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Abstract
Excavating sponges are the most common and destructive macro-eroders present in carbonate
dominated habitats, such as coral- and oyster reefs. These sponges penetrate in carbonate skeletons and
shells, forming a complex network of tunnels and chambers. In temperate climates, their presence can
pose a threat to services provided by oyster reefs due to weakening and damaging the oyster shells,
which in the long term leads to loss of the reef structure. Sponge bioerosion proceeds by a combination
of chemical dissolution and mechanical chip removal. However, the exact chemical conditions during
sponge bioerosion are largely unknown. Here, we provided insights into the bioeroding mechanism of
Cliona celata present in oyster shells collected from the Grevelingenmeer and the Oosterschelde, The
Netherlands. By growing C. celata on pieces of Iceland spar (a pure transparent form of crystalline
calcium carbonate) the conditions of dissolution at the sponge-CaCO3 interface were investigated.
Using a pH fluorescent probe followed by fluorescence microscopy, we were able to show that the
intracellular pH at this interface is lower compared to ambient seawater. This suggests active proton
pumping and release of low pH bundles, to be responsible for creating an acidic microenvironment and
hence promoting dissolution of CaCO3. Using a model based on the linear Heat-Diffusion equation, we
estimated a local proton flux of 3.02 x 10-8 mol dm-2 s-1 towards the edge of the sponge tissue where
etching takes place. Additionally, using scanning electron microscopy we showed that bioerosion by C.
celata occurs in successive phases; from dissolution of lattice deficiencies, to etching marks that over
time form well-developed pitted holes/tunnels and chips.
This study adds to the understanding of the mechanisms that drive sponge bioerosion and provides
more insight on how environmental conditions can affect calcium carbonate dissolution by excavating
sponges as well as making predictions about future rates of sponge activity.
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Introduction
1.1 Oyster reefs at risk
Oysters are considered valuable ecosystem engineers, because they contribute to numerous ecosystem
functions and services (Figure 1; Jones et al., 1994; Lemasson et al., 2017). Oyster reefs provide habitat
and food for many species, but they can also play a major role in stabilizing the coastline and
suppressing erosion. Oysters are filter feeders and thereby play a role in shallow water benthic-pelagic
coupling. Additionally, oysters are harvested for human consumption and provide cultural services
related to recreational and educational uses. Other important services include nutrient cycling and
carbon sequestration (Paolisso & Dery, 2010, Scyphers et al., 2014). However, currently many oyster
reef ecosystems are in a poor state due to climate change, pollution and mechanical disturbance. For
example, ocean acidification negatively affects all stages of the oyster life cycle and intensive fisheries
can deteriorate the state of oyster beds (Lemasson et al., 2017; Bennema et al., 2020). A study by Beck
et al. (2011) estimated that 85% of all native oyster reefs worldwide have disappeared and current reefs
represent less than 10% of what was historically present, therefore the reefs can be considered
functionally extinct. On top of climate change and pollution, excavating sponges pose an additional
threat to the integrity of these ecosystems. These sponges may deteriorate the dynamic balance between
reef growth and bioerosion, which can reverse the direction of the inorganic carbon flux.

Figure 1: The main ecosystem services provided by oyster reefs (SAV= Submerged Aquatic Vegetation). Figure
adapted from Lemasson et al. (2017).

1.2 The carbonate budget of oyster reefs
The net carbon deposition in oyster reefs can be calculated by subtracting carbon losses from carbon
deposition. Carbon deposition includes calcification, biomass accumulation and sediment accretion, and
losses include respiration, calcification and bioerosion (Figure 2; Lee et al., 2020). Oysters are important
calcifying organisms, they can sequester vast amounts of carbon by accumulating calcium carbonate
crystals as subsequent shell layers. The carbonate budget in oyster reefs, similar as with other calcareous
reefs such as coral reefs, is primarily determined by the balance between growth (calcification) and
breakdown (erosion) (Perry et al., 2014; Webb et al., 2017). Erosion takes place by severe storms like
hurricanes that have shown to set back growth and development of oyster reefs (Livingston et al., 1999).
1

The effect of such storms, however, is limited in The Netherlands. In contrast to the physical erosion of
oyster reefs, bioerosion is a much more common and continuous process (Kennedy et al., 2013).
Neumann (1966) defined bioerosion as the destruction and removal of consolidated mineral or lithic
substrate by the direct action of organisms. According to Dunn et al. (2014) the decline of subtidal
oyster reefs often coincides with an increased prevalence of excavating sponges present in the oysters’
shells. Bioerosion can reach levels that damage the whole structural integrity of calcareous reefs
(Rützler, 1975). In healthy systems there is a balance between the constructive and destructive forces
of calcareous reefs. Taking a closer look at this balance in oyster reefs allows us to determine the impact
of excavating sponges and predict future reef growth performance and trajectories.

Figure 2: Carbon budget of oyster reefs. The direction of the arrows indicates carbon deposition (downward) or
carbon release (upward). The arrow size gives an indication of the relative size of carbon flow, but is dependent
on environmental conditions. Figure adapted from Lee et al. (2020).

1.3 Excavating sponges
Excavating sponges are capable of boring in carbonate material forming a complex 3D-network of
chambers and tunnels. They thereby have a significant effect on the functioning of for example coral
reefs and potentially, on whole reef biogeochemistry (Webb et al., 2019a). Despite the fact that they
live inside calcareous material, bioeroding sponges are filter feeders and in some cases form a symbiotic
relationship with Symbiodinium dinoflagellates (Schönberg & Loh 2005; Weisz et al., 2010; Schönberg
& Wisshak, 2012).
In many marine systems, excavating sponges are among the most
dominant and important macro-eroders of calcareous substrates,
such as in coral reefs and mollusc beds (Wisshak et al., 2014; De
Bakker et al., 2018). This study primarily focuses on the role of
the excavating sponge Cliona celata (Grant, 1826), which in The
Netherlands is mainly found inhabited in old (i.e. empty) oyster
shells. C. celata penetrates the oyster shells to seek shelter which
can lead to severe shell damage and is therefore also often called
oyster pest (Figure 3).

Figure 3: Traces of C. celata in
oyster shell according to
Hancock et al. (1849).
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1.4 Cliona celata
C. celata tolerates a large variety of environmental stressors such as high nutrient loads, low salinity,
and large temperature fluctuations (Hartman, 1957; Carballo et al., 1996). It is therefore no surprise that
C. celata can be found in a wide range of ecological environments with varying physical conditions,
from mean low water up to 200 meters depth in wave exposed, open coasts and silty estuaries (Hartman,
1958; Snowden, 2007). The optimal temperature range for C. celata lies between 10-20 ˚C and growth
is temperature dependent (Cobb, 1969). Greatest abundance is recorded in waters with a little lowered
salinity level (25-30 ppt) (Hartman, 1958; Nicol & Reisman, 1976). The sponge is able to tolerate high
levels of sedimentation and turbidity (<4m visibility), which
means that this species can be encountered in more muddy
environments (Carballo et al., 1994; Carballo & Bell, 2017).
However excessive sedimentation may hamper colonization
(Nicol & Reisman, 1976).
In The Netherlands C. celata is widespread observed burrowed
in old bivalve shells, mostly in both living and dead oyster shells
present in the Oosterschelde and the Grevelingenmeer, but also
in the Wadden Sea and North Sea, Figure 4 (Hoeksema, 1983;
Bennema., 2014). During the fieldwork for this study no C.
celata was encoutered in the oyster reefs at Texel (surrounding
the ferry at ‘t Horntje and near De Cocksdorp). C. celata was
however, abundantly found in the oyster reefs in the
Grevelingenmeer and the Oosterschelde at locations with lower
turbidity (between 5-15 meters deep), mostly infested in
Crassostrea gigas and a few in Ostrea edulis.

Figure 4: Occurrence of Cliona
celata in The Netherlands.
Figure adapted from Bennema
(2022).

The presence of C. celata in the oyster shell can cause several effects on the oysters. Damage caused
by C. celata can lead to the entry of sand and mud in living oysters. Tunnels created by Cliona can
become inhabited by other organisms, like polychaete worms (Bower et al., 1994). The presence of
Cliona has an influence on all oyster life stages. It reduces larval settlement and increases larval
mortality (Barnes et al., 2010). It has even shown to lower the overall production of larvae in oyster
reefs (Bahr & Hillman, 1967; Davis & Hillman 1971). Erosion by these sponges may also lead to a
higher predation risk from crushing and drilling predators as shells lose their structural integrity and a
damaged hinge mechanism (the protective device against their predators) makes the oysters more
vulnerable (Thomas, 1979; Stefaniak et al., 2005; Buschbaum et al., 2007). Eventually when boring by
the sponge starts to exceed shell repair, the shell weakens which results in an increased mortality of the
oysters ( Guida, 1977; Bower et al., 1994).

1.5 Bioerosion by clinoid sponges
While the general process of sponge bioerosion is known, the exact chemical and physical conditions
are only partially understood. Bioerosion by clinoid sponges occurs as a combination of mechanical
chip removal and chemical dissolution. These sponges contain specialized etching cells called
amoebocytes which are capable of removing calcite ships by etching and chipping away carbonate
fragments (Pomponi, 1979; Rützler & Rieger, 1973). Etching cells gradually penetrate the calcareous
substrate by localized dissolution of calcium carbonate due to the release of an acidic etching agent until
a chip gets etched free and a pit is formed (Cobb, 1969). This process is repeated over and over and
3

leads to the formation of a 3D-network (Figure 5). However, many uncertainties remain about the exact
bioerosion mechanism. For example, little progress has been made to identify the etching agent (Hatch,
1980; Webb et al., 2019b).

Figure 5: Scanning electron microscope image depicting excavation by C. celata on calcite (Iceland spar). In
the green circle is the formation of a new chip that has not yet been removed.

It is hypothesized that these sponges are capable of adjusting the carbonate solubility equilibrium, in
the favour of carbonate dissolution, by the release of protons (H+) from the etching cells (Hatch, 1980).
Hatch (1980) demonstrated that the presence of the enzyme carbonic anhydrase, at the etching interface
between the sponge and carbonate material, promotes proton transport across the sponge membrane
which would then lower the carbonate saturation state in a so-called microenvironment (Figure 6). This
also provides optimal pH inside the sponge tissue for other processes as calcium chelators. Calcium
chelators enable a type of dissolution cycle where protons are received in exchange for calcium ions
from the surrounding seawater and are then released from the sponge tissue at the etching interface in
return for calcium ion uptake (Sullivan et al., 1986; Rützler, 1971). However, as Webb et al. (2019)
mentioned whether this process is adopted by excavating sponges has still to be confirmed. But in theory
this does provide a process cycle which suggests that local lowering of the pH is responsible for
chemical dissolution of CaCO3.

Figure 6: Conceptual model for chemical dissolution of CaCO3 by excavating sponges [orange; sponge tissue,
red; low pH bundles, green; etching interface, white; CaCO3]. Protons are transported via transport cells until
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they reach the etching cells. The protons will be integrated into low pH bundles, after which they release their
contents. Subsequently, dissolution of calcium carbonate occurs. Over time the etching cells penetrate the
carbonate material deeper and deeper due to dissolution. Carbonic anhydrase is hypothesized to speed up the
conversion of newly released bicarbonate ions to CO2, which then diffuses out of the sponge passively. Figure
adapted from Webb et al. (2019).

1.6 Relevance
Regarding oyster beds, excavating sponges are considered undesirable from both an economical as
ecological point of view. Economically speaking; sponges can infest oyster populations of commercial
farms, which is detrimental for the oyster food and pearl industry, because damaged oysters cannot be
marketed (Thomas, 1979; Rosell et al., 1999; Rawlinson, 2000; Fromont et al., 2005). Ecologically
speaking; boring activity by the sponges leads to weakening of the oyster shells or even mortality.
Which can make individuals more prone to predation especially in low-density populations (Thomas,
1979; Pomponi & Meritt, 1990; Rosell et al., 1999).
Another drastic evolution is the disappearance of many oyster beds in the North Sea due to intensive
fisheries resulting in the loss of rich hard substrate benthic communities (Bennema et al., 2020). Hence,
a lot of research goes into the methods for optimal oyster bank restoration in the North Sea. Research
on sponge bioerosion will contribute to the overall knowledge of oyster bed dynamics necessary for
successful restoration projects, as the presence of C. celata may influence the success potential of such
projects.

1.7 Research questions
To extend literature on warm water/tropical bioerding sponges, we will test whether excavating sponges
would respond similarly to perturbations in inorganic carbon chemistry in cold water environments.
Here we will look at the cold water sponge Cliona celata present in oyster shells from the
Grevelingenmeer and the Oosterschelde in The Netherlands.
So far, the exact mechanism and the belonging dissolution conditions by which sponge bioerosion
occurs remain speculative as mentioned earlier and is overlooked in experimental work (de Bakker et
al., 2018; Zundelevich et al., 2007). Mainly due to the etching interface which is not directly accessible
for research (Webb et al., 2017). This makes it difficult to analyse bioerosion patterns that arise on
carbonate substrates. Here we will be using various microscopy techniques (Fluorescence microscopy
& Scanning electron microscopy) which will allow us to take a closer look at this etching interface.
This study will contribute to the overall understanding of bioerosion by excavating sponges and will
add to the study of Webb et al. (2019), by formulating the following research questions:
· How does bioerosion by Cliona celata evolve over time?
· What is the pH during bioerosion and what is the rate of dissolution by Cliona celata?
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Methods
2.1 Collection, sampling and instalment
Oysters (Japanese oyster: Crassostrea gigas) containing alpha-stage C. celata were collected from the
Grevelingenmeer (Divespot Den Osse: Zeeland, The Netherlands) and the Oosterschelde (Divespot
Zeelandbrug: Zeeland, The Netherlands) by SCUBA diving down to a depth of 15m. The oysters were
transported to the Royal Netherlands Institute for Sea Research at Texel submerged in seawater in a
cooling box. They were placed in open flow-through seawater containers (with a flow rate of
approximately 1.2 L min-1 ) subjected to a natural diurnal light cycle and a constant temperature of 16
˚C. Every week, 10 drops of a highly concentrated algae mix (containing Isochrysis, Rhodomonas,
Tetraselmis and Chaetoceros) was added, as food for C. celata (Lynch & Phlips 2000; Wisshak et al.,
2014). Water in the aquarium was bubbled with air to keep the water aerated and mix the incoming
water with the food.
C. celata samples were prepared by fragmenting the oyster shells with a hammer and chisel underwater
to expose the sponge tissue within the shells. Using tweezers sponge tissue was carefully removed from
the cavities and placed on pieces of Iceland spar (transparent calcite; to mimic natural bioerosion) with
an approximate tissue volume of 0.5 ml, similar as in Cobb (1975). The samples were left undisturbed
in stagnant water to allow attachment to the Iceland spar (at 16 ˚C). After four days, when most sponges
attached to the Iceland spar, samples were transferred to a separate flow-through seawater container.

2.2 Microscopy analysis
2.2.1 Scanning electron microscopy and processing of the images
To analyse the bioerosion patterns on and into the Iceland spar, Scanning Electron Microscopy (SEM)
was used. Samples from the flow though containers were retrieved between five days up to around 10
weeks. Sponge tissue was detached from the Iceland spar with tweezers and the pieces were then placed
in an ultrasonic bath for 10 minutes in ultrapure milli Q-water to remove most of the remaining sponge
tissue on the Iceland spar. They were then left to air-dry before analysis with the SEM. Images were
made using a Hitachi TM3030 electron microscope. These images (549 x 549 pixels) were imported in
Python (transformed from RGB to grayscale) as an array where each location in the array represents a
pixel from the image with a specific light intensity. By scanning each line in the array horizontally and
setting the average of each line equal to the average image intensity a new array was obtained that
contained values with per differences from the mean. This removes background scatter and prevents
distortion of the image. To make certain bioerosion features pop out even more the contrast of the image
was enhanced by adjusting the array values to fit in a range from 0 to 255.
2.2.2 Fluorescence microscopy
A fluorescent probe 8-hydroxypyrene-1,3,6-trisul-fonic acid (HPTS) was applied to the sponge-spar
samples to visualize the pH inside the sponge tissue and at the sponge-calcite interface. HPTS is a weak
organic acid with different fluorescent spectra for the protonated and deprotonated form. Since the ratio
between these two forms depends on the pH of the medium in which the HPTS is dissolved, the ratio
of the fluorescent signals can be used to visualize the pH using fluorescence microscopy. The protonated
form of HPTS has its excitation optimum around 405 nm, and the deprotonated form has its excitation
optimum around 460 nm; for both forms, the emission optimum lies at 520 nm. The use of HPTS to
6

visualize the pH has been applied to calcifying foraminifera before. For this study the methods outlined
in De Nooijer et al. (2008) were followed by 1) producing a calibration curve to establish the relation
between the fluorescence ratio and the pH and 2) application of this calibration curve to sponges
incubated with HPTS.
Calibration
A calibration curve was prepared in order to set up a relation between the normalized fluorescence ratio
λ2exc/ (λ1exc+ λ2exc) (with λ1=405 and λ2=488 nm) and the seawater pH. The pH of 25 μM HPTS in filtered
seawater was adjusted by adding drops of NaOH or HCl. Images were created using different
microscope settings (Pixel time [4, 6 and 7 s], Laser wavelength [0.2 and 0.3 %] and Detector Gain
[550, 650 and 750 V]) to check whether changing settings would affect the fluorescence ratio. In order
to calculate the ratio between the two excitation optima, pixel intensities with a zero value (i.e. with no
fluorescent signal) were removed. The set of calibration scans resulted in the following sigmoidal
relation (also referred to as a Boltzmann function):

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑟𝑎𝑡𝑖𝑜 (

) = 0.01 +

.
(

.

)

(I)

.

The obtained calibration shows that pH can be reliably estimated between ~5 and ~8 (Figure 7). The
curve follows a similar type of relation as in other studies with a HPTS calibration (Weidgans, 2004,
de Nooijer et al., 2008). Changing microscope settings yielded a maximum pH offset of 0.06 and could
therefore be considered neglectable.
.........................................................................................

Figure 7: Radiometric application of HPTS as a function of pH.
.........................................................................................

Incubation and sample preparation
In multiple jars filled with filtered seawater solution 25 μM HPTS (pH 7.8 and salinity 30.4 ppt) three
sponge-spar samples were placed and incubated at 16 ˚C for a period between 48h and a week.
Following incubation, samples were washed by briefly placing the samples in a beaker with seawater,
before examination under the fluorescence microscope.

7

Photographs and processing
Using a ZEISS LSM 980 confocal laser scanning microscope, HPTS inside the sponge tissue and at
the sponge-calcite interface was visualized. Scans were made using the following settings: Pixel time
4 sec, Laser wavelength 0.2 % and Detector Gain 750 V. Two separate tracks were created for each
excitation optimum (λ1=405 and λ2=488 nm) and an additional track for a transmitted light
background image. Each scan with the fluorescence microscope obtains images for each track
separately and a mixed channel image (Figure 8).
.........................................................................................

Figure 8: Output scan fluorescence microscope, from left to right; excitation optimum 1 (405 nm), excitation
optimum 2 (488 nm), transmitted light background image, and mixed signal.
.........................................................................................

The scans were compressed in one multichannel czi file. To get the original data from the scans the
image processing environment of the ZEN3.3 blue software was used. Here separate JPEG images for
each excitation track and the light background could be retrieved in gray RGB format (Figure 9). These
images were imported in Python and transformed to true grayscale for further analysis.
.........................................................................................

Figure 9: Original raw data fluorescence microscope (GRB grayscale), from left to right; excitation optimum 1
(405 nm), excitation optimum 2 (488 nm), transmitted light background image.
.........................................................................................

Python
Scan images obtained by the fluorescence microscope were imported in python which allowed making
calculations and creating pH maps. To do so images were imported in grayscale format and transformed
into 2D arrays where each location in the array represents a corresponding pixel light intensity of the
8

grayscale image. The normalized ratio between the two excitation optima images was calculated and
with the calibration curve (Figure 7) converted to a pH array.
For the calibration curve the average normalized ratio was used by taking the average of all pixel ratios.
This was plotted against the known pH of the prepared solution, Figure 7. For the analysis of the spongespar samples, the normalized ratio was again calculated for all pixels and stored in a new array. This
array was transformed using the sigmoidal calibration (Formula I) and subsequently plotted as an image
and overlain over the non-fluorescent light background image (with same dimensions) which was taken
simultaneously with the fluorescence images.
For the complete python code on how the pH maps were created see Appendix A.
Software
For the development and analysis of the pH maps different software programs were used. As mentioned
before, the image processing environment of the ZEN3.3 blue was used to obtain the original raw data
of the fluorescence microscope scans. Python (version 3) was used to develop the pH maps. And ImageJ
(Fiji) was used to analyse the pH bundles from the Python pH maps.
Local flux
From the python pH maps the local proton flux in the sponge tissue was calculated. This was done by
taking a transect in the pH maps, which yielded information regarding the proton concentration over
distance. Using the principles of Toyofuku et al. (2017) for foraminifera the local flux at the sponge
edge was determined. It was assumed that protons eventually get released from the sponge and diffuse
around with some of them being consumed in the reactions with calcium carbonate from the Iceland
spar and bicarbonate released from that reaction:
CaCO3 + H+ -> Ca2+ + HCO3HCO3- + H+ -> CO2 + H2O

(1)
(2)

Using these assumptions the proton concentration around the sponge tissue can be approached by the
diffusion equation with consumption:

[𝐻 ] = 𝐷 ∇ [𝐻 ] − 𝜇([𝐻 ] − [𝐻 ] )

(IV)

DH is the diffusion coefficient of protons DH=9.3 × 10−5 cm2 s−1, ∇2 is the Laplacian operator and μ is
a combination of the constant rate of the reactions with calcium carbonate and bicarbonate. Using
boundary conditions; [H+]=[H+]∞ at r→∞ and [H+]=[H+]R at r=R, equation IV can be solved. [H+]∞ is
in this case the equilibrium proton concentration in the sponge tissue and [H+]R is controlled by the
sponge. When the sponge starts to release its etching agent, [H+]R increases and eventually becomes
larger than [H+]∞. After a period of time, equilibrium has been reached, and the spatial distribution of
protons follows the steady solution of equation IV and is represented by:

[𝐻 ] = 𝛼

/

(

(
)

)
/

+ [𝐻 ]

(V)

In this equation K1/2 represents the second type of the modified Bessel function Ka with a=½, and:
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(VI)

𝑘≡√

The Non-linear Least Squares fitting of the transect data with equation V was used to estimate the values
of the parameters; α, k, [H+]∞. From k and equation VI, μ could be determined. From the fitted curve
the proton gradient at the sponge edge could be determined which together with the DH can be used to
calculate the local proton flux:

𝐽 = −𝐷 (

[

]

(V)

)

Results
3.1 Scanning electron microscope images
First marks of bioerosion appeared as small holes that were organized in various configurations (Figure
10a). These holes could already be encountered after approximately five days. This coincides with the
moment most aggregates of sponge tissue attached to the Iceland spar. After approximately a week,
more channel like and random shaped bioerosion features appeared on the spar surface. Some of these
channels follow a certain ‘preferential’ direction (Figure 10b). In contrast, other channels have a
completely irregular character (Figure 10c).

.........................................................................................

A.

B.

C.

Figure 10: SEM images initial stage
bioerosion: (a) Magnification 400x. (b) Magnification 400x. (c) Magnification 400x.
..........................................................................................

After approximately four to five weeks other C. celata bioerosion marks appeared. Initial etching shows
up as elliptical/curvilinear shaped etching marks on the Iceland spar surface (Figure 11b&c). These
etchings appear as crevices with an irregular wavy characteristic that in shape seem to follow the cell
edge of the etching cells. These crevices over time become deeper and deeper which together with chip
removal leads to the formation of cone shaped depression (pits), with an approximated average depth
10

of 22 μm (Appendix B). These pits are connected to each other but are separated by distinct ridges. In
some of the pits hemispherical chips (approximately 55 μm) are still visible, Figure 11a-c. The chips
have sharp corners with flat surfaces. A closer look at the pit walls and chip surfaces reveal a type of
micro layering with separated terraces (Figure 11a,c&d). See Appendix B, for a calculation about the
eroded volume of Figure 10b.

.........................................................................................

A.

B.

C.

D.

Figure 11: SEM images showing etching marks (red arrows), pits and chips (green circles): (a) Magnification 400x.
(b) Magnification 500x. (c) Magnification 500x. (d) Magnification 500x.
.........................................................................................

After about six to seven weeks pitted holes start to form (Figure 12). These holes are a result of
penetration by the sponge in the Iceland spar and form the starting point for tunnel formation. The holes
in Figure 12a. show variety in shape and dimensions, with diameters ranging between ~0.04 mm and
~0.3 mm. Some of these holes start to connect to each other to form larger holes (Figure 12b).
11
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A.

B.

C.

D.

Figure 12: SEM images pitted holes: (a) Magnification 40x. (b) Magnification 180x. (c) Magnification 600x. (d)
Magnification 300x.
........................................................................................…

Around 10 weeks, penetration of the sponge in the Iceland spar became also visible by eye. This resulted
in larger and more irregular bioerosion features (Figure 13; compare with the magnification of Figures
11 and 12). More and more pitted holes started to connect to each other to form bigger tunnels inside
the Iceland spar. Because the tunnels were deepening, it was difficult to remove all the organic material
inside these tunnels with the ultrasonic bath (Figure 12a&c). This explains the spicules (structural
elements present in sponges) and other single-celled material visible in the tunnels. Most of the Iceland
spar surface show pit marks, which means that bioerosion started to take place at a larger scale. Overall,
we see that we can distinguish different bioerosion phases over time that ultimately lead to penetration
of the sponge into the Iceland spar (Figure 14).
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B.

A.

C.

D.

Figure 13: SEM images pitted tunnels: (a) Magnification 50x. (b) Magnification 60x. (c) Magnification 40x. (d)
Magnification 100x.
.........................................................................................

~5/7 days

~4/5 weeks

~6/7 weeks

~10 weeks

Figure 14: Timeline erosion development C. celata on Iceland spar.
.........................................................................................
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3.2 Fluorescence microscope images
Visualization of HPTS reveals a pH reduction at the sponge-spar interface. This relatively low pH is apparent from spherical to irregular-shaped intracellular
bodies (Figure 15). The pH in these ‘bodies’ varies around 6, with extremes ranging from 3.3 to 8.3. Image A. shows a large stroke of a lower pH region at the
outgrowth of the sponge tissue with an approximate surface area of ~1200 μm2, there are also smaller bundles present with a varying size between ~500 and
~50 μm2. A sponge spicule can be seen on top of the Iceland spar. The pH bundles in images B-F. are all fairly similar in size approximately ~5 μm2. Image G.
shows two larger lower pH regions with an approximate area of ~3500 μm2. In image H. a gradient in pH is visible with lower values near the Iceland spar and
higher values more inward of the sponge tissue, from this image a local flux is estimated (see section 3.3).

A.

B.

C.

D.

E.

F.

G.

H.

1

Figure 15:Low pH bodies at sponge-Iceland spar interface (sponge tissue; dark, Iceland spar; light). All images
were scanned using magnification 5x but were cropped: (a) 357x357 μm. (b) 880 x 880 μm. (c) 849 x 849 μm.
(d) 576 x 576 μm. (e) 988 x 988 μm. (f) 976 x 976 μm. (g) 849 x 849 μm. (h) 355x355 μm..
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3.3 Local flux
Figure 16 shows an example for the relation of proton concentration (calculated from the pH) with
distance. An transect was drawn from the sponge-calcite interface (lower pH) towards the inner sponge
tissue (higher pH). The proton concentration decreases until approximately ~68 μm after which a more
or less stable plateau concentration is reached. Striking is the sharp increase in proton concentration
near the sponge-calcite interface (Figure 16b). In order to calculate the local proton flux at the sponge
edge, this increase in proton concentration was discarded. What remains is a ramping or the proton
concentration over distance in which the final plateau level was extended to compensate for the
discarded data points. Figure 16c shows the adjusted data with the fitted steady solution of the diffusionconsumption equation (V), with parameters; α (4.3 x 10-11), k (0.017 cm1/2 mol-1/2), [H+]∞ (4.6 x 10-7
mol L-1), and μ (2.6 x 10-14 L mol-1 s-1). The proton gradient was calculated at the starting point of this
curve: -3.25 x 10-7 M μm-1. This results in a local proton flux of 3.02 x 10-8 mol dm-2 s-1 for this transect.
See Appendix C for more proton concentration transects.

.........................................................................................

B.
A.

C.

Figure 16: (a) Transect proton concentration. (b) Proton concentration plotted over transect distance. (c)
Proton concentration plotted over transect distance with first data points discarded and extended final plateau
level. Red fitted curve for the steady state solution of the diffusion equation with added consumption.
.........................................................................................
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Discussion
4.1 Scanning electron microscope images
The stages in bioerosion patterns found here (Figures 11-13) are in line with those described before
(Cobb., 1969). Initially the sponge tissue with specialized etching cells (amoebocytes) flattens out over
the calcite surface. The cells that are in contact with the Iceland spar release an acidic etching agent
which dissolves the calcium carbonate of the spar around the edge of the cell. This is also seen in the
curvilinear crevices that correspond in size and shape to the contours of the cell (Figure 11b&c). Over
time etching activity by these cells may form more complex patterns. The first stage of the crevices
appears as narrow, shallow grooves but become deep undercuts as bioerosion proceeds. Due to
continuous undercutting chips of calcium carbonate are removed from the substratum and leave behind
a field of conical-shaped depressions (pits; Figure 12). These chips are mechanically transported out of
the sponge tissue through the mesenchyme followed by transport through the excurrent water canals to
the oscula. (Cobb, 1969; Topsent, 1887). This undercutting is due to the cell edge that slowly dissolves
its way into the Iceland spar. At the location where the cell edge penetrates the Iceland spar, a thin layer
of calcium carbonate gets continuously dissolved until a chip is removed and a complete pit is formed.
The pit walls and chip surfaces showed an irregular, micro layered topography (Figure 11a,c&d).
According to Cobb (1975) this is an indication for a localized control of dissolution. As the concentric
microlayers decrease in diameter getting deeper in the pits Cobb (1975) concluded that bioerosion by
C. celata occurs in a step-like fashion where the cell edge penetrates in the carbonate substratum
gradually constricting in circumference as it undercuts the Iceland spar. When time progresses the
sponge gradually erodes deeper into the Iceland spar and forms pitted holes which eventually may
become a network of chambers and tunnels (Figure 13).
An important caveat to these results should be that Iceland spar does not necessarily have the same
physical properties as oyster shells. This could possibly influence the bioerosion patterns that arise.
However, according to Cobb (1975), fine structural bioerosion features are similar for Iceland spar and
shell material, even though the crystal morphology differs. Iceland spar is a pure form of crystalline
calcium carbonate whereas mollusc shell substratum is both chemically and structurally heterogeneous.
Calcified mollusc shell layers consist of calcium carbonate crystals which are surrounded by envelopes
of an organic intercrystalline matrix of conchiolin (Grégoire, 1961; Watabe, 1963) and divided into sub
compartments by an intracrystalline matrix (Watabe, 1965). Only some slight differences were reported
but the mechanism of cellular penetration was not selectively influenced by the organic-crystalline
composition of the substratum. The main difference in bioerosion between Iceland spar and oyster shell
has to do with the micro-layered structure present on the pit walls and the chip surfaces. These appear
smoother on Iceland spar compared to oyster shell substratum and might indicate a difference in
solubility between the organic matrix and crystalline calcium carbonate (Cobb, 1975).
This study also revealed bioerosion features not described before. Prior to the formation of crevices,
features appeared on the Iceland spar (such as holes and both regular and irregular shaped channels)
with similar dimensions as etching marks and pits (see Figure 10). A possible explanation for these
more unexpected patterns might be because of the surface morphology and crystallization of the Iceland
spar. Dissolution of Iceland spar depends on the initial surface morphology (Compton et al., 1986). For
example, a surface with a higher roughness enhances dissolution. This was also seen during this study;
some initial scratches on the Iceland spar surface made the sponge attach faster and led to earlier
bioerosion marks. Newly cleaved Iceland spar pieces tend to be ‘unreactive’, but as time proceeds the
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spar surface roughness increases due to dissolution. This is interesting since Iceland spar pieces for this
study were created by hammering larger blocks of Iceland spar into smaller pieces, which creates a new
cleaved surface. So, initially dissolution by C. celata might be low because of the freshly created spar
surface. However, this was not tested in this study. Additionally, the crystal lattice of Iceland spar may
contain misorientations or micro-flaws which can make certain locations in the spar more sensitive to
dissolution (Bjornerud, 2007). For example, microcracks or dislocations present in the crystal (lattice)
can make the crystal weaker. Dislocations are places where something has gone wrong building up
atoms in lattice. Remarkable is that the channels in Figure 10b, indeed seem to follow the direction of
the lattice layers. But other than that, there is no real evidence found in this study that these more
unexpected patterns may arise from initial surface morphology or crystallization flaws of the Iceland
spar. One way that might help understanding these patterns is to work with a transmission electron
microscope which can be used with intact sponge- spar samples to study the spatial relationship between
the etching cells and the crystal organization (Cobb, 1975).

4.2 Fluorescence microscope
This is one of the first studies to provide evidence that acid production plays a role in bioerosion by
excavating sponges in an experimental setting, by spatial visualization of the intracellular sponge pH.
Previous attempts to detect acid in excavating sponges mostly failed due to insufficient sensitivity of
the techniques utilized (Schönberg, 2008). Here, we showed that the use of a fluorescence probe is a
successful method to detect intracellular low pH bundles. To date, This technique has only been
successfully applied once before on samples of Cliona varians by Webb et al. (2019). Cobb (1969) and
Hatch (1980) suggested that bioerosion by C. celata is initiated due to dissolution of calcium carbonate
by locally lowering the pH. The low pH bodies in the images from Figure 15 seem to confirm this
theory. They show lower pH bundles present at the edge of the sponge tissue with the Iceland spar. In
some of the pH maps the intracellular pH decreases towards the Iceland spar (Figure 15 A, D & H).
This is in line with the study by Schönberg (2008) where using microsensors a continuous decrease of
pH was observed towards the substrate for C. celata. It is likely to assume that at these spots bioerosion
takes place, because the creation of an acidic microenvironment would lead to a change in the carbonate
solubility equilibrium, favourable for dissolution.
The pH maps in Figure 15 reveal an average pH ~6 in the low pH bundles. Together with an estimated
volume of such a bundle we can calculate the number of protons present inside a bundle, which then
can be translated to the maximum volume of calcium carbonate that can be dissolved (Figure 17).
Assume that chips can be approximated by a hemispherical shape, similar as in Webb et al. (2019).
These chips have a diameter of around 44 μm (Average observed pits; Figure 11 and Appendix B). The
width in which the cell edge of the etching cells subsides is approximately 0.2 μm (Crevice width Figure
11). Based on this information and the approach by Webb et al. (2019) we estimated that approximately
2.50 x 10-11 mol CaCO3 dissolves for each chip that is removed by C. celata, which means that around
4% of the eroded material dissolves. This is in line with what is found in previous studies and shows
the proportion between chemical and mechanical bioerosion by C. celata. According to Warburton
(1958) less than 10% of the total amount of calcium carbonate removed by C. celata gets dissolved.
Rützler and Riegler (1973) made a similar estimation for the excavation sponge Cliona lampa and found
that around 2-3% of the eroded material gets dissolved.
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Figure 17: Schematic representation of calcite chip. Vwhole is combined volume of chip and volume dissolved
CaCO3, Vchip is chip volume, Vdc is volume of dissolved CaCO3, Mgram is mass of CaCO3 dissolved, ρ is density of
Iceland spar and Wmolar is molecular mass of CaCO3. Figure adapted from Webb et al. (2019).

The proton concentration [H+] in the bundles with a pH 6 is equal to 10-6 ml/L. If we assume that the
crevice undercut is entirely taken up by low pH bundles we can calculate the amount of bundles that fit
in this region. Regarding Figures 15 B-F we assume that one bundle has an approximate volume of
~6.56 μm3. This means that around 141 bundles fit in this undercut region, which in total leads to
9.25x10-19 ml protons in this region at one time. This is more than an order of magnitude lower
compared to Webb et al. (2019) where a similar calculation was made for Cliona varians. The offset
between these results could be explained by the much smaller size recorded for low pH bundles in C.
varians (0.01 μm3). It might be that different excavating sponge species produce different sizes of low
pH bundles, but this requires further research.
Most likely the number of protons found in this undercut region is estimated too high for both this study
and Webb et al. (2019). Both studies assumed that the entire undercut crevice is filled with low pH
bundles, which probably is an overestimation of the actual amount of bundles present in this region. To
make a more reliable estimation further research is required at this etching interface, which is
complicated as this interface is not directly accessible and asks for fine scale investigation.
In reality, this calculation will also get even more complicated. Protons released by the sponge in the
low pH bundles diffuse around until they react with other chemical components. The protons will
initially mostly react with the calcium carbonate present in the Iceland spar, but as time proceeds more
and more bicarbonate will be released during this dissolution reaction. The bicarbonate will eventually
neutralize some of the protons (Reaction 1 and 2). This means that active proton pumping by the sponge
is required in order to keep the pH continuously lowered at the etching sites. We estimated a local proton
flux of 3.02 x 10-8 mol dm-2 s-1 (Figure 16). If we would use this flux and assume that the neutralization
reaction with bicarbonate can be neglected, and all protons are taken up in the dissolution reaction with
CaCO3, we get a local chemical erosion rate for C. celata of ~0.11 mg cm-2 h-1. This seems to be an
order of magnitude too high compared to other studies with excavating sponges (Duckworth & Peterson,
2013; Table 1 in de Bakker et al., 2018). However, direct comparison with other studies is difficult
because of differences in experimental methodologies and environmental variables used. Most studies
use natural substrates to determine a total chemical bioerosion rate and derive this rate from change in
alkalinity in flow-through incubation or change of substrate weight. Whereas, this study used Iceland
spar as erosion substrate and the rate is locally determined from modelling a proton transect with a form
of the linear Heat-Diffusion equation with many underlying assumptions.
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4.3 Recommendations and Limitations
4.3.1 Materials
In order to obtain high resolution fluorescence scans it is preferable to have very thin pieces of Iceland
spar as light needs to penetrate through the spar. In this study small pieces of Iceland spar were created
by hammering larger pieces. However, this resulted in cracks inside the spar (Figure 15 A, B & F). To
prevent this an attempt was made to work with a laser drill, but the spar pieces were too brittle and
broke apart easily. Therefore, we would recommend if small pieces of Iceland spar could be purchased
from the start.
4.3.2 Sample preparation
Several methods have been tried to get the sponge to attach to the Iceland spar. For the first attempt,
sponge tissue was collected from fragmented oyster shells with tweezers and then placed on a piece of
Iceland spar topped with a mesh secured with an elastic rubber band. But after being placed back in the
flow-through containers for about four days, the sponge turned from bright orange to dark brown and
on some of them a type of white fungus appeared (Figure 18a). As an alternative approach Iceland spar
pieces were directly placed against fragmented shell pieces containing C. celata with fishing rope or
smaller elastic bands (Figure 18b). However, this method was also unsuccessful as largely no sponge
attached to the Iceland spar pieces. After a conversation with sponge expert Alice Webb small
inundations on the Iceland spar were created by making raster-like scratches and holes with a knife.
This makes it easier for the sponge to find a location to attach. The Iceland spar pieces were later
repositioned against fragmented oyster shell pieces with C. celata. This approach was more successful,
but could not be used for the analysis with the fluorescence microscope as the shell material did not
allow light penetration. To circumvent this, small pieces of Iceland spar were pushed inside tunnels
containing a lot of sponge tissue (Figure 18c) and later on removed together with the surrounding tissue.
However, it was difficult to see whether the sponge attached to the Iceland spar. Finally, we were able
to find a successful method where C. celata attached to the Iceland spar and which could also be used
for the fluorescence microscope. Following a similar approach as in Cobb (1975), sponge tissue was
again collected from fragmented oyster shells and clusters of sponge tissue were placed on top of
Iceland spar pieces in a jar containing stagnant seawater. After a couple of days these clusters started to
clump together and form small spheres fully attached to the Iceland spar (Figure 18d). At this moment
the samples were transferred to a seawater flow-through container. We would recommend to use this
final approach for further studies with C. celata and Iceland spar.
.........................................................................................

Figure 18: Sponge-spar attachment.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...
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4.3.3 Calibration
The prepared HPTS pH solutions were very sensitive to pH change. Even when the solutions were
stored in individual sealed tubes in a dark place, the pH of the solutions changed rapidly. Initially, a
series of solutions with pH values ranging from 3.5 to 9 were prepared. However, the pH of these
solutions changed to pH ~8 after only one day (corresponding to the pH of seawater). We recommend
for future HPTS calibrations to prepare each pH solution separately, and take all scans at the different
microscope settings immediately after the solution is prepared. This would minimize the change in pH.
Due to time constraints we were unable to prepare duplicates for the calibration. To get a more reliable
calibration curve, it is recommended to make duplicates or even triplicates of each pH solution and in
addition have some other randomly prepared pH solutions to see if they would fit the calibration curve.
The obtained calibration showed us that the pH could be reliably reconstructed between 5 and 8 (Figure
7). However, the pH in the images from Figure 15 contained extremes ranging from 3.3 to 8.3 (in which
8.3 is likely the seawater pH). In order to analyse the extremes, it is recommended to use a different
fluorescent probe, because uncertainty may arise using HPTS.
4.3.4 Microscopy analysis
As mentioned before, the SEM images from Figures 11-14 reveal distinct bioerosion phases. It would
be interesting for a follow-up study to relate the erosion development phase to the amount and locations
of low pH bundles present. This would also result in a more reliable estimation for the proton flux over
time. However, this would require an alternative ‘non-destructive’ approach compared to the method
used in this study. To use SEM for erosion phase analyses, the sponge tissue must be completely
removed. This makes it difficult to locate the same spots with the fluorescence microscope and the
scanning electron microscope.
Although the results from the fluorescence microscope reveal intracellular acid production and potential
bioerosion spots, it also has its limitations. With fluorescence microscopy it is still not possible to
determine the composition of the etching agent responsible for lowering the pH at the sponge-calcite
calcite interface. It is also difficult to predict and examine exact spots of bioerosion without damaging
or removing sponge tissue. The low pH bundles from the maps in Figure 15 indicate potential bioerosion
sites, but this cannot be said with absolute certainty as the maps are only snapshots. In order to see
whether actual bioerosion takes place, taking snapshots or a video over time would be recommended.
4.3.5 Flux calculation
The method used in this study to calculate the proton flux still requires improvement. Among the proton
concentration transects much variation exists (Appendix C), which made it impossible to calculate a
flux for all transects. This method is based on foraminifera, which are more perfectly spherical shaped
homogeneous organisms. Whereas, the sponge tissue has a more heterogeneous and irregular character,
which explains the variation in transects between and within individuals and why the protons are much
more irregularly distributed.
Another discussion point are the data points that were discarded in Figure 16c to fit the diffusion curve.
One can see that the proton concentration increases sharply in the beginning and then decreases, Figure
16b. This increase was ignored for the flux calculation. However, this peak may indicate that protons
are actively being sucked towards this point from multiple directions. Therefore, to calculate a more
reliable proton flux, we recommend developing a 3D diffusion model in which transects can be drawn
in multiple directions.
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4.4 Future state of excavating sponges
It is expected that the impact of excavating sponges will become even more prominent in the future
(Kennedy et al., 2013; Perry et al., 2014). Various studies have shown increasing boring activity with
higher expected seawater pCO2 levels in future climate scenarios (Wisshak et al., 2012; Webb et al.,
2017). Elevated seawater pCO2 levels result in ocean acidification and thereby lowers the CaCO3
saturation state. This means that less energy from the sponge is required to create an acidic
microenvironment during dissolution (Webb et al., 2019). Wisshak et al. (2014) predicted that
bioerosion rates by C. celata, for example, will increase more than double with ocean pCO2 levels
predicted for the end of this century.
The effect of global warming on excavating sponges is a bit more complicated. For Symbiodiniumcontaining sponges, bioerosion rates will decrease with higher seawater temperatures because it disrupts
the microbiome system and can even cause bleaching of the sponge above certain threshold
temperatures (Hill et al., 2016; Achlatis et al., 2017; Ramsby et al., 2018a, 2018b). However, according
to Duckworth and Peterson (2013), higher seawater temperatures will have little effect on sponge
growth, survival and boring activity of C. celata.
Organic pollution (eutrophication: release of nutrients, organic run-offs and poorly treated wastewater
discharge in surface waters) has proven to further enhance the pressure on carbonate systems.
Eutrophication may lead to elevated pCO2 levels in the system which will stimulate boring activity
(Gast et al., 1999; Govers et al., 2014). It can also cause a shift in the benthic community where
opportunistic organisms, such as the excavating sponges, can benefit from changing conditions and
eventually disrupt the system (Holmes, 2000; De Bakker et al., 2017).
Some other factors that may have an effect on bioerosion rates by sponges are light intensity, mechanical
stimuli, current strength, diet supplementation and sediment load (Rützler, 1975; Duckworth &
Peterson, 2013; Achlatis et al., 2017). Overall it is predicted that the impact of C. celata on oyster reefs
will become even bigger in the future.

Conclusion
By spatially visualizing the intracellular pH at the etching interface of C. celata we showed that acid
production plays a role in clinoid sponge bioerosion. A reduction of the pH (~6) at this interface by
the formation of low pH bundles is responsible for a change in the carbonate saturation state, which
leads to dissolution of CaCO3 and over time to complex bioerosion patterns. From the obtained pH
maps we were able to estimate a local proton flux of 3.02 x 10-8 mol dm-2 s-1 based on a form of the
linear Heat-Diffusion equation that has been used before for foraminifera. As this is one of the first
studies to visualize intracellular pH gradients in excavating sponges, no comparison with existing
literature is possible yet. However, if we assume that all protons in this local flux will end up in the
reaction with CaCO3, we could estimate a local chemical bioerosion rate of ~0.11 mg cm-2 h-1. This is
higher compared to other clinoid sponges, likely due to different methodologies used to determine this
rate. For further studies a fully 3D diffusion model might give more accurate results as the protons are
very heterogeneously distributed in the tissue and the sponge surface is very irregular.
Most studies regarding excavating sponges examine the environmental control of bioerosion, while
many uncertainties remain about the exact chemical conditions during sponge bioerosion. Here we
showed that the use of HPTS as a fluorescent probe to visualize the pH with fluorescence microscopy
is a successful method. This method could also be used for further studies with excavating sponges,
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for example to investigate coral bioerosion, and makes it possible to compare bioerosion of different
sponges at a molecular level. As bioerosion by C. celata occurs in successive phases, we would
recommend to investigate the relation between the erosion development phase with the amount and
locations of low pH bundles present. More data about sponge acidity over time would also result in a
more reliable estimation of the proton flux. Altogether, when more data about chemical and physical
conditions during sponge bioerosion becomes available, we are able to understand better why
bioerosion is expected to increase with future climate scenarios and why excavating sponges become
these successful macro-eroders in ecosystems with carbonaceous substrates.
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Appendix
Appendix A
Below follows a more elaborate step by step description for the creation of the pH maps, with the
belonging python script code in grey text format:
In order to create pH maps from the grayscale images the modelling program Python (version Python3)
was used. The following packages needed to be imported in the first code cell:
#Import packages
import PIL
from PIL import Image
import numpy as np
import matplotlib.pyplot as plt
Scanned images from the fluorescence microscope were imported in python and converted to a true
grayscale, as the grayscale images from the ZEN environment were still in RGB format:
#Load scan images and convert to grayscale
ch1 = Image.open("blue.jpg").convert('L')
ch2 = Image.open("green.jpg").convert('L')
background = Image.open("white.jpg").convert('L')
In order to make calculations with the fluorescence scans, images were converted to an array where
each location in the array represents a corresponding pixel intensity in the image:
#convert the true grayscale scan images to arrays
array_ch1 = np.asarray(ch1)
array_ch2 = np.asarray(ch2)
array_background = np.asarray(background)
To calculate the normalized ratio between the two fluorescence signals it is important to keep in mind
that there can be 0 values (i.e. no fluorescence signal) present in the intensity arrays. This would result
in errors when you divide the arrays with each other. To prevent this from happening a command was
given to python to keep calculating the ratio for every location in the array. This eventually leads to a
new ratio array containing NaN (Not a Number) values at locations where zero intensity was
encountered in one of the intensity arrays. These NaN values were later replaced with a zero value:
#calculating the ratio in array format
np.seterr(divide='ignore', invalid='ignore')
ratio = array_ch1 / (array_ch1 + array_ch2)
ratio_nonan=ratio
ratio_nonan[np.isnan(ratio_nonan)] = 0
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The ratio array was transformed to a pH array using Formula I obtained from the calibration curve. This
was done stepwise by first calculating what was inside the natural logarithm. Negative and zero values
inside this natural logarithm were replaced by 1, because otherwise it would be impossible to take the
natural logarithm of these values. Then the pH was calculated by using the formula for all locations in
the ratio array with positive values except value 1. For the locations in the ratio array where the factor
inside the natural logarithm was set at 1 a pH value of zero would be returned in the for loop, which
would later be replaced with a pixel from the light background:
#calculation the pH in array format
a=(0.38/(ratio_nonan-0.01)-1)
b=np.where(a>0,a,1)
height,width = ch1.size
print(height,width)
for j in range(height):
for i in range(width):
if b[i,j] != 1:
pH_map[i,j] = 6.11-0.37*(np.log(b[i,j]))
else: pH_map[i,j] = 0
pH=np.ma.masked_where(pH_map==0, pH_map)
The final step is to display the pH array on top of the background image so one can find spots with
lower pH (Figure 19). For this a nearest neighbour interpolation was used:
#creating a pH map
fig = plt.figure()
plt.imshow(pH, alpha = 0.95, vmin=5, vmax=7.5, interpolation='nearest')
plt.imshow(array_background, cmap='gray', alpha=0.9)
plt.colorbar()
plt.show()
.........................................................................................

Figure 19: Example pH map output created in python.
.........................................................................................

This process was repeated for all scans created with the fluorescence microscope.
28

Appendix B
Here follows an example to calculate the eroded volume of a SEM image with pits. From Figure 20 the
depth of a pit is determined (22 μm). Not all pits have the same depth and dimensions but for this
calculation it was assumed that all pits have a similar size. In ImageJ (Fiji) the surface area of all pits
was determined (13022 μm2), Figure 21. This led to an approximate eroded volume of 3.65 x 10-13 m3.
.........................................................................................

Figure 20: Determination of pit depth (red line).

Figure 21: Determination of eroded surface area.
.........................................................................................
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Appendix C
.........................................................................................

Figure 22: Proton concentration transects.
.........................................................................................
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