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Chapter

General Introduction

"The errors and the dreams of science have been numerous. We have had the flints on
the upper chalk formation attempted to be accounted for as the coprolites of whales;
the 16" and 17" century gives us the wonderful story of the goose which developed
from barnacles, and now we have a "burrowing or boring sponge’.’ (Waller 1871)
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{As seawater transits across a coral reef, it has a certain composition of ions, inor-
ganic and organic carbon and nutrients that reef inhabitants utilise to build their soft
and hard tissues. From these basic ingredients and the assistance of the sun, corals
and many other calcifiers build immense reef structures that support an extraordi-
nary heterogeneity of marine organisms. Within these reefs, free-living as well as
symbiotic algae, take up dissolved inorganic carbon from the water column by photo-
synthesis to produce oxygen and organic matter which serves as a source of energy to
heterotrophic organisms on the reef. Ancillary to photosynthesis, dissolved inorganic
carbon is utilised in combination with calcium ions by calcifying organisms to gener-
ate skeletons and shells which form the solid backbone of coral reefs. The immense
variety of biomineralisers is balanced by an equally diverse community of organisms
capable of dissolving them or breaking them down into smaller pieces. Fuendolithic
microorganisms such as cyanobacteria, algae and fungi actively penetrate into car-
bonate substrates by a series of chemically driven mechanisms while parrot fish scrape
away coral structures by grazing freshly grown algae. Boring sponges choose for a
combination of dissolution and mechanical chip removal to carve their way into coral
skeleton. The long-term success of coral reefs depends on a positive balance of calcium

carbonate production exceeding dissolution and erosion.}

1 Climate change and ocean acidification

The unprecedented intensification of anthropogenic activity over the past centuries
is having severe repercussions on the global climate (IPCC 2018). Rapid burning
of fossil fuel reserves and deforestation are instigating an exponential rise in carbon
dioxide (COs2) emissions (Raupach et al., 2007). Since the industrial revolution, at-
mospheric CO; levels increased from approximately 280 to 410 ppm (for the most
current measurements see: https://www.co2.earth/). While approximately a quarter
of the released COs is taken up by organisms, the majority remains in the atmosphere
[CO2]atm, causing the surface of the earth to heat up. Yet, another considerable frac-
tion of anthropogenic emissions (~25%, which equals 2.2 Pg C year~—!) dissolves into
the ocean (Sabine et al., 2004; Canadell et al., 2007). As this fraction of COs enters
the ocean, it reacts with the water to form carbonic acid. Subsequently, carbonic acid
rapidly dissociates forming bicarbonate ions and protons, reducing the seawater pH
(Raven et al., 2005) (Box 1). The accelerated dissolution of COs in the past century
has led today to an average decline by 0.1 pH units of surface ocean waters, which
translates to a 30% rise in acidity (IPCC 2018). A further decrease of 0.3-0.4 pH units
is expected if [COz]atm reaches 800 ppm, the projected end-of-century concentration
according to the business-as-usual emission scenario of the Intergovernmental Panel
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on Climate Change (IPCC). Under high-COs conditions, carbonate ions are with-
drawn from the pool that is available to biochemical cycles as the relative abundance
of bicarbonate ions increases (Guinotte and Fabry, 2008; Doney et al., 2009; Hen-
driks et al., 2010). Consequently, the calcium carbonate (CaCQO3) saturation state
decreases, which is generally believed to impair formation of shells and skeletons by
calcifying organisms (Kleypas et al., 2005; Doney et al., 2009 and references therein).
On an ecosystem level, the effects of ocean acidification may be the most pronounced
on coral reefs (Kleypas et al., 1999; Langdon et al., 2000; Hoegh-Guldberg et al., 2007;
Kleypas and Yates, 2009; Hughes et al., 2017).

Box 1 - Ocean acidification (OA)

COy + Hy0 + H>CO3 Diffusion of CO5 into water (HyO)
results in the formation of carbonic
acid (H2CO3).

HyCO5 < HT + HCO3~ Carbonic acid rapidly dissolves to form

protons (H') and bicarbonate (HCO3™).
CO3%~ + HY < HCO3~ The available protons are neutralized by

carbonate ions (CO3%~) which are

naturally saturated in seawater therewith
forming more bicarbonate.

CO5 + HyO + CO32~ <> 2HCO3~  Net reaction.

2 Coral reef ecosystems

Coral reefs are exceptionally diverse and rich ecosystems, typically found in shallow
(sub)tropical waters between latitudes 30°S and 30°N (Connell, 1978; Reaka-Kudla,
1997; Spalding et al., 2001). The complex physical topography created by calcifying
stony corals underpins (by large) these hotspots of biodiversity (Odum and Odum,
1955; Grigg et al., 1984). The structural framework promotes complex ecosystem
functioning and niche partitioning which supports this extraordinary heterogeneity of
associated biota. Although the large limestone structures that form the fundament
of a coral reef represents only less than one percent of the sea floor, they provide a
home to almost one third of all marine species (Mcallister, 1991; Spalding and Gren-
fell, 1997). These rich ecosystems provide nutrition and income to tens of millions of
people through fisheries, tourism and protection of the coastline (Smith, 1978; Cesar
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et al., 2003; Spalding et al., 2017). As such, coral reefs are indispensable to the world
we live in today. However, they are currently deteriorating at a catastrophic rate due
to a variety of pressures associated with increased anthropogenic activity on both a
global and local scale (Gardner et al., 2003; Jackson et al., 2014). The impact of the
exponential increase of greenhouse gas concentrations and its effects on the global cli-
mate evidently impact coral reefs as well (Pandolfi et al., 2003; Wilkinson, 2004). The
reduced carbonate ion availability caused by ocean acidification affects precipitation
of CaCOj3 by corals (Gattuso et al., 1998; Pandolfi et al., 2011; Dove et al., 2013).
Ancillary to this, warming of surface waters is compromising the symbiosis of corals
and photosynthetic zooxanthellae, causing frequent occurrence of region-wide mass
bleaching and mortality of corals (e.g. Glynn, 1996; Hoegh-Guldberg, 1999; Dove and
Hoegh-Guldberg, 2006; Eakin et al., 2010; Grottoli et al., 2014; Hughes et al., 2017).

While reef degradation is a worldwide phenomenon, the declining trend appears
most prominent in the western Atlantic. Throughout the Caribbean and Gulf of
Mexico, local stressors intensify the impact of global change on the ecological status
of reefs. Factors including overharvesting of fish and declining water quality greatly
reduce coral resilience towards bleaching or diseases (Jackson et al., 2001; Hughes
et al., 2003; Knowlton and Jackson, 2008; Vega Thurber et al., 2014). Since coral
reefs thrive in oligotrophic conditions, the addition of nutrients and organic matter
through untreated sewage and terrestrial run-off reduces their competitive advantage
over other sessile reef organisms (Hughes, 1994; Fabricius, 2005). This can be ascribed
to increased local pressure associated with the unprecedented human population ex-
pansion in the region. Since the 1950s, the total population in the Caribbean has more
than doubled (Guzman et al., 2006). In addition, Caribbean surface water is signif-
icantly impacted by discharge from the major rivers like the Amazon and Orinoco.
This is exacerbated by the basin-like morphological and hydrological features that
then promote the retention of polluted and eutrophied water within the Caribbean
basin (Roff and Mumby, 2012).

Present Caribbean reefs bear very little resemblance in configuration with those
existing pre-1980s, in terms of benthic composition, coral cover and structural com-
plexity (De Bakker et al., 2017). Opportunistic organisms, such as algae, sponges
and benthic cyanobacteria can more rapidly convert available sustenance into biomass
which has resulted in a considerable increase in their abundance under eutrophic con-
ditions. The evident decline in coral cover and the deviation from historical species
configuration with a dominance of reef-building species, as well as the recognised im-
pacts of ongoing ocean acidification and eutrophication on calcification and bioerosion
processes (Schonberg et al., 2017; Webb et al., 2017, 2019), are likely to drastically
reduced the biogenic calcifying capacity of these reefs. In-situ benthic metabolism
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Figure 1: Dominant metabolic processes on coral reefs and their influence on seawater
Ap, DIC and pH (Cyronak et al., 2018).

measurements, i.e. net community calcification (NCC) and net community produc-
tion (NCP), are used as important indicators of reef status (Koweek et al., 2015).
Reef communities are active components in their biogeochemical environments, ma-
nipulating the availability of various inorganic and organic resources via calcification,
primary production and respiration (Anthony et al., 2011; Albright et al., 2015). Dis-
solved inorganic carbon (DIC) and alkalinity (Ar) changes in sea water over a coral
reef point to the relative contribution from different metabolic processes (figure 1).
Understanding the impacts of changes in benthic composition and seawater condi-
tions on coral reef metabolism, as well as the effects of oean acidification is critical in
predicting a reef’s future ability to accrete CaCOsg.

3 Bioerosion by excavating sponges

Bioerosion on coral reefs is illustrated by the destruction of carbonate (CaCOg3) sub-
strate by various marine organisms (Neumann and Jan, 1966). On undisturbed reefs,
a delicate balance exists between carbonate accretion and erosion, where bioerosion
plays a considerable role in shaping the reef and producing vast amounts of sand
(Glynn and Manzello, 2015). Currently, however, it appears that altered reef condi-
tions are tipping this interaction on many reefs in favour of bioerosion (Wisshak et
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al., 2014; Schonberg et al., 2017). On Caribbean reefs, excavating sponges (figure 2)
are often the dominant macroboring organisms (Riitzler, 2002). These macroborers
respond positively, in both their eroding capacity and their abundance, to eutroph-
ication, ocean acidification and the rising sea water temperatures (Wisshak et al.,
2014; Achlatis et al., 2017; Webb et al., 2017). Nevertheless, bioeroding sponges are,
at present, relatively understudied compared to other reef organisms. Excavating
sponges have significant ecological and biogeochemical effects on coral reef habitat as
they break down calcium carbonate structures by a combination of dissolution and
mechanical chip removal system in a manner analogous to a mining operation (fig-
ure 3) which can result in the production of up to 30% of the sediment on a coral
reef (Riitzler, 1975; Nava and Carballo, 2008; Carballo et al., 2017). Bioeroding
sponges contribute substantially to the excavation of coral skeletons, accounting of-
ten for 40-70%, but incidentally up to >90% of macroborer activity on coral reefs
(Wisshak et al., 2012; Schonberg et al., 2017). It is hypothesised that specialised
cells are able to reduce saturation state with respect to aragonite at the sponge-coral
interface, resulting in dissolution of the coral’s skeleton (Riitzler and Rieger, 1973;
Pomponi, 1977). Since the etching interface is not directly accessible for observations,
investigating the underlying mechanisms by which these sponges dissolve CaCOgs has
proven to be challenging (Schénberg, 2008).

Figure 2: Three examples of Caribbean excavating sponges. From left to right: Cliona
caribbaea (brown), Siphonodictyon brevitubulatum (yellow) and Cliona delitriz (or-
ange).

Recent results have shown that boring rates increase with higher seawater pCOs,
suggesting that a reduced ambient saturation state directly lowers the energetic costs
for the sponge to lower the saturation state in which the aragonite skeleton dissolves
(Fang et al., 2013; Wisshak et al., 2013; Webb et al., 2017). Despite the expected
increase of sponge bioerosion impact on coral reefs with on-going ocean acidification,
the mechanistic link between environmental conditions and bioerosion rates remains
unknown. Production of acids is thought to be ultimately responsible for CaCOg
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dissolution. Hatch (1980) suggested that excavation by sponges involves a localized
modification of the CaCQOj3 solubility equilibrium. Furthermore, there is evidence for
the presence of the enzyme carbonic anhydrase at the sponge-coral interface, which
could facilitate the transport of HT across membranes or provide an optimum pH
for other chemical processes involving, for instance, calcium chelators (Hatch, 1980).
The unknowns in excavating sponge’s biology and its sensitivity to ongoing climate
change, form the basis of the research presented in this thesis.
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Figure 3: Scanning electron microscope images of calcite excavated by Cliona varians.
Both images depict excavated channels lined with characteristic pits that remain after
the chips are removed.

4 Synopsis

The overarching aim of this thesis is to quantify and understand the accretion and
loss terms of coral reef communities with a focus on the interactions of anthropogenic
ocean acidification and eutrophication with bioerosion by coral excavating sponges.
To this end, the underlying mechanisms of CaCOg chemical dissolution by excavating
sponges was investigated (chapters IT and III), as well as the combined effect of ocean
acidification and eutrophication on bioerosion rates (chapters IIT and IV). Chemical
dissolution was then assessed at the reef community level, in situ and tackled ques-
tions regarding net community calcification and net community production of various
community assemblages found in both pristine and degraded areas (chapters V and
VI).

Chapter IT ‘pH Regulation and Tissue Coordination Pathways Promote Calcium
Carbonate Bioerosion by Excavating Sponges’ identifies the main physiological mech-
anisms by which sponge Cliona spp. promotes dissolution of coral skeleton. Although
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a localised modification of the CaCOj solubility equilibrium at the sponge/coral in-
terface was proposed in the early 80s, this had not yet been investigated successfully.
Growing sponges on Icelandic spar (calcite) and the use of fluorescence microscopy
made it possible to visualise the underlying mechanisms promoting CaCOj3 dissolu-
tion.

Chapter III ‘Diurnal Variability in Carbonic Anhydrase Activity for CaCO3 Dis-
solution by Excavating Sponges’ addresses the role of carbonic anhydrase in chemical
dissolution by excavating sponges. Several of the most competitive boring sponges
harbour the same endosymbiotic dinoflagellate zooxanthellae as corals. Although
bioerosion is the natural counterpart of accretion, these symbionts appear to play a
role in both light enhanced calcification and bioerosion. As carbonic anhydrase (CA)
enzymes greatly increase the speed of the reversible reaction HoO + COy - HT+
HCOg3~ and have been detected abundantly associated with etching processes at the
sponge-coral interface, they are thought to play a central role in the dissolution of
CaCOg3 by excavating sponges. In this chapter, the activity of carbonic anhydrase is
blocked in various pCO5 ranges during the day and at night to provide an assessment
of CA involvement in chemical dissolution by boring sponges.

Chapter IV ’Combined Effects of Experimental Acidification and Eutrophica-
tion on Reef Sponge Bioerosion Rates’ assesses environmental control on bioerosion
rates of Cliona spp. in controlled, laboratory experiments. The impacts of increased
pCOy combined with nutrients and organic loading in surface waters on coral calcifi-
cation have been repeately reported, however the synergetic effects on bioerosion are
poorly studied. As the long term success of tropical coral reefs depends largely on
the balance between constructive (calcification nd cementation) and destructive forces
(mechanical-chemical degradation), understanding the combined effects of global and
local pressures on the antagonist of calcification, i.e. dissolution, are essential. In
this study, Cliona caribbaea, a photosymbiont-bearing excavating sponge widely dis-
tributed in Caribbean reef habitats, was exposed to a range of pCOy concentrations,
as well as different eutrophication levels.

Chapter V ‘In-situ incubation of a coral patch for community-scale assessment
of metabolic and chemical processes on a reef slope’ investigates in situ diurnal trends
of COy system parameters (dissolved inorganic carbon, total alkalinity), dissolved
oxygen, and nutrients (phosphate, nitrate, nitrite, and ammonium) on a 20 m deep
coral reef patch offshore from the island of Saba, Dutch Caribbean by means of tent
incubations. The reef in this area is located on a steep incline from the heights
of Saba toward the ~500 m deep stretch between the island and the Saba Bank
carbonate platform. Coral reefs around Saba harbour a relatively rich diversity of
marine species and is considered one of the more pristine sites in the context of the
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wider Caribbean. Comprehensive monitoring of the abovementioned fluxes allows
for subsequent quantification of integrated whole community coral reef metabolic
processes (net community calcification (NCC) and production (NCP)) in a highly
hydrodynamic environment.

Chapter VI ‘Carbonate dissolution mediated by key benthic communities on a
degrading coral reef’ explores benthic metabolic rates across five different benthic
assemblages over diurnal cycles using small underwater tent like incubations. Present
Caribbean reefs bear very little resemblance in configuration with reefs pre-1980s, in
terms of benthic composition, coral cover and structural complexity. Areas covered by
sand, rubble, cyanobacteria, excavating sponges, turf and macroalgae have increased
at the expense of coral. In this chapter, benthic metabolic rates are quantified in
situ across benthic assemblages that currently characterized shallow Caribbean reef
substrate.
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Abstract

Coral reefs are threatened by a multitude of environmental and biotic influences.
Among these, excavating sponges raise particular concern since they bore into
coral skeleton forming extensive cavities which lead to weakening and loss of
reef structures. Sponge bioerosion is achieved by a combination of chemical dis-
solution and mechanical chip removal and ocean acidification has been shown to
accelerate bioerosion rates. However, despite the ecological relevance of sponge
bioerosion, the exact chemical conditions in which dissolution takes place and
how chips are removed remain elusive. Using fluorescence microscopy, we show
that intracellular pH is lower at etching sites compared to ambient seawater and
the sponge’s tissue. This is realised through the extension of filopodia filled with
low intracellular pH vesicles suggesting that protons are actively transported into
this microenvironment to promote CaCOs dissolution. Furthermore, fusiform
myocyte-like cells forming reticulated pathways were localised at the interface
between calcite and sponge. Such cells may be used by sponges to contract a
conductive pathway to remove chips possibly instigated by excess Ca®™ at the
boring site. The mechanism underlying CaCQOj3 dissolution by sponges provides
new insight into how environmental conditions can enhance dissolution and im-

proves predictions of future rates of coral dissolution due to sponge activity.

1 Introduction

Boring sponges excavate and grow into calcium carbonate substrates with their activ-
ity leading to significant marine carbonate erosion (Riitzler, 2002; Zundelevich et al.,
2007; Schénberg and Ortiz, 2008). In coral reef environments, bioerosion leads to
significant loss of reef structures and may tip the balance between production and
erosion in favour of the latter (Perry et al., 2014; Murphy et al., 2016).

Bioerosion by excavating sponges is achieved by a combination of chemical disso-
lution and mechanical chip removal (Nasonov, 1924; Riitzler and Rieger, 1973; Pom-
poni, 1980). It is hypothesised that specialised cells are able to reduce saturation
state with respect to aragonite at the sponge-coral interface, resulting in dissolu-
tion of the coral’s skeleton (Hatch, 1980). Since the etching interface is not directly
accessible for observations, investigating the underlying mechanisms by which these
sponges dissolve CaCQOj3 has proven to be challenging. Recent results showed that
boring rates increase with higher seawater pCOy (Wisshak et al., 2012; Duckworth
and Peterson, 2013; Fang et al., 2014; Wisshak et al., 2014; Schonberg et al., 2017;
Webb et al., 2017), suggesting that a reduced ambient saturation state directly lowers
the energetic costs for the sponge to lower the saturation state in which the arago-
nite skeleton is dissolved. Despite the expected increase of sponge bioerosion impact
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on coral reefs with on-going ocean acidification, the mechanistic link between envi-
ronmental conditions and bioerosion rates remains unknown. Production of acids is
thought to be ultimately responsible for CaCOg dissolution (Hancock, 1849; Cotte,
1902; Warburton, 1958). Hatch (1980) suggested that excavation by sponges involves
a localized modification of the CaCOgs solubility equilibrium. Furthermore, Hatch
(1980) provided evidence for the presence of the enzyme carbonic anhydrase at the
sponge-coral interface, which could facilitate the transport of HT across membranes or
provide an optimum pH for other chemical processes involving, for instance, calcium
chelators. Sullivan et al. (1986) demonstrated the presence of such calcium chela-
tors in Siphonodictyon coralliphagum (Ritzler, 1971) and described the dissolution
process as a cycle in which calcium chelators release protons in exchange for calcium
ions at the etching site and release calcium ions to the water outside the sponge in
exchange for protons. This proposed pathway implies that a reduction of pH at the
sponge-substrate interface would form the basis of sponge chemical erosion. However,
a direct characterization of the conditions during aragonite dissolution is necessary
to confirm that this mechanism is adopted by excavating sponges.

Here we investigate the cell physiological and chemical conditions at the dissolution
interface of the sponge Cliona varians (Duchassaing De Fonbressin and Michelotti,
1864) by applying a pH fluorescent probe and subsequent visualization of pH at the
etching site with fluorescence microscopy.

2 Materials and methods

2.1 Sample collection and growth conditions.

Samples from 5 different C. varians sponges (figure 1) were collected off Summerland
Key in the Florida Keys using a hammer and a chisel. Sponge samples (n=30) were
placed in flow-through seawater raceways at the Mote Tropical Marine Laboratory
in Summerland Key, attached to pieces of Iceland spar (3 to 4 cm?) with plastic tie
wraps, and subjected to a natural diurnal light cycle. They were kept in the flow-
through raceways for one month to allow the cut surfaces to heal and attach to the
Iceland spar. They were then transferred to Harbor Branch Oceanographic Institute
(HBOI) at Florida Atlantic University, where they were placed in a recirculating
seawater raceway in the aquaculture facility for 3 weeks before the experiment was
started.
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Figure 1: Cliona varians sample viewed from bottom (left panel) and top (right
panel). Sponge has attached (arrow) to the piece of Iceland spar placed on its lower
side.

2.2 Specimen preparation and staining.

Pieces of calcite (Iceland spar) in early stages of sponge bioerosion were detached from
the ‘mother sponge’ (figure 1) and broken into smaller thin fragments with surface
areas ranging from 0.10 to 0.25 cm? and with thickness of 0.1 to 0.2 cm. For each
calcite piece, ~10 fragments were collected and stained following a derived protocol for
pHrodo™ Red and Green AM Intracellular pH Indicators based on protocols developed
by the manufacturer (Life Technologies). This involved dilution of 10 pL of stain into
100 pL of PowerLoad concentrate, dilution of the resulting solution into 10 mL of
filtered seawater and incubation of the sponge fragments in 2 ml of this solution for
1 hour. Finally, the sponge/calcite fragments were rinsed in filtered seawater, placed
in a 24-well plate and immediately imaged.

2.3 Fluorescence Microscopy and Image Analysis.

Fluorescence and transmitted light imaging was performed on an Invitrogen™ EVOS™
FL Auto Imaging System. Fluorescence emission intensity was measured after illumi-
nating the incubated tissue with different excitation wavelengths. The red channel of
emission in all images represents pH and was obtained using the Texas Red light cube
with excitation and emission maxima around 585 and 624 nm, respectively. The com-
mercial pHrodo™ indicator and Intracellular pH Calibration Buffer Kit (Thermofisher)
were used for intracellular pH determination and pH calibration, respectively.
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(1) pHrodo™ Red Intracellular pH imaging.

To assess intracellular pH, the fluorogenic intracellular pHrodo™ Red probe was uti-
lized. pHrodo™ Red is weakly fluorescent at neutral pH but increasingly fluorescent
as pH decreases. This reagent allows quantification of cellular cytosolic pH in the
range of 4-9 with a pKa of ~6.5 and excitation/emission optima of 560/585 nm. To
obtain absolute pH values, a pH calibration curve was produced using an Intracel-
lular pH Calibration Buffer Kit. Modification of pHrodo™ with AM ester groups
results in an uncharged molecule that can permeate cell membranes. Once inside the
cell, the lipophilic blocking groups are cleaved by nonspecific esterases, resulting in a
compound that is retained within the intracellular space.

(2) Intracellular pH Calibration Buffer Kit.

The Intracellular pH Calibration Buffer Kit enables the quantification of intracellular
pH when used in conjunction with pHrodo™ Red AM. It includes four pH calibration
buffers (pH 4.5, 5.5, 6.5, and 7.5), as well as valinomycin and nigericin, which are
used to equilibrate the pH inside and outside of cells. After staining dissociated cells
(1x106 cells/ml) from C. varians with pHrodo™ Red AM and detemining the fluo-
rescence intensity under experimental conditions, cells were re-suspended in one of
the calibration buffers and fluorescence intensity was measured again. This was per-
formed in duplicate for each buffer to produce a calibration curve allowing translation
of the sponge’s fluorescent images into pictures showing the internal pH distribution.

2.4 Image processing for the calibration curve.

The calibration curve was produced using the programming environment R.3.4.3 (R
Core Team, 2017). Each image is imported in R as a pixel matrix. Each given pixel
has an intensity value between 0 and 1, corresponding to a luminosity scale from dark
to light. Each image was corrected for background noise and excess luminescence due
to potential leakage of the buffers out of the cells and superposition of the fluorescence
signal. This was achieved by approximately removing the 1st and 4th quartile of the
data, corresponding to 43% of the pixels from the original image (the removal of the
data’s 4%¢ quartile led to an overestimation of pixels belonging to excess luminescence
and was corrected for visually). The average pixel luminescence from each image was
subsequently used to generate a calibration curve showing a significant linear relation-
ship (R? = 0.98, p<0.0001) between intracellular pH and relative pixel fluorescence
(and its variability: figure 2).



22 | Chapter 2

y=1.27-0.152x R = 0.98
0.64
®
o
s
2044
€
=]
-
]
X
[
0.24
0.0+
5 6 7
pH

Figure 2: Calibration curve for intracellular pH in C. varians pixel luminescence
intensity after removal of 1% and 4%% quartiles. Error bars represent standard de-
viation derived from the variability in all pixels for the images taken. Uncertainty
(grey envelope) surrounding the linear regression curve represents the 95% confidence
intervals.

3 Results and Discussion

Iceland spar crystals containing tissue of C. wvarians that grew into the calcite were
carefully detached from the “mother sponge”. This exposed a complex network of
fibre-like interconnections as well as several circular perforations of the surface crys-
tal face, filled with living tissue. Scanning electron microscopy exposed clear signs of
bioerosion and calcite chips within the tissue (figure 3). Transmitted light microscopy
revealed two dominant cell types (figure 4 & 5) with vesicular cytoplasm likely playing
key roles in bioerosion. These two cell types have a distinct morphology and local-
ization, which reflects their function and will be subsequently discussed in light of
previous descriptions on their role in chip production and removal (Pomponi, 1980;
Riitzler and Rieger, 1973).

3.1 Myocyte-like cells forming tissue coordinating pathways.

At locations adjoining excavating activity, elongated fusiform cells, measuring be-
tween 25 to 80 pm in length and 2 to 5 pm in diameter, with a relatively vesicular
cytoplasm (figure 4a), are found forming bundles that resemble pathway connections
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Figure 3: Scanning electron microscope images of calcite excavated by C. varians. The
top panel depicts an excavated channel lined with characteristic pits that remain after
the chips are removed; the bottom panel shows a chip with its distinctive orthogonal
carved shape.

(figure 4b & 4c). Their overall appearance (e.g., figure 4c) resembles the organization
of vertebrate muscle fibres, and hence may represent the mobile fusiform collencytes
observed by Riitzler and Rieger (1973).

We suggest that these cells may be actinocytes/myocytes (Bagby, 1966; Prosser,
1967; Leys, 2015) capable of directed transport of the chips formed in the dissolution
pits through coordinated tissue contraction, although such cells have not yet been
identified in excavating sponges. It should be noted that Grant (1826) created the
new genus Cliona in reference to the high frequency of contractions of Cliona celata.
Furthermore, De Ceccatty (1974) describes a comparable type of fixed tissue coordi-
nation pathway in the sponges Tethya, Hippospongia, and Fuspongia that is formed
through connections and bundles between muscle-like cells from the same unit struc-
ture. De Ceccatty (1974) argues that this system is based on the capacity of cells to
construct a structurally defined pathway in order to promote direct exchanges from
one cell to another. In the same species, electron microscopy images illustrate tight
membrane appositions between adjacent cells and transfer of vesicles from cell to cell
(De Ceccatty, 1966).

The exclusive organization of the C. varians cells into bundles connecting the bor-
ing pits with the rest of the sponge (figure 4d) indicates that they are instrumental
to the transport of chips out of the excavated pit and into an excurrent canal. The
role of these cells in chip removal is almost a priori given the fact that the formed
chips have to be transported away from the bottom of the boring pits (figure 4) and
hence must pass these myocyte-like cells before entering the excurrent canal.
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Figure 4: Transmitted light images of cells of C. varians organised in bundles and
networks responsible for chip transport. (a) Elongated cells with vesicular cytoplasm
merge into muscle-like pathways (b, ¢, & d) spreading from pits where excavation
happens. Note etching cells (*) in the lower left of (¢) in contact with the elongated
cell network and choanocyte chambers (arrows) in the upper part of (¢). In (d), the
fibre-like network is organised around a boring pit (*).
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3.2 Etching cells

Etching cells are the second dominant cell type present at the sponge/calcite interface.
Their morphology changes to correspond with their ultimate function: the dissolution
of calcium carbonate. Initially, they appear as club-like cells of archeocyte origin with
a prominent nucleus and cytoplasm with a vesicular appearance (figure 5a). To pen-
etrate the carbonate substrate, several thread-like filopodia originate from the cell
body (figure 5b & 5¢) and ramify to partly fuse again forming cytoplasmic sheets
(figure 5b, 5¢ & 5d). The filopodia form a basket-shaped meshwork corresponding in
size to the substratum chips they surround. Previous research also showed networks
of thread-like pseudopodia originating from club-like cells and based on their mor-
phology inferred that they were likely responsible for CaCOjs dissolution (Cotte, 1902;
Nasonov, 1924; Warburton, 1958; Riitzler and Rieger, 1973). Many etching cells with
their accompanying processes in this study were observed in a disintegrating stage.
This collapse of cells has also been observed previously (Riitzler and Rieger, 1973;
Pomponi, 1977) and appears to be linked to the penetration of the filopodial exten-
sions into the substrate. The cell disintegration stage hence appears to be a function of
filopodial growth. Etching cells are very vesicular in appearance (figure 5a) which may
be linked to the flocculent secretory product within the filopodia described by Riitzler
and Rieger (1973). This product was assumed to be contained within vesicles that
would be subsequently emptied into a cytoplasmic sac. In the present study, no floc-
culent material inside the filopodia was observed using transmitted light microscopy
but this may be due to the limited spatial resolution of our method. Fluorescence
microscopy imaging, however, revealed low pH vesicles in the filopodia (see section
3.3). The tissue composition and configuration around and inside burrowing tunnels
formed by this excavating sponge is an indication of how dynamic the etching pro-
cess is. It appears that etching cells are being continuously formed and discarded,
filling every crack and cavity to ensure sponge growth and dissolution of the CaCOg
substratum.

3.3 pH reduction at sponge/substrate interface

Visualization of pH inside the sponge tissue revealed that the intracellular pH within
the filopodial extensions approximates 5 during carbonate dissolution, while non-
bioeroding tissue approximates a pH higher than 7 (representing the upper limit of
our approach). The observed lowered pH is consistent with a study using microsensors
measurements where pH was found to decrease continuously as a function of tissue
depth towards the substrate (Schonberg, 2008). However, results from the latter
study showed a rather modest pH change throughout the sponge tissue compared to
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Figure 5: Transmitted light images of C. varians etching cells (a, arrows) and ac-
companying filopodia (b, ¢ & d). (a) Club-like etching cells (arrows) with prominent
nuclei and vesicular cytoplasm. The cells are located around two initial boring pits.
(b) On the right, a filopodium is extruding from an etching cell (arrow). On the
left, the filopodia network is developing and outlines of chips can be distinguished.
(c) Formation of a chip by extending filopodia (arrow). (d) Filopodial extensions
emanating from an etching cells and merging to form cytoplasmic sheets engulfing a
calcite chip.
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Figure 6: Low pH in etching filopodia in sponge excavated pit exposed after detach-
ment of a piece of bioeroded calcite from the “mother sponge”. (a)Transmitted light
image showing etching filopodia carving out chips on the leading edge of a bored
channel in the substratum. (b) Z-stack imaging of the same area; red fluorescence
represents pH below neutral. (c) Processed image using the fluorescence intensity /pH
calibration (figure 2) showing low pH in etching filopodia that are carving chips from
an excavation pit. Due to the detachment from the “mother sponge”, most tissue
around the pit was removed, however, a large fraction of cells within etched crevices
remained, enabling exclusive visualization of the etching filopodia. The high fluo-
rescence levels in the centre of the pit are due to the superposition of cells causing
additive fluorescence and were therefore dismissed from further analysis.
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the present study. The discrepancy between previously published and present obser-
vations may primarily reflect positioning of the microsensors as the site of dissolution
is very restricted and not easily accessible. Fluorescent dyes are more suited to show
changes at the actual interface. Our results suggest that C. varians locally reduce
the pH at the etching site in order to dissolve calcite (Icelandic spar), we infer that
the same process applies to aragonite (coral skeleton). At high magnification, it is
clear that the lowest pH values are confined to filopodia of the etching cells protrud-
ing around the chips (figure 6). Figure 6¢ illustrates the active formation of 3 chips
(one on the left, and two on the right). Other visible grooves are filled with cells,
but no etching filopodia are discernible. We suggest that the lack of etching at these
locations indicates that chip etching in these areas was completed; chips have been
removed and cells only recently recolonised this space, probably reorganizing for the
next phase of chip excavation. The low pH inside the filopodia appears to reside
in numerous subcellular vesicles (figure 7b, 7c & 7d) which are consistently spaced
in concentric rings within the inner space of the filopodia networks. These low pH
vesicles observed in the filopodia are comparable to what Riitzler and Rieger (1973)
refers to as a flocculent secretory product extending into the filopodia. We propose
that vesicles discharge their contents in the cytoplasmic sheets, enabling the filopodia
to penetrate the substrate. The absence of vesicles in figure 6 is likely due to vesicles
having just discharged their content and dissolution neutralising the low-pH fluid.
To estimate whether the vesicles within the filopodia can be fully responsible for
the volume of aragonite that is dissolved around one chip, the fluorescent images and
obtained intra-vesicle pH values can be combined and compared to the calculated
proton budget involved in aragonite dissolution. Assuming vesicles have a pH of ~5,
the concentration of protons in a given number of vesicles with an estimated volume
can be translated to the maximum volume of CaCOgs that can be dissolved (figure.
8). To do so we assume that the chip can be approximated by half of a sphere, with
a diameter of 40 pm (the approximate average of observed excavated pits; see e.g.
figure. 6), the filopodia’s width is on average 0.4 nm and 3 % of the chip is dissolved
(Riitzler and Rieger, 1973). Based on these parameters, we estimate the amount of
CaCOj3 dissolved for each individual chip to equal 2.8 x 10-11 mol. The [HT] present
in each vesicle of pH 5 is equal to 1 x 10-5 ml L~!. Assuming vesicles take up the en-
tire volume of the filopodia and each vesicle has a volume of 0.01 pm? (diameter = 0.3
pm and a length equalling the radius of the semi sphere), a total of ~105 vesicles can
be squeezed in the filopodia surrounding the chip. These vesicles can therefore only
provide 1 x 10-17 ml of protons for dissolution at one time. However, this number is
already an overestimation as filopodia form intricate networks around chips and do
not cover the entirety of the chip walls. In addition, although figure 7 depicts tightly
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Figure 7: Low-pH vesicles within etching filopodia located at the bottom of an ex-
cavated pit viewed from the top. (a) Transmitted light image of etching filopodia
indicated by black arrows and corresponding SEM image (top left) of excavated chip
pits without etching filopodia (dashed square). (b) Z-stack imaging of the same area,
where red fluorescence represents low pH, showing numerous vesicles with low pH
following the outline of etching filopodia. (c) Processed image with pH quantification
showing lower pH within vesicles with detail enlarged in (d).
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packed vesicles within the filopodia, they do not appear to be filling the complete
volume of the filopodia. If the etching process is completely achieved by exocytosis
of low-pH vesicles, a continuous influx of vesicles and/or a constant replacement of
filopodia and etching cells would be necessary. A single delivery of an acidic fluid
would dissolve some CaCQj3, but also be neutralized by the release of carbonate ions.
Therefore, the low pH values observed at the etching sites need to be maintained over
time and likely require active pumping and a continuous flux of protons.

3.4 Conceptual model for sponge excavation of calcium car-
bonates

The overall observations and interpretations from the present study form the basis of
an improved conceptual model for sponge bioerosion. Our results clearly demonstrate
that a decrease in pH is actively created at the sponge/substrate interface. The high
[H*] at this site is achieved through delivery of low-pH vesicles by the etching cells
(figure 7) and leads to dissolution of the CaCOg (here calcite) and subsequent disinte-
gration of the filopodia. Dissolution of calcite neutralizes the released protons and el-
evates pH, after which the increased concentrations of Ca?t and HCO3~ are removed
before new acidic vesicles are emptied at the sponge-calcite interface. The manner
and the speed in which Ca?t and HCO3~ ions are transported away from the site
of dissolution will inherently determine the speed at which CaCOgs can be dissolved.
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Figure 8: Chip schematic where V ¢ is the volume of dissolved CaCO3, Vi hoie is the
volume of the chip plus the volume of dissolved CaCOs3, Vcpip is the volume of the
chip, Mg;qm is the mass of CaCO3 dissolved, p is the density of aragonite and W 014
the molecular mass of CaCOs.
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However, these processes remain to be investigated. Research on euendolithic pho-
totrophic cyanobacteria demonstrated that microbial excavation is achieved through
active intracellular Ca?™ transport (Guida and Garcia-Pichel, 2016). Calcium chela-
tors and a suite of proteins are known to bind calcium, and could hence be the origin
of an active calcium flux from the substrate into the sponge’s cytoplasm. The protein
proteoglycan is known to play a key role in the aggregation of dissociated sponge cells
where calcium mediates the process by acting as an intracellular messenger (Dunham
et al.,, 1983). When studying secondary metabolites, Sullivan et al. (1986) demon-
strated the presence of calcium chelators in Siphonodictyon coralliphagum (Ritzler,
1971). Various siphonodictyals of this sponge were able to bind calcium ions and
lower their activity in the solution. The authors displayed the potential reaction as
a cycle in which the chelator molecule releases [H'] and receives calcium ions at the
site of dissolution, then releases calcium into the water column in exchange for a new
[H*] ion. In this pathway, a lowering of pH at the sponge/substrate interface must
occur and this process would be affected by changes in seawater conditions such as
an increase in pCOy (Fang et al., 2013; Webb et al., 2017). However, the mechanism
involved in transporting ions from the site of active dissolution to the water column
remains unclear.

Guida and Garcia-Pichel (2016) showed that long range transport of Ca?* is me-
diated by calcium ATPases or channels through cells. A specialised cell was identified
accumulating calcium at concentrations more than 500-fold compared to concentra-
tions found in other cyanobacteria. The authors suggest that these cells permit fast
calcium flow at nontoxic concentrations through undifferentiated cells by providing
temporary storage for excess calcium before final excretion to the outside medium.
Calcium is known to play an important role for tissue contraction in marine sponges
where cell to cell communication is used for tissue coordination (De Ceccatty, 1971;
Lorenz et al., 1996). The network of muscle-like cells that was observed on the calcite
after removal of the “mother sponge” (figure 4) may provide a pathway for the intra-
cellular transport of calcium ions out of the sponge and into the water column, similar
to how muscle cells contract when triggered by an increase in intracellular Ca%*. We
propose a working model for sponge dissolution of calcium carbonate (figure 9) where
protons are received in exchange for calcium ions (potentially via calcium chelators)
at the water-sponge interface. Protons are moved through the sponge via the trans-
port cells until reaching the etching cells. They are then incorporated in vesicles (pH
~5) that travel towards filopodia. Subsequently, the vesicles discharge their contents
through exocytosis, which leads simultaneously to the dissolution of calcium carbon-
ate and disintegration of the etching cell. The new space is then rapidly colonised by
new filopodia, and the process continues. An efficient way to flush out HCO3~ would
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be to convert it to carbon dioxide so it can simply diffuse out of the sponge. Car-
bonic anhydrase enzymes have been located in great number around etching processes
(Pomponi, 1980) and may accelerate this conversion.

Conclusions

These results show that CaCOg dissolution by the excavating sponge Cliona varians
is associated with the production of low pH vesicles in the filopodia of etching cells
responsible for chip formation. These vesicles are transported within the etching cells
towards the site of dissolution where they are emptied and create undersaturated con-
ditions. The resulting high concentration of calcium at the sponge-calcite interface is
hypothesized to be reduced by transport of calcium ions away from the site of disso-
lution, possibly directly balancing the flux of protons towards this site. The cells that
connect the etching cells to the rest of the sponge tissue have a distinct morphology
that is in line with transport of Ca?* away from the site of dissolution. These findings
reveal for the first time the basic mechanism by which excavating sponges dissolve
calcium carbonate: the dependency of these sponges on the production of protons for
CaCOg3 dissolution may provide an explanation for the observed positive relationship
between seawater pCOq and dissolution rates (Wisshak et al., 2012; Fang et al., 2013;
Wisshak et al., 2014; Webb et al., 2017).
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Abstract

Excavating sponges have significant ecological and biogeochemical effects on
coral reef communities as they bore into coral skeleton using a combination
of chemical dissolution and mechanical chip removal. Their bioerosion rates
have been found to respond positively to ocean acidification, warming and eu-
trophication. Several of the most competitive boring sponges harbor the same
endosymbiotic dinoflagellate zooxanthellae as corals. Although bioerosion is the
natural counterpart of accretion, these symbionts appear to play a role in both
light enhanced calcification and bioerosion. As carbonic anhydrase (CA) en-
zymes greatly increase the speed of the reversible reaction HoO + COq <+ HT +
HCO3™ and have been detected abundantly associated with etching processes
at the sponge-coral interface, they are thought to play a central role in the disso-
lution of CaCQOgs by excavating sponges. Here we determine the role of carbonic
anhydrase in chemical dissolution by Cliona caribbaea, a zooxanthellae bearing
species and Suberea flavolivescens, a species that does not host algal symbionts.
We blocked the activity of carbonic anhydrase in experiments with various con-
trolled pCO2 ranges during the day and at night to provide an assessment of
CA involvement in chemical dissolution by boring sponges. The effect of CA
inhibition on chemical bioerosion is found to be comparable across pCO2 ranges,
however, day and night effects are opposite. We show a decrease in dissolution
rates at night across sponge types, which attests to the important role of CA at
night compared to day time. We suggest that in the dark, increased CA activity
may promote outward diffusion of the additional DIC, which is the result of dis-
solution, in the form of COs. During the day, the CO2 gradient is enhanced by
symbiont photosynthesis which promotes diffusion of CO2 out of the dissolution

site, resulting in higher bioerosion rates.

1 Introduction

Excavating sponges from the family Clionidae (Gray, 1867) are abundant and common
inhabitants of coral reef communities (Chaves-Fonnegra and Zea, 2011; Schonberg
et al., 2017). They have significant ecological and biogeochemical effects on these
communities as they disintegrate calcium carbonate structures by a combination of
dissolution and mechanical chip removal (Zundelevich et al., 2007; De Bakker et al.,
2018) which is shown to accelerate with ocean acidification (Fang et al., 2013; Wis-
shak et al., 2013; Schonberg et al., 2017; Webb et al., 2017). Bioeroding sponges
contribute substantially to the excavation of coral skeletons, accounting often for
40-70% and up to 90% of macroborer activity on coral reefs (Wisshak et al., 2012;
Schonberg et al., 2017). Locally, this activity and the accompanying production of
aragonite chips can contribute up to 30% to the sediment on a coral reef (Ritzler,
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1975; Nava and Carballo, 2008; Carballo et al., 2017). Although sponges in the family
Clionidae contribute substantially to coral erosion, most of them house the same pho-
tosymbiotic dinoflagellates of the genus Symbiodinium as their coral substrates that
contribute to the counterpart of bioerosion, accretion (Hill, 1996; Schonberg, 2000).
The Symbiodiniaceae-hosting clionids are referred to as the “Cliona viridis” species
complex (Schoénberg, 2000). Interestingly, these intracellular dinoflagellates seem to
be responsible for light-enhanced calcification as well as light-enhanced bioerosion,
which may indicate that these zooxanthellae aid both these opposite processes, pro-
duction as well as dissolution of CaCOg (Hill, 1996; Webb et al., 2017). Compared to
its role in calcification, the mechanism by which photosynthesis affects dissolution is
still elusive. Photosynthesis of the symbiont may supply carbon-rich photosynthetic
compounds to the sponge, thereby providing energy to etching cells. Alternatively,
symbionts may provide oxygen for the sponge’s mitochondria and thereby a more
acidic environment through net COs production (Achlatis et al., 2019). COgy up-
take by symbionts would theoretically cause local pH within the sponge to increase,
making conditions for CaCOj3 dissolution less favorable. However, as most of the
dinoflagellate cells migrate to the surface layer of the sponge by day, dissolution and
photosynthesis become spatially separated, which may explain their coexistence in
spite of their opposite effects (Schonberg and Suwa, 2007; Achlatis et al., 2019). In
addition, the creation of a microenvironment with a distinct chemistry (Riitzler and
Rieger, 1973; Pomponi, 1977; Schonberg et al., 2017) suggests strict control by etch-
ing cells over the carbonate chemistry at the dissolution site (Webb et al., 2019).
The etching process involves the production of low pH vesicles and shifting solubility
equilibria at the interface between the coral skeleton and the sponge (Webb et al.,
2019). As carbonic anhydrase enzymes greatly increase the speed of the reversible
reaction HoO + COy ++ HT+ HCO3~ and have been observed abundantly around
etching processes at the sponge-coral interface (Hatch, 1980; Pomponi, 1980), they
are thought to play a central role in dissolution of CaCO3 by excavating sponges.

CA is known to be involved in CaCOg precipitation by many calcifiers such
as corals (Furla et al., 2000; Moya et al., 2008; Tansik et al., 2017) and bivalves
(Miyamoto et al., 2002) among others. The exact role CA plays in enhancing arago-
nite dissolution by excavating sponges in unclear but it is hypothesized that it may
facilitate the transport of HT across membranes and/or provides an optimum pH for
the activity of chelating agents (e.g. calcium chelators) and enzymes responsible for
the breakdown of the organic matrix (Hatch, 1980; Pomponi, 1980).

This study aims at determining the role of carbonic anhydrase in chemical dissolu-
tion by excavating sponges. As dissolution rates have been shown to be light-enhanced
and increase in high COy environments, we block the activity of carbonic anhydrase
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in two sponge species: Cliona caribbaea (Carter 1882) and Suberea flavolivescens, of
which the latter does not host Symbiodinium and the effect of this inhibition is tested
as a function of pCO9 during the day, as well as during night.

2 DMaterials and methods

2.1 Study area and sample collection

Bioeroding sponge specimens were retrieved from dead coral substrate found between
5 and 15 m depth at the leeward side of Curagao (southern Caribbean) during Febru-
ary 2017. Samples were collected at Snake Bay (12°8'N, 68°59'W), Piscadera Bay
(12°7’'N, 68°58’" W) and Directors Bay (12°3’N, 68°51’W) using an air drill and hole
saw (inner diameter: 45 mm). The retrieved sponges were transported submerged
in ambient sea water to large flow-through aquaria in the research facilities of the
Carmabi Research Station. Cores were gently cleaned and left to acclimatize and
recover for 1 week, during which full tissue regeneration was observed. Samples of
similar dimension consisting of dead coral skeleton which were not infested by bio-
eroding sponges, served as control substrate.

Two excavating sponge species were collected including a gallery-forming species:
Cliona caribbaea and a network forming species: Suberea flavolivescens. C. caribbaea
lives in symbiosis with photosynthetic dinoflagellates of the family Symbiodiniaceae,
whereas no algal symbionts have been recorded in S. flavolivescens (De Bakker et al.,
2018). In total, 18 cores were collected including 6 containing S. flavolivescens and 12
with C. caribbaea. To determine chemical bioerosion rates, net respiration and pro-
duction during daytime and nighttime, they were placed in closed 0.5 L polycarbonate
incubators, for 1 hour, with inbuilt stirrers. Chambers were submerged in aquaria
to prevent temperature fluctuations during the incubations. Two cores were placed
in each chamber which was sealed air-tight to avoid gas exchange with the external
environment. Temperature (°C) and oxygen concentration (mg L~!) were monitored
continuously over the course of the incubation using a PreSens Os sensor (Fibox 4,
PSt3). Samples for alkalinity ( ~250 mL), pH ( ~30 mL) and nutrient concentrations
(PO43~, NH4 T, NOy~, NO3 ™) were collected at the start and the end of each run.

2.2 Sample analysis

Analyses for Ay were performed within 2 hours following sampling using spectropho-
tometrically guided single-step acid titration (Liu et al., 2015). This optical titration
procedure has a remarkable high precision (£ 0.7 pmol kg~!) allowing the detection
of minor (<5 pmol kg—1!) alkalinity fluctuations. A was measured immediately upon
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sample collection. To compensate for a drift in A7 over the course of the experimen-
tal period, certified reference material (CRM; supplied by Dr. A. Dickson, Scripps
Institution of Oceanography) was analyzed every 20 samples. Sample pH was mea-
sured using an automated spectrophotometric pH measurement system with precision
on the order of 0.004 pH units (Clayton and Byrne, 1993; Liu et al., 2011). Other
carbonate system parameters were calculated from Ar and pH using the package
‘seacarb’ in the programming environment R 3.3.2 (R Core Team, 2013). Samples for
dissolved inorganic macronutrients (NOy~+NO3~, PO43~ and NHy ") were prepared
by dispensing sampled water through 0.8/0.2 um Acrodisk filters into 5 ml pony vials,
and subsequently stored at -20°C upon analysis at NIOZ on a QuAAtro continuous
flow analyser (SEAL Analytical, GmbH, Norderstedt, Germany) following GO-SHIP
protocol (Hydes et al., 2010).

2.3 Inorganic carbon scenarios

Incubations were carried out in three scenarios, all of which had a similar total in-
organic carbon concentration (DIC), but varied in their relative pCO2, HCO3~ and
CO32~ concentrations (table 1). Target pCO5 concentrations were adjusted by adding
to ambient seawater calculated amounts of either NaOH or HCL. Ranges of pCO4
concentrations were aimed to include a pre-industrial scenario (280 patm), an ambient
scenario (400 patm), and a ‘business-as-usual’ COy emission scenario (1050 patm).
However, as seawater carbonate chemistry was altered using chemicals rather than
bubbling COs in the seawater (Riebesell et al., 2011), we refrain from discussing the
results in the context of future climate change scenarios.

2.4 Carbonic anhydrase inhibitor and symbiont impairment

For each scenario, three additional incubations were carried out within the presence
of the CA-inhibitor acetazolamide (AZ). AZ is a membrane-impermeable inhibitor
that has been previously used to assess extracellular CA activity in a wide variety of
marine macrophytes (Bjork et al., 1997; Uku and Bjork, 2005; Moroney et al., 1985;
Chen and Gao, 2004). An inhibitor stock solution was prepared by dissolving sodium
acetazolamide in filtered sea water (20 mM) and adjusting the pH by addition of HCI
(0.1 M) to that of the sea water system for each respective scenario. Incubations were
performed parallel to those for which no inhibitor was added. For C. caribbaea, 6 of the
12 cores were placed in the dark, in a flow through tank for 2 weeks prior to the start
of the incubation period in order to bleach them from most of their symbionts (pers.
com. Malcolm Hill). The sponges became white after a few hours due to migration of
the symbionts deeper into the tissue (Schonberg and Suwa, 2007) and stayed white for
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the remainder of the experimental period. Once all the incubations were carried out,
the dinoflagellates in the tissues of both C. caribbaea and C. caribbaea-bleached were
quantified and compared. To isolate the sponge tissue from the coral skeleton, cores
were dissolved in acid (2 M HCI). The liberated sponge tissue was then cut in small
pieces and pressed through a compress to dissociate the cells. Five subsamples for
each sponge sample were then placed on a haemocytometer to determine the symbiont
density.

For each sponge type, incubations were carried out in triplicates in each pCOg9
scenario, with and without AZ during the day and the night resulting in a total of
108 (3x3x3x2x2) incubations. To investigate CA activity further, 24 (4x6)additional
incubations were carried out for each pCOs scenario, during day and night at twice
the AZ (40 mM) concentration (+ an extra 5 incubation to check the spread of C.
caribbaea dissolution rates during the day and 3 extra at night for S. flavolivescens).

2.5 Net dissolution rates

Chemical bioerosion was quantified using the alkalinity anomaly technique (Smith
et al., 1975; Chisholm and Gattuso, 1991), which involves measuring the changes in
A7 (pmol kg~!) associated with dissolution in seawater during 1h incubation pe-
riods. and correcting for changes in the concentrations of ammonium, nitrate and
phosphate (Jacques and Pilson, 1980; Wisshak et al., 2013). Release of nutrients dur-
ing respiration decreases At (or increases At for net release of NH4 ™), confounding
the interpretation of changes in A to represent CaCOg dissolution only. Following
common protocol, we corrected measured A for nutrient release and the amount of
dissolved calcium carbonate [AM(CaCOs3), in ug] was calculated using Equation (1)
(Zundelevich et al., 2007; Nava and Carballo, 2008):

AM(C&COg) =05 x [AAT + APO4 - ANH, + A(NOS + NOQ)]
X Vsw X pSW x 100

Where AAr is the increase in A7 over the incubation period associated with disso-
lution, Vgw is the volume of seawater in the incubation chamber and pSW is local
seawater density. The multiplication factor “100” represents the molecular mass of
CaCOs.

2.6 Net respiration rates

Net respiration was quantified from ADIC which was calculated from pH and Ap
using the package ‘seacarb” in the programming environment R 3.3.2 (R Core Team,
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2013). The contributions of net respiration to the observed concentrations of DIC
were calculated as follows:

AApdss = AApobseNC . change in A7 due to diss or calci
AATTESP=0 L change in A7 due to resp or photo
ADIC#s= AApobseNC /2 change in DIC due to diss or calci
ADICTP=ADIC¢-ADIC%*ss . ... ........... change in DIC due to resp or photo

2.7 Statistical analysis

All statistical analyses were performed using the programming environment R 3.3.2 (R
Core Team, 2013). Rates and residuals were tested for normality and homoscedasticity
using the Shapiro-Wilk and Levene’s test, respectively. Chemical bioeorsion rates were
sqrt (x + a) transformed to meet normality assumptions. Subsequently, they were
analyzed by means of a 3 x 3 x 2 x 2 crossed analysis of variance (ANOVA) with
4 categorical factors (pCOa, light, sponge type, AZ) including three pCOq scenarios
(low, ambient, and high), two light levels (day and night), three sponge types (C.
caribbaea, C. caribbaea-bleached and S. flavolivescens) and two acetazolamide (with
and without AZ) levels, respectively. Net respiration rates were analysed using a 3-
way ANOVA with 3 categorical factors (pCOs, light, sponge type). As the main factor
AZ (2 levels: ‘With’ or ‘Without’) did not have a significant effect on net respiration
and did not show any interaction with any other factor, it was pooled from the 4-way
ANOVA to render the analysis more robust. Chemical bioerosion rates across different
A7 concentrations were analysed by means of a 2 x 3 x 3 ANOVA with 3 categorical
factors including light, sponge type and AZ concentration (3 levels: ‘0 mM’, ‘20 mM’,
and ‘40 mM’). In the case of significant interactive effects, Post hoc tests (Tukey
HSD with Bonferroni correction) were applied to explore differences between multiple
group means and determine the effect of a factor at each level of the other.

3 Results

The inorganic carbon chemistry in low, ambient and high pCQOs scenarios were sig-
nificantly different from each other (p <0.001), both with and without the addition
of the inhibitor (table 1). Some discrepancies occurred within each scenario due to
both the addition of AZ and the daily variation in ambient water chemistry. The
addition of AZ caused the bicarbonate ion concentration to increase significantly by
~70 pmol kgSW~! on average in each scenario. The increase in Ay as well as DIC
with AZ addition are explained by the latter. The main effect of AZ on pCOs was not
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Table 1: Carbonate chemistry parameters in pmol kgSW ™! of the 3 scenarios: low
pCOy, ambient and high pCO4 with and without the addition of acetazolamide (AZ).

Scenarios | AZ Ar* DIC * PHieas pCO2 HCO3* CO3 QAr
L — 250742 2055+8 8.20+0.01 27748 1726+13 32145 5.140.1
oW
+ 2613£5 2136+6 8.20+0.02 311+18 1800425 323410 5.1+0.1
. —  2383%12 2045%15 8.00+0.02 399415 1794+18 24145 3.8+0.1
Ambient
+ 24845 2139+9 8.00+0.01 426+11 1880+12 248 +3 3.940.1
Hieh — 215742 2053+8 7.60+0.01 12114120 1929410 9244 1.54+0.1
1g
+ 2263£5 2138416 7.60+0.04 1133+61 2001421 100£9 1.6 £ 0.1

! Carbonate parameters that changed significantly
with addition of AZ are marked with a ‘*’.

Figure 1: C. caribbaea (left) and C. caribbaea-bleached (right) cores.

significant. Initial pH and pCOqy varied significantly with light (p=0.02 and p=0.01
respectively).

Symbiont densities were on average 78% lower in cores of C. caribbaea-bleached
than in C. caribbaea. Remaining symbionts were all located deep within the tissue,
explaining the discoloration of the sponge (figure 1). The main effect of scenarios,
light, sponge type and AZ on dissolution rates were all significant (figure 2, table 2).
In addition an interaction between the effects of AZ and light was present, as well as
between the effects of pCOs scenarios and sponge types, and between sponge type
and light (table 2). The addition of AZ appears to affect dissolution rates differently
during day and night.

A post hoc pairwise comparison revealed that the significant differences in impact
of AZ between day and night mostly occurred for the Cliona species (also bleached).
During day-time, dissolution rates increased with the addition of AZ while at night-
time, the addition of the AZ appears to inhibit part of the chemical bioerosion (figure
2). A post hoc pairwise comparison revealed that the effect of light on dissolution
rates by S. flavolivescens was not significant unlike the C. caribbaea and C. carib-
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baea-bleached.

Doubling the AZ concentration (to 40 mM) still enhances day-time dissolution
rates although the average rates decreased slightly (not significant, table 3) compared
to treatments with 20 mM AZ for all sponge types (figure 3). The highest AZ con-
centration further inhibited night dissolution rates in C. caribbaea and bleached C.
caribbaea but not in S. flavolivescens. The effects of light and sponge type on dissolu-
tion rates are significant and although the main effect of different AZ concentrations
is found to be non-significant, an interaction between the effects of light and AZ is
revealed (table 3). A post hoc pairwise comparison revealed that the effect of AZ
is inversed at day and at night. For all types of sponges, dissolution rates decreased
significantly at night with increased AZ concentration. Net respiration rates increased
significantly at night for C. caribbaea in every pCOsq scenarios (figure 4). Increase in
pCO4 caused a significant decrease in net respiration during the day for C. caribbaea.
Although a slight decrease in average net respiration was observed with addition of
AZ for all sponge types, it did not significantly affected respiration rates. In accor-
dance with net respiration, net dissolved oxygen evolution decreased significantly at
night for C. caribbaea in every pCOs scenarios (table S1). However no clear pattern
could be identified across pCOs ranges nor with or without the addition of AZ.

4 Discussion

4.1 CO; enhanced chemical bioerosion

Enhanced pCO5 has an overall positive effect on erosion rates (figure 2), which is in
line with previously published effects of higher pCO5 on sponge erosion rates (Wisshak
et al., 2012; Fang et al., 2013; Wisshak et al., 2013; Schénberg et al., 2017; Webb
et al., 2017). Although dissolution rates were found to be comparable to literature
(De Bakker et al., 2018), current dissolution rates will not be discussed in the context
of ocean acidification as seawater carbonate chemistry was not altered in an ecological
relevant way (Riebesell et al., 2011). Over the ranges tested here, higher pCOs caused
the largest increase in dissolution rates. Although, the mechanism responsible for
higher dissolution rates at increased pCOs is unclear, it likely involves a) a reduced
effort by etching cells to decrease QAg below 1 (Webb et al., 2019), b) an increase
in proton availability to dissolve aragonite and c¢) an increase in energy delivered
to etching cells due to enhanced photosynthesis (Hill, 1996; Schénberg et al., 2017;
Achlatis et al., 2018). However, as enhanced day and night dissolution rates become
comparable at high pCOs irrespective of the species, the positive effects of enhanced
photosynthesis on dissolution rates appear to become negligible.
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Figure 2: Boxplots of chemical bioerosion rates by C. caribbaea,C. caribbaea-bleached
and S. flavolivescens under LowCOo, AmbientCOy and HighCOq scenarios with and
without acetazolamide (AZ) during day and night incubations. Outliers are in red.
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Figure 3: Boxplots of chemical bioerosion rates by C. caribbaea, C. caribbaea-bleached
and S. flavolivescens under 3 different concentrations of acetazolamide (AZ: 0, 20 and

40 mM) at ambient pCOs. Outliers are in red.
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Table 2: 4-way ANOVA and 3-way ANOVAs with chemical bioerosion rates and net
respiration rates as dependent factors and pCQOs scenarios, sponge type, light and
acetazolamide (AZ) concentrations as independent categorical factors.

df SS MS F value P value
Dissolution Rates ~ pCOs * Light *
Sponge * AZ
Scenario 2 0.257 0.129 409.765  <0.001
Light 1 0.011 0.011 34.907 <0.001
Sponge 2 0.006 0.003 8.76 <0.001
AZ 1 0.001 0.001 4.51 0.037
Scenario:Light 2 0.002 0.001 3.611 0.032
Scenario:Sponge 4 0.004 0.001 2.85 0.03
Light:Sponge 2 0.002 0.001 2.48 0.091
Scenario:AZ 2 0.002 0.001 2.895 0.062
Light:AZ 1 0.009 0.009 29.065 <0.001
Sponge:AZ 2 0.002 0.001 3.006 0.056
Scenario:Light:Sponge 4 0.002 0.0003 0.805 0.526
Scenario:Light:AZ 2 0.0003 0.0002 0.576 0.565
Scenario:Sponge:AZ 4 0.001 0.0002 0.617 0.652
Light:Sponge:AZ 2 0.001 0.001 2.213 0.117
Scenario:Light:Sponge:AZ 4 0.001 0.0002 0.788 0.537
Residuals 69 0.022 0.0003
Dissolution Rates ~ Light * Sponge * AZ
concentration
Light 1 0.002 0.002 67.587 <0.001
Sponge 2 0.0002 0.0001 2.981 0.059
AZ concentration 2 0.00004  0.00002 0.51 0.603
Light:Sponge 2 0.0003 0.0002 4.849 0.011
Light:AZ concentration 2 0.0004 0.0002 5.762 0.005
Sponge:AZ concentration 4 0.0001 0.00002 0.593 0.669
Light:Sponge:AZ concentration 4 0.0001 0.00002 0.706 0.592
Residuals 55 0.002 0.00003
Net respiration Rates ~ pCO2 * Light *
Sponge
Scenario 2 11.031 5.516 20.21 <0.001
Light 1 11.534 11.534 42.261 <0.001
Sponge 2 14.31 7.155 26.217 <0.001
Scenario:Light 2 2.90 1.45 5.312 0.007
Scenario:Sponge 4 1.366 0.341 1.251 0.297
Light:Sponge 2 3.006 1.503 5.508 0.006
Scenario:Light:Sponge 4 0.925 0.231 0.847 0.45

Residuals 75 20.469 0.273
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4.2 Light enhanced chemical bioerosion

At ambient pCOs, chemical dissolution rates are enhanced on average by 40% during
daytime compared to night time. These results are comparable with rates from pre-
vious studies (Hill, 1996; Fang et al., 2013; Webb et al., 2017). Chemical bioerosion
rates of bleached C. caribbaea were not enhanced during day-time compared to night
at ambient pCOsy, which attests to the lessened activity of the diminished symbiont
numbers. In addition, increased net respiration rates during the day for bleached C.
cartbbaea is also in line with the reduced photosynthesis by the symbionts.

The cause for light-enhanced dissolution rates remains elusive but previous re-
search suggest that the symbionts provide additional energy to etching cells which
stimulate chemical dissolution during the day (eg. Hill, 1996). Using a tracer ex-
periment, (Weisz et al., 2010) found strong evidence of a transfer of carbon from
zooxanthellae to their Cliona sponge hosts. More recently, Achlatis et al. (2018)
showed translocation of labelled organic nutrients from Symbiodinium to the Sym-
biodinium-hosting sponge cells, and occasionally to other sponge cells. This supports
the potential metabolic interaction between the sponge and dinoflagellates.

DIC is a substrate for both photosynthesis and chemical bioerosion. The chemical
species used (HCO3~ or CO3), the provenance of this species (metabolic or external)
and the mode of transport (active versus passive) are not fully known for both mecha-
nisms regarding excavating sponges. We make the case that the fact that both corals
and bioeroding sponges regulate their carbonate chemistry to precipitate or dissolve
CaCOgs and both harbour dinoflagellates of genus Symbiodinium may suggests that
symbionts are benefiting not only from protection but also from the chemical products
of calcification or dissolution.

4.3 CA involvement in bioerosion

Combining results, we found no interaction between pCOs scenarios and CA inhibition
(table 3), indicating that the inhibitor has similar effect on chemical bioerosion across
pCO4 ranges. The effects of carbonic anhydrase inhibitor on chemical bioerosion rates
by excavating sponges differ between day-time and night-time. Dissolution rates at
night decrease significantly with AZ addition (figure 2 & 3), unlike day dissolution
rates which increase with the addition of the CA inhibitor. The recorded decrease
in dissolution rates at night across sponge types suggest a relatively important effect
of CA activity at night compared to day time. This is comparable to results from
experiments with corals (Goreau, 1959; Furla et al., 2000; Moya et al., 2008), where
effects of carbonic anhydrase inhibitor on calcification were found to be higher in the
dark than in the light. Moya (2008) found an up-regulation of the coral CA gene
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during the night and suggested this was a mechanism to cope with night acidosis
by removing protons produced by the calcification process at a faster rate. In light,
protons are titrated by the alkaline environment due to photosynthesis facilitating
CO., diffusion out of the calcification site. Whereas at night, enhanced protonation
of bicarbonate ions facilitates CO5 diffusion away from the site of calcification.

It is interesting to note that, in the C. caribbaea species, the inhibitor has a
comparable effect at night as exclusion of light, both causing a fall of about 30 to
40% in the dissolution rate. This suggests that, as far as their potentiating effect
on the dissolution rate is concerned, the action of carbonic anhydrase and that of
photosynthesizing zooxanthellae are similar (Goreau, 1959).

4.4 Possible mechanisms and implications

As chemical bioerosion can still continue under dark conditions and in presence of
A7, it suggests that neither the enzyme nor the symbiotic algae determine the basic
CaCOg dissolution reaction, but that they can exert a strong influence on its inte-
grated rate. Whatever the mechanism underlying enhanced chemical bioerosion, the
rate of CaCOj3 dissolution depends on a) the rate at which protons are provided to the
etching site (Webb et al., 2019) and simultaneously b) the rate at which the ‘waste’
products (i.e. Ca?* and DIC) are removed from this site, as the buildup of these com-
pounds would increase saturation state and hamper ongoing dissolution. Depending
on the pH, the carbonate ions originating from carbonate dissolution are converted
to bicarbonate ions and COs, with the ratio between the two depending on the [H]
(and hence delivery of protons into the etching site) and the rate of DIC removal
from the etching site. An efficient way to remove the DIC would be through passive
diffusion of uncharged CO3 molecules (not unlike the process by which corals remove
unwanted protons from the calcification site (Moya et al., 2008)), which is promoted
by maintaining a gradient in CO5 over the boundary separating the etching site from
the rest of the sponge’s tissue (figure 5). Carbonic anhydrases may help diffusion
by promoting the protonation of bicarbonate to form COs, which would explain why
inhibiting CA activity decreases erosion rates (figure 1 & 2).

During the day, the uptake of CO5 by the symbionts likely intensifies the pCOo
gradient between etching site and sponge’s interior, hence promoting removal of car-
bonate ions from the etching space and stimulating dissolution rates. Alternatively,
once out of the etching site, CA may also be involved in the conversion of COq
into HCO3~, preventing COs back-diffusion and provide symbionts with metabolic
HCOj3 ™, still intensifying the gradient. Zooxanthellae have been shown to be able to
take both DIC sources (Goiran et al., 1996; Furla et al., 2000; Leggat et al., 2002).
Although symbionts likely stimulate dissolution during the day by providing energy
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Figure 5: Working model for the diurnal variability in carbonic anhydrase activity
in chemical dissolution by excavating sponges. Brown circle represent Zooxanthellae
which photosynthesise during the day and respire during the night. Protons are
received in exchange for calcium ions at the dissolution site. Dissolution of CaCOg
puts bicarbonate ions in solution which are converted to COs and passively diffuses
out of the sponge. This reaction is made faster with carbonic anhydrase enzymes.
During the day, due to uptake of CO or HCO3~ by symbionts, the natural gradient
is favourable to CO4 diffusion out of the etching site and so CA activity (in orange) is
minor. Whereas at night, the high CO2 concentration within the sponge tissue due to
symbiont + sponge respiration (here metabolic COs) causes the diffusion gradient to
be lessened. CA activity is enhanced within the etching site to promote COs diffusion.
Once out of the etching site, CA may also be involved in the conversion of COs
into HCO3 ™, preventing COs back-diffusion and provide symbionts with metabolic
HCO3 7, still intensifying the gradient.

to the sponge (Achlatis et al. 2018), we hypothesize that additionally, the symbionts’
activity increase the rate at which dissolution products are removed from the etching
site. Since day and night dissolution rates are comparable at high pCOy (Webb et al.,
2017), we also hypothesize that the pCOs gradient cannot be intensified further, even
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with enhanced photosynthesis, as in the sponge tissue pCQOs concentrations are too
high. At high pCO,, faster dissolution rates are likely the result from the reduced
QAg, with less protons being required to dissolve calcium carbonate.

4.5 CA involvement at night

At night-time, the pCO- gradient between etching site and the sponge tissue decreases
since the symbionts respire and produce, rather than consume, COy. Increased CA
activity at night hence speeds up protonation of bicarbonate ions, enabling CO5 to
diffuse out of the etching area (figure 5). This explains why inhibiting CA decreases
dissolution rates of C. caribbaea at night. Concerning S. flavolivescens, a decrease in
dissolution rates during day and night times is expected as this sponge has no algal
symbionts. Although a decrease at night was observed, dissolution rates during the
day did not change significantly with the addition of CA inhibitor. S. flavolivescens is
an understudied excavating sponge and only recently found on Curagao (De Bakker
et al., 2018). Although thought to have no algal symbionts, it may still harbour
low densities of Symbiodinium or photosynthetic cyanobacteria which would explain
the reduced CA activity during the day. However, S. flavolivescens did not exhibit
enhanced day + AZ dissolution rates unlike C. caribbaea irrespective of the pCO5 and
symbiont impairment which in turn suggests that S. flavolivescens does not harbour
the same symbionts.

4.6 CA involvement during the day

Although the addition of AZ impacted dissolution rates differently between day and
night irrespective of the species and the pCOs scenario, AZ did not impact S. flavo-
livescens during the day (at all AZ concentrations tested here). This suggest a minor
role of CA in chemical bioerosion for S. flavolivescens during the day. The AZ-
enhanced dissolution rates observed during the day for C. caribbaea seem to be irre-
spective of the condition and activity of the symbionts, as dissolution rates for both
bleached and non-bleached C. caribbaea become comparable with the addition of
AZ. Although a large number of replicates were used, experimental biases cannot be
entirely rejected. Previous literature reported events of AZ being moderately cell per-
meable (Teppema et al., 2006) which may have impacted other holobiont metabolic
processes and enhanced chemical bioerosion during the day. The significant [HCO3™]
increase (~70 pmol kgSW~! on average in all scenarios) may also have impacted our
results. Bicarbonate has previously been shown to have a stimulatory effect on CA
activity (Miller et al., 2013). However, the availability of bicarbonate ions is already
high compared to pCOs scenario and unlikely to be a limitation factor for photo-



52 | Chapter 3

synthesis. Initial conjecture explaining day AZ-enhanced dissolution rates includes
enhancement of photosynthesis. The addition of the CA inhibitor may have caused
zooxanthellae in low abundance in C. caribbaea_bleached to maximised CO, uptake.
Indeed, the slight (non-significant) decrease in net respiration for C. caribbaea with
addition of AZ (figure 5) across pCOy scenarios could attest to the enhancement
of photosynthesis. However, if the CO5 intake of symbionts was also amplified in
bleached C. caribbaea with AZ addition, a similar decrease in net respiration would
be expected which is not observed. In addition, Oy profiles do not attest to an in-
crease in net production with the addition of AZ (table S1). This suggests that the
presence of these algal symbionts, irrespective of their numbers or activity, may en-
hance CaCOg dissolution rates of the host, which is inhibited by the action of the
carbonic anhydrase enzyme. Zooxanthellae may exert a general stimulant effect on
the host’s metabolism, mediated through a vitamin or hormone-like factor (Goreau,
1959).

Recent work on symbionts in coral by Tansik et al. (2017) suggests host regula-
tion of DIC delivery to the symbionts. They recorded very low DIC half saturation
constant for photosynthesis and high levels of internal carbonic anhydrase activity,
implying that symbionts exist in a carbon scarce environment and invest a great deal
of energy in concentrating carbon at the site of photosynthesis. As C. caribbaea sym-
bionts are located intracellularly and DIC is a substrate for both photosynthesis and
chemical bioerosion, we tentatively infer that also here host cells might exert con-
trol over DIC delivery to the symbiont. This control may involve external CA and
blocking its activity would impact the host’s control on DIC delivery.

Conclusion

To conclude, the carbonate anhydrase enzyme is involved in chemical bioerosion pro-
cesses by excavating sponges. This is the first report to show diurnal variability in the
effect of carbonic anhydrase activity for CaCOg dissolution. The decrease dissolution
rates at night across sponge type suggests a relatively important role of CA activity
at night compared to day time. We propose that similarly to coral, dark-enhanced
CA activity in sponges may promote diffusion of dissolution waste products in the
form of COz. The increase in dissolution rates during the day with the addition of CA
inhibitor is unexpected and requires further research to provide a clear understanding.
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Abstract

Health of tropical coral reefs depends largely on the balance between construc-
tive (calcification and cementation) and destructive forces (mechanical - chemi-
cal degradation). Gradual increase in dissolved CO2 and the resulting decrease
in carbonate ion concentration (“ocean acidification”) in ocean surface water
may tip the balance toward net mass loss for many reefs. Enhanced nutrients
and organic loading in surface waters (“eutrophication”), may increase the sus-
ceptibility of coral reef and near shore environments to ocean acidification. The
impacts of these processes on coral calcification have been repeatedly reported,
however the synergetic effects on bioerosion rates by sponges are poorly stud-
ied. Erosion by excavating sponges is achieved by a combination of chemical
dissolution and mechanical chip removal. In this study, Cliona caribbaea, a
photosymbiont-bearing excavating sponge widely distributed in Caribbean reef
habitats, was exposed to a range of CO2 concentrations, as well as different eu-
trophication levels. Total bioerosion rates, estimated from changes in buoyant
weights over 1 week, increased significantly with pCO2 but not with eutrophica-
tion. Observed chemical bioerosion rates were positively affected by both pCO,
and eutrophication but no interaction was revealed. Net photosynthetic activity
was enhanced with rising pCO2 but not with increasing eutrophication levels.
These results indicate that an increase in organic matter and nutrient renders
sponge bioerosion less dependent on autotrophic products. At low and ambi-
ent pCO2, day-time chemical rates were ~50% higher than those observed at
night-time. A switch was observed in bioerosion under higher pCO; levels, with
night-time chemical bioerosion rates becoming comparable or even higher than
day-time rates. We suggest that the difference in rates between day and night at
low and ambient pCOs indicates that the benefit of acquired energy from photo-
synthetic activity surpasses the positive effect of increased pCO; levels at night
due to holobiont respiration. This implies that excavation must cost cellular
energy, by processes, such as ATP usage for active Ca?" and/or active proton
pumping. Additionally, competition for dissolved inorganic carbon species may
occur between bioerosion and photosynthetic activity by the symbionts. Either
way, the observed changing role of symbionts in bioerosion can be attributed to
enhanced photosynthetic activity at high pCO2 levels.

1 Introduction

The ocean serves as the largest sink of anthropogenic COs on earth after the atmo-
sphere itself. Since the beginning of the industrial revolution, it has taken up ~28%
of the emitted anthropogenic COs (Le Quéré et al., 2015). The cumulative uptake
of atmospheric carbon dioxide by the ocean has increased the total marine inorganic



Effects of pCO5 and eutrophication | 57

carbon concentration, reduced pH and consequently decreased the CaCQO3 saturation
state. Together, these effects are termed ocean acidification (OA) and it is predicted
that average surface ocean CaCOj3 saturation state will have decreased by 25-50% at
the end of the current century, depending on the emission scenario (Hoegh-Guldberg
et al., 2007; Gattuso and Hansson, 2011; Veron, 2011).

Eutrophication, caused by increasing release of nutrients and organic material in
surface waters, represents an additional threat to near-shore and coral reef environ-
ments. Recent studies have shown that local anthropogenic disturbances, such as
nutrient and organic rich run-offs from agriculture and coastal development, as well
as the input of poorly treated waste waters (Gast et al., 1999; Lapointe and Mallin,
2011; Govers et al., 2014) have caused the average pCOq of coral reefs to increase
~ 3.5 fold faster throughout the globe over the past 20 years compared to the open
ocean. This is suggested to be caused by a shift in the metabolic balance of coral
reef ecosystems (Cai et al., 2011; Cyronak et al., 2014; Yeakel et al., 2015). Such an-
thropogenic input also promotes growth of opportunistic organisms, such as sponges,
macroalgae, turf algae and/or benthic cyanobacteria (Holmes et al., 2000; Kuffner and
Paul, 2001; Gorgula and Connell, 2004; Vermeij et al., 2010), potentially resulting also
in major shifts in benthic community compositions (Hughes, 1994; Bruno et al., 2009;
De Bakker et al., 2017).

Reef bioerosion by sponges and other bioeroding organisms (Wisshak and Tapanila,
2008) plays an important role in regulating the carbonate budget of coral reefs (Perry
et al., 2014). Although the negative effects of OA on production of CaCOj3 (calcifica-
tion) by corals are widely documented (Gattuso et al., 1998; Kleypas and Langdon,
2006; Hoegh-Guldberg et al., 2007; Pandolfi et al., 2011; Dove et al., 2013), its impact
on biologically induced carbonate dissolution and mechanical destruction have been
understudied (Zundelevich et al., 2007; Fang et al., 2013; Wisshak et al., 2014; Enochs
et al., 2015; Schonberg et al., 2017) and has so far not been quantified in combination
with eutrophication.

Bioeroding sponges contribute between 60 and 90% of total macroborer activity on
coral reefs and their (surface-normalized) erosion rates have been found to equal and
even surpass calcification rates of hermatypic corals (Macgeachy and Stearn, 1976;
Edinger and Risk, 2000; Carballo et al., 2008; Perry et al., 2014). Bioeroding sponges
use a combination of chemical dissolution and mechanical CaCOs chip removal to
erode coral substrate (Nasonov, 1924; Riitzler and Rieger, 1973; Pomponi, 1980). It
is hypothesized that specialized cells of the bioeroding sponges are able to lower the pH
at selected sites to promote controlled aragonite dissolution, thereby creating cavities
in which the sponge grows. The mechanisms by which sponges dissolve carbonate
has however remained elusive since this etching interface is not directly accessible.
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Several of the most competitive bioeroding sponges harbor endosymbiotic dinoflagel-
lates zooxanthellae and this symbiosis has been shown to enhance bioerosion in light
(Hill, 1996; Fang et al., 2016). This raises the question further as to how symbionts
enhance bioerosion. Geochemically, this is paradoxical because the autotrophic sym-
bionts would tend to increase pH and enhance carbonate precipitation rather than
dissolution (Garcia-Pichel et al., 2010).

If the chemical composition of the fluid at these sites is related to that of seawater,
a reduction in ambient saturation state may lower energetic costs for the sponge to
create a microenvironment that is undersaturated for CaCOs, in which the aragonite
skeleton may subsequently dissolve and chips are dislodged. Schénberg (2008) pro-
vided a first glimpse of a pH gradient toward the etching sites using micro-sensors
which may indicate that sponges do indeed alter the chemistry at the site of bioero-
sion. Although the underlying physiological and mechanical processes employed by
the sponges to erode are currently unknown, a number of studies have shown that an
increase inpCOgq of the ambient water results in increased bioerosion rates (Wisshak
et al., 2012, 2013; Duckworth and Peterson, 2013; Fang et al., 2013), suggesting that
changes in seawater chemistry directly affect the saturation state at the site where
the coral aragonite is dissolved.

Since eutrophication may increase effects of OA in coastal waters, we here assess
the potential combined effects on bioerosion rates (both chemical and mechanical)
of the sponge Cliona caribbaea Carter, 1882. C. caribbaea is found abundantly in
the Caribbean and is a representative of the “Cliona viridis species complex,” in-
cluding clionaids that form a symbiosis with the dinoflagellates of the genus Symbio-
dintum (Schonberg, 2000). These photosynthetic symbionts (zooxanthellae) provide
sponges with a significant fraction of their carbon and energy via photosynthesis
(Weisz et al., 2010; Fang et al., 2014). Since this affects diurnal patterns in the holo-
biont metabolism (Freeman and Thacker, 2011), bioerosion rates by C. caribbaea were
determined at day and night.

2 Materials and methods

2.1 Sample collection

In December 2015, samples containing the bioeroding sponge Cliona caribbaea were
retrieved from dead coral substrate (Diploria spp.), found at a water depth between 3
and 5 meters (S= 34 and T= 28°C) at the leeward side of the island of St. Eustatius,
Caribbean Netherlands (17.4890°N, 62.9736° W). Annual mean seawater temperature
is 27.6°C and varies from 26.1°C in Feb-Mar to 28.2°C in Sept-Oct. Samples were
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collected using an air drill and hole saw (inner diameter: 40 mm) and transported
submerged in ambient SW to an on-shore COs-controlled experimental set-up. The
sponge-infested cores were placed in large flow-through tanks (50 L) for 1 week to
allow them to recover from collection and transport. Samples of coral skeleton with-
out bioeroding sponges served as control substrate for the incubations. Collected
cores were brushed delicately with a soft brush to remove any non-sponge organisms.
The experiment lasted 1 week from December 23 to December 30 2015, excluding
acclimatization to the various pCOs scenarios, which was performed gradually over 6
days from the December 17 to December 22. Each core was photographed at the start
(before acclimatization) and at the end of the experiment to assess physical variations
throughout the experiment. In addition, fluorescein was released near the ostia half
way through the experiment to make sure cores were still filtering.

2.2 Experimental setup

Sand-filtered nearshore seawater was continuously supplied to four 200-L barrels in
which the pCO4 of the water was maintained at four different levels. Water from each
of the four barrels was continuously pumped into nine aquaria of 12 L each, resulting
in a total of 36 aquaria distributed across three tables (A, B and C). Three different
levels of dissolved organic and inorganic matter concentrations were maintained in
three sets of three aquaria within each pCOg scenario (Figure 1). All aquaria received
an irradiance at levels and spectral quality similar to in-situ conditions, as provided by
sunlight passing through Marine Blue filters (#131; Lee filters), and neutral density
shading cloth. The aquaria were placed in a 5 cm high flow-through bath of seawater
to minimize temperature fluctuations.

Carbonate chemistry of the water in the four barrels was manipulated using a feed-
back control system developed in-house, consisting of a central xCO4 sensor (LICOR
Inc. model LI-7000), CO4 injectors, COy scrubbers and a control computer. In each
barrel, water was adjusted to desired pCOs concentration via air perturbation contin-
uously pumped at high flow (~25 L~! min) through a sparger located at the bottom
of the barrel to ensure rapid air-sea pCOq equilibration. Air from the four treatment
barrels was sequentially sampled and analyzed for xCOs. Measurements of xCOq
(in ppm) were converted to pCOq (in patm) by accounting for average hydrostatic
pressure after bubble injection, water temperature and salinity and the humidity of
the measurement gas stream following Dickson et al. (2007). Additionally, a zero-
standard and ambient air were regularly measured to allow approximate drift-free
operation. The measured pCOs levels were compared by a central computer system
to set points and adjusted by either (i) injecting small amount of pure CO5 into the
circulated headspace air or (ii) recirculating the air through large soda lime-filled CO-
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Figure 1: Experimental setup consisting of four large barrels in which the pCO2 (4
levels) is manipulated and controlled through a central CO2 sensor. From every barrel
water is pumped into 9 aquaria (12 L each). Of these 9 two groups of 3 aquaria were
supplied with additional dissolved organic carbon (E1: green, E2: blue, E3: black)
using peristaltic pumps. Pumps ran at different speed between E2 and E3 to deliver
different concentration of RPMI. Each of the 36 aquaria contained 2 sponge bearing
coral cores (brown squares) and 24 aquaria contained control cores (white squares).

cartridges to remove COsy. The system allowed treatment and delivery of ~50 liters
of water per hour. The four treatments included a pre-industrial scenario (PI; 280
patm), a present-day scenario (PD; 410 patm), and two concentrations based on
scenarios for potential future atmospheres predicted for 2100 (Solomon et al., 2007):
one based on a ‘reduced* CO5 emission scenario (RE; 750 patm) and one based on a
‘business-as-usual‘ COy emission scenario (BU; 1050 patm). Reported pCOs is valid
for the culturing temperature (i.e., slightly cooler than the treatment barrels), and
estimated to be accurate to within 10 patm.

Different amounts of dissolved organic and inorganic material were supplied from
stock solutions by two 12-channel peristaltic pumps. Roswell Park Memorial Institute
(RPMI) 1640 medium was used as the eutrophication supplement. RPMI is a well-
known culture medium and it has been used as a growth enhancer on C. crambe
sponge explants (Camacho et al., 2006). It contains sugars, inorganic salts, amino
acids and vitamins and was used to simulate different levels of eutrophication in the
aquaria.

The experiment aimed to provide multiples (1x, 2x, 3x) of the natural near-shore
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labile DOC concentrations. Labile DOC represents the portion of the total DOC pool
on which sponges can feed, here ~20% of ~80 pmol kg~! (van Duyl and Gast, 2001;
De Goeij and Van Duyl, 2007). Treatments were E1: control labile DOC conditions
(i.e., only ~16 pmol kg=! natural labile DOC), E2: double labile DOC conditions
(natural DOC + 16 pmol kg=! DOC as RPMI1640) and E3: triple labile DOC con-
ditions (natural + 32 pmol kg=! RPMI 1640).

In total, 72 sponge-bearing cores and 24 control cores were collected and dis-
tributed evenly over the 12 scenarios, resulting in 2 sponge-bearing cores per aquarium
and 2 control cores per scenario. Cores from increased-pCO4 scenarios were exposed
to gradually increasing pCOy over one week, ending with the desired pCO4 for that
treatment. Addition of RPMI started as scenarios reached their desired pCOs con-
centration. Subsequently, sponges were left to acclimatize to their respective carbon
dioxide and eutrophication levels for a week prior to the incubations. Cores were
placed in closed 0.5 L polycarbonate incubators with inbuilt stirrers in their respec-
tive aquaria to keep at constant temperature. Each incubation contained two cores
and lasted 6 hours to determine chemical bioerosion rates (see 2.5). The optimum
incubation time was determined through trials of 2, 4, 6 and 8 hours. Although 6
hours was considered the best fit to capture the alkalinity gradient caused by chemical
bioerosion, it must be noted that sponges placed in 0.5 L of standing water for more
than 1 hour would experience lack of food and reduced amounts of oxygen (especially
at night) over time. At the end of each incubation, cores were returned to their
aquaria.

2.3 Data collection

Temperature and irradiance of the water in the aquaria were recorded every 10 min
by 6 HOBO®) Pendant UA-002-64 light and temperature loggers and 2 calibrated
Odyssey PAR sensors (Dataflow Systems, X, Y), respectively. Salinity was recorded
daily in each aquarium using a salinometer (VWR CO310). Oxygen was recorded
using a PreSens Oy sensor (Fibox 4, PSt3) after each incubation. Throughout the
experiment, every other day around noon, water samples were taken from each treat-
ment to monitor carbonate chemistry, DOC and nutrients. Samples for alkalinity
(A7) and dissolved inorganic carbon (DIC) were collected into 250 ml borosilicate
bottles and poisoned with 50 % saturated HgCl; solution (final concentration 0.02 %)
to arrest biological activity. DOC samples (30 ml) were collected in pre-combusted
(550 °C) glass vials and acidified with 10 drops of concentrated HCI (37%). Both Ap
and DIC were measured on a Versatile Instrument for the Determination of Titration
Alkalinity (VINDTA) model 3C (Marianda GmbH, Kiel, Germany). Determination
of A7 was by ‘open cell’ potentiometric acid titration (Mintrop et al., 2000; Dickson
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et al., 2007) and DIC was measured coulometrically (Johnson et al., 1993; Dickson
et al., 2007). Prevention of drift and a high accuracy for A and DIC were attained
by analysis of certified reference material (CRM; supplied by Dr. A. Dickson, Scripps
Institution of Oceanography) after every ~20 samples. The full carbonate system
state was calculated from the measured temperature, salinity, Ar and DIC using the
Seacarb package (R-3.2.0) and using the dissociations constants preferred by Dickson
and Millero (1987). Samples for determination of nitrate + nitrite, nitrite, phos-
phate and ammonium were filtered upon collection and stored frozen. Analyses for
nutrients were carried out on a QuAAtro continuous flow analyzer (SEAL Analyti-
cal, GmbH, Norderstedt, Germany) following GO-SHIP protocol (Hydes et al., 2010).
DOC analyses were performed with a total carbon analyzer (TOC-VPN, Shimadzu
Corp., Kyoto, Japan).

2.4 Assessment of net respiration and photosynthesis rates

Observed changes in DIC and Ap are governed by the combination of respiration
and carbonate dissolution and the associated reverse processes of photosynthesis and
calcification. The individual contributions of respiration and carbonate dissolution
can be disentangled by empirically adjusting observed AAr for nutrient effects using
the measured nutrient concentration buildup. Indeed, in the case of incubation ex-
periments, all of the change in nutrient concentrations must originate from processes
within the incubation chamber. Therefore, this method will result in an appropriate
estimate of respiration/dissolution, making calculated bioerosion rates insensitive to
errors in measured DIC. Additionally, it takes into account the effect of release of
NH4% on measured Ay, which the vector deconvolution does not and cannot, due to
the variable release stoichiometry of NH4T.Calculations were carried out as follow:

Pretreatment:
AATnutsreleasecorrected — AATobs + APO4 _ ANH4 + A(NOg + NOZ)
Relationships:

AATnutsreleasecorrected = 2 x diss
ADIC =1 x diss + 1 x resp

AAPTSP=0 change in A1 due to respiration
AAPDSS = AALOYS change in A7 due to dissolution
ADIC"**P=ADIC-ADIC%*s . ... .............. change in DIC due to respiration
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ADICH 5= AAPOP /2 ... change in DIC due to dissolution

ADIC™®P was then converted into net respiration rates which were used to estimate
approximately net photosynthesis rates as follow:

Pret = nght Respnet - Da'y Respnet

This method assumes that sponge respiration is constant during the day and the
night and that symbionts’ intake an equal amount of DIC for photosynthesis that
they produce during respiration.

2.5 Assessment of bioerosion rates

Total, chemical and mechanical bioerosion rates were quantified using three methods
described below. Total bioerosion refers to the sum of both mechanical and chemical
bioerosion. We expressed chemical and mechanical rates both in mg ecm =2 hour™! (to
distinguish rates between day and night) and in mg cm =2 day~! (sum of day and night

-1

rates). Total bioerosion was expressed in mg cm~2 day~! using both buoyant weight

results and the sum of day and night results for chemical and mechanical bioerosion.

2.6 Chemical bioerosion

Chemical bioerosion was determined using the alkalinity anomaly technique (Smith
et al., 1975; Chisholm and Gattuso, 1991) which involves measuring the change in
Ar (pmol kg=1) associated with dissolution in seawater during 6h incubation periods
and correcting for changes in ammonium, nitrate and phosphate (Jacques and Pil-
son, 1980; Wisshak et al., 2013).The amount of mass of dissolved calcium carbonate
(AM(CaCOs3) , in pg) was calculated using Eq (1) (Zundelevich et al., 2007; Nava
and Carballo, 2008):

AM(C&COg) =0.5 x [AAT + APO4 - ANH, + A(NOg + NOQ)]
X VSW X pSW x 100 (1)

Where AA7 is the increase in A7 over the incubation period associated with dis-
solution, Vg is the volume (1) of seawater in the incubation chamber and pSW is
local seawater density (1.022 kg L=1). The multiplication factor ‘100’ represents the
molecular mass of CaCQOgs. The six hour incubations were carried out during both the
day and at night, starting either two hours after sunrise and one hour after sunset,
respectively. Subsamples were used for determination of Ar and DIC (250ml, single
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sample), DOC (30 ml) and nutrient (5 ml) analysis from each chamber at the start
and end of each incubation. Bioerosion rates are commonly expressed as mass of re-
moved substrate per unit surface area of the removing organism per unit time. Rates
were therefore converted to mg cm™2 h™! by expressing the change in Ap per surface
area of the sponge. Two surface areas of the sponge-bearing cores were determined,
the upper circle and the healed surface around the sides of the core.
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Figure 2: Temporal variability from December 23 to December 30 2015 of continuously
monitored pCO4 (a), temperature monitored in the barrels used for setting the pCOq
experiments (b), temperature measured directly in aquaria from table A.B and C (c)
and light throughout the 1 week experiment.
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2.7 Mechanical bioerosion

Mechanical bioerosion was estimated by quantifying the CaCO3 sediment produced
by C. caribbaea during 6 hour incubations using the method described in Fang et
al. (2013). All remaining incubation chamber seawater (~150 mL) + sediment was
collected and the chamber was rinsed with 100 mL water to retrieve any remaining
chips. The water was then sieved over a 150 pm mesh to remove non-chip material
and then filtered through a precombusted (550°C, 3h) and pre-weighed GF/F glass
microfiber filter (0.7 pm; Whatman). Filters were then combusted at 550°C for 3
hours to remove any organic matter and re-weighed to determine the difference in
weight and hence that of the sediment produced.

2.8 Total bioerosion

Total bioerosion (both mechanical and chemical) was estimated by the change in
buoyant weight of the cores over the week of exposure to different pCO5 and eutroph-
ication scenarios (Fang et al., 2013). This method assumes organic components of the
sponge to have a density equal to that of the ambient seawater (i.e., growth of the
sponge will not change buoyant weight of the core). Both sponge cores and control
cores were buoyant weighed using electronic scales with 0.1mg accuracy before and
after the week’s exposure to the various pCOs levels. The buoyant mass change of the
cores was calibrated for seawater density and corrected for residual mass loss using
the control cores.

2.9 Statistical Analysis

All statistical analysis were performed using the programming environment R 3.3.2
(R Core Team, 2013). Dependent variables acquired from incubation experiments
were analyzed by means of an analysis of covariance (ANCOVA) with two categorical
factors (Eutrophication, day/night) including three (E1, E2 and E3) and two (day and
night) levels respectively and one continuous covariate (pCQO3). Total bioerosion rates
acquired from buoyant weight measurements and net photosynthesis rates were ana-
lyzed by means of a 4 X 3 crossed analysis of variance (ANOVA) with two categorical
factors (pCOq, eutrophication) including four (BA, PR, RS and BU) and three (E1,
E2 and E3) levels respectively. Normality and homoscedacity were confirmed using
the Shapiro-Wilk and Levene’s test respectively. If no significant two-way interactions
were revealed, main effects were reported. In the case of significant interactive effects,
Post Hoc tests (Tukey HSD with Bonferroni correction) were applied to determine the
effect of a factor at each level of the other. In addition, linear regression models were
performed, after confirming assumptions for residual normality and homoscedacity,
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between pCO2 (now as a continuous predictor variable) and chemical bioerosion rates
for each eutrophication and time levels.

3 Results

3.1 Health

The sponge tissue damaged due to coring healed during the recovery session and
started growing along the upper sides of the core throughout the experiment which
indicated that sponges were healthy and recovering. Sponge color from the start to the
end only varied very slightly, sponges in every treatment became a bit darker which
may indicate a higher chlorophyll-a content in symbionts or an increase in symbiont
abundance. Fluorescein injections revealed that sponges were still filtering half way
through experiment.

3.2 Seawater variables

Over the course of the experiment, headspace pCOg in the four barrels remained
sufficiently constant to warrant distinction between treatments (Figure 2, Table 1).
Calculated mean pCQO5 values in the experimental aquaria were 362.5, 443.8, 755.9 and
1046.0 patm under PI, PD, RE and BU. The pCO, levels in PI were on average 82.5
patm higher than the intended pre-industrial pCOq levels. However, they remained
significantly different from the present scenario and therefore the pre-industrial sce-
nario will be termed “Below-ambient” (BA) in the following text. Sponge cores were
exposed to natural variations in temperature and light which, however, proved to be
minimal over the experimental period. The average experimental temperature was
27.63°C (min=25.81°"C and max=29.75 *C) and the average light intensity registered
inside the aquaria around midday was 562 & 125.0 pmol photons m~=2 s~ !.
Measured DIC and hence all calculated carbonate system parameters were found
to vary significantly across the four OA scenarios (Table 1) and dissolved organic
carbon (DOC), ammonium (NH,) and phosphate (PO4) concentrations were found
to increase significantly across the eutrophication treatments (Table 2). Bioerosion,
photosynthesis and respiration within incubations altered the carbonate chemistry of
the water (Table 1). The pCO4 concentrations increased and the pH and Qaragonite
decreased throughout all incubations. The change in pCO;, pH and Qaragonite was
significantly different between pCOs scenarios and between day and night. In none
of the incubations, laragonite reached values below 1. Initial pCOs concentrations
calculated from A7 and DIC at the beginning of each chamber incubation were found
to increase slightly with addition of RPMI for each OA scenario. Accordingly, pH
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Table 1: Seawater physical and carbonate chemistry parameters at the start (Tg) and
the end (Tg) of incubation experiments, averaged ( + standard deviation) over all

incubations for each pCQO5 scenario.

Variables Time BA PD RE BU
Toarret [°C] 27.33+0.48 27.3340.48 27.3340.48 27.3340.48
Taguaria [°C] 27.6940.02 27.5240.02 27.6140.03 27.7140.02

Salinity 34.140.2 34.140.2 34.140.2 34.140.2

pCO2™** [patm]* 361.3+18.2 436.6+74.6 754.4455.8 1081.4+60.2
To 2326.04+13.7 2323.9429.9 2328.947.8 2323.7+15.2

A [pmol kg™']

Te 2365.7+34.4 2366.1+26.7 2679.2+11.5 2418.0+15.4

To 1979.2444.1 2018.9434.7 2129.1432.5 2176.64+33.9

DIC [pmol kg™!]
Te 2075.54+51.4 2099.5450.7 2264.4437.5 2337.84+48.8
To 362.5+72.9 443.8+110.2 755.87+149.4  1046.0+270.7
pCO2™** [umol kg™ ']

Te 490.54+105.2 559.2+132.5 1313.254285.4  1640.5+335.7

e To 8.1£0.07 8.040.08 7.840.07 7.69+0.10

pH®**“(total scale)*
Te 7.9840.07 7.9340.09 7.6140.09 7.5240.10
To 1722.5469.2  1787.13+£61.30  1955.634+49.43  2026.7+52.0
HCO3~°*"¢ [pmol kg~ 1]*
Te 1850.7471.5 1887.7+84.1 2124.2+49.8 2203.9+54.8
To 247.064+27.99  219.93+32.65 153.3421.24 122.07+25.67
COg2cate [pmol kgfl]*

Te 211.75428.10  196.77422.68 105.26+11.73 88.68+18.55

To 4.00+0.45 3.56+0.53 2.49+0.35 1.9740.42

Qeateite ““He*
Te 3.4340.46 3.1840.64 1.70+0.33 1.434+0.30

! ‘Below-ambient’ (BA), ‘Present-day’ (PD), ‘Reduced-emission’ (RE) and ‘Business-as-usual’ (BU). Tem-
perature, salinity, A7 and DIC were measured and used to calculate pH and the other carbonate system
state parameters (indicated with superscript calc). The variable pCO2™¢?® represents the measured
pCO2 by the LICOR from the air space in the treatment barrels (after attaining the temperature of the

aquaria), whereas pCO5°%¢ represents calculated pCO2 from A and DIC measurements in the aquaria
at the start of incubations averaged for each scenario.

2 Significant difference across all OA scenarios marked with an asterix*.
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Table 2: Initial (T0) and final (T6) DOC and nutrient concentrations averaged over
all incubations (£ standard deviation) for the three ‘eutrophication’ treatments: ‘E1’
(natural organic loading), ‘E2’ (double labile organic loading), ‘E3’ (triple labile or-
ganic loading).

Variables Time El E2 E3
To 82+ 4 96 + 4 106 £+ 13
DOC [gmol kg=1]*
Te 106 + 12 122 £ 18 123 £ 19
1 To 1.0+ 04 1.0 £0.5 1.0 £ 0.5
NO, [umol kg™ 1]
Te 1.1 +0.5 1.1+5 1.4+£08
To 0.1 £04 1.0 £0.5 1.0 £ 0.5
NO2 [pmol kg™!]
Te 0.2 £0.1 0.2 £0.1 0.3 £0.1
To 2.6 £0.3 3.4 +238 4.3+ 4.1

NH4 [pmol kg—1]
Te 19.4 £12.1 246 +£14.0 253 £11.8

To 0.01 £ 0.01 1.4 £09 2.9+ 23
Te 0.5+ 0.5 241 £ 1.0 4.0 £ 2.5

POy [pmol kg™1]

! Significant difference across eutrophication scenarios marked with an as-
terix*.

and CaCQg saturation state decreased with addition of RPMI for each OA scenario.
However, no significant difference was found in calculated pCO5 concentrations, pH,
and CaCOj3 saturation state between eutrophication treatments in each OA scenario.
Dissolved organic carbon and nutrient concentrations increased overall throughout
incubations (Table 2).

3.3 Chemical bioerosion rates

In total, 72 chamber incubations were conducted (36 during the day and 36 at night)
after one week exposure to treatments. Of all incubations, 13 were compromised due
to technical complications. The results for the successful 59 incubations are presented
here. For the present-day (PD) pCOs scenario, no data in treatment E2 during the
day are available. As sponges experienced significant increase in pCOs concentrations
throughout incubations, chemical rates were regressed against the average calculated
pCOs2 obtained from Ar and DIC measurement at the start and end of each incu-
bations. As a result, for each pCOs scenario, day and night pCOs levels differ from
each other.

Chemical bioerosion rates of C. caribbaea increased significantly with pCO, and
increased eutrophication levels but no interaction was found between the two effects
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(Figure 3, Table 3 and 5).

In addition, day-time chemical bioerosion rates are shown to differ significantly
from night-time rates, and an interaction between the effects of pCO, and day-night is
revealed (Table 3 and 4). A post hoc pairwise comparison revealed that the significant
differences in chemical bioerosion rates between day and night mostly occurred at low
pCOy scenarios where day time rates were approximately 50 % higher than night-
time rates. In high pCOq scenarios (RE and BU), average day-time and night-time
rates were equal in E1 and average night-time rates surpassed day-time ones in E2
and E3 (Table 3). The increase in pCO2 concentration during incubations at day
and night was not significantly different between PD, RS and BU. This indicates that
the switch from greater rates during the day at low pCOs scenarios (BA and PR) to
equal/higher rates in RE and BU is not primarily linked to the difference in day and
night pCOs.

Average day and night chemical bioerosion rates increased significantly from E1
to E3 for each of the pCOs scenarios, however, increases in rates from El1 to E2

E1 E2 E3
.
y=0.00143+3.81x10° x R?=0.26 y=0.00502 +6.52 x 107" x R?=0.038 y=0.00517 +2.44 x10° x R?=0.15
y=-0.000964 +6.33x10°x R?=0.65 || y=-0.00168+6.3x10°x R?2=0.71 y=-0.00361+1.13x10° x R?=0.69

0.015+

0.010+

== Day
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0.0051 ¢
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Figure 3: Chemical bioerosion rates in mg cm~2 h™! as a function of pCO, for day
and night and each eutrophication treatment. Linear regressions illustrate positive
correlation between pCOy and dissolution rates. Slopes are significantly different
between day (blue) and night (black) but not between eutrophication scenarios (E1-
E3). Alkalinity titrations for incubations in Present scenario (PD) and E2 treatment
during the day were of questionable quality due to equipment failure and therefore
not represented here (n=>59).
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Table 3: Averages (+ standard deviation) of chemical bioerosion rates in mg cm—2

h~!, as calculated from change in A; during incubations. Values are provided for
in each OA scenario, eutrophication treatment and light regime. In BA and PR
scenarios, day-time rates are generally more than ~50% higher than night-time rates.
In RE scenario, day-time and night-time rates are roughly similar, while in BU night-
time rates surpass day-time rates in the in all eutrophication treatments.

pCO, | Light El E2 E3
A Day | 0.004 £ 0.003 0.005 & 0.002  0.006 = 0.002
Night | 0.003 & 0.003 0.001 = 0.001  0.002 % 0.001
R Day | 0.004 % 0.002 X 0.007 % 0.001
Night | 0.002 & 0.002  0.002=+ 0.001  0.003 % 0.003
B Day | 0.004 + 0.002  0.005+ 0.001  0.006 =+ 0.001
Night | 0.005 + 0.001  0.005 & 0.003  0.006 % 0.002
BU Day | 0.007 £ 0.003 0.006 = 0.001  0.009 = 0.003
Night | 0.008 + 0.001  0.007 4 0.002  0.010 = 0.004

were minute and even negative at night. (Table 3). Daily chemical rates (mg cm—2

d™1!) in BA, PR, RE and BU increased by 80%, 83%, 20% and 53% from E1 to E3,
respectively (Table 4). Rates in E1 and E3 increased by 150% and 109% respectively
from current pCOy levels to the BU scenario (no PD, E2 chemical rate available). In
these calculations, abiotic dissolution was assumed negligible as aragonite saturation
states always remained above 1. Possible bioerosion by other organisms living in the
cores is not accounted for in our calculations but is considered minimal throughout
the incubation period due to very low A7 changes in control core incubations.

3.4 Mechanical and total bioerosion rates

Mechanical bioerosion estimated from chip collection was not significantly different
between pCO4 scenarios and eutrophication treatments and no interaction was found
between effects (Table 4 & 5). The average hourly mechanical erosion rate for all
pCQOs scenarios and eutrophication treatments during day and night equaled 0.02 +
0.01 mg cm~2 h™!. The average daily rate estimated from the addition of night and
day rates equaled to 0.40 4+ 0.11 mg cm~2 d—L.
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Figure 4: Total bioerosion rates of C. caribbaea in mg cm=2 d~! estimated from
buoyant weight measurements + SEM for each pCOs and eutrophication scenario.
Estimates for buoyant weighing are based on all individual measurements (n=>59).
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Figure 5: Sum of chemical and mechanical bioerosion in mg cm~=2 d~! for each pCO,
and eutrophication scenario. Mechanical bioerosion rates were estimated using the
weight of chips collected during 6 hour incubations. Chips were only collected for table
A and B during the day and night (n=44).Chemical bioerosion rates were calculated
from AAr in incubations (n=59). Day (24h) rates were calculated by multiplying
day and night mechanical and chemical hourly rates by 12 and adding them together
for each pCO4 and eutrophication scenario.
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The change in buoyant weight yielded average net bioerosion rates of 2.47 4+ 0.16, 2.63
+0.25,2.96 4+ 0.33 and 3.34 £ 0.26 mg cm 2 d~! for BA, PD, RE and BU, respectively
and increased significantly with pCOs (p = 0.009) (Figure 4, Table 5). Although in
most pCOs scenarios, treatment E2 and E3 yielded higher total bioerosion rates than
in E1, rates were not found to increase significantly with eutrophication (Figure 4,
Table 5). Net bioerosion rates calculated from buoyant weight measurements were
approximately 4-5 times higher than the sum of the measured chemical and mechanical
(chips) bioerosion rates at day and night (Figures 4 & 5, Table 4).

Table 4: Daily averages (~ standard deviation) of total, mechanical and chemical
bioerosion rates in mg cm~2 d~!'. Values are provided for each OA scenario and
eutrophication treatment. Daily total bioerosion rates are calculated using buoyant
weight measurements. Daily mechanical and chemical bioerosion rates are the sum
of hourly day and night rates, each multiplied by 12.

pCOq Type El E2 E3

Total BW 2.21 £0.61 2.53 £0.61 2.55 + 0.59
BA Mechanical | 0.23 £ 0.03 0.51 £ 0.15 0.38 &+ 0.08
Chemical 0.05 £ 0.02 0.08 £0.01 0.09 £ 0.04

Total BW 2.81 £0.98 2.05+0.20 284+ 1.12
PR Mechanical | 0.4 £0.09 0.31 £ 0.07 0.39 + 0.13
Chemical 0.06 £ 0.02 x 0.11 £ 0.04

Total BW 2.61 £1.01 294147 339=*14
RS Mechanical 0.5+£0.17 033 £0.09 0.40=£0.13
Chemical 0.10 £0.02 0.13 £0.03 0.12 £ 0.05

Total BW | 3.08 £ 0.66 4.19 +£1.04 2.76 &+ 0.45
BU Mechanical | 0.23 + 0.07 0.43 +0.18 0.59 + 0.22

Chemical 0.15 £0.06 0.15+0.02 0.23 £ 0.08

3.5 Net Respiration and photosynthetic rates

Net holobiont (sponge + symbionts) respiration showed antagonistic behavior between
day and night as pCQ5 increased. Net respiration during the day decreased with high
pCO4y while net respiration at night increased (Figure 6). Rates were found to vary
significantly between day and night (p <0.001) but not between pCOq scenarios and
eutrophication treatments. An interaction between factors day/night and pCO3 lev-
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Figure 6: Net respiration rates (Respnet) and net photosynthetic rates (Pjet) of the
holobiont (sponge 4+ symbionts) during the day and night + SEM for each pCO5 and
eutrophication scenario.

els was revealed (Table 5). Accordingly, photosynthetic rates, estimated from the
difference between net respiration rates at day and night, increased significantly with
increasing pCOy (p = 0.004) (Figure 6, Table 5). Although no significant differ-
ence was found between eutrophication scenarios, photosynthetic activity appeared
to decrease with increasing eutrophication in most pCOs scenarios.

4 Discussion

Total bioerosion rates by the common coral excavating sponge Cliona caribbaea are ex-
perimentally shown to increase with rising pCOs (Figure 4), while the corresponding
chemical bioerosion component increased significantly with both pCO2 and eutrophi-
cation (Figure 3). Mechanical bioerosion exceeded chemical bioerosion by 3 to 6 times
irrespective of pCOs and eutrophication. Contribution of eutrophication to higher
chemical bioerosion rates was additive to pCOs effects (i.e. not synergetic). Differ-
ences between day-time and night-time chemical bioerosion rates at below-ambient
and present pCO, levels suggests that photosynthetic activity by symbionts promotes
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Table 5: Three-way ANCOVAs, with bioerosion rates (chemical: Ap change, me-
chanical: chip production and total: buoyant weight) and net respiration rates as
dependent factors, eutrophication and day/night as independent categorical factors
and pCO, as a continuous covariable. Total bioerosion rates and net photosynthe-
sis rates were analyzed using two-way ANOVAs with two categorical factors (pCOa,
eutrophication).

Variables df SS MS Fvalue Pvalue
pCO2 2 2.1e-04 2.1e-04 31.19 <0.001
’ Eutro 2 6.0e-05 3.0e-05 3.32 0.04
g day/night 1 8.9e-06 8.9e-06 0.91 0.34
bt
= pCO3:Eutro 2 1.4e-05 7.2e-05 1.77 0.18
E pCO3:day/night 1 5.1e-05 5.1e-05 12.63 <0.001
So Eutro:day/night 2 1.0e-05 5.0e-06 1.24 0.30
pCO2:Eutro:day/night 2 1.1e-05 5.3e-06 1.31 0.28
Residuals 51 2.1e-04 4.1e-06
pCO3 1 2.5e-05 2.5e-05 0.47 0.50
% Eutro 2 1.3 e-05  6.4e-06 0.12 0.89
§ day/night 1 1.9e-06 1.9¢-06 0.36 0.55
73 pCO4:Eutro 2 1.2e-04 6.3e-05 1.18 0.33
= pCOs:day/night 1 1.4e-04 1.4e-04 2.65 0.12
E’ Eutro:day/night 2 8.6e-05 4.3e-05 0.81 0.46
= pCO2:Eutro:day/night 2 2.1e-04 1.1e-04 1.99 0.16
Residuals 19 1.0e-03 5.3e-5
a pCO2 1 0.01 0.01 7.63 0.009
E Eutro 2 0.002 0.001 0.52 0.6
E pCO,:Eutro 2 0.01 0.003 2.34 0.11
E'o Residuals 48 0.07 0.001
pCO, 1 0.03 0.03 1.73 0.19
Eutro 2 0.04 0.02 1.15 0.33
é day/night 1 0.50 0.50 28.13 <0.001
2 pCO2:Eutro 2 0.001 0.001 0.04 0.96
§ pCOs:day/night 1 0.08 0.08 4.23 0.04
g Eutro: day/night 2 0.03 0.01 0.72 0.49
pCOg:Eutro:day/night 2 0.02 0.01 0.43 0.66
Residuals 48 0.84 0.02
g pCO2 1 0.03 0.003 14.75 0.004
; Eutro 2 0.0004 0.0002 0.04 0.96
E pCO2:Eutro 2 0.01 0.003 2.03 0.523
? Residuals 3 0.01 0.002
Z
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the dissolution process. While under rising pCOs, the symbiotic relationship appears
to become negligible to the bioerosion activity as night-time rates equal/surpass day-
time rates.

4.1 Effects of pCO, and eutrophication on bioerosion

Results regarding higher rates at increased pCQOs are comparable to previous studies
on other clionaid species (C. orientalis and C. celata) (Wisshak et al., 2012; Fang
et al., 2013; Wisshak et al., 2013,0). Sponges and other borers are assumed to benefit
from eutrophication (Holmes, 2000; Carballo et al., 2008). Many sponges on reefs
harbor photosynthetic symbionts and in some cases they produce >50% of the energy
requirements of the host (Erwin and Thacker, 2008). They rely nevertheless also on
organic matter for food and their feeding strategy may be flexible depending on the
type of symbionts or the environmental conditions. To maintain a positive energy
budget, C. caribbaea likely relies mainly on autotrophic products (Weisz et al. 2010;
Fang et al., 2014) and thus depends on the supply of N and P for maintenance and
growth either as inorganic or organic matter taken up by the sponge, mineralized
and transferred as inorganic nutrients to the symbiont. Considering the low phos-
phate concentrations in E1 (~ 0.01 pmol 171), primary production may have been
limited by phosphate. However, the addition of RPMI and hence higher phosphate
concentrations did not enhance photosynthetic activity from E1 to E3.

On the contrary, in most pCOs scenarios, net photosynthetic rate estimates de-
creased slightly (non-significant) from E1 to E3, while sponge chemical bioerosion
rates were enhanced. Under increased organic matter and nutrient levels, the sponges
are apparently less dependent on autotrophic products. However, as the increase in
chemical bioerosion rates from E1 to E3 was more pronounced during the day (at
low and ambient pCOs levels), it is likely that the autotrophic/heterotrophic ratio
of energy supply only shifts slightly towards heterotrophy and the sponges still rely
partly on autotrophic products.

Chemical bioerosion rates at night-time increase also (at a lesser degree) with
higher eutrophication, indicating that chemical bioerosion does indeed benefit from
a higher energy supply via heterotrophic feeding. This implies that increased eu-
trophication did not impact the productivity of the symbionts. Sponges can exercise
control on symbiont growth and abundance by inhibiting division or ingesting them
to avoid symbionts taking over. The observed increase of nitrate, nitrite, ammonium,
phosphate and dissolved inorganic carbon (Table 2) was likely caused by the confine-
ment of sponges in the incubation chambers. Depletion of the dissolved food and
bacteria from the incubated water may have resulted in sponges re-filtering depleted
water continuously which subsequently caused such increases in DOC and nutrients.
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However, relative differences in bioerosional processes between treatments were still
observed.

Total bioerosion rates calculated using buoyant weight measurements were exper-
imentally shown to increase significantly with pCOs but not with eutrophication.
These results are unexpected considering the significant impact eutrophication has
on chemical bioerosion. However, the relatively short term experiment coupled with
the smaller effect of eutrophication on chemical rates compared to the pCOs impact
may have resulted in a loss of signal.

Buoyant weight rate estimates resulted in approximately 5 times higher rates than
those based on the sum of chip production and the change in Ar (Figure 4 and
5). This is comparable to results from Fang et al. (2013) and may be explained
by an underestimation of the chip removal capacity of the sponge. Rates calculated
using buoyant weight measurements are based on a longer period of bioerosion (1
week), whereas the chip removal is based on their collection at the end of a relatively
short incubation period (6 hours). Sponges might expel chips irregularly or they may
temporarily reduce chip removal during incubations possibly due to stress caused by
reduced food supply or build-up of waste products, both of which may become impor-
tant towards the end of the 6 hour-incubation period. Therefore, the sum of chemical
and mechanical bioerosion should be considered as being conservative. Here, total
bioerosion rates yielded from buoyant weight measurements are regarded as more
reliable and are comparable to results estimated from previous studies (Fang et al.,
2013; Wisshak et al., 2013).

Rates of chip production did not differ significantly between pCOs scenarios,
day/night and eutrophication treatments. Although the underlying method by which
sponges expel chips is largely unknown, it appears that chips are expelled from the
sponge body through excurrent canals (Ruetzler and Rieger, 1973). It is likely that
chip removal processes utilize products from the dissolution to contract their tis-
sue and move the chip up from the boring pit into an excurrent canal. Work on
phototrophic cyanobacteria showed that microbial excavation was achieved by tran-
scellular Ca?* transport (Garcia-Pichel, 2006; Garcia-Pichel et al., 2010; Guida and
Garcia-Pichel, 2016). We tentatively suggest that the excess in Ca?t derived from
the dissolution in CaCO2~ may be used by sponges to contract a conductive pathway,
similarly to how muscle cell contract when triggered by an increase in intracellular
Ca?t (Sommerville and Hartshorne, 1986).
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4.2 Treatment effect on symbiont photosynthesis and holo-
biont net respiration and resulting impact on bioerosion
activity

Changes in chemical bioerosion activity can be associated with three processes within
the holobiont using up or producing dissolved inorganic carbon (DIC): photosynthe-
sis/respiration by the symbionts, respiration by the sponge and chemical bioerosion.

Photosynthesis promotes chemical bioerosion rates during the day at low pCO9
levels (BA and PD) (Figure 3, Table 3). Differences in rates between day and night
are comparable to results from previous studies where C. orientalis and C. varians
(both symbiont bearing species) excavated with higher rates in day light compared
to the dark or shade at ambient pCOs (Hill, 1996; Schonberg, 2006; Fang et al.,
2016). Recent work by Fang et al. (2016) on the ecophysiology of C. orientalis
showed that bioerosion rates in this sponge during day-time were approximately 40
% higher than in the dark. C. celata on the other hand, an azooxanthellate sponge,
displayed no diurnal variability in bioerosion pattern (Schonberg, 2008). Based on
these findings, presence of Symbiodinium spp. was assumed to be associated with
higher bioerosion rates (Hill, 1996; Fang et al., 2016). This is a geochemical paradox
because the autotrophic symbionts would tend to increase pH and enhance carbonate
precipitation rather than its antagonistic process (Garcia-Pichel, 2010).

However, local acidification due to sponge respiration may balance out the alka-
linization associated with photosynthesis. As symbionts do not produce a favorable
environment for carbonate dissolution, photosynthesis must therefore support a high
fraction of the energetic costs of the bioerosion process. Higher rates during the day
at low and ambient pCO5 indicate that the benefit of acquired energy from photosyn-
thetic activity exceeds the benefit of increased pCOs levels at night due to respiration.

Due to the sponge’s energetic dependence to the products of photosynthesis for
greater bioerosion activity, the capacity of phototrophic sponges to excavate may be
particularly sensitive to environmental changes impacting photosynthesis. Our results
suggest that photosynthesis is enhanced with increased pCOs (Figure 6), possibly due
to a switch from HCO3~ to COgz as a source of DIC. Fang et al. (2014) describes
a greater supply of photosynthetic products from symbionts in the “reduced emis-
sions” scenario (pCOy = 645 patm, temperature = 28.4°C) to meet higher metabolic
demands. Photosynthetic products by symbionts may be used for biosynthesis and
respiration within the zooxanthellae or transferred to the associated sponge where it
is used for metabolic maintenance via respiration or growth (Fang et al., 2014).

Despite enhanced photosynthetic rates with rising pCOs, day-time chemical rates
did not seem to benefit from this boost in energy supply as they were found to be com-
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parable and even lower than night-time rates. The relationship between the sponge
and its symbionts regarding bioerosional processes seems to shift at higher pCO5. We
hypothesize that the increase in local alkalinization associated with enhanced pho-
tosynthesis may be too great to be balanced out by local respiration acidification.
In other words, the increased photosynthetic activity may have an antagonistic ef-
fect with respect to acidification during day-time due to higher uptake of CO2 by
the symbionts. Borges and Gypens (2010) argued that the effect of enhanced primary
production on carbon cycling can counter the effect of ocean acidification. In addition,
increased respiration would stimulate primary production by increased translocation
of COg of the sponge to the symbionts. Although day and night net respiration rates
showed antagonistic behaviors with rising pCOs, decreased net respiration during the
day at high pCOs is attributed to enhanced photosynthesis resulting in greater uptake
of COy by symbionts.

4.3 Comparison and extrapolation of bioerosion rates

Estimates of chemical and mechanical bioerosion for C. caribbaea were in a compa-
rable range as those calculated for C. orientalis under a range of COy concentrations
(Fang et al., 2013a; Wisshak et al., 2013; Wisshak et al., 2014b). This is consis-
tent with the membership of C. caribbaea to the Cliona viridis-complex (Schénberg,
2002). Our chemical rates ranged from 0.06 to 0.15 mg cm~2 d~! from present day
to business as usual pCOs levels. Estimates by Fang et al. (2013a) ranged from 0.08
to 0.3 mg cm~2 d~! while the rates by Wisshak et al. (2014b) ranged from 0.02 to
0.26 mg cm~2 d~!. Mechanical rates from Fang ranged from 0.12 to 0.16 mg cm ™2
d~! whilst our results ranged from 0.23 to 0.5 mg cm~2 d=! (in E1). Total bioerosion
rates from this study were nearly three times higher than Fang et al. (2013a) and
Wisshak et al. (2014b). Discrepancies between results can be attributed to differences
in the methodology and calculations within these experiment. For instance, Wisshak
et al. (2014) carried out only dark incubations which would explain the lower rates at
ambient pCOy. These inconsistencies in the methodology between experiments are
making comparison between results difficult. There is a need for method standardiza-
tion regarding sponge bioerosion rates experiments. In addition, incubation methods
are affecting sponges and are preventing accurate determination of rates. Up to now,
closed incubations have been sufficient to observe relative variation between pCOq,
temperature and eutrophication treatments. This sheds light on how boring sponges
may react to future environmental changes. However, if we are to quantify such re-
action, it is essential that rates are more accurately measured. Using semi enclosed
incubation chambers may increase greatly accuracy of chemical rates. Mechanical
bioerosion rates are regarded as untrustworthy and therefore may be more reliable if
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collection of chips was applied to a longer stretch in time.

When extrapolating chemical bioerosion rates from our experiment to yearly esti-
mates, rates in the present-day (PD) pCOs scenario and in the business as usual (BU)
scenario ranged from 0.22 to 0.55 kg m~2 y~! in E1 and from 0.40 to 0.84 kg m~2 y—!
in E3. This corresponds to a doubling of rates by the end of this century. In a slightly
more optimistic scenario, where CO2 emissions are reduced, chemical bioerosion rates
would still increase by 50 % compared to present rates. However, combined effects of
pCO, and eutrophication, result in rates ranging from 0.22 kg m~2 y~! in PD: E1 to
0.84 kg m~2 y~! in BU: E3 which nearly corresponds to a quadrupling in chemical
bioerosion rates. These extrapolations should however be treated with caution as it
is an enormous jump to go from 6 hour incubations to yearly estimates (McElhany,
2017).

Conclusions

Considering ongoing ocean acidification, combined with increasing coastal eutrophi-
cation around Caribbean islands, these finding suggests that sponge bioerosion will
increase in the next century. The combined effect of OA and eutrophication on bio-
erosional activity was not synergetic but additive. Enhanced bioerosion in future
oceans together with reduced calcifying potential of corals will inevitably tip the bal-
ance between reef accretion and bioerosion processes towards net loss of carbonate
structure.

Results from our incubation experiments shed light in understanding the effect of
symbionts on bioerosional activity. Greater chemical bioerosion during the day at low
and ambient pCO4 suggest that CO- diffusion is not the acting parameter of aragonite
dissolution by sponges. We hypothesize that the energy gained by photosynthetic
activity is fueling a high fraction of the metabolic cost at the site of erosion which
may include ATP usage or proton motive force generation. At higher pCOs, enhanced
photosynthesis appears to have an antagonistic effect with respect to acidification due
to higher uptake of COs by the symbionts.
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Table S 1: Daily averages (~ standard deviation) of total, mechanical and chemical
bioerosion rates in mg cm™2 d~!'. Values are provided for each OA scenario and
eutrophication treatment. Daily total bioerosion rates are calculated using buoyant
weight measurements. Daily mechanical and chemical bioerosion rates are the sum

of hourly day and night rates, each multiplied by 12.

pCO2 Bioerosion E1l E2 E3
Total BW -0.004 £ 0.001 -0.008 £ 0.002 -0.005 + 0.002
BA Mechanical 0 0 0
Chemical 0.0002 £+ 0.0002  0.0003 £ 0.0002  0.0002 £ 0.0001
Total BW -0.011 £ 0.005 -0.007 £ 0.002 -0.009 £ 0.002
PR Mechanical 0 0 0
Chemical -0.0001 £ 0.0001  0.0003 £ 0.0002  0.0004 £ 0.0002
Total BW -0.008 £ 0.003 -0.009 £ 0.003 -0.001 £ 0.001
RS | Mechanical 0 0 0
Chemical 0.001 £ 0.001 0.001 £ 0.001 0.001 £ 0.001
Total BW -0.009 £ 0.004 -0.016 £ 0.004 -0.007 + 0.002
BU Mechanical 0 0 0
Chemical 0.001 £ 0.0004 0.001 £ 0.001 0.001 £0.001
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1

The functionality of many reef systems is intrinsically linked to their structural habitat
complexity (Newman et al., 2006; Graham and Nash, 2013; Kennedy et al., 2013).
On tropical coral reefs, the three-dimensional habitat relies primarily on the ability
of corals to deposit large quantities of calcium carbonate. Over recent decades, corals
reefs have been under threat at a global scale by a large number of anthropogenic
impacts such as ocean warming, overfishing, eutrophication, and ocean acidification
(Hoegh-Guldberg, 1999; Gardner et al., 2003; Hoegh-Guldberg et al., 2007; Anthony

Abstract

Anthropogenic pressures threaten the health of coral reefs globally. Some of
these pressures directly affect coral functioning, while others are indirect, for
example by promoting the capacity of bioeroders to dissolve coral aragonite. To
assess the coral reef status, it is necessary to validate community-scale measure-
ments of metabolic and geochemical processes in the field, by determining fluxes
from enclosed coral reef patches. Here, we investigate diurnal trends of carbon-
ate chemistry, dissolved organic carbon, oxygen and nutrients on a 20 meter deep
coral reef patch offshore from the island of Saba, Dutch Caribbean by means
of tent incubations. The obtained trends are related to benthic carbon fluxes
by quantifying net community calcification (NCC) and net community produc-
tion (NCP). The relatively strong currents and swell-induced near-bottom surge
at this location caused minor seawater exchange between the incubated reef
and ambient water. Employing a compensating interpretive model, the ex-
change is used to our advantage as it maintains reasonably ventilated conditions,
which conceivably prevents metabolic arrest during incubation periods of mul-
tiple hours. No diurnal trends in carbonate chemistry were detected and all net
diurnal rates of production were strongly skewed towards respiration suggesting
net heterotrophy in all incubations. The NCC inferred from our incubations
ranges from -0.2 to 1.4 mmol CaCO3 m~2 h™" (-0.2 to 1.2 kg CaCO3 m~2 yr ')
and NCP varies from -9 mmol m™? yr~! to -21.7 mmol m™2 yr~' (net res-
piration). When comparing to the consensus-based ReefBudget approach, the
estimated net community calcification rate for the incubated full planar area
(0.36 kg CaCO3 m™2 yr™') was lower, but still within range of the different
NCC inferred from our incubations. Field trials indicate that the tent-based
incubation as presented here, coupled with an appropriate interpretive model,
is an effective tool to investigate, in-situ, the state of coral reef patches even
when located in a relatively hydrodynamic environment.

Introduction

et al., 2008; Baker et al., 2008; De’ath et al., 2012).
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The consequential decline in coral cover and the reduction in historically domi-
nant framework building coral species has already resulted in a substantial loss of 3D
complexity on many tropical reefs (Edinger and Risk, 2000; Alvarez-Filip et al., 2011;
Perry et al., 2015; De Bakker et al., 2016; Hughes et al., 2007).

The impact of individual aspects of environmental change on coral reef health
has been assessed in a number of laboratory experiments (Gilmour, 1999; Burkepile
and Hay, 2009). However, in situ community-scale measurements of metabolic and
geochemical processes would enable characterization of total reef metabolism. Net
community calcification (NCC) is considered to reflect the overall response of the
community to environmental change and is therefore monitored as a proxy for coral
reefs’ status (Gattuso et al., 1993; Kleypas et al., 1999; Edinger and Risk, 2000).
Field validation of coral accretion/decline is required to test whether observed ex-
perimental responses can be translated to whole ecosystems and in situ conditions.
Coral reef decline or community compositional change can be estimated qualitatively
from visual inspection of the same site over time (Aronson and Precht, 1997), or by
digital comparison of photographs taken at intervals (Porter and Meier, 1992; Coles
and Brown, 2007; De Bakker et al., 2016).

The disadvantage of such visual assessments, however, is that results are confined
to areas that have been visited previously and are not quantified with respect to
NCC. Still,the latter may be estimated from visual inspections using typical, species-
specific calcification rates (Perry et al., 2008). And although demonstrated to have
fair accuracy (Porter and Meier, 1992; Alevizon and Porter, 2015; Chow et al., 2016),
“carbonate budgeting” estimates do not allow estimating seasonal variability of NCC
(Courtney et al., 2016), and are inherently insensitive to rapid environmental change.
The same goes for elevation-change analyses using coral cores as alone do not relate
alteration in sea floor structure to cause (Hubbard, Miller & Scaturo, 1990; Yates et
al., 2017). Furthermore, the integrated effects due to organismal interactions cannot
be assessed with such an approach. For example, ocean acidification may reduce coral
NCC (Andersson and Gledhill, 2013) and at the same time increase erosion rates by
sponges (Fang et al., 2013; Webb et al., 2017). Census approach has yet to include
the role of several bioeroders (excavating sponges) (Murphy et al., 2016),which have
been observed to become increasingly dominant on Caribbean reefs (Chaves-Fonnegra
et al., 2007). Moreover, ongoing ocean acidification appears to promote the contri-
bution of chemical CaCOgs dissolution to total bioerosion by sponges even further
(Duckworth and Peterson, 2013; Wisshak et al., 2013). Lastly, Silbiger and Donahue
(2015) suggest that, under future climate conditions of increased pCOs and ongoing
warming, dissolution of existing reef carbonates is likely to be more affected than the
growing of new reefs as such. Together this implies that there is an urgent need for
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in-situ determination of NCC at the ecosystem level.

Direct approaches to accurately quantify NCC generally rely on determining the
flux of alkalinity between water column and reef (Smith et al., 1975). For reefs in
environments characterized by a relatively linear flow of water over the reef, the up-
stream/downstream method (Odum and Hoskin, 1958; Gattuso et al., 1996) can be
employed to determine NCC (e.g., Shaw et al., 2014; Koweek et al., 2015; Albright et
al., 2016). For less unidirectional flow regimes, estimates based on overall residence
time and knowledge of offshore conditions is needed (e.g., Courtney et al., 2016). In
environments where low turbulence allows buildup of appreciable chemical vertical
gradients, these gradients have been used to calculate net fluxes (e.g. McGillis et al.,
2011; Takeshita et al., 2016). For fully exposed reefs, where no measurable accumula-
tion may occur even in the boundary layer, the use of incubators is necessary. Several
such incubation methods have been designed and applied. Most incubators cover a
limited area (Patterson et al., 1991; Haas et al., 2013; Camp et al., 2015), allowing
single-species incubations. In most cases, numerous incubations are necessary to ac-
curately capture variability between different locations on a reef in accretion/erosion
and thus accurately estimate whole ecosystem NCC. When employing small-volume
incubators, care must also be taken to maintain representative hydrodynamic condi-
tions for the incubation species. Moreover, incubations must be terminated before
NCC becomes depressed (for example by depletion of oxygen). Larger incubation
structures (e.g. Yates and Halley, 2003) better capture variability on a community
scale and convey environmental hydrodynamic conditions (surge) which, on the other
hand, may cause inadvertent leakage of enclosed water. This potential exchange be-
tween ambient and enclosed water complicates the interpretation of observed chemical
changes, particularly for signals that take relatively long to manifest themselves (e.g.,
alkalinity). The latter limitation restricts this method into hydrodynamically favor-
able (i.e. calm) conditions (e.g. McGillis et al., 2011). Additionally, due to obvious
logistical challenges, most or all in-situ incubations have been carried out on the reef
flat. Here we aim to assess diurnal coral reef metabolic rates by investigating the in
situ inorganic carbonate system over a reef slope coral reef patch offshore from the
island of Saba, Dutch Caribbean. We use a tent-based incubation system in an en-
vironment with relatively strong currents and swell-induced near-bottom surge that
caused modest exchange between the incubated reef and ambient water. Exchange
between the enclosed and surrounding seawater is used to our advantage as this main-
tains oxygenated conditions during the incubation, thus allowing for increased incuba-
tion periods. Precise monitoring of temperature and salinity, both inside and outside
the tent, allows for accurate determination of the amount of exchange across the en-
closure. Explicitly accounting for the role of ambient variability, the benthic fluxes
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originating within the tent are inferred with high accuracy. Comprehensive monitor-
ing of CO4 system parameters (DIC, total alkalinity), dissolved oxygen and nutrients
(phosphate, nitrate, nitrite and ammonium) allows for subsequent quantification of
integrated whole ecosystem coral reef metabolic processes (NCC and net community
production, NCP) in a highly hydrodynamic environment.

2 Materials and methods

2.1 Site and substrate

Reef incubations were performed west of the island of Saba in Ladder Bay at the Lad-
der Labyrinth mooring site of the Saba National Marine Park (17.6261°N, 63.2602°W)
(Field permit: RWS-2015/ 38370), between October 26th and 29th 2015, at a depth
of 21 m (Figure 1). The reef in this area has a distinct spur-and-groove morphology,
and is located on a steep incline from the heights of Saba towards the ~500 m deep
stretch between the island and the Saba Bank carbonate platform. Coral reefs around
Saba harbour a relatively rich diversity of marine species in the context of the wider
Caribbean (Etnoyer et al., 2010). The location at which the tent was placed, was
chosen such that a patch of coral reef with a community representative of the wider
area was fully enclosed (Figure 2). Within the 2x2 m enclosure, one larger and sev-
eral smaller carbonate structures were present, acting as main substratum for benthic
biota, together resulting in a in a total hard surface area ~ 4.4 m? and a 14% sur-
face enlargement (rugosity). Abiotic components (sand and bare rock) accounted for
61% of the total surface area within the enclosure. Algae (algal turf, Lobophora spp.,
Dictyota spp.) covered 22%, sponges (among others Agelas spp. and Callyspongia
plicifera) covered 7% and calcifying species such as corals (including Orbicella favio-
lata, Meadrina meandrites and Diploria clivosa) and crustose coralline algae covered
4.2, and 6.6% of the total surface area, respectively (Figure 2). No macro-bioeroding
organisms were visible. A small number of heterotrophic animals, including small
fish, crustaceans and nudibranch, were present during the time of the incubation.

2.2 Enclosure

The incubation enclosure is a custom-made, semi-hemispherical, bottomless, trans-
parent dome tent with a square, 4 m? footprint and ~3.2 m? volume. The tent walls
consist of transparent polyvinylchloride of 0.8 mm thickness, with nontransparent re-
inforcements along the edges. The tent was inflated (on sandy sediment) by pumping
water into the ribs of the dome, after which the rigid tent was carefully moved in place
over the coral mound. Flaps extended ~50 cm outward from each of the tent’s four
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Figure 1: (a) Photograph depicting tent, umbilical cord, support divers and the dingy
used for sample collection. (b) Schematic layout of the tent and surroundings. The
Island of Saba is located to the east of this location. (c¢) Schematic side view of the
employed setup for enclosure of a small patch of coral reef. The central structure is
a rigid, inflatable dome tent, held securely in place by lead bricks and guy-lines (not
shown). Inside the tent are located a battery powered mixing propeller for maintaining
water circulation, and analyzers for salinity (S), temperature (T), oxygen (O3) and
PAR. External to the enclosure are located another S/T analyzer, a current profiler
and a pump (powered intermittently from the surface) which through an umbilical
cord delivers enclosure interior water to the sea surface for sampling. Sampling of
exterior water was performed either by this pump (with SCUBA divers temporarily
disconnecting the connection to the tent interior) or by divers using large volume
syringes. Zippers allow for opening of tent windows for re-equilibrating interior and
exterior conditions between incubations.

sides, allowing for proper sealing of the tent to the substrate by placing weights on
the flaps. All four sides of the tent contained an opening of ~0.3 m? to allow flushing
of the enclosed volume between incubations: during each incubation this opening was
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Figure 2: Overview of the enclosed coral reef patch, after termination of the tent
incubation. Yellow lines mark the extent of the tent (approximately 2x2 m).

sealed. Water enclosed in the incubation tent was homogenized by a continuously
running propeller pump (model PP20, Jebao Ltd, China). This pump was positioned
close to one of the tent arches, at half the height of the tent, and generated a slight
circulating turbulence, while minimizing stirring up of sediment. Effectiveness of the
stirring was demonstrated by rapid and even dispersal of a small dose of injected
fluorescein. Time required for initial deployment of the tent was approximately 4
hours. In total, five incubations were carried out on this location, three during the
day (incubations 1, 3 & 5) and two at night (incubations 2 & 4) (Table 1).

On the sandy substrate, adjacent to the main tent, a small secondary incubator was
deployed. Its design is tetrahedron-shaped, and features transparent PVC-walled,
rigid edges of 1 m, with 0.5 m long flaps extending from bottom edge. It covers a
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0.43 m? planar surface, and encloses a 118 1 volume, resembling the ¢cBIT described
by Haas et al. (2013). Due to equipment constraints, only limited monitoring of this
‘sediment blank’ incubator was performed by determining the total alkalinity (Ar),
total dissolved inorganic carbon (Cr), and nutrient concentrations.

Table 1: Incubation starting and end times, duration and light.

Incubation 1 2 3 4 5
Latitude 717.6261°N

Longitude 763.2602°W

Depth(m) 21

Start(local time) ~ 27/10, 09:17  27/10, 17:10  28/10, 08:33  28/10, 17:15  29/10, 08:10
End(local time)  27/10, 14:59  27/10, 22:13  28/10, 14:47  28/10, 23:20  29/10, 16:10

Duration(min) 342 303 374 365 480
Light mean(PAR) 65 3 58 3 91
Std 23 1 14 1 15
Minimum 22 2 11 2 5
Maximum 120 8 75 8 161

! The listed PAR values are in pmol quanta m~2 s~ 1.

2.3 In-situ measurements

Measurement of salinity (S), temperature (T), dissolved oxygen (O2), photosynthet-
ically active radiation (PAR) and water current conditions within the large dome-
shaped tent were performed throughout the duration of the incubations (four hours).
S, T and Oy were measured at 1-minute interval using an actively pumped SBE37
MicroCAT equiped with an SBE63 optical dissolved oxygen sensor (SeaBird Scien-
tific Inc., Bellevue WA, USA). Drift of the involved sensors over the duration of our
experiment was negligible, while precision (+1e107°, +1e10~* °C, 40.2 pmol kg~ !,
respectively) is orders of magnitude better than the changes in S, T, and Oy observed
during incubations. PAR was assessed by an Odyssey light logger (Dataflow Systems
PTY Ltd., Christchurch, NZ), calibrated in air against a superior instrument (Walz
ULM500, Walz GmbH, Effeltrich, Germany). The MicroCAT and light logger were
suspended from the apex of the enclosure at approximately half the tent’s height. A
second CTD unit (model CastAway, YSI Inc, Yellow Springs OH, USA) was deployed
outside the tent to register ambient S and T during 2 out of the 5 incubations, due
to logistical constraints.
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2.4 Discrete Sampling

During incubations, discrete samples were collected every two hours for analysis of
Ar, Cr, total organic carbon (TOC) and nutrients by pumping seawater from the
tent interior (and, alternatingly, the exterior) up to the support vessel through a 50
m long 1/4” Dekabon gas-impermeable 'umbilical cord’ (Figure 1). The total volume
pumped upwards was ~2 L per sampling event, after appropriate flushing (~2 L) of
the umbilical (internal volume ~0.5 L). Most analyses for Az were performed on-
board (Caribbean Explorer II) using spectrophotometrically guided single-step acid
titration (Liu et al., 2015). Additional samples for Ar and Cp were poisoned with
HgCly immediately after collection (Dickson et al., 2007) for post-cruise analysis on a
VINDTA 3C instrument (Mintrop et al., 2000). Accuracy of both instruments was set
using certified reference material (CRM; batch 144) supplied by Scripps Institute of
Oceanography (Dickson et al., 2007). No appreciable bias in A was apparent between
the two instruments. On the VINDTA, a total of ~125 samples were analyzed for
Cr and Ap. Precision of replicates from the same sample bottle was 1.5 pmol kg~!
for Cr and 1.0 pmol kg=! for Ar (for both instruments). However, precision for field
replicates (i.e., replicates from separate bottles; n=23) was 3.5 pmol kg=! for Cp
and 5.0 pmol kg=! for A, possibly reflecting suboptimal sampling conditions and/or
procedures (e.g., insufficient pre-flushing of umbilical before commencing filling of 1st
replicate sample).

Samples for TOC determination were stored in pre-combusted 60 mL EPA vials
and acidified and preserved with 8M HCI prior to shore-based analysis on a Shi-
madzu TOC-VCPN. Analytical precision for TOC (defined as standard deviation of
differences between replicates) was +9.9 pmol kg=! (n=8).

Samples for dissolved inorganic macronutrients (NO24+NO3, NOg, PO, and NHy)
were prepared by dispensing sampled water through 0.8/0.2 pm Acrodisk filters into
5 mL ’pony vials‘, and subsequently stored at -80°C for later analysis at NIOZ on a
QuA Atro continuous flow analyser (SEAL Analytical, GmbH, Norderstedt, Germany)
following GO-SHIP protocol (Hydes et al., 2010). Uncertainty of nutrient determina-
tions (£0.1 pmol kg~!, 40.01 pmol kg=!, £0.005 pmol kg=! and £0.005 pmol kg1,
respectively) was substantially smaller than the differences observed between samples
taken over the incubation period.

Release of nutrients during respiration decreases Ay (or increases A for release of
NH, ™), confounding the interpretation of changes in At to represent CaCOjz dissolu-
tion only. Following common protocol, we correct calculated Ap for nutrient release
as follows:

ATobsNC — ATobs + PO4 + N03 - NH4
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obsNC

Throughout the remainder of the manuscript, Ay equals Ap as defined above.

2.5 Outline of data processing

After data collection, a 6-step approach was taken to infer fluxes from the measure-
ments. Numbered steps are discussed in more detail in the following sections. Briefly,
(1) the leak rate of the enclosure is inferred from measurements of S and T performed
simultaneously inside and outside the tent during 2 of the 5 incubations. (2) Assum-
ing the inferred leak rate to be valid throughout the experiment (i.e. for the other 3
incubations as well), time series of exterior S and T are inferred for all incubations
from tent interior S and T. (3) Time series of ambient concentrations of Cr, Ar and
O, are predicted from linear relationships with salinity. (4) We calculate, accounting
for leakage at a known and assumed constant rate, the time rate of substance input
into the tent interior that best reproduce the observations made inside the enclosure.
(5) We apportion the input of Cr and Ar into the contributions by the processes of
CaCOj3 dissolution and respiration. Lastly (6), all substance input rates are converted
to fluxes.

(1) Rate of water exchange

The rate of water exchange across the enclosure f (in units of min~!) was estimated
from the dampened response of measured in-tent salinity (S) to the variability of mea-
sured ambient (i.e. outside the tent) salinity over the duration of an incubation. This
was performed by iterative minimization (based on least squares) of the residuals q
in equation 1.

SincalctJrl +q= ((]-‘f).sincalct + f.Sambientmeast) - Sinmeas (1)

where, SincalctH is the calculated salinity inside the tent at time t+1, S;,°*¢, the
calculated salinity inside the tent at time t and Sgmpient " <*°+ the measured salinity
outside the tent at time t.

(2) Ambient hydrography

With the estimated leak rate estimate f, an approximation of ambient salinity Sempientc*°

may be obtained from S;,,"****, which is available for all 5 incubations.
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(3) Ambient chemistry

In order to know, at high temporal resolution, the concentrations of Oz, Cr and Ap
outside the enclosure, we regress measurements of these parameters against Saumpient “*°.
We use data collected (i) locally at the enclosure, supplemented by data obtained (i)
by vertical profiling down to ~75 m in the vicinity of the incubator and (ii) during ex-
pedition PE414 of the Dutch RV Pelagia in Aug/Sep 2016 close to Saba (hydrographic
station #49, <5km from enclosure location; De Nooijer and Van Heuven 2017). The
use of data collected nearly a year later might be considered inappropriate. However,
comparison between (i) Pelagia and (ii) tent ambient Ay and Cr data (and near tent

profiles) is rather favourable.

(4) Time rate of substance input R

Having inferred (i) the (assumed constant) rate of exchange of water between tent
and environment and (ii) the time history of ambient concentrations Cout of the pa-
rameter of interest (i.e., Ay, Cr, etc.) next we subsequently determined the constant
time rate of substance input R (in pmol kg=! hr=1) that best explains the observed
changes of concentration C;, inside the enclosure while accounting for constant ex-
change with the environment. This is performed through iterative minimization of
the residuals q in Equation (2).

Cint + q = Cint_l.(l‘f) + Cambientt_l.f + R (2)

The inferred input rate R is somewhat sensitive to the choice of the initial interior
concentration (Cy,=). Using the measurement collected at the start of the incuba-
tion may affect the result due to stochastic measurement error. Therefore we used
an initial ;, through careful observation of initial measurements performed in the en-
closure and of the measured (and predicted) ambient conditions. The dictated initial
interior concentrations were identical for all 5 incubations, supported by the obser-
vation of comparable ambient salinity at the start of each incubation. An estimate
of the robustness of the input rates of Oz, Cr and Ar is obtained using a Monte
Carlo approach (Figure S1). A thousand curve fits were performed as above, but
after randomly perturbing (i) each of the measured values of Cy and Ar (both by

samples from a normal distribution of width’s’ of 4 ymol kg~!

, representing the mea-
surement precision), (ii) the times of collection of the samples (s=5 minutes) and the
leak rate of the tent (s=0.1% min~1). If the standard deviation of the 1000 obtained
input rates was smaller than the calculated nominal input rate, this nominal rate is

considered to be significantly different from zero.
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(5) CaCO; dissolution and respiration rates

As outlined above, measurements of A7 haven been adjusted for the effect of nutrient
release by respiration. Subsequently, the individual contributions of CaCO3 dissolu-
tion and respiration to the observed concentrations (or fluxes) of Ar and Cr were

calculated:

AApdiss = AApobseNC . change in A1 due to dissolution
AAT TP =0 change in A7 due to respiration
ACpdss= AApobseNC /2 change in C due to dissolution
ACp e P=ACOsc ACpHss . change in C due to respiration

(6) Conversion to fluxes

The input rates R (again, in pmol kg=! hr~!) in the tent are converted to fluxes
(mmol m~2 hr=1), assuming an enclosed mass of water of 30004150 kg (approximately
3200 litres enclosed; substrate volume is ~250 L; seawater density ~1022 kg m~3)
and an incubated planar surface of 4.4 m?. Lastly, we compare our results with NCC
estimates based on observed community composition and data published for the fluxes
of various classes and species of reef organisms, following the ReefBudget approach
of Perry et al. (2008). To measure the species specific cover within the incubated
area, we took multiple photos from different angles and then used ImageJ v1.51j8 to
quantify the precise cover of each functional benthic group. Rugosity was measured
from 4 crossed transects through the incubated patch (see supplementary Table S1,
S2 and S3).

3 Results

Application of Equation (1) to data collected during incubations 4 and 5 yields a leak
rate of the enclosure f of ~0.007 min~!. This indicates that ~25 kg of seawater (i.e.,
0.007 x 3000 kg) is exchanged every minute between the incubation enclosure and
the environment. Although f~0.007 accurately relates interior and ambient salinity
observations made during incubations 4 and 5, we have no direct means of ascertain-
ing that it also applies to preceding incubations. However, given the sparse ambient
salinity data, we assume this water exchange rate to be constant throughout all in-
cubations. Because the sealing of the tent to the substrate remained unchanged from
the second incubation onwards, the time history of ambient salinity Soutcalc was de-
rived under the assumption of f being ~0.007. During incubations the error between
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Sout™ and S, was -0.02340.19 (range: 34.7-36.0). The good match indicates
validity of this simple adjective exchange model.

The ambient hydrographic conditions reflect variable admixture of a deeper, colder
and more saline component into the warmer, and fresher waterbody that is more
commonly encountered at the incubation site (see Figure 3a).

In these ambient waters, C; and A7 increase with S as is expected. Oxygen, too,
is observed to increase with increasing S, due to the higher solubility in the more
saline and - crucially - colder water. Regressions between S and Oy/Cr/Ar are
presented in Figure 3, panels b, d and f. The time histories of these properties,
derived using Sumpien:°*¢, are presented in Figure 3, panels ¢, e and g. For nutrients,
no regressions were performed since ambient concentrations were essentially invariant
at zero compared to the in-tent changes during incubations (Figure S2).

Figure 4 illustrates the results of our approach for incubation 4. For an overview of
all results from all incubations, please refer to supplementary Table S4 and/or Figure
S3. The model employed fits the measurements for Cy and Ar relatively well: the

—1 — identical to the measurement uncertainty of

rmse of the fit of Cr is 3.5 pmol kg
Cr itself. For Ar the fit (5.3 pmol kg~1) is slightly worse than instrument precision
(3.5 pmol kg=1).

For the five incubations, consumption of oxygen from the incubated seawater
ranged from -10 to -30 pmol kgSW~! hour~! (Table S4).

Concomitant increase of Cr, PO, and NOgy3 strongly suggests respiration to be
the dominant process throughout these incubations. Respiration should decrease A
slightly due to the release of nutrients, but an even larger decrease is inferred by the
full model suggesting a significant role for net calcification during incubation 2, 3
and 4. For the incubation 1 and 5 on the other hand, slight CaCOgs dissolution is
inferred. Prior to inferring rates, values of Ay were adjusted to account for the release
of nutrients during respiration according to equation (3). Therefore, by definition the
respiration Ar rate is zero for all incubations (Table 2).

Results obtained from incubations using the smaller, secondary tent suggests at
most a very limited role for sedimentary processes (see Supplementary Figure S4):
although exterior concentrations of Ar and Cp increased by as much as 60 pmol
kg~! in the 2nd half of the incubation, interior A7 and Cp during those 4 hours did
not increase at rates higher than 2.5 pmol kg=! hr~!. This limited response suggests

1

a leak rate between 0.2 and 1 % min~'. Appreciable accumulation may therefore

be expected if fluxes are present, also because of the small tent’s favorable volume-
to-surface ratio (275 L m™2, vs 750 L m~2 for the dome tent). Over the first 165
minutes of the incubation, however, interior Ar and Cr increase only by 1 and 2

1

pmol kg™ compared to initial conditions (commensurate flux: ~0.3 and 0.6 mmol



98 | Chapter 5

N
d
(=)}

[«1]

) . measured at incubator
o

v %\

= 204 A,

s b3

g .

o 29.2

£

]

'_

2450 : : : : — —
X Pelagia 2016 X N .
L b O profiles near incubator % | ¢ predicted from salinity

. measured at incubator
+ measured at incubator

i o
I x {l
+
+ i Wi '\
< 2300 | T 1 " bL
* A, =5533-5+366.6 ©
2250 : ' ' : :

2100 | d

N
=
=}
S

[umol kg']
N
v
o

e

:- %ﬁﬁ?}wﬁveé
W

34 35 36 37 38 270ct 280ct 290ct 300ct
Salinity date (2015)

H#F o —s08175+1876

0,=844.5+-107.8

Figure 3: (a) Salinity and temperature recorded outside the enclosure show occasional
mixing of a cool, saline deep water body into the warmer, fresher surface water com-
ponent that is most commonly observed at the depth of the enclosure (as indicated
by the high density of data points at S~34.8). (b, d, f) Regression against salinity
of, respectively, Ay, Cr and O5. Samples in these regressions originate from three
sources (two for Oz). (c, e, g) Measured values of, respectively Ar, Cr and Oa, plot-
ted together with time trace of these values, generated from the regressions against
salinity.
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Figure 4: Tllustrative results of the model (bold red line) employed to infer the sub-
stance input rates from observations, here for incubation 4. (a) A water exchange
rate of 0.007 min~! between enclosure and environment optimally relates ambient
and interior measurements of salinity. Back-calculating ambient salinity from inte-
rior salinity is shown here to be feasible. (b) Ambient temperature co-varies with S.
From T, the exchange rate is inferred to be 0.012 min~! (higher than from S due to
additional conductive equilibration). Additionally, in (c-f), we present results of a
simplistic asymptotic curve fitting (thin red line) to show how the two methods may
diverge appreciably, here mostly evidently for Ar. (Note that the uncertainty of the
asymptotic fit is worse than that of the model used in this study).
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Table 2: Summary of fluxes inferred from observed concentration changes in the
enclosure during each of five incubation periods.

Incubation 1 2 3 4 5
POy 0.015 £ 0.004  0.009 £ 0.005  0.016 £ 0.005  0.031 £ 0.009  0.037 £ 0.007
NO2+NO3 0.49 £ 0.14 0.55 £ 0.21 0.83 £ 0.09 0.91 £ 0.18 0.81 £ 0.20
NHy 0.21 + 1.06 0.26 £+ 0.48 0.18 £ 0.05 0.23 £ 0.04 0.17 £ 0.19
NOo 0.02 £ 0.01 0.01 £ 0.01 0.02 £ 0.00 0.02 £ 0.00 0.01 £ 0.01
SIL 0.44 £ 0.10 0.00 £ 0.18 0.19 £ 0.10 -0.07 £ 0.20 -0.02 £ 0.15
DOC 1.4+ 43 -1.1 £ 4.2 -0.9 + 4.8 -1.9 £ 2.8 -0.1 £ 54
O2 -9.0 £ 0.7 -13.5 £ 1.1 -13.6 £ 1.3 -21.7 £ 1.9 -17.0 £ 1.6
Cr 5.0 4+ 0.8 11.1 £ 1.1 13.0 £ 1.0 171 £ 1.6 10.6 + 1.1
Ar 0.4 + 0.6 -2.5 £ 0.9 -2.8 £ 0.6 -0.4 £ 0.7 0.4 £ 0.5
Crresp 4.8 4+ 0.8 123 £ 1.1 144+ 1.0 173 £ 1.6 104 + 1.1
ATresp 0.0 £ 0.0 0.0 £ 0.0 0.0 = 0.0 0.0 £ 0.0 0.0 £ 0.0
Crdiss 0.2+ 0.3 -1.2+ 04 -1.4 £ 0.3 -0.2 +£ 04 0.2 £0.2
Ardiss 04+ 0.6 -2.5+ 0.9 -2.8 £ 0.6 -0.4 £ 0.7 0.4+ 0.5

See text for methods for derivation of rates and uncertainties.

All fluxes in mmol hour™' m~2 (planar incubated surface area).
Negative dissolution fluxes are described (instead of positive calcification) to maintain co-
directionality of the fluxes of respiration and dissolution.

m~2 hr~!, i.e, one or two orders of magnitude lower than in the main tent; note
that appreciable errors apply both to measurements and conversion to flux). These
increases may be linked to exchange with ambient waters. No changes in pyramid
tent nutrient concentrations were observed, suggesting low rates of productivity or
respiratory processes. For subsequent calculations, we consider the contribution by
sedimentary processes to be negligible.

Subsequently, the concentration changes in oxygen, inorganic carbon, etc. in the
dome-tent were used to calculate the fluxes during each of the five main incubations
(Table 2). No trends were observed in TOC concentrations within the tent during
incubations, despite clear trends being observed for Cp. Deviations of the tent leak
rate from the nominal 0.7 % min~! (or ’breach events’) are observed during all in-
cubations. These deviations from our assumption may negatively affect the inferred
rates of change in Os concentrations, as evident from the differing slopes of trace and
fit near the starts of incubations. Considering only the first 30 minutes of the oxy-
gen traces (preceding tentative breach events in all incubations), appreciably higher
oxygen consumption is inferred than when considering the full traces (Table S5). At
constant ambient S, Oy, Cr and A7, leakage at a rate higher than the 0.7% min~!
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that we assume would result in underestimation of the true fluxes of Or, Cr and Ar.
No change would be observed in the O-flux/C-flux ratio that we infer. Conversely,
at times of sudden high ambient S, Op, Cr and Ar, leakage at a rate higher than
the 0.7% min~! that we assume would result in overestimation of Cr and Ar fluxes,
and underestimation of Oy fluxes. This would change the O-flux/C-flux ratio that
we infer. However, as we do not know if the Os trace is asymptotic, or that the tent
did indeed leak at higher or lower rates than 0.7% min~!, results are likely still valid
(i.e., when no breach events occurred, and O2 deviations resulted from sensor arte-
facts or true biological activity). We therefore maintained the conceivably affected
incubations in the paper.

The NCC inferred from our incubations ranges from -0.2 kg CaCO3 m~2 yr—! to
1.2 kg CaCO3 m~2 yr~! which is on average higher but still in range than the NCC
estimated from the ReefBudget method (0.36 kg CaCO3 m~2 yr—!, Table 3).

Table 3: Net community calcification estimates from flux_based method and Reef-
Budget method.

Incubation 1 2 3 4 5

NCCjiuz(kg CaCO3 m~?year™')  -0.240.3 +1.1£0.4 +1.240.3  +0.240.4  -0.240.2

NCCgrp(kg CaCO3 m~2year 1) 0.36 0.36 0.36 0.36 0.36
NCCjjyz(mmol CaCO3 m~?h~')  -0.240.3  +1.240.4 +1.440.3 40.240.4  -0.240.2
NCCgrp(mmol CaCO3 m~?h™1) 0.41 0.41 0.41 0.41 0.41

NCC of the planar total area inside the incubation calculated from fluxes and the ReefBuget method.

4 Discussion

Our results indicate that the tent incubation is an effective tool for in-situ quantifi-
cation of reef fluxes in reef-overlaying water. Quantification of fluxes was achieved
despite strong variability in ambient conditions and in the presence of appreciable
swell induced seawater exchange. To this end we applied a comprehensive concep-
tual framework for the interpretation of the measured concentration differences. This
method allows for a volume exchange between the environment and the incubation
thereby replenishing the latter and keeping the O levels within the tent near ambi-
ent conditions resulting in minimised unrepresentative reef community metabolism.
By continuously monitoring the inside environment and assuming constant exchange
rate, fluxes within our incubation can be treated as if acquired by a flow through sys-
tem. Nonetheless, future application of this or similar incubation methods could be
further improved by continuous monitoring of the exchange rate, rather than assum-
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ing it to be constant throughout the incubation. This could be obtained for instance
by running a second thermosalinograph outside the tent. The application of a con-
ceptually simpler 'asymptotic’ model yields different and less well-constrained results.
Particularly, the direction of the CaCOj3 dissolution flux may be seen to be reversed
in the simpler method (see also Figure 4). In all incubations, for both Ap and Crp,
the uncertainty in measured concentration differences and the variability between re-
sults may be greater for the simpler model (Supplementary Table S4; supplementary
Figure S3). In the case of Ay (Figure 4f), the assumed-to-be-constant input of Ap
inferred by the model applied here is of opposite sign to the simpler asymptotic model
result (-0.6 vs +7.1 pmol kg=! hr=1). This reversal of sign of the A rates observed
between the two models (asymptotic and full) is caused by the inability of the asymp-
totic model to account for occasional intrusion of high-A; ambient water into the tent
during sudden changes in ambient hydrography. The asymptotic model (panels ¢ &
d) shows a relatively good fit of the observations of Oy and NOgy3 around the fitted
curve, which is due to the invariant ambient concentrations of these parameters.

In contrast with previous studies carried out at shallower depths using either
Lagrangian drifts or incubations, all net diurnal rates from this study are strongly
skewed towards respiration suggesting net heterotrophy in all incubations. Studies
performed at shallower depths shift between net autrotophy and net heterotrophy
over the course of a day (Yates et al., 2003, Albright et al., 2013; 2015). However,
previously reported average net respiration rates occurring at night on shallower reefs
are comparable to results from this study (14.5 to 35.5 mmol C m~2 h~!). Results
are also comparable to previously reported values at depth. For example, Middel-
burg et al. (2005) compiled a global mean coral reef respiration rate of 131£46 mol

—1. Specifically for their categories 'outer reef slopes’ and ’high activity

Cm2yr
areas’ they report values of 140470 and 4134187 mol C m~2 yr—!, respectively. This
range compares well to the rates reported here (105-298 mol C m~2 yr—! for the full
planar surface). A stoichiometric comparison of the inferred fluxes of Cr, oxygen
and nutrients is combined with (i) the canonical ‘Redfield ratio’ (Redfield, 1963) of
the elemental composition of open ocean phytoplankton and (ii) the median elemen-
tal composition of benthic macroalga (Atkinson and Smith, 1983), likely resembling
the composition of the labile fraction of the locally present organic carbon (Table
4). This shows that the community incubated in this experiment respires carbon and
nutrients in a ratio that resembles the composition of benthic macroalgae (Atkinson
and Smith, 1983) which indicates that the observed signal is indeed originating from
the sedimentary, benthic, macrofaunal, and/or bacterial constituents of the enclosed
community.

A strong correlation between NCC and net community productivity in reef en-
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Table 4: Stoichiometry of rates observed during 5 incubations.

Incubation P N (o] C o/C

1 1 32.8 £ 12.2 337.5 &£ 99.7 -608.7 + 157.5 -1.80 £ 0.33

2 1 61.2 £ 42.1 1222.4 4+ 714.9 -1485.3 £ 867.5 -1.22 £ 0.14

3 1 51.5 £ 17.9 805.8 + 275.4 -842.9 4+ 289.4 -1.05 £ 0.13

4 1 29.7 £ 10.7 557.9 &£ 175.1 -706.6 + 223.6 -1.27 £ 0.14

5 1 21.7 £ 6.5 313.3 £ 60.8 -455.2 + 91.6 -1.45 £ 0.18

All 1 332+ 5.6 535.6 = 73.3 -691.7 & 94.9 -1.29 £ 0.07
Riges 1 16 106 -150 1.22
A&S1983 1 30 550 -610 NA

Values in column ”avg.” are calculated as the ratio of the sums of incubations 2-5.

2 Uncertainties are calculated by error propagation.

3 Rightmost two columns show literature values from (i) Redfield et al (1963) and (ii)
Atkinson and Smith (1983), representing the elemental compositions of (i) marine phyto-
plankton and (ii) benthic macroalgae.

4 Our incubation results most closely resemble the latter.

vironments is well documented (Gattuso et al., 1996; Shaw et al., 2012, Shaw et al.,
2015; McMahon et al., 2013; Albright et al., 2015) however, no correlation was found
in our incubations. The NCC inferred from our incubations ranged from -0.2 to 1.2
kg CaCO3 m~2 yr—! which is on average higher than the mean recorded rate of 0.2
kg CaCO3 m~2 yr~! associated with a Floridian reef patch (10% coral cover) in shal-
lower waters (Yates, 2003) using a similar method.

Applying the ReefBudget approach to our benthic census data for comparison, we
obtain a NCC for the full incubated substrate surface (i.e., sand and hard substrate)
of ~0.36 kg CaCO3 m~2 yr=! (see Table 3). This estimate is lower (but still within
error) than the average NCC inferred from our incubations (~0.88+1 kg CaCO3 m 2
yr~!, Table 3). The range of NCC estimates inferred from our results indicates how
sensitive metabolic and chemical processes on coral reefs are to their environment.
The chemical flux-based method as presented here is appreciably sensitive to the ef-
fects of the surrounding hydrological conditions on the substrate and this may be the
source for a slight discrepancy compared to the ReefBudget approach. NCC rates
acquired by Perry et al. (2013) associated with a coral cover ranging between 4-5%
and at similar depth (17-20 meters) in the Bahamas are all negative (ranging from
-0.01 kg CaCO3 m~2 yr=! to -0.23 kg CaCO3 m~2 yr~!). This may be explained by
varying community composition such as the absence of macro-bioeroders within our
tent. Furthermore, the flux-based method does not assess the mechanical component
of bioerosion (caused by parrot fish or sponges for instance) which is important to
the process of reef accretion.
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The ReefBudget method offers a fast and convenient tool for estimating reef bio-
genic carbonate production states both on a remarkable temporal and spatial scale.
Although the incubated flux-based approach, may be more sensitive to unstable and
varying reef states, it cannot offer such a large spectrum of study. However, it pro-
vides an assessment of the full community without having to determine calcifica-
tion/dissolution rates as a function of surface area. This can be very useful to assess
the effect of endolithic species or determine the impact that some understudied organ-
ism may have on the chemical conditions. For instance, benthic cyanobacterial mats
have been shown to proliferate around the islands of Curagao and Bonaire since 2003
(De Bakker et al. 2017) and are described to effect pH on a local scale (Hallock, 2005;
Paerl and Paul, 2012). However, close to no records on how these mats may alter
reef chemical conditions and subsequently impact the calcifying/bioeroding commu-
nity are available. Currently, the ReefBudget approach relies on various assumptions
regarding the calculation of each biological component. As such, the flux-based ap-
proach described here should not be regarded as a substitute for survey methods
such as the ReefBudget, but rather as a complementary tool. Using the flux-based
approach, it will become easier to determine missing components and variations in
chemical dissolution/calcification on a spatial (e.g. depth) and also smaller temporal
scale (i.e. diurnal cycle, seasonality), therewith improving survey based carbonate
budget assessments.

To determine if the respiration signal might be an artefact of the incubation treat-
ment, we identify potential causes that may perturb the signal. The estimated con-
tribution by macrofauna such as fish, crustaceans and nudibranchs to the observed
respiration signal is deemed to be negligible: considering a fish mass-specific Os con-
sumption rate of ~100 mgO2 h™! kg=! (Roche et al., 2013), and assuming 100 grams
of fish to be present in the tent (which is likely a strong overestimate as only very few
small fish were observed during incubations), we calculate a contribution to Cr in the
incubation of ~0.1 pmol kg~! h™—!, which is two orders of magnitude smaller than the

observed respiration rates of 10-30 pmol kg=!.

Additionally, we rule out that ’free
floating’ TOC (e.g., coral exudates) is the material that is respired. While clear fluxes
are inferred for Cp, no trends were observed in TOC concentrations within the tent
during incubations. Alternatively, no significant depression was observed of average
interior TOC values (8449 pmol kg=!, n=39) relative to exterior TOC (86+7 pmol
kg~!, n=8). Although the tentative drop in TOC resembles the small drop observed
in dedicated DOC depletion experiments (e.g., De Goeij and Van Duyl 2007), the lack
of volume flow through the tent means TOC cannot be more than a very minor source
of respirable carbon. Absence of depletion of suspended labile TOC notwithstanding,

TOC may still play a role in the form of mucus if that is adhered to substrate or
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incubator, out of reach of sampling but available for bacterial respiration. However,
the respiring biomass required for the observed Cr increases is unlikely to be present
in the form of bacteria, especially shortly after incubation start. Indeed, Wild et al.
(2004) show from small-scale incubations that the bacterial degradation of coral mu-
cus, introduced into their incubators (containing only sediment and water column)
at high concentrations, occurs at rates of 0.7-2.1 mmol m~2 hr~!. That compares
to rates around 60-175 mmol m~2 hr~! observed in our experiment, suggesting rem-
ineralization of adhered mucus plays at best a minor role in our incubations, further
suggesting the observed fluxes to originate from the macroscopic biotic substrate.

In that category, sponges are the most likely organisms respiring, having appre-
ciable biomass and containing ample energy stores to maintain respiration during the
incubation periods, in which only limited amounts of organic carbon are available for
filter feeding. Hadas et al. (2008) report (Red Sea) sponge basal oxygen consumption
to be ~50% of consumption featured during full water pumping activity, which means
that sponge respiration largely continues even when filter feeding ceases. These au-

thors report a rate of 2.4 ymol O hr=! g~!

(wet weight). Similarly, (Ludeman et al.,
2017) report sponge oxygen consumption (standardized to sponge volume) ranging
from 0.3-3 pmol h~! ml~!, with strong species dependence. Assuming the higher end
of this range applies to the sponges incubated in our experiment (mostly Agelas sp.,
Callyspongia plicifera), and assuming as much as 5 kg wet weight of sponge to have
been present in the enclosure, we account for ~5 pmol kg=! hr~=! of the observed rates
of ~30 pmol kg—! hr~'. Maintained respiration by sponges throughout the series of
incubations could be fuelled by filter feeding during the ~50% of the time in which
the incubator was open to the ambient water. Recent research by McMurray et al.
(2018) showed that species hosting abundant symbiotic microbes (i.e. high microbial
abundance or HMA) primarily consumed dissolved organic carbon (DOC), while the
diet of species with low microbial abundances (LMA) primarily consisted of detritus
and picoplankton. They further pointed out that it remained unknown if DOC re-
leased by LMA species could be a source of food for HMA species. The main sponges
incubated in our experiment are Agelas sp. and Callyspongia plicifera and represent
respectively a HMA and a LMA sponge. We tentatively infer that this may explain
partly the observed high respiration rate. Nevertheless, we cannot infer if sponges are
able to maintain metabolic balance throughout the incubation period, or that they
deplete their stores. Further analyses such as bacterial counts would be needed to
answer such questions. From Table 2 we conclude oxygen consumption rate during
daytime (incubations 2 and 4) to be lower by ~5 pmol kg~ hr=! than night time
rates (incubations 3 and 5), hinting at a role of primary producers (corals, CCA,
macro and microalgae).
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The lack of accumulation of C7 in the secondary, small incubation places our sed-
iment at the very low end of literature values regarding respiration. For example,
Middelburg et al. (2005) report a global mean sediment respiration value of ~8.547
mmol C m~2 h™! (as approximated from their Figure 11.3). Our observed low values
may be reasonable considering the highly hydrodynamic nature of the incubation en-
vironment which likely hampers settlement of substantial amounts of organic matter
onto and into the sediment. In addition, the volcanic sandy composition of the sedi-
ment around Saba may be less prone to dissolution than coralline sediment and could
explain the insignificant increase in Ay in the small tent. However, Eyre et al. (2018)
shows similar results for sediment around Cook Islands which is mostly composed of
calcareous fragments (Wood, 1967). Eyre et al. (2018) shows that dissolution in reef
sediment across different locations around the world is negatively correlated with the
aragonite saturation state (Qar). Average Qar of ambient water around the tent incu-
bation throughout the experiment is calculated to be 3.85 which is more comparable
to islands (Bermuda and Tetiaroa) showing accretion in reef sediment. The combined
effects of hydrodynamics and sand composition are likely to explain why our results

present neither accretion nor dissolution in our tent’s sediment.

Conclusions

Flux-based carbonate budget studies, as presented here, provide quantitative data
on the functional state of reefs in terms of biologically driven carbonate production
which is particularly sensitive to ambient environmental conditions. As such, they
can be particularly useful for temporal studies, especially to reveal not only diurnal
and seasonal patterns but also to capture shifts in functionality of reef systems. We
incubated a coral reef patch situated in a high-energy environment which caused a
limited amount of seawater exchange. Monitoring of conditions within and outside
the tent allowed for determination of the exchange rate and thereby allowed for cor-
recting the respiration and calcification rates. Application of this procedure shows
that this reef patch is characterized by NCC inside the tent at a rate within range but
on average higher than fluxes reported in previous studies for shallower reef systems
indicating coherence in our results. However, the range of NCC estimates inferred
from our results accounts for the sensitivity of this reef patch to the surrounding envi-
ronment. Furthermore, the net heterotrophy reported here both during the day and
the night differs from studies performed at shallower depths where shifts between net
autotrophy and net heterotrophy are observed. Future research may include various
types of substrates and comparison between regions with varying water quality.
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Supplements

Table S 1: Total calcification using the ReefBudget method. ReefBudget method
applied to the 4.4 m? full planar surface of the tent.

Species Area Specific Cover® Rugosityd) Calc. rate

[cm?] calc.

rate®)?)

Meandrina meandrites 496 2.19 1.12 1.36 0.033
Orbicella faveolata 276 9.07 0.62 1.36 0.077
Siderastrea siderea 85 8.53 0.19 1.36 0.022
Diploria clivosa 756 4.99 1.71 1.36 0.116
Montastraea cavernosa 101 9.07 0.23 1.36 0.028
Millipora spp. 107 28.10 0.24 1.36 0.092
Madracis decactis 26 34 .36 0.06 1.36 0.027
Total Coral Calc. 0.396
Total CCA Calc. 2940 0.18 17.00 1.36 0.042
Total Microbioerosion 9397 0.27 21.22 1.36 0.078
[kg CaCO3 m~2 yr—! 0.360
planar incubation sur-
face]
[mmol m~2 h~! planar 0.411
incubation area]

L [kg CaCO3z m~?2 organism yr~!].

2 The specific calcification rates are from Perry’s ReefBudget website, the 5-10 meter deep
sheet; http://geography.exeter.ac.uk/media/universityofexeter/schoolofgeography /reefbudget/
documents/Benthic_Data_Entry_Template_5-10m_depth.xls

3% of full planar 4.4 m?].

4 [kg CaCO3 m~2 yr~! planar incubation surface].
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Table S 2: Surface area of substrate classes

Substrate Area Yoof Yoof Source / comments
classification [em?] Total Hard
Total Quadrat 44284 (photo survey; planar surface)
Total Sand 26990 60.9 (difference Total-Hard; planar
surface)
Total Hard 17294 39.1 (photo survey; planar surface)
Substrate
of which...
Coral 1846 4.2 10.7 (photo survey; planar surface)
Sponge 3111 7 18 (photo survey; planar surface)
CCA 2940 6.6 17 (photo survey; planar surface)
Available  for 9397 21.2 54.3 (difference Hard Subst. - Coral -
bioerosion Sponge - CCA)
Table S 3: Rugosity, planar area and 3D.
Substrate Planar Rugosity[cm?] 3D area[cm?]
area[cm?]

Hard 17294 1.36 23468

Sand 26991 1.00 26991

Total 44284 1.14 50458

! Planar areas were determined from photogrammetry, based on photographs collected
after incubator removal at end of the experiment.

2 Rugosity of 1.36 was determined in the field after removal.

3 Rugosity of the sandy part of the patch was assumed to be approximately 1.00.
Average rugosity of the patch is calculated.
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Table S 4: Calculated rates within the enclosure.

POy 0.02240.005 0.01340.008 0.02440.008 0.0454+0.014 0.0554+0.010
(rmse=0.009) (rmse=0.011) (rmse=0.014) (rmse=0.020) (rmse=0.020)
NO2+NO3 0.72£0.20 0.82£0.31 1.23+0.13 1.35+0.26 1.20+0.29
(rmse=0.33)  (rmse=0.42) (rmse=0.22) (rmse=0.38) (rmse=0.56)
NH4 0.324+1.57 0.384+0.70 0.26+0.07 0.3440.07 0.2440.28
(rmse=2.56)  (rmse=0.98) (rmse=0.11) (rmse=0.10) (rmse=0.57)
NO; 0.02£0.02 0.02£0.02 0.02£0.01 0.03£0.01 0.02£0.01
(rmse=0.03)  (rmse=0.03) (rmse=0.01) (rmse=0.01) (rmse=0.02)
SIL 0.64£0.15 0.00£0.26 0.28£0.15 -0.10£0.30 -0.03£0.22
(rmse=0.21)  (rmse=0.37) (rmse=0.30) (rmse=0.46) (rmse=0.45)
DOC 2.1+6.4 -1.6+6.2 -1.3+7.1 -2.8+4.1 -0.1+£7.9
(rmse=17.8)  (rmse=7.4) (rmse=13.0)  (rmse=7.0) (rmse=15.4)
O3 -13.4+NaN -19.9£NaN -20.0£NaN -32.0£NaN -25.2+NaN
(rmse=3.1) (rmse=3.3) (rmse=2.2) (rmse=2.7) (rmse=1.2)
Cr 7.4+1.1 16.4+1.4 19.24+1.7 25.3+2.4 17.3+1.8
(rmse=6.0) (rmse=8.3) (rmse=6.0) (rmse=3.5) (rmse=3.6)
Ar 0.7+0.9 -3.6+1.3 -4.240.9 -0.6+1.2 0.6+0.7
(rmse=4.3) (rmse=7.1) (rmse=5.4) (rmse=5.3) (rmse=2.4)
Crresp 7.1 18.2 21.2 25.6 17.0
Arresp 0.0 0.0 0.0 0.0 0.0
Crdiss 0.3 -1.8 -2.1 -0.3 0.3
Ardiss 0.7 -3.6 -4.2 -0.6 0.6
O2_const.enwv. -11.3£0.2 -15.7£0.3 -17.4£0.2 -28.8£0.2 -23.9£0.1
(rmse=3.1) (rmse=3.7) (rmse=2.4) (rmse=2.9) (rmse=1.8)
Cr_-const.enwv. 7.1+2.4 26.8£5.4 23.8£5.0 30.0£2.4 20.5£2.0
(rmse=6.4) (rmse=10.1)  (rmse=11.4) (rmse=5.8) (rmse=5.5)
AT _const.env. 3.7+1.5 5.845.6 -6.4+3.3 7.1+£2.9 2.44+1.7
(rmse=4.3) (rmse=12.0)  (rmse==8.3) (rmse=7.5) (rmse=5.1)

! Rates in pmol kgSW ! hour™!; the s.e. of the fit; and the rmses of the fits.
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Table S 5: O; change rates.

Incubation Time.of.day Full.incubation First.30.minutes
1 day -11.3+0.4 -14.240.2
2 night -15.740.6 -28.440.5
3 day -17.440.3 -23.14+0.5
4 night -28.84+0.4 -31.54+0.6
5 day -23.940.2 -26.240.4

! Comparison of rates of change in Oz concentrations inferred from either the full
Oz concentration history (third column) or from only the first 30 minutes of each
incubation (rightmost column).

2 The latter method provides a more consistent separation between day and night time
incubations (especially when ignoring incubation 1).

3 The daytime average Oy consumption is ~20% below the night time rate.

2360 T T T
Ryc: -3.5+1.6 [umol kg™
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Figure S 1: Method to assess robutstness of the inferred rates. Example of results of
the Monte Carlo method used to assess robustness of inferred time rates of change of
concentrations during incubation. Here, we measured values of A7 and the leak rate
are varied slightly (~4 pmol kg=! for Az, £0.1% min~? for leak rate), and curves
are repeatedly fit. The average and standard deviation of one throusand such fits
are presented. In this example, the rate average is slightly larger than the associated
uncertainty, and the rate is thus assumed to be significantly different of zero.
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Figure S 2: In-tent and ambient nutrients. Interior and ambient nutrient concentra-
tions.
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Figure S 3: (1%¢ part) Data from secondary ‘pyramid’ incubator, placed on bare
sediment. In-tent measurements and model fits of all five incubation periods. Second
and fourth incubations were during nighttime. The legend presented in the third row
of panels applies to all subsequent rows (except PAR, which was measured).
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Figure S 3: (2"¢ part) Data from secondary ‘pyramid’ incubator, placed on bare
sediment. In-tent measurements and model fits of all five incubation periods. Second
and fourth incubations were during nighttime. The legend presented in the third row
of panels applies to all subsequent rows (except PAR, which was measured).
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Figure S 4: Example of results of the ‘Monte Carlo’ method used to assess robustness
of inferred time rates of change of concentrations during incubation. Data from
secondary ‘pyramid’ incubator, placed on bare sediment. The observed trends are
the result of the (unknown) balance between (i) exchange with the environment and
(ii) sedimentary processes. Irrespective of dominant process, sedimentary fluxes are
inferred to be negligibly low compared to those observed in the primary incubator
(see main text).
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Abstract

The decline in living coral cover since the 1970s has inherently slowed down reef
construction on a global scale. This is especially relevant for the Caribbean re-
gion and Gulf of Mexico with an estimated decrease in scleractinian coral cover
up to 80% on many reefs. Present Caribbean reefs bear very little resemblance
in configuration with reefs pre-1980s, in terms of benthic composition, coral
cover and structural complexity. Areas covered by sand, rubble, cyanobacte-
ria, excavating sponges, turf and macroalgae have increased at the expense of
coral. Developing robust relationships between the coral reef metabolism and
the benthic composition aim to facilitate meaningful predictions of how reef
calcification will change in the face of ocean acidification and ocean warming.
Here, benthic metabolic rates (i.e. net community calcification (NCC) and pro-
duction (NCP)) are quantified in situ across five different benthic assemblages
that currently characterized shallow Caribbean reef substrate. To do this, a cus-
tom made tent incubation is placed over communities dominated either by turf
and macroalgae, sand, bioeroding sponges, benthic cyanobacteria mats or coral
in order to determine chemical fluxes between water column and reef during
day and night. Incubations yielded negative NCC rates when integrated over
24 hours for three out of the five community types tested here, indicating net
dissolution. Only coral dominated substrate (~14-35% coral cover) contributed
to reef accretion but NCC rates were still found to be relatively low compared to
those reported for reef flats worldwide. Integrating the NCP values over 24 hours
only yielded rates skewed towards net respiration, indicating that the study site
was net heterotrophic over the study period. Present results suggest that reef
calcification is barely able to compensate the CaCOgs losses due to dissolution
from other opportunistic benthic residents.

1 Introduction

Survival and sustainability of carbonate systems, such as coral reefs, depend on the
delicate balance between constructive (biomineralisation and cementation) and de-
structive processes (physical erosion, chemical dissolution, and bioerosion) (Hoegh-
Guldberg et al., 2007; Kennedy et al., 2013). The calcium carbonate (CaCOj3) frame-
work of coral reefs is produced by biogenic calcification from a range of calcifying
organisms and provides numerous ecosystem services such as coastal protection and
habitat provision for a large diversity of organisms (Moberg and Rénnbéck, 2003).
Erosion and dissolution of the carbonate structure are achieved by abiotic forces
such as waves, as well as through bioerosion by grazing fish, micro- and macrobor-
ing organisms such as endolithic bacteria and excavating sponges (Schonberg, 2008;
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Guida and Garcia-Pichel, 2016). For coral reefs to persist, the rate of CaCOs pro-
duction must be sufficiently greater than the rate of erosion to enable positive growth
(Hoegh-Guldberg et al., 2007). However, this fine balance is ever more under pres-
sure by global change (ocean acidification and climate change) and local stressors
alike (eutrophication, overfishing) (Koop et al., 2001; Langdon and Atkinson, 2005;
Andersson and Gledhill, 2013). In recent decades, the functioning of coral reefs world-
wide changed drastically owing to shifts in community structure with declines in coral
cover and increases in turf and fleshy macroalgae (De’ath et al., 2012; Chen et al.,
2015). This is especially relevant for the Caribbean region and Gulf of Mexico with
an estimated decrease in scleractinian coral cover up to 80% on many reefs (Gardner
et al., 2003; Jackson et al., 2014). Present Caribbean reefs bear very little resem-
blance in configuration with reefs pre-1980s, in terms of benthic composition, coral
cover and structural complexity (Alvarez-Filip et al., 2009; De Bakker et al., 2016;
De Bakker et al., 2017). Areas covered by sand, rubble, cyanobacteria, excavating
sponges, turf and macroalgae have increased at the expense of coral. Shifts from
calcifying to opportunistic non-calcifying organisms on reefs, increase in substrates
available for colonization by excavating euendolithic organisms and boring sponges,
as well as the recognised impacts of ongoing ocean acidification and eutrophication on
calcification and bioerosion processes (Webb et al., 2017; Schonberg et al., 2017; Webb
et al., 2019), might tip the balance from a growing reef to a reef in a state of net loss.
In-situ benthic metabolic rate measurements, i.e. net community calcification (NCC)
and net community production (NCP), are used as important indicators of reef status
(Koweek et al., 2015). Understanding how the integrated coral reef metabolism will
change in response to changes in the composition of the benthos, as well as ocean
warming and acidification is critical because it relates to a reef’s ability to accrete
CaCOs.

Field-based studies relating community metabolism and chemical fluxes to ben-
thic community composition and environmental conditions (e.g. temperature, light,
hydrodynamics and nutrients) are necessary to predict the response of calcification
and production on reefs to ongoing climate change. Direct approaches to accurately
quantify reef metabolic processes are based on determining chemical fluxes between
water column and reef (Smith et al., 1975). For reefs in environments characterized
by a relatively linear flow of water over the reef, the upstream/ downstream method
can be employed (Shaw et al., 2014; Koweek et al., 2015; Albright et al., 2016). For
less unidirectional flow regimes, estimates based on overall residence time and quan-
tification of offshore biochemical and hydrological conditions is necessary (Courtney
et al., 2016). In environments where low turbulence allows buildup of appreciable
chemical vertical gradients, net fluxes (of e.g. nutrients) can be calculated (McGillis



120 | Chapter 6

et al., 2011; Takeshita et al., 2016). For fully exposed reefs, where no detectable ac-
cumulation may occur even in the boundary layer, incubation of communities is the
only way to quantify the fluxes of compounds into and out of the overlying water.
In the present study, benthic metabolic rates are quantified in situ across five dif-
ferent benthic assemblages that currently characterized shallow Caribbean reef sub-
strate. To do this, a custom made tent incubator is placed over communities domi-
nated either by turf and macroalgae, sand, bioeroding sponges, benthic cyanobacteria
mats or coral in order to determine chemical fluxes between water column and reef dur-
ing day and night. Incubations were carried out on the leeward side of Curacao close
to the entrance to Piscadera Bay (12°07°16.3”N 68°58°13.2” W). The water within this
basin is characterised by being very turbid and eutrophied due to terrestrial runoffs
including those of an ineffective waste water treatment plant. Sediment plumes trans-
porting high concentrations of nitrate, ammonium and phosphate near the shore fring-
ing reef at the outlet of Piscadera Bay are commonly encountered after a period of
heavy rainfall (Den Haan et al., 2016). The shallow reef flat nearby the entrance
of this bay is characterised by rubble and patchy distribution of small coral heads
making this location particularly suitable for the deployment of tent incubations.

2 Materials and methods

2.1 Study Site

Reef incubations were carried out on the leeward side of Curagao (Piscadera bay;
12°07°16.3”N 68°58’13.2” W) between February 12th and March 22th 2018, at depths
ranging from 5 to 7 meters.

2.2 Tent Incubations

The incubation enclosure consists of custom made, tetrahedron-shaped “tent” (figure
1). It has transparent, vinyl-and-butanyl walls with rigid edges of 1 m, resembling
the ¢BIT described by Haas et al. (2013). It also includes 0.5 m long flaps extending
outward from each of the tent’s three sides, allowing for proper sealing of the tent
to the substrate by placing weights on the flaps. It covers a 0.43 m? planar surface,
and encloses a 118 L volume. All three sides of the tent contained an opening to
allow flushing of the enclosed volume between incubations: during incubations this
opening was sealed. Water enclosed in the incubation tent was homogenized during
the experiment by means of a continuously running brushless submergible water pump
(BLDC pump Co., Ltd.). This pump was attached to one of the tent poles, at half
the height of the tent, generating a vertical circulating turbulence, while minimizing
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sampling tube

e

Figure 1: Illustration of the tent incubation setup used. (Left) Photograph depicting
the tent incubation during the experiments. (Right) Schematic cross section of the
employed setup for enclosing a small patch of coral reef. A battery powered mixing
propeller for maintaining water circulation, and analyzers for salinity (S), tempera-
ture (T), oxygen (Og), and light (PAR) are located inside the tent. External to the
enclosure another S/T and PAR analyzer are located, as well as the battery for the
pump. Sampling of exterior and interior water (though sampling tube) was performed
by divers using large volume syringes. Zippers allow for opening of tent windows for
re-equilibrating the interior to the exterior conditions between incubations.

stirring up of sediment. Effectiveness of the stirring was demonstrated by rapid and
even dispersal of a small dose of injected fluorescein prior to the incubation. Surge
movement was retained due to the non-rigid texture of the tent walls. Five different
types of substrate dominated either by turf and macroalgae, sand, bioeroding sponges,
benthic cyanobacteria mats or coral (figure 2) were incubated both during daytime
(in triplicates) and at nighttime (in duplicates) for 4 hours each.

2.3 Substrate composition

Substrates dominated by either, turf and macroalgae (TMA), sand, cyanobacteria
mats (BCM), bioeroding sponges (BES), or coral were incubated (Figure 2). Three
reef patches of each reef assemblage were chosen depending on their dominant ben-
thic component. Incubated substrate included hard substrate (except for sand incuba-
tions) surrounded by sand for better enclosure deployment. For substrates dominated
by coral, coral cover of the hard substrate incubated ranged from 14 to 35%. Turf
and macroalgae cover was between 79 to 94%, bioeroding sponge cover varied from 49
to 55%, and cyanobacterial mats cover ranged from 81 to 90% (see detailed substrate
composition in supplements table S1).
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Figure 2: Photographs depicting one of the replicates for each of the targeted substrate
types. From left to right, TMA, SAND, BES, BCM and CORAL.

2.4 In situ measurements

Measurements of salinity (S), temperature (T), dissolved oxygen (Os) and photosyn-
thetically active radiation (PAR) within the tent were recorded at 1 min intervals
throughout the duration of the incubations. S and T were measured using a Star-
0Oddi DST CTD, Os was recorded using a HOBO U26 dissolved oxygen data logger
and PAR was assessed by an Odyssey light logger (Dataflow Systems PTY Ltd.,
Christchurch, NZ), calibrated in air against Walz instrument (Walz ULM500, Walz
GmbH, Effeltrich, Germany). In addition, S, T and PAR were measured for the du-
ration of the incubations outside the tent using the same sampling frenquency. All
instruments within the tent were attached to the 3 ridges except the Odyssey logger
which was placed on the substrate facing upwards (covering approximately 150 cm?
of the substrate).

2.5 Discrete sampling

During each incubation, discrete samples both inside and outside the tent were col-
lected at Ty, Ty and T4 by scuba diving for the analyses of total alkalinity (Ar),
total inorganic carbon (Cr) and nutrients. Sampling of the tent interior was carried
out from the outside by drawing seawater through 150 ml plastic syringes connected
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to a 1.5 m gas-impermeable tube (tygon). Syringes were flushed three times with the
sampling water before collecting an actual sample. The tubing was fixed around a
rigid edge of the tent in such way that the seawater was sampled from the center of
the tent incubation. The tube end located inside the tent was equipped with a What-
man@®) filter (G/F 0.47 pm). Analyses for AT were performed within 2 hours upon
sampling using spectrophotometrically guided single-step acid titration (Liu et al.,
2015). Samples for dissolved inorganic macronutrients (NOy+NO3, NOy, PO, and
NH,) were prepared by dispensing sampled water through 0.8/0.2 pm Acrodisk filters
into 5 mL pony vials, and subsequently stored at -20°C until analysis at NIOZ on a
QuAAtro continuous flow analyser (SEAL Analytical, GmbH, Norderstedt, Germany)
following GO-SHIP protocol (Hydes et al., 2010).

2.6 Rates of water exchange

After sampling water at Tg for A7, Cr and nutrients, 450 ml of water saturated in
salt was injected into the tent. The rate at which the elevated interior salinity de-
creases towards ambient salinity during the incubation is used to estimate the rate of
water exchange with the surrounding sea water for each incubation. Interior salinity
at any given time is estimated to be as follow:

S(t) = b + (Sg-b) * e~/ (1)

Where b is the average background salinity and SO is the max salinity inside the tent,
i.e. the initial interior salinity, f the water exchange rate.

We perform an exponential fit through in-tent salinity measurements. This provides
the decay rate f which is then converted to liters per minute by multiplying f with
the volume of the tent.

2.7 Rate of variable input

Accordingly we calculating the rate of exchange of water f between the interior of
the tent and the ambient environment for each tent. Subsequently we determined
the constant time rate of substance input R (in pmol kg=! hr=!) that best explains
the observed changes of concentration Cin inside the enclosure while accounting for
constant exchange with the environment. This is performed through Equation (2).

C”L:R/(f )+Cout+( Co- R/(f )'Cout ) eIt (2)
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Where C;,, is the concentration inside the tent, C,,; is the ambient concentration, Cq
is the initial in-tent input concentration f is the rate of exchange of water between
the inside of the tent and the ambient environment and R, the variable input rate.

2.8 At and Cr correction

Release of nutrients during respiration decreases A1 (or increases Ar for release of
NH4 "), confounding the interpretation of changes in A7 to represent CaCOj3 disso-
lution only. Following common protocol, we correct measured A for nutrient release
as follows:

ApoPsNC = Apobs 4 PO, + NO3 - NH,. (3)

0bsNC' 45 defined above.

Throughout the remainder of the manuscript, A7 equals Ar
Subsequently, the contributions of CaCOj dissolution or precipitation (net commu-
nity calcification) and net respiration to the observed concentrations (or fluxes) of Ap

and Cp were calculated:

AApdiss = AApobseNC . change in At due to diss. or calc.
AATTSP=0 o change in Ar due to resp. or photo.
ACpdss= AApobseNC /2 change in Cr due to diss. or calc.
ACp e P=ACpOc ACp¥ss .. . ... change in Cr due to resp. or photo.

2.9 Conversion to fluxes

The input rates R (in pmol kg=! hr~1!) in the tent are converted to fluxes from the
water-substrate interface (mmol m~2 hr~!), assuming an enclosed mass of water of
108 ~ 10 kg (tent encloses approximately 118 liters of volume; of which substrate
volume is ~10 L; seawater density ~1022 kg m~3) and an incubated planar surface
of 0.43 m?.

Net community calcification (NCC) rates were determined using AA7%%. This
technique captures only net calcification and/or dissolution and does not distinguish
the relative contributions of gross calcification and dissolution to the integrated NCC
rate. Net community production (NCP) was calculated from the change in Cy cor-
rected for changes in alkalinity, i.e., from AC7;"**P  as explained above.
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3 Results

In-tent light and temperature were only slightly impacted by the tent enclosure com-
pared to the exterior (Figure 3). Light was on average 17% lower inside the tent and
changes in temperature were dampened within the tent. In-tent temperatures were
0.2°C higher on average than those outside the tent.

Application of Equation (1) to salinity data collected during all incubations yields
leak rates of the enclosure f ranging between 0.004 and 0.045 min~—'. This indicates
that 0.5 to 4.9 kg of seawater (i.e., f x108 kg) is exchanged every minute between the
incubation enclosure and the environment. These rates correspond to the intensity of
the water movement observed and recorded visually at the time of each incubation.
Figure 4 shows the data used to estimate the rate of water exchange of a relatively
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B Salinity

36.01

—out
35.54

35.0

Temperature [ c]

Tent Open
/ p

26.0

25.91

12:00':00 16:00:00 20:00:00 24:00:00
Time

Figure 3: Exterior and interior light (j1mol photons m? s~1), salinity and temperature
(°C) for 3 representative incubations performed throughout this study. (A) difference
in light between the inside of the tent and the ambient environment. (B) injection of
salt within the tent at the start of the incubation and its gradual return to ambient
salinity. (C) temperature within the tent compared to exterior conditions, when the
tent is opened at the end of the incubation, temperature immediately matches ambient
conditions.
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Figure 4: (A, B) Best fit explaining in-tent salinity at any given time (equation
1, green line). In-tent salinity measurements are in orange and ambient salinity
measurements are in blue. A) illustrates an incubation that leaked relatively slowly
with f = 0.0136 ( 0.0136 * 108 = 1.5 liters per minute), while B) depicts a more
rapidly leaking tent with f = 0.0450 (0.0450 x 108 = 4.9 liters per minute).

slow leaking tent (A) and a fast leaking tent (B). In these examples, in-tent salinity
returns to ambient concentrations after ~1 and ~2 hours respectively. The slopes f
= 0.0136 and f = 0.0450 indicate that these particular tents leaked at a rate of 1.5
to 4.9 kg of seawater per minute.

Graphic results for the model employed (Equation) to infer average Ap, Cp"¢P
and Os in-tent fluxes are presented in figures 5, 6 and 7 respectively. Values of Ap
were adjusted to account for the release of nutrients during respiration according to
equation (3). A clear diurnal signal resides in Ar fluxes for all substrates involved
(Figure 5). The decrease in A for incubations with substrates dominated by coral,
bioeroding sponges, BCMs and TMA during the day, indicates net CaCOgs precip-
itation. At night, BES and BCMs dominated substrates, show clear net CaCOg
dissolution. Slight Ar increases in incubations with sand and TMA incubations sug-
gest modest net dissolution at night. The absence of Ap signal for coral dominated
substrates during the night demonstrates that dissolution processes compensate calci-
fication during these incubations. Substrates dominated by coral generated the fastest
drop in Ar (net precipitation) during daytime yielding NCC rates ranging from 0.25
to 0.44 mmol CaCO3 m? h™!. Highest increase in Az (net dissolution) was found
at nighttime for incubations of substrate dominated by bioeroding sponges, ranging
from -0.24 to -0.45 mmol CaCOs m? h™!. These were closely followed by incubations
of BCMs, also at night, ranging from -0.16 to -0.30 mmol CaCO3z m? h—!. All average
fluxes and respective 95% confidence intervals are listed in table 1.
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Cr7*P fluxes also show a clear diurnal pattern (Figure 6). While all NCP values
are modestly skewed towards net autotrophy during the day, the strongest signal is
found for substrates dominated by BCMs ranging from -8.9 to 6.7 mmol m~2 h=1. All
night NCP values indicate net respiration ranging from an average of 2.4 mmol m~2
h~! on substrates dominated by TMA to 22.3 mmol m~2 h™2 on substrates domi-
nated by bioeroding sponges. Concomitant increases of Cp, POy and NOg, 3 during
the night are in line with respiration dominating throughout all incubations (Table
1). The Cr"*P fluxes correspond well with in-tent oxygen concentrations increasing
only slightly during the day on all substrate type, except for substrate dominated by
BCMs where a clear signal for Oy production is recorded (9.9 to 11 mmol m~2 h~1).
During the night, all signals are skewed towards net respiration (Figure 6) ranging
from -30.7 mmol m~2 h=! (95% ci = -37.0; -24.4) on substrates dominated by bio-
eroding sponges to -5.78 mmol m~2 h™! (95% ci = -6.3; -5.3) on sand substrates.

Nutrient measurements indicated net NO,, NOy, PO, and NH, release in most
incubations (table 2) except in communities dominated by turf and macroalgae and
sand where NO, uptake was recorded during the day and the night. Communities
dominated by BCM have the largest nutrient efluxes, especially at night and NHy.

Table 1: Summary of average net community calcification, net respiration and net
community production fluxes in benthic communities with respective 95% confidence
interval inferred from observed concentration changes in the tent enclosure on every
substrate and during all incubation periods.

Substrate NCC Net Respiration NCP
mean lowerCI upperCI mean lowerCI upperCI mean lowerCI upperCI
TMA 0.10 0.08 0.12 -0.30 -0.51 -0.10 0.41 0.41 0.41
-0.06 -0.09 -0.03 0.43 0.35 0.51 -0.85 -0.86 -0.84
SAND -0.004 -0.009 0.001 -0.14 -0.26 -0.03 -0.04 -0.05 -0.04
-0.02 -0.04 0.00 0.67 0.56 0.77 -0.82 -0.82 -0.82
BES 0.25 0.19 0.30 -0.14 -0.51 0.22 0.13 0.09 0.17
-0.34 -0.44 -0.25 3.60 3.13 4.08 -5.71 -5.93 -5.49
BCM 0.14 0.13 0.16 -1.34 -1.60 -1.09 1.65 1.64 1.67
-0.23 -0.29 -0.16 3.00 2.45 3.54 -3.20 -3.28 -3.13
CORAL 0.37 0.32 0.43 -0.61 -0.92 -0.30 0.31 0.30 0.33
0.002 -0.005 0.009 1.34 1.14 1.54 -2.52 -2.52 -2.51

1 White cells show day fluxes, while grey cells depict night fluxes.
2 NCC values are in mmol CaCOz m~2 h™!, Net Respiration values are in mmol C7"°*” m~2 h™!) and

NCP values are in mmol Os m~2 h—!.
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Figure 5: Results of the model employed (equation 3) to infer every Ap input rates

(pmol kg=! h~1) from observations for each substrate recorded during the day (grey)

and at night (black). Circles represent discrete A values measured at Tg, To and Ty.

Average rates and respective 95% confidence interval are depicted for each substrate
and light.
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Figure 6: Results of the model employed (equation 3) to infer every Cr"*P input
rates (pmol kg=! h™!) from observations for each substrate recorded during the day
(grey) and at night (black). Circles represent discrete Cp"¢*P values measured at Ty,
T, and T4. Average rates and respective 95% confidence interval are depicted for
each substrate and light.
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Figure 7: Results of the model employed (equation 3) to infer every Os input rates
(umol kg=! h~1) from observations for each substrate recorded during the day (grey)
and at night (black). Small grey points represent continous Og values measured

throughout each incubation. Average rates and respective 95% confidence interval
are depicted for each substrate and light.
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4 Discussion

4.1 Net dissolution and calcification rates

At an NCC of 0, a reef is poised between net accretion and erosion (McMahon et al.,
2013). The present incubations yielded negative NCC rates for three out of the five
community types tested here, indicating net dissolution (integrating day and night
dissolution rates; table 3). For two out of these three communities (bioeroding sponges
and cyanobacterial mates), daytime NCC rates were positive, but not high enough to
compensate for the CaCOj dissolution at night (table 1 and 3). It should be noted that
NCC diurnal dynamics are more complex than assumed here (McMahon et al., 2013;
Koweek et al., 2015; Shaw et al., 2015). Our approach does not allow for quantifying
short-term fluctuations and although NCC values do not vary substantially during
dark hours, a slight overestimation of daytime NCC in the present study might be
expected as dawn and dusk NCC rates are expected to be depressed due to low light
intensities. Substrates dominated by turf and macroalgae and coral are the only two
community types that contribute to net accretion of the reef (considering their signal
over 24 h) with average NCC rates of 0.3 mmol CaCO3 m~2 24h~! (95% ci = -0.3;
0.9) and 4.1 mmol CaCO3 m~2 24h~! (95% ci = 2.6; 5.7) respectively.

NCC rates for coral dominated substrates are lower than those reported for reef
flats worldwide (ranging from 20 to 250 mmol CaCO3 m~2 24h~!, with an average
of 130 mmol CaCO3 m~2 24h~!) (Atkinson, 2011). Incubations of Floridian and
Hawaiian patch reefs (10-22% coral cover) yielded higher but comparable NCC av-
erages (11.2 mmol CaCO3 m~2 24h~1)(Yates and Halley, 2003) although the coral
cover incubated was on average slightly higher in the present study (14-35%). Over-
all, most in-situ coral reefs’ NCC values recorded elsewhere (Albright et al., 2015;
Shaw et al., 2015; Silverman et al., 2007) are significantly higher, especially in the
Indo-Pacific (Koweek et al., 2015; Takeshita et al., 2016).

The very few in situ flux-based experiments carried out on Caribbean reefs sug-
gest they exhibit among the lowest NCC rates worldwide (Yates and Halley, 2003;
Muehllehner et al., 2016; van Heuven et al., 2018). Cyronak et al. (2018) estimated
semi-quantitatively the NCC potential of 23 coral reef locations worldwide and re-
ported that events of net dissolution mainly occurred at night coinciding with net
respiration, high CO5 concentrations, and low rate of gross calcification. They also
occurred on a seasonal basis during winter months on coral reefs in both Florida and
Bermuda (Bates et al., 2010; Muehllehner et al., 2016). Relatively low NCC rates for
communities dominated by coral in the present study may be due to the experiment
being carried out in Caribbean winter months, although local reef conditions. (La-
pointe and Mallin, 2011; Den Haan et al., 2016) are also likely to impact calcification.
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This said, more pristine environments within the Caribbean are also characterized by
relatively low NCC (van Heuven et al., 2018; Yates and Halley, 2003), indicating that
Caribbean reefs in general are the slow growing counterparts of the Indo-Pacific reefs.

4.2 Diurnal metabolic variability

A strong correlation between NCC and net community productivity in reef envi-
ronments is well documented with light and benthic composition being the primary
drivers for the variability observed between metabolic rates (Silverman et al., 2007;
Albright et al., 2015; Koweek et al., 2015; Shaw et al., 2015). Here, net community
dissolution and negative NCP rates are tightly coupled, however, net productivity is
less obviously coupled with net calcification (figure 5 and 7). During daytime, all sub-
strates except the bare sand were characterized by net calcification (table 1). However,
dissolution exceeded calcification during dark hours on most substrates except those
dominated by coral and TMA. On assemblages dominated by bioeroding sponges,
hard coral cover varied from 3.9 to 6.7% (Table S1) and appeared to be sufficient to
compensate for net dissolution by sponges during the day. However, such low coral
cover, which is on the lower end but still representative of shallow Caribbean reefs
(Jackson et al., 2014; De Bakker et al., 2016), results in overall NCC rates skewed
towards net dissolution when integrated over 24 hours.

Modest calcification signals are also recorded during the day for substrates where
no major calcifiers were observed, i.e. for TMA and BCMs dominated communities.
However, presence of coralline calcifying algae (CCA), as well as all kind of micro
calcifyers such as foraminifera and juvenile shells residing in the rubble of each in-
cubation cannot be excluded and may account for part of the observed calcification.
This suggests that cementation/lithification processes carried out by CCA and ben-
thic microbial community trapping and binding rubble and sediment may continue in
cryptic habitats and within/on the rubble, even on such impacted coral reefs, coun-
teracting some of the dissolution in these communities and stabilising coral rubble
into a consolidated reef framework.

Average daytime NCP rates are characterised by low values for most community
types (except BCMs) indicating that autotrophic processes are hardly dominating
during the day. Integrating the NCP values over 24 hours (day + night) yielded rates
skewed towards net respiration, indicating heterotrophy in all incubations. Differences
between net respiration and O9 consumption, mostly at night, suggest that respiration
is not the only process taking up Os at night time (table 1). Re-oxidation of reduced
compounds may be taking place during the night. For instance, efflux of nitrate
from communities dominated by BCMs, BES and corals suggest that nitrification is

occurring in these communities.
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Although net community production of reef flats has been reported to vary greatly
over the course of the day (Koweek et al., 2015), with values ranging from -220 to
310 mmol C m~2 24h~! (Atkinson, 2011), significant shifts between net autotrophy
and net heterotrophy are usually recorded between day and night (Yates and Halley,
2003; Albright et al., 2013,0; Koweek et al., 2015). Integrating the NCP values over
24 hours yielded rates skewed towards net respiration, indicating that the study site
was net heterotrophic over the study period. The net efflux of inorganic nutrients
and respiration of communities with exception of sand attest to the dominance of
heterotrophic processes during the day and the night on these reefs. This is in contrast
with other studies, although tent incubations at greater water depth (20m) off the
island Saba also recorded NCP rates skewed towards net respirations (van Heuven
et al., 2018). Furthermore evidences of seasonal heterotrophy were recorded analogous
to seasonal reef dissolution in Florida and Bermuda (Bates et al., 2010; Muehllehner
et al., 2016). These results may suggest that most reefs in the Caribbean basin
undergo seasonal heterotrophic events which has severe implications for the future
of this system. This can potentially be ascribed to the combination of lower light
intensities during winter (cloud cover) and overall increase in local pressures on the
environment associated with the unprecedented expansion of the population locally.
The total population of the Caribbean has more than double in the last 50 years
(Guzman et al., 2006), causing a significant increase in terrestrial runoff especially
due to untreated waste water. This is exacerbated by the basin-like morphological
and hydrological features that promote retention of polluted and eutrophied water
within the Caribbean basin (Roff and Mumby, 2012).

4.3 Comparison with census based data approach

As most NCC values already recorded in the Caribbean were largely estimated using
the ReefBudget approach (Perry et al., 2012,0), this method was also applied to the
benthic census data of the patches studied here. Obtained ReefBudget results yielded
significantly different from ncc measurements yielded here. The yearly NCCgee f Budget
estimates range from -1175.6 g CaCO3 m~2 yr=! (95% ci = -1445.5; -905.8) for
substrates dominated by bioeroding sponges, to 1437.5 g CaCO3 m~2 yr=! (95% ci =
484.3; 2390.6) for coral dominated communities. The average yearly NCC gy, values
range from -38.4 (95% ci = -43.4; -33.5) g to 150.8 (95% ci = 95.3; 206.3) g CaCOg3
m~2 yr~! for communities dominated by bioeroding sponges and coral respectively.
It should be noted that the flux-based method, unlike the Reefbudget method, does
not encompass the mechanical component of bioerosion (caused by sponges or parrot
fish for instance), however this is unlikely to cover such discrepancies.

The ReefBudget approach is based on biotic abundance and coral calcification
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Table 3: Average nutrient fluxes in benthic communities with respective 95% confi-
dence interval inferred from observed concentration changes in the tent enclosure on
every substrate and during all incubation periods.

NCC [fiuz mmol CaCOg m~? 24}171] NCCpuydget [mmol CaCOg3 m™?2 24h’1]
Substrate
mean lowerCI upperCI mean lowerCI upperCI
TMA 0.3 -0.3 0.9 -4.9 -5.7 -4.0
SAND -0.2 -0.6 0.2 0.0 0.0 0.0
BCM -0.9 -1.9 0.0 -6.7 -6.9 -6.5
BES -1.1 -1.2 -0.9 -32.2 -39.6 -24.8
CORAL 4.1 2.6 5.7 39.4 13.3 65.5
NCCyiue [g CaCO3 m™2 yr'] NCChuaget [g CaCO3 m™2 yr—']
Substrate
mean lowerCI upperCI mean lowerCI upperCI
TMA 10.1 -11.8 31.9 -178.2 -208.9 -147.5
SAND -8.4 -22.9 6.1 0.0 0.0 0.0
BCM -34.6 -68.6 -0.5 -244.9 -252.0 -237.8
BES -38.4 -43.4 -33.5 -1175.6 -1445.3 -905.8
CORAL 150.8 95.3 206.3 1437.5 484.3 2390.6

rates obtained from literature (Perry et al., 2012). It offers a fast and convenient tool
to estimate reef biogenic carbonate production states both on a large temporal and
spatial scale but it does not capture the actual processes and hence the state of the
various substrate assemblages. Significant short or long term variability in production
or calcification may occur depending on the water condition or the season. Here, the
studied reef suffers from the vicinity of numerous holiday houses and the proximity
to the outlet of the inefficient waste water plant and the coral condition, including
their ability to calcify, is likely to be impacted. As the flux-based method assesses
the full community without having to determine calcification/dissolution rates as a
function of surface area, it can be useful to estimate the effect of endolithic species
(microbioerosion) or determine the impact that some understudied organism or sub-
strate may have on the chemical conditions. Sand, for instance, has been shown to
contribute to net community calcification. Recent studies have shown that dissolving
calcium carbonate sands could greatly exacerbate reef loss associated with reduced
calcification (Andersson, 2015; Fink et al., 2017; Eyre et al., 2018). This is because
they act as the cement of the reef whereby accumulating in cracks and crevices and
starting to glue together due to microbial activity which in turns forms substrate.
Benthic cyanobacterial mats, are shown here to impact the chemical conditions
of the overlying water. As BCMs have been shown to proliferate around the islands
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of Curagao and Bonaire since 2003 (De Bakker et al., 2017), there is a necessity to
account for these in carbonate budgets. At night, average NCC rates on substrates
dominated by BCMs all exhibit net dissolution with rates comparable to fluxes asso-
ciated to substrate dominated by bioeroding sponges. Dissolution is likely achieved
by very local alteration of carbonate chemistry due to heavy respiration decreasing
QAr below 1 and (Brocke et al., 2015a). Research on how BCMs alter the biogeo-
chemical environment is sparse, although benthic primary producers can significantly
alter key biogeochemical parameters in their surroundings via basic physiological pro-
cesses. They appear to be facilitated by environmental conditions associated with
anthropogenic impact such as eutrophication (Brocke et al., 2015b). BCMs, in turn,
generate positive feedback for eutrophication as they release part of their photosyn-
thetically fixed carbon as DOC into the water column at a higher rate than benthic
algae (turf and macroalgae)(Mueller et al., 2014; Brocke et al., 2015b). Increased
DOC release is reported at night, most likely as a result of anaerobic metabolism and
degradation processes (Brocke et al., 2015a). Changes in their abundance can there-
fore significantly alter the quantity and chemical composition of organic materials
supplied to the reef environment.

Conclusions

Community scale in-situ experiments using incubations, lagrangian drifts and bound-
ary layer approaches, when local conditions allow it, provide valuable insight into
benthic community metabolism. Unlike most previous cited research, the current
study focuses on a system heavily influenced by human perturbation which has al-
ready undergone severe benthic composition shifts. Being able to integrate metabolic
rates across different temporal and spatial scales is critical to understand how coral
reefs as a whole respond to current and ongoing local and global environmental per-
turbations, such as pollution, climate change and OA. Still, additional field studies
with co-located biogeochemical and ecological measurements, as well as mesocosm
studies, are crucial to achieve this. These experiments will provide further insight
into the competitive dynamics of coral reef ecology and significantly improve predic-
tive capabilities for how coral reef ecosystems will respond to or potentially buffer
forcing from global change. Present results indicate that reef calcification is barely
able to compensate the CaCOg losses due to dissolution from other opportunistic ben-
thic residents on this reef terrace. Considering the trajectories of change for dominant
benthic groups on Curacao and Bonaire in the past 40 years, and the ongoing global
and local pressures, the delicate balance between CaCOg3 accretion and loss is likely
to tip. The Caribbean reefs of today give an insight into tomorrow’s reefs worldwide,
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in which community assemblages have changed, structural complexity has lessened
and waters are moving away from oligotrophy.

Acknowledgements

The authors are particularly grateful to the Carmabi research station as a whole
and particularly Dr. Mark Vermeij for his support and facilitating the fieldwork on
Curacao. We also would like to thank Jasper de Goeij for lending us some equipment.
We extend our sincere gratitude to Karel Bakker and Sharyn Ossebaar for analysing
nutrient and DIC samples.



138 | Chapter 6

Supplements

Table S 1: Substrate dominant composition for each triplicate of every assemblage
type.

replicates substrate % hard % avail- % coral % bio- % BCM % turf/ % sand

domi- substrate able cover eroding cover algae cover

nated substrate sponge cover

by cover
1 CORAL 100 66.9 14 2.1 0 0 0
2 CORAL 89.1 82.9 17.1 0 0 2.5 10.9
3 CORAL 61.6 61.5 34.9 3.6 0 1.8 38.4
1 BES 96.7 44.8 6.7 48.5 0 1.3 3.31
2 BES 95.2 40.3 4.4 55.3 0 12.7 4.8
3 BES 94.8 30 3.9 51.6 0 15.9 5.2
1 BCM 91 100 0 0 90 0 9
2 BCM 95 100 0 0 88 0 5
3 BCM 84 100 0 0 81 0 6
1 TMA 60.6 100 0 0 0 81.3 39.4
2 TMA 71.3 100 0 0 0 79 28.7
3 TMA 62.5 100 0 0 0 93.8 37.5
1 SAND 0 0 0 0 0 0 100
2 SAND 0 0 0 0 0 0 100
3 SAND 0 0 0 0 0 0 100

! Hard substrate represents all substrate except sand.

2 Available substrate represents substrate where micro-bioerosion may occur.

3 Turf and cyanobacteria covered substrate is considered as available substrate.

4 Percentage cover of the main dominant benthic components are a percentage of the cover of the hard sub-
strate, not the total incubation.
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Summary

For coral reefs to persist, the rate of CaCO3 production must be greater than the rate
of erosion to enable positive growth. Negative impacts of global change (ocean acid-
ification and warming) and local stressors (eutrophication, overfishing) on accretion
co-occur with positive effects of these changes on bioerosion capacity and chemical
dissolution by excavating euendolithic organisms. Although the effects of environmen-
tal pressures on calcification are well documented, their impact on bioerosion remains
somewhat elusive. This is especially relevant for reefs characterised with low calcify-
ing rates as they will tip faster into net loss. As many reefs of the Caribbean region
and Gulf of Mexico suffered from a decrease by up to 80% in scleractinian coral cover
in the past 50 years, their configuration bears very little resemblance with reefs pre-
1980s, in terms of benthic composition, coral cover and structural complexity. Areas
covered by sand, rubble, cyanobacteria, turf, macroalgae and excavating sponges have
increased at the expense of the declining coral. Specifically, excavating sponges can
contribute up to 90% of the total macroborer activity on coral reefs and their rates of
bioerosion have been shown to increase as a function of pCOs. The overarching aim
of this thesis was to quantify and understand the accretion and loss terms of coral
reef communities with a focus on the interactions of anthropogenic ocean acidification
and eutrophication with bioerosion by coral-excavating sponges.

The use of incubations was central in this piece of work. Changes in the chem-
ical composition of the water overlying excavating sponges and reef communities
indicate the relative contribution of various metabolic processes such as net calci-
fication/dissolution and net respiration/production. However, to first determine the
underlying mechanisms of CaCOs dissolution, the use of fluorescence microscopy re-
vealed that excavating sponges promote CaCQOj3 dissolution by actively decreasing pH
at the sponge/coral interface. The high [H*] at this site is achieved through delivery
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of low-pH vesicles by the etching cells resulting in CaCQOg dissolution. The dissolution
of calcite neutralizes the released protons and elevates pH, after which the increased
concentrations of Ca?t and HCO3~ are removed before new acidic vesicles are emp-
tied at the sponge-calcite interface. The mechanism by which Ca?t and HCO3~ ions
are transported away from the site of dissolution will inherently determine the rate at
which CaCOs is dissolved. We tentatively inferred that excess Ca?t may be used to
instigate the contraction of conductive cell pathways enabling the transport of CaCOg
chips out of the sponge tissue. The enzyme carbonic anhydrase (CA), which is re-
sponsible for significantly increasing the speed of the reversible reaction HoO + COq
< HT+ HCO3~, has been shown to be associated to the sponge’s etching processes
and is therefore thought to play a role in the dissolution of CaCQOj3. By blocking its
activity whilst incubating bioeroding sponges and analysing the rate of dissolution,
CA was found to play an important role in speeding up protonation of HCO3~ ions
at the dissolution site, enabling COs to diffuse out of the etching area. CA activity
increases at night to overcome the build-up of COy outside the dissolution site due
to sponge and symbiont respiration. Excavating sponges that host symbiotic zooxan-
thellae bore faster into coral skeleton during the day, likely caused by an enhanced
CO; gradient due to symbiont photosynthesis. Incubations performed under differ-
ent pCOs ranges showed that CA activity is comparable across pCOs levels, while
chemical dissolution increases as a function of pCOy. This indicates that although
the enzyme can exert a strong influence on dissolution rates, it does not determine
the basic CaCOj3 dissolution reaction.

At high pCO., faster dissolution rates are the result of the reduced QAr, with
less protons being required to dissolve calcium carbonate. Light-enhanced bioerosion,
however, does not occur at high pCO4 levels, in fact, night-time chemical bioerosion
rates become comparable or even higher than day-time rates. This indicates that the
acquired energy from photosynthesis does no longer enhance dissolution at high pCO
levels. We hypothesise that this could either be explained by 1) both sponge bioerosion
and symbiont photosynthesis competing for the same source of dissolved inorganic
carbon, or/and 2) the pCO4 gradient utilised to remove protonated bicarbonate ions
cannot be intensified further, even with enhanced photosynthesis, as sponge tissue
pCO4 concentration is too high.

Incubations performed at the community level around Saba and Curagao yielded
net community calcification (NCC) rates which were lower than those reported for reef
flats worldwide. In fact, two out of the five 20m reef patch incubations around Saba
resulted in net dissolution. Still, Saba coral reefs are considered relatively pristine sites
compared to the average within the wider Caribbean. Around Curagao, incubations
on reef assemblages dominated by coral yielded even lower NCC rates. Incubations of
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other benthic assemblages that currently characterized shallow Caribbean reef sub-
strate (such as bioeroding sponges, benthic cyanobacterial mats and sand) all resulted
in net dissolution. For both Saba and Curacao, integrating net community production
over 24 hours yielded rates that were all skewed towards net respiration, indicating
that these study sites were net heterotrophic during the survey period. Results sug-
gest that reef calcification on these sites is barely able to compensate the CaCOg
losses due to dissolution from other opportunistic benthic residents. Events of reef
dissolution appear to coincide with shifts to net heterotrophic metabolism. With the
ongoing global and local pressures, the delicate balance between CaCQOj3 accretion and
loss is likely to tip. The Caribbean reefs of today give an insight into tomorrow’s reefs
worldwide, in which community assemblages have changed, structural complexity has
lessened and waters are moving away from oligotrophy.






Samenvatting

Voor het voorbestaan van koraalriffen moet de productie van CaCOg groter zijn dan
de erosie om op die manier verticale rifgroei te garanderen. De negatieve impact van
zowel wereldomvattende klimaatsverandering (oceaanverzuring en opwarming van het
oppervlakte water) als van lokale stressoren (eutrofiéring en overbevissing) op rifaan-
groei gaat samen met een positief effect van deze ontwikkelingen op de bioeroderende
capaciteit van borende euendolithische organismen. Terwijl de effecten van een ve-
randerend milieu op verkalking goed gedocumenteerd zijn, blijft de impact hiervan op
bioerosie enigszins onderbelicht. Toch is bioerosie zeer relevant, met name op riffen
die al gekenmerkt worden door een lage calcificatie snelheid, aangezien de balans op
deze riffen het risico loopt te kantelen naar netto erosie. Aangezien de bedekking
van het overgrote deel van de rifvormende koralen binnen het Caribisch gebied en
de golf van Mexico in de afgelopen 50 jaar met tot wel 80% is afgenomen, vertonen
hedendaagse configuraties weinig gelijkenis meer met dezelfde riffen rond de jaren
zeventig. Meer specifiek, zijn er duidelijke veranderingen zichtbaar wat betreft de
benthische samenstelling, koraalbedekking en structurele complexiteit. Zand, puin,
cyanobacterién, turfalgen, macroalgen en boorsponzen zijn toegenomen als bodem-
bedekkers ten koste van het verdwijnende koraal. In deze nieuwe omstandigheden,
kunnen boorsponzen verantwoordelijk zijn voor tot wel 90% van de totale erosie van
koraalriffen door substraatpenetrerende macro-organismen aangezien hun boorsnel-
heid toeneemt als een functie van pCOs. Het overkoepelende doel van dit proefschrift
was het kwantificeren en uitgebreider interpreteren van de aangroei- en afbraak ele-
menten van koraalrifgemeenschappen met een focus op de interacties van antropogene

oceaanverzuring en eutrofiéring op bioerosie door boorsponzen.

De implementatie van incubaties staat centraal in dit boek. Veranderingen in de
chemische samenstelling van het de waterlaag boven sponzen en rifgemeenschappen
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onthullen de verhoudingen binnen verschillende metabolische processen zoals netto
calcificatie/chemische afbraak en netto dissimilatie/ productie. Om echter eerst de
onderliggende mechanismen van CaCOjs-oplossing te bepalen, bleek uit het gebruik
van fluorescentiemicroscopie dat boorsponzen CaCOQOs-oplossing bevorderen door de
pH op het spons/koraal-grensvlak actief te verlagen. De hoge [HT] op dit grensvlak
wordt bereikt door afgifte van blaasjes met een lage pH door etscellen, een proces dat
resulteert in CaCOg-oplossing. Op het spons-calcietgrensvlak neutraliseert de oploss-
ing van calciet de vrijgemaakte protonen en verhoogt de pH, waarna de verhoogde
concentraties Ca?t en HCO3~ worden verwijderd voordat het zuur uit nieuwe blaas-
jes wordt geleegd. Het mechanisme waarmee Ca2t en HCO3~ ionen van de plaats van
oplossing worden getransporteerd, zal inherent de snelheid bepalen waarmee CaCOg
wordt opgelost. Een voorlopige conclusie van deze thesis is dat het overtollig CaZ™
kan worden gebruikt om de samentrekking van geleidende celpaden die het transport
van CaCOs3-chips uit het sponsweefsel mogelijk maken te initiéren. Het enzym koolzu-
uranhydrase (CA), dat verantwoordelijk is voor het katalyseren van de omkeerbare
reactie HyO + COs +» H"+ HCO3™ is aantoonbaar geassocieerd met de etsprocessen
van de spons en wordt daarom verondersteld een rol te spelen bij het oplossen van
CaCOs3. Door de activiteit van CA te blokkeren tijdens de incubatie van boorsponzen
en vervolgens het meten van boorsnelheden, hebben we kunnen aantonen dat CA een
belangrijke rol speelt bij het versnellen van protonering van bicarbonaat-ionen op
de het grensvlak van oplossing, waardoor COs uit het etsgebied kan diffunderen. ’s
Nachts neemt de CA-activiteit toe om de opeenhoping van CO5 buiten de oplosplaats
als gevolg van spons- en symbiontdissimilatie te boven te komen. Boorsponzen met
symbiotische zooxanthellae boren overdag sneller in het koraalskelet dan symbiont-
loze sponzen. Dit wordt waarschijnlijk veroorzaakt door een gunstigere COs-gradiént
als gevolg van fotosynthese door de symbionten. Incubaties uitgevoerd onder ver-
schillende pCOs- scenario’s laat zien dat de activiteit van CA niet verandert, terwijl
chemische oplossing wel toeneemt als functie van pCQOs. Dit geeft aan dat, hoewel
het enzym een sterke invloed kan uitoefenen op de oplossnelheid, het niet leidend is
in het bepalen van de basale CaCOgs-oplossingsreactie.

De verhoogde snelheid van kalkoplossing bij een hoge pCOs is het resultaat van de
verlaging van de QAr, hierdoor zijn er minder protonen nodig om calciumcarbonaat
op te lossen. Een verhoging van de boorsnelheid overdag komt echter niet voor bij de
hogere pCOq-niveaus, nacht-erosie snelheden zijn in dit geval gelijk of zelfs hoger dan
de chemische boorsnelheden die overdag worden gemeten. Onze hypothese is dat dit
kan worden verklaard door 1) sponsbioerosie en symbiont fotosynthese concurreren
om dezelfde bron van opgeloste anorganische koolstof, en/of 2) de gradiént in pCOq
die wordt gebruikt om geprotoneerde bicarbonaationen te verwijderen niet verder
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kan worden geintensiveerd, zelfs niet met verbeterde fotosynthese, omdat de pCO»-
concentratie in weefsel van de spons te hoog is.

Incubaties uitgevoerd op rifgemeenschapsniveau rond Saba en Curacao leverden
netto calcification budgetten van de rifgemeenschappen (NCC) die lager uitkwamen
dan eerder gerapporteerde budgetten van rifplateaus wereldwijd. Twee van de vijf
rifincubaties op 20 m diepte rond Saba lieten zelf netto afbraak van het rif zien.
Desalniettemin worden de koraalriffen van Saba beschouwd als relatief ongerept in
vergelijking met de rest van het Caribisch gebied. Rond Curagao leverden incubaties
op koraalriffen gedomineerd door koraal inderdaad nog lagere NCC-snelheden op. In-
cubaties van andere benthische gemeenschappen die momenteel het ondiepe Caribisch
rifsubstraat kenmerken (zoals boorsponzen, benthische cyanobacteriéle matten en
zand) lieten allemaal netto erosie van riffen zien. Voor zowel Saba als Curagao leverde
de integratie van de netto gemeenschapsproductie over 24 uur snelheden op die wijzen
op dissimilatie, wat suggereert dat deze onderzoeklocaties netto heterotroof waren ten
tijden van de onderzoeksperiode. De resultaten suggereren verder dat rifgroei door
calcificerende organismen op deze locaties de afbraak van CaCOg als gevolg van erosie
door andere meer opportunistische benthische biota nauwelijks kan compenseren. Het
lijkt erop dat rifafbraak samen valt met een verschuiving naar een netto heterotroof
metabolisme van de rifgemeenschap. Door de voortdurende impact van wereldwijde
en lokale stressoren zal het fragiele evenwicht tussen aangroei en verlies van CaCOg
hoogstwaarschijnlijk steeds vaker kantelen ten faveure van netto rifafbraak. Het is
de verwachting dat dergelijke ontwikkelingen op de Caribische riffen van vandaag,
waarbij rifgemeenschappen zijn veranderd, de structurele complexiteit is afgenomen

en water eutrofer is geworden, indicatief zijn voor de wereldwijde riffen van morgen.
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"Mourir pour des idées l'idée est excellente

Moi j’ai failli mourir de ne l’avoir pas eue

Car tous ceux qui avaient, multitude accablante,

En hurlant a la mort me sont tombés dessus.

Ils ont su me convaincre et ma muse insolente
Abjurant ses erreurs se rallie a leur foi

Avec un soupgon de réserve toutefois,

Mourons pour des idées, d’accord, mais de mort lente
D’accord, mais de mort lente.’

G. Brassens, 1972
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