depletion due to the absence of photosynthesis and possibly increased
respiration rates. A duration of 3 hours was subsequently chosen for the night incubations.
Photosynthesis during day incubations yielded unaltered oxygen levels, thus allowing for a longer
incubation duration of 6 hours. The day and night incubations were started at ecologically
relevant time points, i.e. at daybreak and sundown respectively. This also allowed the sponges to
recover between incubations. Material limitations during the making of the batch for scenario 4
resulted in a lower end volume than expected, allowing for just one day incubation (Table 3).
Table 3. Arrangement of the incubation rounds performed over two consecutive days. N denotes control conditions.

Incubation round
1
2
3
4

Scenario(s)
1, 4
N, 2, 3
N, 2, 3
1

Time of day
Day
Night
Day
Night

Duration (h)
6
3
6
3
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The incubation chambers were custom designed and fabricated at the NIOZ to accommodate 500
ml of treatment water and a magnetic stirrer to stimulate water circulation during incubation
(Fig. 9). Each incubation chamber contained 2 cores per round and each scenario contained a
control core with no sponge tissue as a control for passive dissolution. Chambers were placed in
an array alongside their respective tanks, filled with the appropriate scenario water and sponge
cores. Each chamber contained a minimal headspace to prevent gas exchanges effecting the water
chemistry. At the start of each incubation round, the magnetic stirrers were activated
simultaneously and kept on for the duration of the incubation. At incubation completion, the top
lids were carefully removed and the chamber water was transferred into alkalinity bottles with
large plastic syringes for chemical bioerosion analysis. The cores were then rinsed with the
remaining chamber water to ensure all sponge chips were flushed to the bottom of the chamber.
After returning the cores to their respective tanks, the remaining chamber water was transferred
into falcon tubes to recover the sponge chips.

Fig. 9. Incubation chamber set up. The protruding structures are magnetic stirrers.
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3. Results
3.1 Chemical bioerosion rates
3.1.1 Incubation results
The final incubation results are given in Table 4. By subtracting final by initial alkalinities and
DIC (TA final – TA initial and DIC final – DIC initial), the change (Δ) of these two parameters during
incubation was calculated. Given the 2:1 relation between TA and DIC, the DIC change due to
bioerosion (DICbioerosion) is given by (TA final – TA initial)/2. The change in DIC due to metabolic
processes was then calculated via DICtotal - DICbioerosion, yielding DICmetabolism. We assumed this
residual DIC change to reflect respiration and photosynthesis processes. All Δ values were
subsequently normalized for incubation duration (6h for day, 3h for night) and sponge
tissue/control core area (cm²).

3.1.2 Chemical bioerosion incubation results
Scenarios N, 3 and 4 showed positive bioerosion rates, whereas scenarios 1 and 2 resulted in
negative bioerosion rates, indicating carbonate accretion (Table 5, Fig. 10). The highest
bioerosion rates were found in scenarios 3 and 4, whereas accretion was highest in scenario 1.
Overall, bioerosion and accretion rates were higher during night incubations than day
incubations. The absence of a night incubation for scenario 4 only makes it impossible to
compare rates between day and night at low [CO32-] in combination with a low pH. The control
cores consistently yielded results different from the sponge cores exposed to the same treatment
scenario.
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Table 4. Incubation results. Differences (Δ) in TA and DIC after incubation were calculated in relation to initial conditions and normalized for incubation duration
(6h for day, 3h for night) and sponge tissue/control core area (cm²). The components of DIC due to bioerosion and metabolism and their ratio were subsequently calculated.
Negative values for these two DIC parameters indicate accretion and photosynthesis respectively, whereas positive values indicate bioerosion and respiration.

Scenario
description

Incubation
(day/night)

Normal
Normal
Normal
Normal
Normal
Normal
Normal
High [CO32-]
High [CO32-]
High [CO32-]
High [CO32-]
High [CO32-]
High [CO32-]
High [CO32-]
Low pH
Low pH
Low pH
Low pH
Low pH
Low pH
Low pH
Low pH
Low [CO32-]
Low [CO32-]
Low [CO32-]
Low [CO32-]
Low [CO32-]
Low [CO32-]
Low [CO32-] & low pH
Low [CO32-] & low pH
Low [CO32-] & low pH
Low [CO32-] & low pH

D
D
D
D
N
N
N
D
D
D
D
N
N
N
D
D
D
D
N
N
N
N
D
D
D
N
N
N
D
D
D
D

Core
type
initial
control
sponge
sponge
initial
control
sponge
Initial
control
sponge
sponge
initial
control
sponge
initial
control
sponge
sponge
initial
control
sponge
sponge
initial
sponge
sponge
initial
sponge
sponge
initial
control
sponge
sponge

Area
(cm²)
25
36.4
42
25
42
25
40
39.8
25
39.8
25
30.2
35.2
25
30.2
35.2
39.5
35.2
39.5
35.2
25
39.5
35.2

TA

2333.61
2305.12
2365.57
2384.00
2338.64
2336.91
2360.41
5612.79
5223.24
5133.79
5077.08
5731.11
5351.84
5327.90
5261.03
5106.20
4908.47
5002.79
5276.95
5097.62
5087.46
5038.54
1066.42
1270.90
1252.09
1059.96
1208.99
1173.62
1139.97
1050.10
1514.22
1431.02

DIC

2005.88
1827.11
2019.73
2095.21
2022.89
2021.19
2140.12
4953.69
4752.13
4436.91
4319.41
5036.68
4772.66
4820.47
5033.08
4740.54
4314.25
4556.22
5008.59
4432.65
4906.18
4864.30
934.90
1054.52
886.57
834.17
1239.45
1023.37
1367.01
1114.64
1467.49
1416.22

Norm.
ΔTA

Norm.
ΔDIC

-0.19
0.15
0.20
-0.02
0.17
-2.60
-2.00
-2.24
-5.06
-3.38
-1.03
-1.95
-1.22
-2.39
-2.09
-2.26
0.86
0.88
1.26
1.08
-0.60
1.58
1.38

-1.19
0.06
0.35
-0.02
0.88
-1.34
-2.15
-2.66
-3.52
-1.81
-1.95
-3.97
-2.26
-7.68
-1.13
-1.37
0.50
-0.23
3.42
1.79
-1.68
0.42
0.23

Norm.
ΔDIC
bioerosion
-0.09
0.07
0.10
-0.01
0.09
-1.30
-1.00
-1.12
-2.53
-1.69
-0.52
-0.97
-0.61
-1.20
-1.05
-1.13
0.43
0.44
0.63
0.54
-0.30
0.79
0.69

Norm.
Ratio norm.
ΔDIC
bioerosion/
metabolism metabolism
-1.10
-0.01
0.25
-0.01
0.79
-0.05
-1.16
-1.53
-0.99
-0.12
-1.43
-2.99
-1.65
-6.48
-0.08
-0.24
0.07
-0.67
2.79
1.25
-1.38
-0.37
-0.46

0.09
-7.51
0.40
1.03
0.11
28.74
0.86
0.73
2.55
13.81
0.36
0.32
0.37
0.18
12.36
4.75
5.88
0.66
0.23
0.43
0.22
-2.16
-1.51
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Table 5. Chemical bioerosion analysis results. Chemical bioerosion rates were calculated for both sponge and control cores
by measuring the change in TA and applying equation 2 (methods section). Positive values indicate an increase in TA and
thus a mass change due to sponge bioerosion, whereas negative values indicate accretionary processes. The average
chemical bioerosion rate is given for the sponge cores of each scenario ± standard deviation.

Scenario

Description

Incubation
(day/night)

Core
type

Bioerosion rate
(kg m-² year-1)

N
N
N
N
N
1
1
1
1
1
2
2
2
2
2
2
3
3
3
3
4
4
4

Normal
Normal
Normal
Normal
Normal
High [CO32-]
High [CO32-]
High [CO32-]
High [CO32-]
High [CO32-]
Low pH
Low pH
Low pH
Low pH
Low pH
Low pH
Low [CO32-]
Low [CO32-]
Low [CO32-]
Low [CO32-]
Low [CO32-] & low pH
Low [CO32-] & low pH
Low [CO32-] & low pH

D
D
D
N
N
D
D
D
N
N
D
D
D
N
N
N
D
D
N
N
D
D
D

control
sponge
sponge
control
sponge
control
sponge
sponge
control
sponge
control
sponge
sponge
control
sponge
sponge
sponge
sponge
sponge
sponge
control
sponge
sponge

-0.43
0.33
0.46
-0.05
0.39
-5.82
-4.47
-5.03
-11.34
-7.57
-2.31
-4.36
-2.74
-5.36
-4.69
-5.06
1.93
1.97
2.82
2.41
-1.34
3.54
3.09

Average chem.
bioerosion rate
0.39 ± 0.06

0.39 ± 0.00
-4.75 ± 0.28

-7.57 ± 0.00
-3.55 ± 0.81

-4.88 ± 0.19
1.95 ± 0.02
2.62 ± 0.20

3.31 ± 0.23

Fig. 10. Bar plot of Table 5. Positive rates (bioerosion) are indicated in red, negative rates (accretion) in blue.
Labels start with scenario codes found in Table 5, after which day (D), night (N) and control core (C) are indicated.
Error bars indicate standard deviation.
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3.1.3 Correlations with chemical bioerosion rates
Cross-correlations were performed between the calculated chemical bioerosion rates and selected
carbonate system parameters using the Pearson product-moment method (Table 6). With the
exception of pH, all parameters were significantly correlated with chemical bioerosion rates for
the sponge cores. The significance of each correlation was similar between day and night
incubations for all parameters except [CO32-]. None of the correlations calculated for the control
cores were significant. All significant correlations with exception of DICmetabolism were negative,
displaying inversely proportionate relations.
Table 6. Correlation results using the Pearson product-moment method.
Correlations were performed between the chemical bioerosion rate and relevant
carbonate system variables.

Sponge cores
Control cores
Day
Night
Day
Night
pH
-0.33
0.58
-0.32
-0.11
[HCO3 ]
-0.95**
-0.96**
-0.70
-0.80
[CO32-]
-0.87**
-0.87*
-0.88
-0.93
Ω
-0.95**
-0.87**
-0.88
-0.93
DICmetabolism 0.74*
0.87*
-0.85
0.11
* indicates significance at α = 0.05, ** indicates significance at α = 0.01

3.1.4 Chemical bioerosion plots
Chemical bioerosion rates were plotted against pH, Ω and DICmetabolism to visualize the data
(Fig. 11a-11c). The parameter pH serves as an indirect measure of pCO2, whereby a high pH
coincides with a low pCO2 and vice versa. The parameter Ω is directly related to [CO32-], whereas
[HCO3-] was not experimentally varied.
It is important to note that water chemistry change is a process inherent of incubations. Thus,
even though all complementary incubations per scenario started with very similar chemical
properties, these properties were subject to change throughout the incubations. Because we could
not assume that the chemistry change during incubation was a linear process, averaging the initial
and final incubation water properties would have been inaccurate in reflecting the exact water
chemistry to which the cores were exposed. Furthermore, variations in sponge tissue mass and
surface area also affect this response, altering the extent of chemistry change per incubation
chamber. For these reasons, bioerosion rates are presented in relation to known initial incubation
values of the assessed carbonate parameters (Table 2).
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Fig. 11a. Initial pH conditions per scenario plotted against their respective chemical bioerosion rates. Data points are
grouped by ovals (striped) with corresponding scenario codes (see Table 5).
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Fig. 11b. Initial Ω conditions per scenario plotted against their respective chemical bioerosion rates. Data points are
grouped by ovals (striped) with corresponding scenario codes (see Table 5).
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Fig. 11c. Initial DICmetabolism conditions per scenario plotted against their respective chemical bioerosion rates.

3.1.5 Parameters influencing chemical bioerosion rates
pH
There were no significant correlation between pH and chemical bioerosion rates (Table 6; Fig
11a). However, there was some effect given the observation that the relation between pH and
bioerosion is opposite when comparing day and night. Decreased pH conditions resulted in
increased bioerosion rates during the day, whereas increased pH conditions resulted in increased
bioerosion rates during the night. Scenario 3 initial values varied more than intended, but night
bioerosion rates were still higher than day rates despite a 51% decrease in [H+].
Ω
The significant correlations between Ω and chemical bioerosion rates (Table 6) display a clear
trend; higher Ω leads to lower bioerosion/higher accretion rates. The contrast between day and
night incubations was highest in scenario 3, whereby night conditions (for both sponge and
control cores) yielded higher accretion rates than day incubations (e.g. scenario 1 and 2). Under
low pH, [CO32-] and Ω conditions, the control core in scenario 4 did not reveal passive
dissolution to be present. Given that this control core was exposed to the lowest Ω, we assumed
passive dissolution to have been non-existent in the rest of the sponge and control cores.
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DICmetabolism
Not all day incubations showed DIC decreases that were expected via photosynthesis, with some
being near net equilibrium/net respiration. Not all night incubations were in net respiration.
Control cores during day incubations all showed DICmetabolism decreases, possibly indicating
photosynthesis by endolithic algae. The highest respiration rates at night coincided with the
highest bioerosion rates. The highest overall bioerosion rates coincided with the day incubations
of scenario 4.

3.2 Mechanical bioerosion rates
The incubation results for mechanical bioerosion rates did not yield significantly different rates
between incubation scenarios (Table 7, Fig. 12). However, the night incubation in the Normal
scenario showed disproportionally high mechanical bioerosion. Sponge chip production was not
measured for scenario 4 due to loss of sample water after sampling for chemical bioerosion.
Sponge chip production was not measured for the control cores because sponge tissue was absent
on these cores, and thus sponge chip production was not expected. Night incubations yielded
higher mechanical bioerosion rates than day incubations. Highest mechanical bioerosion rates
were observed in scenarios N and 3, whereas the lowest rates were found in scenario 1. The
fraction of mechanical bioerosion contributing to total bioerosion rate (chemical + mechanical)
varied considerably, ranging from -1 to 27% for day incubations and -2 to 74% for night
incubations (Table 7). The highest contribution of mechanical bioerosion to the total bioerosion
rate was seen in scenario N, although the disproportionate night incubation result may indicate a
methodological error in sponge chip collection or filter weighing (Fig. 12).
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Table 7. Mechanical and total bioerosion results. Mechanical bioerosion rates were calculated for sponge cores only by filtering remaining incubation chamber
water and measuring the weight difference. The average mechanical bioerosion rate is given for the sponge cores of each scenario ± standard deviation. With
mechanical bioerosion rates known, total rates and the contribution of mechanical bioerosion to the total bioerosion rate could be calculated. Where chemical or
mechanical bioerosion rate data was unavailable, n/a values were produced because total and contribution values could not be calculated.

Scenario

Description

Incubation
(day/night)

Bioerosion rate
(kg m-² year-1)

Average mech.
bioerosion rate

Total bioerosion
rate (mech.+chem.)

Contribution of
mech. to total (%)

N
N
N
N
1
1
1
1
2
2
2
2
3
3
3
3

Normal
Normal
Normal
Normal
High [CO32-]
High [CO32-]
High [CO32-]
High [CO32-]
Low pH
Low pH
Low pH
Low pH
Low [CO32-]
Low [CO32-]
Low [CO32-]
Low [CO32-]

D
D
N
N
D
D
N
N
D
D
N
N
D
D
N
N

0.12
0.10
0.16
1.11
0.04
0.07
0.07
n/a
0.10
0.08
0.10
0.08
0.11
0.17
0.30
0.25

0.11 ± 0.01

0.45
0.56
n/a
1.50
-4.44
-4.96
n/a
n/a
-4.27
-2.66
-4.59
-4.98
2.05
2.14
3.11
2.66

27
19
n/a
74
-1
-1
n/a
n/a
-2
-3
-2
-2
5
8
9
9

0.64 ± 0.48
0.05 ± 0.02
0.07 ± 0.00
0.09 ± 0.01
0.09 ± 0.01
0.14 ± 0.03
0.27 ± 0.02
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Fig. 12. Bar plot of Table 7. Chemical bioerosion (chem) is indicated in blue, mechanical bioerosion (mech) in red.
Labels start with scenario codes found in Table 7, after which day (D) or night (N) are indicated.

3.3 Oxygen measurements
The oxygen contents after incubation completion were measured with a oxygen sensor (Walz,
Germany) for a subset of the samples to get an indication of oxygen dynamics during the day and
night incubations. The day incubations for the sponge cores resulted in oxygen levels (% ± SD)
of 29.13 ± 6.38, whereas coinciding night incubations yielded 12.45 ± 0.72. The average change
from initial conditions (21%) for the sponge core day incubations was 8.13 ± 6.38 and -8.55 ±
0.72 during the night. The day incubations for the control cores resulted in oxygen levels of 25.40
± 0.00 and 18.33 ± 0.26 during the night. The average change from initial conditions for the
control core day incubations was 4.40 ± 0.00 and -2.67 ± 0.26 during the night. Day incubations
yielded higher than initial oxygen concentrations due to photosynthesis, whereas night
incubations showed a gradual reduction in oxygen content due to respiration processes. The
change from initial oxygen conditions was 2 to 4 times greater in sponge cores than in control
cores.

24

4. Discussion
4.1 Overall results
The results showed strong variations in chemical bioerosion rates between the experimental
conditions, whereas mechanical bioerosion remained similar. In this experiment, bioerosion rates
were most strongly related with [CO32-] and thereby, Ω. Bioerosion rates were highest at the
lowest carbonate ion concentrations and saturation states. Conversely, accretion rates were
highest at the highest carbonate ion concentrations and saturation states. Manipulation of pH
(i.e. [H+]) did not result in increased bioerosion rates, nor did it relate to net accretion rates.

4.2 Chemical bioerosion rates
4.2.1 The effect of the treatments
All control cores showed mild accretion rates, possibly reflecting the presence of calcifying
endolithic algae. The control core in scenario 4 was the only one subjected to Ω <1 (Table 2, Fig.
11b) but still showed net accretion. We therefore assumed that any non-biological dissolution is
negligible in comparison to the dissolution by the sponges.
Scenario 4 was the only manipulated scenario that reflected the natural covariance of [CO32-]
and [H+], reflecting an extreme ocean acidification scenario (i.e. high atmospheric CO2). Under
both low [CO32-] and high [H+] (low pH) conditions, bioerosion rates approached values about
8.5 times higher than in the chemically unaltered conditions of scenario N (Table 5). Given that
our results showed enhanced bioerosion rates (34% higher) during night incubations of scenario 3
compared to day incubations, a night incubation under scenario 4 may well have resulted in the
highest bioerosion rates.
The individual impacts of [CO32-] and [H+] (i.e. comparing scenarios 2 and 3) suggest that
the latter of the two has little impact on (chemical) bioerosion rates. The high [H+] conditions of
scenario 2 (an approximate 250% increase in [H+] compared to control conditions) did not result
in enhanced bioerosion (Table 5). Instead, accretion rates were comparable to those found in the
field (Perry et al., 2012). Conversely, the low [CO32-] conditions of scenario 3 (an approximate 52
to 70% decrease in [CO32-] compared to the control) resulted in bioerosion rates 5 to 6.7 times
higher than in scenario N during day and night, respectively. Night bioerosion rates were 34%
higher than the day incubations of scenario 3, suggesting a major effect of the absence of
photosynthesis/increased respiration rates on bioerosion rates.
The enhanced bioerosion seen in scenario 4 with respect to scenario 3 (Table 5) indicates that
increased bioerosion rates due to low [CO32-] can be augmented even further by the presence of
high [H+]. High [H+] alone is insufficient to induce bioerosion (Fig. 10) whereas low [CO32-]
resulted in elevated bioerosion rates. Thus, the decoupling of [CO32-] and [H+] in our experiment
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suggests that [CO32-] in particular (and thereby Ω) determines bioerosion rates, whereas [H+] may
add to this forcing. Given the high bioerosion rates in scenario 4, our results concur with the
current hypothesis that bioerosion rates will increase under future climate change scenarios
(Enochs et al., 2015; Fang et al., 2013; Glynn & Manzello, 2015; Hoegh-Guldberg et al., 2007;
Stubler et al., 2015; Wisshak et al., 2012, 2013).

4.2.2 Day/night differences in bioerosion rates
Night bioerosion rates are ~34% higher than those during the day (Table 5, Fig. 10). It is likely
that this difference is driven by photosynthesis and respiration influencing the water chemistry
and physiology within the tissues of the sponge. Photosynthesis may suppress bioerosion and
respiration may enhance bioerosion. A clear day/night inversion was seen in the pH-bioerosion
response (Fig. 11a). The relative uptake of H+ during photosynthesis in the thylakoid membranes
of the symbiont chloroplasts could explain the negative correlation of pH with chemical
bioerosion during the day (Table 6). An increase in (intracellular) [CO2] due to respiration at
night would theoretically increase [H+] in conjunction with night bioerosion rates, but this was
not observed in our experiment (Table 6, Fig. 11a). The unintended varying conditions of
scenario 3 (Fig. 11a) revealed that night bioerosion rates were still higher than day rates despite a
51% decrease in [H+] during night incubation. This may be an indication that the CO2 released
during night respiration by the sponge host and its associated symbionts is used in the underlying
mechanisms of bioerosion. This would explain the positive correlation between pH and
bioerosion at night (Table 6, Fig. 11a). Non-symbiotic species of Cliona may lack a differential
response to day and night conditions if the cause is indeed due to symbiont photosynthesis or the
higher overall night respiration seen in symbiont-bearing sponge species (Fang et al., 2014).
Thus, repeating this experiment with a non-symbiotic bioeroding sponge could yield further
insights into the effect of symbionts on the bioerosion process. Our observations suggest that [H+]
on its own accord does not seem to have a significant effect on chemical bioerosion rates.
Instead, night bioerosion rates were enhanced even under increased pH conditions.

4.2.3 The role of [HCO3-]
As part of the natural covariance in the carbonate system, [HCO3-] varied considerably
throughout the scenarios. Low [HCO3-] in combination with high [H+] resulted in the highest
bioerosion rates (scenario 4, Table 5). However, with our setup it is not possible to quantify the
impact of [HCO3-] and understand if it is a forcing or simply a product of covariance. For
example, [CO32-] conditions were lowest in scenario 3 and resulted in high bioerosion rates, but
this scenario also contained slightly lower [HCO3-] than in the other treatments. This may
indicate that low [HCO3-] conditions may be favorable for bioerosion to occur, whereas high
concentrations may impair bioerosion and enhance accretion by calcifying endolithic algae.
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4.2.4 DIC dynamics
DICmetabolism and bioerosion rates correlated significantly (Table 6). DIC metabolism is expected to
increase with respiration and decrease with photosynthesis. However, with no photosynthesis
during the night, negative DICmetabolism values were still detected for a many incubated cores after
night incubations (Table 4). Furthermore, despite ample sunlight during the day, some sponge
cores still showed an increase in DICmetabolism (Fig. 11c). These unexpected responses may
indicate an unknown bias in our DIC measurements. Control cores showed signs of
photosynthesis during the day incubations, likely a result of endolithic algae that colonized these
cores during acclimatization in the aquaria. Highest night bioerosion rates coincided with highest
respiration rates (Fig. 11c). This may be explained by the fact that chemical bioerosion is a
metabolically demanding process and without photosynthesis to offset this energetic cost, night
bioerosion likely leads to higher respiration rates.

4.3 Mechanical bioerosion rates
Where chemical bioerosion rates vary amongst the applied incubation scenarios, the results for
mechanical bioerosion do not vary consistently between treatments. Mechanical bioerosion was
present in all incubations (Table 7, Fig. 12). Thus, mechanical and chemical bioerosion did occur
in the treatments that showed net accretion, but were compensated by accretion rates. This
implies that the accretion rates are slightly underestimated. The exceptionally high mechanical
bioerosion rate in the night incubation of the scenario N is unlikely due to abnormally intense
erosion and may result from an analytical error. The enhancement of chemical bioerosion in
scenario 3 with respect to the control scenario is not reflected in the respective mechanical
bioerosion data (Table 7, Fig. 12). Moreover, mechanical bioerosion rates were relatively
constant among the conditions applied here. These observations suggests that sponge chip
production rates are independent from chemical bioerosion rates.

4.4 Comparison of bioerosion rates
Comparing bioerosion rates (both chemical and mechanical) with published rates is only
applicable for our control scenario since our manipulations have not yet been replicated. Wisshak
et al. (2012) studied the bioerosion dynamics of C. orientalis and found combined
(chem. + mech.) bioerosion rates of 2.23 ± 0.45 kg m-2 year-1, about 4.5 times higher than our
average combined rates for C. caribbaea (~0.51, Table 7). Rates found by Wisshak et al. (2012)
are very similar to those found by Fang et al. (2013), who also reported 2.23 kg m-2 year-1 for C.
orientalis. A different study on C. orientalis by Wisshak et al. (2013) found chemical bioerosion
rates of 0.09 ± 0.02, whereas our rates were ~4.3 times higher (0.39 ± 0.06, Table 5). The only
apparent difference between the present-day conditions of these studies and our controls is the
use of a different species of Cliona. Indeed, clionaids are known to vary substantially in their
bioerosion capacity on a species level (Schönberg, 2008). Differences in nutrient conditions,
27

temperature, substrate structure and composition may all exert influence and could explain the
discrepancies between published rates of C. orientalis and our results with C. caribbaea.

4.5 Oxygen dynamics
Possible (endolithic) algae colonization of the control cores is also supported by oxygen data.
Day incubations of control cores resulted in higher than initial oxygen concentrations, indicating
photosynthesis. This concurs with the observations of DICmetabolism decreases in these cores
(Table 4). However, the oxygen content decrease associated with respiration during the night was
only ~3%, suggesting that the total biomass of the algae was very limited. Sponge cores showed
2 to 4 times more variability in oxygen content during day and night incubations, and thus we can
therefore assume that the control cores contained an insignificant biomass of photosynthetic
organisms when compared to the sponge cores.

4.6 Constraints of this study
Interpretations of our results are bound by some constraints that should be considered. Firstly,
physical contact with the cores was inevitable given the setup of the incubations and could
damage or weaken the outer carbonate structure, making it more prone to break off during further
handling and thus resulting in an overestimation of mechanical erosion rates . The accuracy of
sponge chip sampling is further constrained by the possibility of sponge chips being produced
and subsequently sticking to the sponge tissue/complex internal structure of D. labyrinthiformis
and thus may have resulted in an underestimation of the mechanical bioerosion rates. These
opposing biases on determined erosion rates hamper an accurate quantification of the absolute
values for mechanical bioerosion rates and thereby the ratio between mechanical and chemical
sponge bioerosion rates in our experiment.
The variability between sponge cores in terms of biomass, health and thus bioerosion
potential induces uncertainty in the assessed rates, both chemical and mechanical. It is yet
unknown if there is any experimental effect of sampling and acclimatizing sponges on cores and
aquaria instead of natural conditions. Tissue that is damaged or exposed to fresh substrate may
grow faster and bioerode more than the large sponge tissue patches found on dead corals,
overestimating rates in experimental setups. This may introduce some degree of variability within
and between treatments, but we assume this bias to be insignificant since natural variability in
sponge colonies may be an equally important factor and can thus not be corrected for.
All batches were prepared and tested for initial values of DIC and TA in the laboratory at
CNSI, but the time interval between subsampling and start of the incubations varied between
incubation rounds. Hence, the exact composition of the scenario may have varied slightly from
the reported DIC and TA. Because the changes in DIC and TA were calculated in relation to this
initial composition, any significant variability during this time interval would influence the
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assessed chemical bioerosion rates. Since the batches were sealed and kept in the laboratory at
constant temperature until use, we do not expect any significant effect on our study results.
The control cores experienced the same two week acclimatization period as the sponge cores,
which probably allowed the colonization of (endolithic) algae on the cores, as oxygen analysis
shows photosynthesis occurring on the control cores during the day and respiration during the
night incubations (Fig. 11c). Rinsing of the control cores with fresh water prior to the
experiments would have killed all marine life, yielding a better baseline for DICmetabolism data.
None of the carbonate parameters yielded significant correlations with control core chemical
bioerosion rates, even though the coefficients were high (Table 6). This may be a cause of n
needing to be larger for the control cores to discern an actual effect. Subsequent studies should
employ more control cores for verification of these results. With none of the Ω values high
enough to cause spontaneous aragonite precipitation (Fig. 11b), the presence of calcifying algae
would explain the consistent pattern of accretion instead of bioerosion seen for the control cores
(Table 5, Fig. 10).
DICmetabolism was calculated based on the change in TA instead of independently assessed via
in-situ oxygen data. Thus, any errors in the TA data directly affect the outcome of DICmetabolism,
which in turn serves as an important measure of metabolic activity. However, the analytical error
in the TA measurements was only ± 1 μmol, making it highly unlikely that DICmetabolism values are
affected.
The surface area of the cores was estimated from photographs with rulers adjacent to the
cores for scale. Despite the complex structure of the D. labyrinthiformis and some degree of
variability in topography per core, normalization of data for sponge tissue area yielded very
similar results per treatment and thus we do not expect any bias in our data due to surface area
measurement errors.

4.7 The underlying mechanisms of sponge bioerosion
The apparent dependence of bioerosion rates on [CO32-] and thereby Ω needs to be explained by a
conceptual model for CaCO3 dissolution by bioeroding sponges. Given our observations that: a)
chemical bioerosion rates are consistently higher during the night, b) high [H+] alone did not
constitute a forcing of bioerosion, c) Ω significantly influences bioerosion potential, and d)
mechanical bioerosion remained constant despite changing water chemistry, we pose that the
conditions at night (i.e. lack of photosynthesis) are important in enhancing the chemical
bioerosion potential, possibly with a link to Ω.
The role of Ω in the dissolution process was already proposed by Hatch (1980):
‘… the mechanism of excavation involves a localized modification of the calcium carbonate
solubility equilibrium’, p. 135-136. Looking specifically at sponges’ etching cells and sites,
Pomponi (1979, 1980) found that the activity of the carbonic anhydrase enzyme was associated
with etching cell bodies and their activity. Another enzyme, acid phosphatase, seemed to be most
active on the outer surfaces of the cell processes. This research suggested therefore that acid
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phosphatase was involved in the extra- and intracellular digestion of organic components in the
carbonate substrate, whereas carbonic anhydrase likely played a role in the dissolution of the
carbonate itself. Hatch (1980) provided the first biochemical evidence of carbonic anhydrase
being involved in determining Ω at the site of dissolution: a) since there is a positive correlation
between the excavation activity of the sponge and the level of carbonic anhydrase in the sponge
tissues, b) enzyme activity was concentrated in the cortical tissues of the bioeroding sponges, a
region that is most likely to come in contact with fresh carbonate substrate, and c) inhibition of
carbonic anhydrase significantly decreased bioerosion rates. Summarizing these observations,
Hatch posed that the primary mechanism for the dissolution of calcium carbonate involves a shift
in Ω within the microenvironment created the etching cell, mediated through the activity of
carbonic anhydrase.

4.8 Towards a model for sponge bioerosion
4.8.1 A role of carbonic anhydrase in bioerosion
Of all the carbonate system parameters manipulated in our study, chemical bioerosion was most
directly linked to Ω. In our experiment, this was conceived by manipulation of the general
seawater chemistry, but a similar result may be achieved locally by the activity of carbonic
anhydrase at the etching interface (Pomponi, 1979, 1980). Our results, together with the findings
by Hatch and Pomponi, warrant further inquiry into the possible role of this enzyme in the
bioerosion process.
The question remains how carbonic anhydrase, its substrates and products fit into the overall
framework of chemical processes involved in sponge bioerosion. A conceptual model of sponge
bioerosion could involve this enzyme as a driver for carbonate dissolution. Carbonic anhydrase is
capable of very high substrate conversion rates and its rate is typically limited by the diffusion
rate of its substrates (Lindskog, 1997). The reaction catalyzed by carbonic anhydrase is:

Equation 9 is reversible and runs from left to right when catalyzed by carbonic anhydrase II, and
the reverse by carbonic anhydrase I. There is, at least superficially, a resemblance between the
function of sponge etching cells and the osteoclasts responsible for resorption of bone material.
Osteoclasts are common cells in the human body, responsible for breaking down old or damaged
bone after an injury has occurred. The chemical composition of bone is different from calcium
carbonate. Bone consists mainly of the mineral hydroxyapatite, an insoluble salt of calcium and
phosphorus. Thus, bone dissolution by osteoclasts yields reaction products that differ from those
produced by calcium carbonate dissolution. Despite this difference, the pattern of dissolution by
osteoclasts bears some resemblances with the patterns produced by sponge chip production
(Pomponi, 1980). However, osteoclasts do not produce chips but wholly resorb the bone mineral
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(Arnett, 2013). The enzyme carbonic anhydrase is also present in osteoclasts and is known to
play a major role in bone dissolution (Arnett, 2013). The question remains how carbonic
anhydrase could contribute to the dissolution mechanisms in bioeroding sponges and how our
results can be explained by these processes.

4.8.2 Linking climate change with increased sponge bioerosion
The significant increase in sponge bioerosion under elevated [CO2] scenarios is well documented
(Fang et al., 2013, 2014; Stubler et al., 2014, 2015; Wisshak et al., 2012, 2013). Given the
presence of carbonic anhydrase II in sponge etching cells (Hatch, 1980; Pomponi, 1979, 1980;
Schönberg, 2008), it is likely that this enzyme fulfills a role similar to that found in osteoclasts:
the reaction of carbonic anhydrase II and CO2 produces H+ ions that, combined with Cl-, form the
hydrochloric acid necessary to dissolve carbonate. The speed of carbonate dissolution is thus
dependent on [CO2]. Given this dependence on [CO2], the results of these previous workers could
be explained via a hypothetical model for sponge bioerosion (Fig. 14).
ambient [HCO3-]
low / high

respiration
photosynthesis

Ca2+
HCO3-

ocean
acidification

acid
phosphatase

HCl

CARBONATE: organics + CaCO3
Fig. 14. A hypothetical model for sponge bioerosion by an etching cell. Carbonic anhydrase II catalyzes the
formation of carbonic acid (H2CO3) which quickly dissociates. The resulting HCO3- is removed from the cell via
a chloride-bicarbonate exchanger and H+ and Cl- are transported into a cavity covered by the etching cell. This
cavity is sealed off from the surrounding medium by protein-bound sealing zones. The H+ and Cl- combine in the
cavity to produce hydrochloric acid, significantly lowering Ω and inducing dissolution. However, the dissolution
of carbonate yields reaction products Ca2+ and HCO3-. The continuous flushing of reaction these products from
the cavity and interior of the cell maximizes the bioerosion potential. Acid phosphatase is secreted into the cavity
to digest the organic components released during dissolution. Controls that enhance (green) or suppress (red)
bioerosion rates are drawn. Figure modified from Arnett (2013).
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A higher concentration of CO2 under future climate scenarios would increase the potential for
acid production and thus carbonate dissolution. Furthermore, a dependence on [CO2] could
explain our observations of consistently higher night bioerosion rates (Table 5);
carbonic anhydrase II could be in competition with photosynthesis for CO2 during the day,
resulting in a suppressed bioerosion potential (Fig. 14). Conversely, at night photosynthesis
cannot occur and respiration is increased, providing a readily available source of CO2 for the
bioerosion process. The presence of symbiotic algae of the Symbodinium family may thus
partially suppress day bioerosion rates through photosynthesis. However, symbiont-bearing
sponge species display significant gains in absolute rates of bioerosion, tissue penetration and
growth with higher symbiont densities (Hill, 1996). The autotrophic carbon released by the
symbionts contributes substantially towards the host sponge carbon budget (Fang et al., 2014).
Therefore, the overall gain of having symbionts in a given sponge species is likely far greater
than their effect on day bioerosion rates.

4.8.3 Flushing as a limiting factor for bioerosion
During chemical bioerosion, CaCO3 is converted into Ca2+ and CO32-, after which CO32- reacts
with free H+ to form HCO3-. To increase bioerosion potential, the etching cell would need to
maximize the amount of H+ and Cl- in the cavity, whilst continuously flushing out the reaction
products Ca2+ and HCO3- to the surrounding water (Fig. 14). Pumping of H+ into and Ca2+ out of
the cavity in a 2:1 ratio would result in a stable charge balance. Likewise, the removal of HCO3whilst adding Cl- would also result in a balance. If HCO3- is not removed from the interior and
cavity of the etching cell, continuing HCO3- production by carbonic anhydrase II and dissolution
in the cavity would create an unfavorable [HCO3-] gradient, and dissolution ceases. This
mechanism could explain the strong negative correlation in our study between [HCO3-] and
bioerosion rates (Table 6).
The removal of HCO3- can only occur efficiently if [HCO3-] outside of the etching cell is
relatively low. A high [HCO3-] in the surrounding medium could thus potentially limit bioerosion
rates. Future studies which manipulate [HCO3-] independently of the other carbonate parameters
could test this hypothesis. However, working with incubation chambers limits the flushing of
Ca2+ and HCO3- since chamber water volume is limited and exchange with external water cannot
occur. Increased night bioerosion rates, as seen in our study, would require more flushing of
HCO3- from the etching cells and ultimately, the sponge. An increase in ambient [HCO3-] in the
incubation chamber due to this process would increase the pH, explaining the positive correlation
between pH and [HCO3-] during our night incubations (Table 6, Fig. 11a). Under natural
conditions, clionaid sponges would clearly not experience this limitation. Thus, the question
arises whether the incubation method limits these physiological processes.
The volume of the water enclosed by the etching cell plays an important role in the
dissolution process; a relatively small volume would aid rapid acidification and the subsequent
lowering of Ω to induce dissolution. However, upon dissolution of the carbonate substrate, Ω
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would increase more rapidly in a relatively small volume than in a larger volume of water. This
increase in Ω would hamper further dissolution from occurring. To achieve a maximum
bioerosion potential, the etching cell must thus keep the volume for acidification relatively small
whilst mitigating the subsequent increase in Ω when dissolution occurs. Continuous cycles of
acidification, dissolution and flushing of the water volume with ambient, relatively lower Ω water
would keep the bioerosion potential high. The speed of these cycles may thus be limited by
flushing rates. Flushing could occur by temporary opening of the sealing zones (Fig. 14) or even
a total replacement of the etching cell. The latter may pose a mechanism to overcome
unfavorable HCO3- gradients across the outer cell membrane by storing and exporting HCO3inside discarded etching cells. Sponges are capable of rapid cell turnover (de Goeij et al., 2013)
and this ability may play a yet undiscovered role in bioeroding sponges. Studies into the turnover
of etching cells may reveal how flushing is achieved. The local addition of mitotic inhibitors may
severely decrease bioerosion activity, proving a link between turnover rates and bioerosion
potential.
In combination with flushing, the bioerosion process could be greatly aided by altering the
carbonate species in the etching cell cavity. The conversion of HCO3- to CO2 would mitigate the
complex and potentially costly transport of HCO3- across the cell membranes (Fig. 14). Instead,
CO2 would be able to readily diffuse through the cell membranes, allowing carbonate dissolution
to continue for longer without requiring flushing. This CO2 may subsequently be used by either
symbionts or carbonic anhydrase II (Fig. 14). However, significant proton pumping would be
required to achieve pH < 6.5 upon dissolution of carbonate to immediately convert HCO3- to
CO2. Achieving a balanced model would require in-situ observations to confirm which processes
are occurring, from which their relative contributions to bioerosion potential can be assessed.

4.8.4 Ocean acidification reduces the metabolic cost of bioerosion
In this experiment, bioerosion rates were most clearly related with [CO32-] and thereby, Ω. This
suggests that a lower Ω in the surrounding water of the sponge is instrumental in enhancing
bioerosion rates. With Ω already relatively low, the sponge expends less energy to acidify the
etching cell cavity water mass for carbonate dissolution. Via this pathway, ocean acidification not
only increases [CO2] as a possible substrate for internal processes, but may also decrease the
energy costs of the dissolution process, enhancing bioerosion rates (Fig. 14, dotted arrow).
Solely a high [H+] did not yield bioerosion rates, whereas the combination of a low [CO32-]
and high [H+] was more effective than low [CO32-] alone (Table 5). The main effect of high [H+]
under ocean acidification is to decrease [CO32-] and Ω. High [H+] in itself does not induce
enhanced bioerosion rates in clionaid sponges. The state of Ω seems to be the defining factor that
governs whether and at which rate bioerosion occurs. These observations verify the link between
[H+] and [CO32-] proposed by Fang et al. (2013) and Wisshak et al. (2012). A high [H+] in
seawater could potentially amplify the H+ gradient already created by the etching cell and thus
reduce metabolic costs. Since symbiotic bioeroding sponges have a significant source of
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additional energy through the process of photosynthesis (Fang et al., 2014), processes that
decrease the energy costs of bioerosion cause an even greater surplus of energy available for
bioerosion. Hence, non-symbiotic species may not be able to benefit from ocean acidification to
the same extent as those that harbor symbionts.
Rising global temperatures due to climate change may also impact the metabolism of
bioeroding sponges. The effect of rising sea surface temperatures could cause a parabolic
response; increasing bioerosion rates up to a certain thermal threshold followed by a decline due
to the sponges experiencing an overall negative energy balance as a result of metabolic costs
(Fang et al., 2014). Such parabolic temperature responses have been reported by Wisshak et al.
(2013) and Enochs et al. (2015) and may also be linked to disease and/or bleaching in symbiontbearing clionaid sponges (Schönberg & Ortiz, 2008).
The key to unraveling why ocean acidification causes enhanced bioerosion rates may merely
be due to an increased metabolic efficiency in the sponge organism by virtue of changing ocean
chemistry. Whereas ongoing decreases in pH, Ω and available [CO32-] are detrimental for
calcifying organisms such as corals, these conditions provide an increasingly favorable setting for
bioerosion to occur (Enochs et al., 2015; Wisshak et al., 2012). The molecular pathways
suggested in our model concur with our results, but need to be verified by in-situ observations.

5. Conclusions
5.1 Conclusions of this study
By reducing the metabolic cost of both carbonate dissolution and the maintenance of ion
gradients, the changes in chemistry due to ocean acidification enhance the bioerosion potential of
clionaid sponges. Our hypothetical model for sponge bioerosion creates a framework in which
our results can be placed and future study directions explored. Varying carbonate system
parameters revealed that high [H+] alone does not induce enhanced bioerosion. Instead, Ω
constitutes a crucial threshold for bioeroding sponges; values above Ω ~ 4 result in the sponge
being unable to reduce Ω enough for dissolution to occur. Thus, Ω is the defining factor that
governs whether and at which rate bioerosion occurs. The process of flushing is a potentially
limiting factor for bioerosion rates and requires detailed, in-situ observations to reveal its
underlying mechanisms. With enhanced bioerosion in future oceans alongside a decreased reef
building potential of corals and calcifying algae, it seems inevitable that carbonate budgets will
become increasingly negative.
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5.2 Knowledge gaps and future research directions
The phenomenon of enhanced sponge bioerosion rates under future climate scenarios has been
extensively researched and confirmed. However, the molecular mechanisms involved in this
process have not yet been researched in detail. Our model portrayed several possible pathways
and mechanisms, but for now relies on theory only. Experimental observations are needed to
verify these processes in-situ. A study complementary to ours could investigate the potential
suppressing role of [HCO3-] in the bioerosion process by manipulation of this parameter in
incubation experiments whilst keeping the other parameters fixed. The proposed competition of
carbonic anhydrase II and photosynthesis for CO2 would explain the difference between day and
night incubation rates and warrants further investigation. Experiments on man-made, 13C tagged
calcite would allow tracking of the HCO3- ion after its production, possibly allowing for
dissolution and flushing rate estimations in-situ. Comparison of symbiotic and non-symbiotic
clionaid species may elucidate the internal forcings and homeostasis of the sponge organism
during the bioerosion process. The reduction of metabolic costs for bioerosion by climate change
represents an attractive hypothesis but requires controlled experiments focused on elucidating the
patterns of energy expenditure under varying environmental conditions. Research into the
interactions of live corals with clionaid sponges could shed light on their resilience to overgrowth
and possible shifts in reef ecology associated with clionaid species expansion. Overall, more
insight is needed into the molecular and ecological factors that make clionaids such successful
constituents on coral reefs.
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