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Abstract

The recent increada sea surface temperature and ocean acidification raises major concerns
about the evolution of the coral calcification rate. Digitized x-radiographs haveubeérior

coral skeleton density measurements since the 1980s. The main limitation of coral
densitometry from digitized x-radiograpisshe x-ray intensity heterogeneity digespherical
spreading (inverse square law) and heel effect. Until now, extra x-ray images or aluminum
standards have been ugedorrect x-radiographs. However, such corrective methods may be
constraining when working with a high number of coral samples. Hegepresentan
inexpensive, straightforward, and accurate Digital Detrending (DD) methadrrect the
heterogeneities of the x-ray irradiation that affect x-ray images. The x-radiagraminected
against the irradiation imprint recordég its own background using a Kriging interpolation
method, thus allowing reliable optical density measurements directly on the corrected x-ray
image. This Digital Detrending (DD) method was validated using skeletal bulk density
measurements and Computerized Tomography (CT). Coral densitometrnDisiogrrected
x-radiographs does not require the destruction of the coral sample and provides high-
resolution measurements. Sir@B® does not require extra aluminum standacdsorrect x-
radiographs, this method optimizes the working space available on the x-ray image.
Moreover,it corrects the entire x-radiograph, thus larger samples or numerous samples can be

x-rayedat the same time.

Keywords: Coral densitometry, calcification rate, density, coral skeleton, Siderastreeasiarites
Sp.
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Introduction

Recent changes evidencedglobal Sea Surface Temperature (SST) etwdns’ pH, raise

major concerns about the future of coral reefs (Kleypas, 1999; IPCC, 2007, 2007; Pandolfi et
al., 2011). A major consequence of ocean pH decrsatdes diminution of the aragonite
saturation stateflyag. A compilation of data documenting calcification respotosthe Qarag
decreaseamong individual coral species, coral mesocosms iansitu reef communities,
showed that this response was consistently negative (Pandolfi et al., 2011). Since the early
1990'san unprecedented declining trend of the coral calcification rate (product of the annual
extension rate and the coral skeleton density) has been obsefvexht Barrier Reef records,

most probably du¢o the recent increase SST andto ocean acidification (Cooper et al.,
2008; De’ath et al., 2009). Conversely, coral response combined ocean warming apdH
decrease appears highly variable and often non-linear. Moreover, coral regpaise
greatly influencedy other factors suchs nutrients, pollutants or salinityo that projecting

the futureof coral reefdn a global warming and ocean acidification coniextill uncertain
(Pandolfiet al., 2011).As statedby the IPCC report2007) “acidification is an emerging

issue with potential for major impadtscoastal areas, but theisdittle understanding of the
details.It is an urgent topic for further research, especially progranaebservation and
measuremefit Documenting the long term trenda coral calcificationis crucial in
understanding the mechanisms and implicatmfrnescean acidification on coral reefs, in order

to predict coral reef future.

Coral calcification rate (CRjs calculatedby CR = ER x d, where ER) is the annual
extension rate andl) is the coral skeleton density. Whereas extension rate can be directly

measured from the banding pattern revedigdx-radiography, many methods have been
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developed since the 1970s to measure skeletal density. Direct measurements have been
performed based on mercury displacement (Dustan, 1975), water displacement (Hughes,
1987) and coral pore volume calculation (Carricart-Ganivet et al., 2000). Although these
methods provide reliable measurements, theytiare consuming, imply the destruction of

the sample and provide low measurement resolution (generally perfoynsadipling annual

growth increments). Methods that do not require the destruction of the coral samplas such
gamma densitometry (Chalker and Barnes, 1990) or medical x-ray Computerized
Tomography (CT) (Bosscher, 1993) are quick and provide higher resolutions (less than one
millimeter, i.e., monthly resolution or higher). However, these methods rely on specialized
and expensive equipment, not always easily accessible. Alternative methods for coral skeleton
density measurement are based on digitized x-radiographs (Chalker et al., 1985; Helmle et al.,
2000; Carricart-Ganivet and Barnes, 2007). Optical densities (OD)1 of x-radiographs are
measured on film or on digital images and converted into density valuesQiSingference

standards (e.g., Tridacna maxima shells and/or aluminum wedges).

An important drawbacks that x-radiographic instruments do not provide uniform irradiation

of the entire area coverdyy the x-ray film and may therefore resuit misleading density
measurements. Two reasons account for such irradiation heterogeneities: the heel effect which
is definedby anirradiation gradient along the anode-cathode axis and the inverse square law
which states that the irradiatiaminversely proportionato the square of the distance from the
x-ray source (Meredith and Massey, 1971; Chalker et al., 1985; Helmle et al., 2000; Carricart-
Ganivet and Barnes, 2007). The irradiation gradient cabgdtie heel effect may leaid

biasesin density measurements wp 26% (Chalker et al., 1985), whidk similar to the
seasonal density variations that are reportedni@gsive corals Montastrea annularis (20% -

Carricart-Ganivet and Barnes, 200Porites sp. (15% - this study) and Siderastrea siderea

1 In the following study the Optical Density (OD) refers to the grey leweh 0 to 255 corresponding to the 8 bits
coding of the digital images.
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(30% - this study). Several alternative methods have been proposedercome such
miscalculations. For example, Helndeal. (2002) performed paired x-radiographs (using the
same settings) of a coral sample amdluminum plate. Thereforé, was possibléo correct

the coral sample image from the irradiation heterogeneities recbyde@ aluminum plate's
x-radiograph. However, considering that each x-radiographtddse taken twice, this
technique becomes expensive @intk-consuming when a high number of samples hal=
analyzed. Carricart-Ganivet and Barnes (2007) proposed a simple way foticgriiee heel

effect. The corrections based on the measurement@iD variations onan aluminum bar
located beside the coral sample along the anode-cathode axis. The heel effect-relate
distortions are then measured, and extrapolated over coral samples. The method provides a
reliable one-dimensional correction along the anode-cathode axis. Unfortunately, the
extrapolation of this correctioto the whole x-radiograph image may orig applied upon

particular settinggx-ray sourceo film distance and film dimension).

In the present studywe introduce a Digital Detrending (DD) method which corrects the
heterogeneously irradiated x-radiographs. This methadexpensive, straightforward and
accurate. Thé®D method uses the x-ray irradiation imprint, recorbgdhe x-radiograph's
background,to reconstruct a full image of the irradiation pattern. The x-radiograph's
backgrounds defined hereasthe image area without any objects or graphical information
suchasletters or numbers. The resulting modeled imagben subtracted from the original
x-ray image, therefore enabling reliable optical density measurements from the cotrected
ray image. This method provides a correction of x-ray irradiation heterogeneities on the whole
x-radiograph, which means a two-dimensibrcorrection. The Digital Detrending (DD)
method was used for densitometry measurements on samples of widely studied massive corals
Porites sp. and S. sideré&uzman and Tudhope, 1998; D¢’ath et al., 2009; Lough and

Cooper, 2011).



131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

Materials and Methods

Computed x-radiography

Experiments were performed using a medical Computed Radiography (CR) deRice.
produces digitized images obtained directly fran imaging plate (IP) instead of a
conventional photo sensitive filniP is placed beneath coral slabs before being irradiated
(Fig. 1a). The final resuit an 8 bits digitized image (pixel values comprised between 0 and
255). Such an imagean be used for Optical Density (OD) measurements and be easily
modified with conventional image-processing softw&@R is affectedby heterogeneous x-

ray irradiation just like conventional radiography.

The CR device was a SUPER CONTACT® x-ray device (General Electric Company). X-
radiographs were acquired with FUJI® imaging plates made of photosensitive phosphorus.
Digitized images were then obtained usamgP reader (FUJI® FCR 5000). The resolution of

this devices lower than conventional x-radiography.

X-ray irradiation heterogeneities

Heel effect - The heel effeds responsible for the irradiation intensity gradient along the
anode-cathode axis: the electrons emitted from the cathode interact with the anode nesulting

a high exposurat the cathode side of the anda decrease toward the anode side (Fig. 1b).

Inverse square law - The inverse square law models the three-dimensional spherical spreading
of the x-ray beam: irradiation intensityattenuatedby a factor proportionaio the inverseof

the squared distance from the x-ray sourcehe IP surface.As IP are generally centered



155  beneath the x-ray source, the irradiation pattern shows over-exposed theeaenter of the
156  image, decreasing toward the edges (Fig. 1b). The influence of spherical preadire

157 irradiation pattern gets lower with increasing source-subject distance.
158

159  The inverse square law specifies that the ratio of x-ray intensity diR {hg to intensity on

160  the subject surfadg,) is:

(S
. (Sp)

162  WhereSp= sourceo IP distance and=sample thickness.

=

161

@

163

164 Computed Tomography

165

166 Computed Tomography (CT), witks high-contrast resolution, allows accurate and reliable
167 density measurementss this methodis not influencedby the x-ray beam distortion
168 phenomena that usually affect computed radiographyCTAscan was usedio compare
169  density profiles measured @D corrected imaget® the density profile of th€T scan. The
170  Computerized Tomography device used was a Phillips Brilliance @0®Ilensity values are

171  expressea@sHounsfield units.
172

173 Reference materials

174

175  We used two massive corals slamsreference samples. Reference slalwRs cut off a core
176  drilled in 2008 from a living colony of the reef-building species S. sidated@ahuita reef

177  (9°44’N - 82°48W), Limon, Costa Rica. Rsize was 280 x 7fhm; slab thickness (s) was 5
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mm. Reference slab Rwvas cut off from a living colongf the reef-building species Porites
sp. atthe Fausse Pasde Uitoé reef (22°17S - 166°10E), New-Caledonia, Franci 2010.
This coral was collected alive and transferred mmaquariumin 2008. R size was 150 x
150 mm and the slab thickness (s) wasrf. For coral density measurements, a reference
transect for both slabs was set along the maximum growth axis, perpenthdbi@rgrowth
increments. For Rthe reference transettt was 87mm long and encompassed 15 couplets
of high and low density bands; for,Rthe reference transett, was 130mm long and
encompassed 13 couplets of high and low density bémdsderto avoidasmuchaspossible
intra-corallite density variations, the width of the density transects waam@o include
approximately three S. siderea corallites (polyps mean diametenm)&nd ten Porites sp.

corallites (polyps mean diameter ~ 1 mm).

Density scaling

Density scalings based on two, two-sided weddesam— Fig. 1c) cut from the internal layer
of a giant clars shell Tridacna squamosa. One weidgé7.4mm high and 54.2nm long
with slopes of 26.6° and 41.2°. The second wadde.9mm high and 71.8nm long with
slopes of 43.4° and 16.0°. The bulk densiaéthe wedges were obtaineg weighting with

a hydrostatic balance.

Care shouldbe given when cutting a wedge indayiant clam$shellasit is composeaf three
distinct aragonitic layers (internal layer, external layer and hinge layer) which ptiesint
distinct density and crystallographic structure (N. Duprey, unpublished dat@void any
measurement bias, wedges must be cut into either external or internal shell layer. X-
radiographs revealed that the density of the whole ’shdtiternal layer(dshe) Was

homogeneous.
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To ensure the consistency of the density scaling, another scaling standais) (glas added
on some x-radiographs for comparison purposes. Stangda@:t composed of 14 plastic
cubes filled with Porites sp. coral aragonite powder (grain size < 200 um). Eaclwasibe
filled with a carefully weighted amount of powderobtain a density scale fromt@ 3 foran

equivalent sample thickness of din.

Both plastic cubes filled with coral powder and wedges have a similar range of density values.
However, wedges were favored for their small sizes because this optimizes the space

available on the x-radiograph, so that more coral samples can be x-rayed at the same time.

X-radiographs

All the x-radiographs and their characteristics are ligtethble 1. For this studyye used

eight x-radiographs made with tl&R device previously described. The main purpose of
these x-radiographs waas test the reliability of the Digital Detrending method depending on

the distanceSp and samples orientation along the anode-cathode axis. Therefore, coral
reference samples were placed along three directions with riegtre anode-cathode axis:
perpendicular, parallel and diagonally. Selected distances (Sp) were 130cm, 100cm and 80cm.
X-radiographs were acquired over a two-year period, providing the oppottiniteist theDD

method against a potential machine drift over time.

Merely considering the inverse square law andlkhsize (355 x 428 mm), the minimum
exposures at image edges would be 11.8%, 8.1% and 5.0% less than the exgtidkeres

center for Sp=80cm, Sp=100cm and Sp=130cm, respectively.

X-radiographC2 was usedo test the density calibration of the two density stand@igsder

and diam). For that purposwe used 13 Porites sp. cub@s2cnt) which bulk densities were



227  determineddy weighting with a hydrostatic balance. Coral cubes density ranged fronol.21

228  1.39 g.cn.
229

230 Digital Detrending procedure
231

232 The first stage of the digital detrending (DD) procissthe background area selection. This
233 areais usedas a recorder of the irradiation pattern. The background area selectiortcaims
234 remove all saturated margins, all pixels correspontlirgamples and optical density scale or
235 information, from the original x-radiograph (Fig. 2a). This background extraitiomade
236  using the magic stick tool of the image processing software &idPequivalent). This step
237 leaves empty areas correspondingobjects$ locations (Fig. 2b). Missin@D values are
238 interpolated using a Kriging interpolation from the dacefit MATL®A®olbox (Lophaven et
239 al., 2002). The resuls a complete imagef OD variations (Fig. 2c) following the overall
240 pattern presentethy the original background area. The corrected im&gebtainedby

241  subtracting the modeled backgrouondhe original image (Fig. 2d).

242  TheDD method initially supposes that the x-ray intenaitthe IP surfaceis similarto the x-
243  ray intensityat the sample surface. However, x-ray sourceample surface distance ($s)
244  smaller than x-ray sourc® IP surface distance (Sp). Considering equation i{13an be
245  stated that the spherical spreading causes the x-ray intensgyhigheat the sample surface
246  thanatthelP surface. This may generate a small biasmeasurement, thereafter referasi
247  thickness bias, leadintp a slightly overestimated density. This bias can be redbged
248 decreasing the sample thickness and corrected duringDibeprocess by dividing

249  corresponding background values with the ratid4.

250 X-ray attenuationin air may also account for the difference between x-ray intensities

251  sample andP surfaces. Coral densitometry studies are usually performed on samples with
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thickness less than 10 mm. Accorditogthe air mass attenuation coefficient table from the
National Institute of Standards and Technologyay attenuation for a 16m air layeris

negligible (Table 2).

Digital Detrending evaluation

In orderto optimize theDD procedurene hadto test firstif the x-ray irradiation imprinbn

the IP remains identical while maintaining the x-ray source settings and the Sp distance
constant ¢). If this last assumptiois true, then a standard correction could be used within a
group of x-radiographs made with the same settings. ThereforBth@rocedure would be
simplified and fastenf not, eachx-radiograph should be corrected with the irradiation record
of its own background. By taking pair-wise imageswas tested using the mean relative

differenceof OD (AOD ;).

The relative difference ddD (30D ) at point k for images i and j is defined as:

_ | (OD (%4 Yu9) — OD; (X Yy) |

00D,
OD (X4 Y)

2

WhereOD; (xw.yw) is theOD valueatimage coordinates,yw) for image i andOD; (x,Yw)

is theOD valueatimage coordinatexf,yy) for imagej.

The mean relative difference OD (AOD () for images i andip:
_13
A0D,; = E-;aoqj,k €)

Where nis the number of pixels coordinates shabgdmages i and j backgrounds.

Considering the causes of the x-ray irradiation heterogeneities, the reliability of the Digital

Detrending process had be tested through two other assumptions.
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The DD method corrects and preserves the density information of the sample independently

of:
(#) - the sample orientation along the anode-cathode axis
() - the distanceS

The density information of the coral samples refiershe density variability (qualitative
information) andto the density value (quantitative informatiofi)was testedy measuring

the coral density profiles grandtr,) on samples set perpendicularly, parallel and diagonally

to the anode/cathode axis, while the other settings remained unchanged. Intra-group A density
transects comparisons evaluated the abiitythe DD methodto correct the irradiation
heterogeneities mainly causég the heel effect (independentbf the samples orientation

along the anode-cathode axis). Intra-group B density transects comparisons evaluated the
correction of both the heel effect and the inverse square law heterogeneities (independently
the samples orientation along the anode-cathode axis)s testedby inter-groupgA andB)
comparisons. The comparison of inter-groups (A, B @hevas usedo assess the ability of

the DD methodto cope with a potential machine drift over time. Finatly ensure that the

DD method yields the same density variatias®ther density measurement techniques, the
density measurements made onD® corrected image were compared to Computed

Tomography scanning measurements.

To test the previous assumptions, density values were measuredrglandtr, for each x-
radiograph. The correlation between the density profiles was tested using the regression
coefficient R. Furthermore, relative standard deviations (rsd) were calcugateachpoint

along transects of the compared x-radiographs and aveiragederto compile the results.
These mean Relative Standard Deviation (RSD) values weretusa@luate the precision

(reproducibility) of density measurements.



298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

The mean Relative Standard Deviation (RSD) for compared transeetfined as:

1 &
RSD= B-erq 4)

Where pis the numbenpf points along the compared transects {439 and p()=666] and

rsd represents the relative standard deviation of the deatgtyinti.

Density calibration

OD values were converted into densities using the two, two-sided wedges cut from the
internal layer of a giant clam® shell Tridacha squamosa. T@® values orDD corrected x-
radiographs were measured along the two sides of both wedges using thé Isudiyesie.

As giant clam shell also contains organic matter, which influences bulk density, wedges
thicknesses hatb be correctedn orderto obtain equivalent thicknesses, corresponding

wedges made of pure aragonite. Thereafter, a wedge's equivalent thickness wasadefined

Twioo

The equivalent thickness scaliateach point along a wedge was calculated by:

T -d
Tw100: xd shell (5)

arag

Where T = measures wedge thickness.g= shell wedge density (g.cfhand Qrag. = density

of pure aragonite (2.930 g.éhn



318 OD values were then paired with corresponding equivalent thickné$ges) calculated
319 along the wedges. Pair€@D and Tyi00 Values from the two wedges were pooled and fitted

320 by a quadratic polynomial function:

321 OD=a-T,, +b- T ,+c (6)
322 Wherea, b and c constants are the coefficients determimethe polynomial fitting for the

323  studied x-radiograph.

324  Equation (6) obtained from theedges’ data was then reversely ugectonvertOD values of
325 coral samples into pure aragonite equivalent thickng3sgs). Subsequently, coral sample

326 density values (d) were obtained fromds

327 d= TSlOO-d 7)

arag
Ts

328 Where d = coral sample density (g:OmTs100= pure aragonite equivalent thickness for coral

329 sample, T= measured coral sample thicknessig density of pure aragonite (2.930 g:dm
330

331 Calibration's validation
332

333 In orderto validate our density calibration usiAg squamosa wedge§QD measurements

334 were performed on coral cubes and plastic cubes filled with coral pondee detrended x-

335 radiograph C10D values were converted into densities using previous equatiots ((B))

336 These values were regressed against bulk density measurements performed on the same coral

337 and plastic cubes standards.
338

339
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The relative errofre) of x-radiograph density measurements was calculated for each coral

cube:

re= 100 | dcalc(i) - dbulk(i) | (8)

bulk ()
Where daic.) is the density of coral cube i calculated fr@¥D after digital detrending (g.cm

% and @ui gy is the bulk density (g.ci) of coral cube.

The mean Relative Error (RE) of x-radiograph density measurements was evélyated

averaging the relative errofi®) of coral cubes:

RE:£irq ©)]
n o

Where n=14s the number of coral cubes (Porites)sp.

RESULTS

Reproducibility of the irradiation imprint (a)

The background areaf the eight x-radiographs viewead false colors show a stror@D
gradient along the anode-cathode axis, with @ at the anode side increasing toward the
cathode side. This patteia characteristic of the heel effect (Fig. 1a). A concend@
pattern, characteristiof the spherical spreading, noticeable on some imagess expected,
x-radiographs with high distan&p (groupsA) present a less marked concentric pattern than
x-radiographs with low distanc8p (group B).OD mean relative differencéAOD) of x-
radiographs backgrounds ranges from 8%aup90% (Table 3). Intra-group and inter-group
comparison leatb similar AOD: most x-radiographs present highly variable backgranbd

values: assumptiomis thus not valid within our experimental settings.
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Influence of the sample orientation along the anode-cathode axis () and of the Sp distance (y)

Density profiles measured on corrected x-radiographs of groups A and B ar@medltted
(Table 4). Inter-group and intra-group correlation coefficients values (R2) are significant and

havea similar range from 0.9 1.00 (p<0.001).

Inter-group and intra-group mean relative standard deviation (RSD) of densities measured on
uncorrected images range from 1Qdl 16.0% (Table 5). Density profiles measured on
corrected images show a RSD redutsda factor of 2to 3. No differences are noticed

between the inter-group RSD and intra-group RSD, which are both around 4-5%.

The variations and the precision of density measurements from the corrected images show no
difference regarding the sample orientation along the anode-cathodé€pmas the Sp

distancqy). Assumptions  andy are thus validated within our experimental settings.

Density measurement precision on DD corrected images

RSD calculated over all uncorrected x-radiographs (gréy® andC, 14 transects= 7 Ks
and 7 xtrp) reaches 16.1% (Table 5). RSD calculated oveDBllcorrected x-radiographs
6.8%. These values include measurements made on x-radiographs of two coral samples of
different genus, set on three different ways along the anode-cathode axis, wittiftbreat

distances (Sp), made across a two-year period.

Density variations

Thetrs andtr, density profiles, measured on uncorrected images, sheexamples on figure

3, present seasonal density variations comprised around 30 and 15% respectivelytrProfile
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measured on the uncorrected image presamisicreasing trend with a maximum density
difference reaching 50%. The mean profildfrom DD corrected images does not present any
remarkable trend. This mean profile shows density variations identicd the CT scan
density profile variations (Fig. 3a). This correlatisna robust resulas each of the seven
density profiledrs, measured on corrected x-radiographs, are significantly correlated with the
density profile made on th&T scan (0.89 R?2 < 0.96; p<0.001; Table 6). TH2D method

thus eliminates the density trend caud®d the x-ray heterogeneities. Conversely, the

magnitude of the seasonal density variatign®ot affectedy theDD correction.

Profile tr, from the uncorrected image (Fig. 3b) displays a density drop that matches with the
transferof sample R from the reefto the aquarium. This profile also displays a parabolic
trend with a maximum density difference reaching 50%. D2 method removes the
parabolic trend of the profiler,, and highlights a linear declining trend with density
difference reaching 40%. The density drop (sampldrésfer)is not affectedoy the DD

correction.

Density Calibration

The four sidesf the two, two-sidedl. squamosa wedges (Fig. 1c) returned identzl
versus Tiooprofiles (R?=0.9998, p<0.001, Fig. 4). Density values, calculated from corrected
x-radiograph C2, are regressed against the bulk density values (coral cubes andublestic
filled with coral powder Fig. 5). This regression presents a significant correlation coefficient
(R2=0.99; p<0.001; n=27). Comparison between bulk densities of4Heorites sp. coral
cubes and the calculated density values show that the mean relative erroedBdion 9)s

3.32%.
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DISCUSSION

Computed x-radiographs commonly shamuneven exposure due both the heel effect and

the spherical spreading. Such irradiation heterogeneities maytdegadriationsin coral
density upto 50% (Fig. 3). These density variations exceed the seasonal variations commonly
observedn massive coral: 30% for Siderastrea siderea, 15% for Porites sp. and about 20%
for Montastrea annularis (Carricart-Ganivet and Barnes, 2007). These variatidassity

may lead to biased calcification rate calculation and thus to wrong environmental

interpretations.

The Digital Detrending method, presented here, ainted correct the irradiation
heterogeneities that affect conventional and computed x-radiography. X-radiographs w
corrected against the irradiation pattern recorogdhe background of the image. The first
step of this study wate testif the x-ray irradiation imprint on the Imaging Plates (IP) remains
identical while maintaining the x-ray source settings andgheistance constant. Our results
showed that the x-ray irradiation imprint recordsdthe IP was highly variable, even within
constant x-ray source settings a@pdistance. X-ray irradiation records must be considered
as unique and thus cannot be transposedanother x-radiograph, even within constant
settings. These results are in accordance with previous studies (Chalker et al., 1985; Carricart-
Ganivet and Barnes, 2007). The x-ray irradiation records meaffectedby several factors
including the x-ray device stability, the x-ray tube aging and also the recording abflities

IP or film sensitiveness (Carricart-Ganivet and Barnes, 2007).

Density profiles fromDD corrected x-radiographs were highly correlatedthe density
profile measured on the Computed Tomography scan. TReserrelation values were not
affectedby the orientation of the sample along the anode-cathode axis and the distance from

the x-ray source (Table 6). TH®D method was thus abte correct x-radiographs of coral



438  samples, showing strong irradiation heterogeneities; independently of the sample orientation
439  along the anode-cathode axis and the distance from the x-ray source. Furthermore ythis stud
440 revealed that the coral intrinsic density variations (e.g., seasonal density variations or punctual

441  events) containeldy the x-radiograph are preserved during@iprocess (Fig. 3).

442  The mean relative error on density measurements of 14 coral cubes of Porites sp., using giant
443  clam Tridacna squamosa wedg@sslensity standard (equation 9), was 3.32%. Causes of such
444  an error maye relatedto the IP sensitiveness (i.e., sign@al noise ratio) ando the chemical

445  composition differences between giant clams shell and coral skeleton that could induce a bias
446  up to two percentin density measurements (Chalker et al., 1985). Carbonate structure
447  differences between coral slabs and shell wedges may also contwibhiteerror, potentially

448  generating diffusion and/or diffraction of the incident x-ray

449  Enhancing the number of density measurements from 1d Up35 measured points (439x7
450 trsvalues and 666xTr, values), the overall precision of the coral densitometry fiin
451  corrected x-radiographs reaches 6.8% (Table 5 and Fig.i8)importantto notice that this
452  value includes the error intrinsio-x-radiography device (noise of the recorded x-ray signal
453  and potential machine drift over time), the error reldtethe DD correction itself and the
454  error of the density calibration process. This vailseoteworthy comparetb the biasesn

455  density measurements, causgdincorrected irradiation heterogeneities that readio 6p%.

456  In addition, the overall error on density measuremeriielow the rangef the seasonal

457  density variations reported previously for massive coral skeleton.

458 The efficiency of ourDD method relies on the x-ray irradiation pattern recordgdhe
459  background.As a result,it is necessaryto optimize the background area all over the x-
460 radiograph: samples must be scattered all ovetRheith spacing of a few centimetens
461 between and from the plate edgeé&e recommendo space x-rayed objecky more than one

462  centimeter between each atadkeepa two centimeter margin from the edges. Consequently,



463 larger samples or numerous samptas be x-rayedat the samdime and compared on the

464  same imageas shown on x-radiograp@1 (Fig. 2). TheDD methodis straightforwardasit

465 does not rely on specific radiography device settings and does not need any prior assumpti
466  on the causes of x-ray beam heterogeneids.method saveime asit does not require

467  extra x-radiographs$o correct the irradiation heterogeneities. Our detrending method could
468  also be applied onto digitized conventional x-radiographs.Dihenethod appliedo such x-

469 radiographs would provide the opporturtidyperform qualitative density measurements on x-

470  radiographs from previous studies. Quantitative density measurements would be even possible

471 for x-radiographs acquired with a density scale.

472 The Digital Detrending methods a powerful tool for monitoring the impact of ocean
473  acidification and global warming on coral calcification rates. This cheap, inexpensive, quick
474  and straightforward methad appropriate for large scale studies. This method could also be

475  applied on paleo-environmental / climatic studies.

476

477  Acknowledgments

478

479  The authors thank the radiology staff of Jean Verdier hospital (Bondy, Seine Saint Denis,
480 France) for their professional help and patience with computerized x-radiograpl&Tand
481  scans.We thank ClaireE. Lazareth, Henning Kuhnert, Ruth Gingold, Marielle Dumestre,
482  Christine Omuombo, Mercedes Mendez-Millan and two anonymous reviewers for their

483  relevant corrections and comments.

484  Coral sample Rwas drilled with funds provideldy the Vice-rectoryof Investigation of the
485  University of Costa Rica (project 8083-602) duringaninternship (N.D.), facilitatedby the

486  exchange progranof the University ofLa Rochelle and the Universitgf Costa Rica a



487  program supportethy the “Bourse régionalele la découverté (région Poitou-Charentes).
488  Coral sample Rwas collected during a field trip dome the framework of the HOLBECO
489  project, supportedby the French INSU-EC2CO program (manadgeyl the IFREMER

490 Institute).

491
492 References

Bosscher, H., 1993. Computerized-Tomography and skeletal defsityal skeletons. Coral
Reefs 12, 97103.

Carricart-Ganivet, J.P., Barnes, D.J., 2007. Densitometry from digitized images of X-
radiographs: methodology for measurement of coral skeletal density. Journal of
Experimental Marine Biology and Ecology 34%-72.

Carricart-Ganivet, J.P., Beltran-Torres, A.U., Merino, M., Ruiz-Zarate, M.A., 2000. Skeletal
extension, density and calcification ratiethe reef building coral Montastraea
annularis (Ellis and Solanden) the Mexican Caribbean. Bulletin of Marine Science
66, 215-224.

Chalker, B.E., Barnes, D.J., Isdale, P., 1985. Calibration of X-ray densitometry for the
measurement of coral skeletal density. Coral Reefs-4,(08b

Chalker, B.E, Barnes, D.J., 1990. Gamma densitometry for the measurement of skeletal
density. Coral Reefs 91-23.

Cooper, T.F.De’Ath, G., Fabricius, K.E., Lough, J.M., 2008. Declining coral calcificaition
massive Poritem two nearshore regions of the northern Great Barrier Reef. Global
Change Biology 14, 52%38.

De’Ath, G., Lough, J.M., Fabricius, K.E., 2009. Declining coral calcification on the Great
Barrier Reef. Science 323, 116.

Dustan, P., 1975. Growth and formreef-building coral Montastrea annularis. Marine
Biology 33, 101107.

Guzman, H.M., Tudhope, A.W., 1998. Seasonal variatiakeletal extension rate and stable
isotopic (*C/*°C and"®0/*°0) compositionin responséo several environmental
variablesin the Caribbean reef coral Siderastrea siderea. Marine Ecology Progress
Series. 166, 10918.

Helmle, K.P., Kohler, K., Dodge, R.E., 2002. Relative optical densitometry and the Coral X-
radiograph Densitometry System: Coral XDS. International Society of Reef Studies
European Meeting, Cambridge, England.

Helmle, K.P., Dodge, R.E., Ketcham, R.A., 2000. Skeletal architecture and density banding
Diploria strigosaby X-ray computed tomography. Proceedings 9th International Coral
Reef Symposium, Bali, Indonesia 23-27 October 2000 1,36b

Hughes, T.P., 1987. Skeletal density and growth form of corals. Marine Ecology Progress
Series. 35, 25266.

IPCC, 2007, R.K., 2007. Climate Change 2007: Synthesis Report. Contribution of working
groupsl, Il andlll to the fourth assessment report of the Intergovernmental Panel on
Climate Change IPCC.

Kleypas, J.A., 1999. Geochemical consequent@sxcreased atmospheric carbon dioxide on
coral reefs. Science 284, H120.



Lophaven, S.N., Nielsen, H.B., Sgndergaard, J., 2002. A Matlab Kriging Toolbox.

Lough, J.M., Cooper, T.F., 2011. New insights from coral growth band sindiegraof
rapid environmental change. Earth Science Reviews

Meredith, W.H., Massey, J.B., 1971. Fundamental physics of radiology. John Wright Sons Ltd,
Bristol, 2" edn 661pp.

Pandolfi, J.M., Connolly, S.R., Marshall, D.J., Cohen, A.L., 2011. Projecting coral reef futures
under global warming and ocean acidification. Science 3334223

493

494

495  Figures

496 Fig. 1: Computed Radiography (CR)- Scheme of the settings usedhis study: the anode-
497  cathode axigs along the x axisSpis the x-ray sourcéo IP surface distancessis the x-ray

498 sourceto coral sample surface andisthe sample thickness — Theoretical irradiation

499 patterns that affect€R, the color scale shows the attenuation of the irradiation; blue: no
500 attenuation, red: high attenuation Photograplof the two giant clam wedgéd..m) used for

501 the density calibration, scakegivenby the one Euro money coin.

502 Fig. 2: X-radiographC1 left: original and Digitally Detrended imaga black and white
503 right: Optical Density (OD) variations on the whole image (false colors) and along the red

504 transect (graph)a — original image note the heterogeneities affecting the background,

505 resulting on both effects of inverse square law and heel dffeatriginal background area

506 saturated margin, sample objects or graphical information have been remeveddeled

507 backgroundl — Detrended image-.e., (b) minus (d).

508 Fig. 3: Densitymeasured along the reference transegt®) andtr, (b). Black curveis the

509 mean density calculated from the seven corrected images with one standard deviation interval
510 (dark blue). The red curvis the density measured on tBd scan (values are expressad

511 Hounsfield units). The light blue areas corresptmdétandard deviation of mean densities

512 calculated from the uncorrected imagés). Examples of density transects from uncorrected

513 images are shown (dotted line).
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Fig. 4: OD from detrended x-radiograp@i2 plotted versus wedge's equivalent thickness
(Twiog). Red dots: (OD, Jdi009 pooled dataset. Black line corresponits a quadratic

polynomial fitting. Dashed lines indicate 99% confidence interval.

Fig. 5: Plot of bulk densitiegdsuk) Of cubes filled with coral powder (squares, n=14) and

coral cubes (circles, n=13) versus densifikg.) calculated from digitally detrended C1.
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Tables

Table 1: Characteristics of the computed x-radiographs uséus study

Samples

Sp

reference

density

Group label orientation* (cm) samples** standard*** KV mAs date

Al perpendicular

A A2 parallel 130 Rs+ Ry delam 73 8.0 04-2012
A3 diagonal
Bl perpendicular

B B2 parallel 80 Rs+ Ry delam 70 6.4 04-2012
B3 diagonal
C1 perpendicular Rs Jpowder 73 8.0 07-2010

= . 100 Rp Goucer
C2 perpendicular + coral +pdclam 73 8.0 11-2010

cubes

*Along the anode-cathode axis

** R Siderastrea sidereR,: Porites sp.

***d gam: Tridacna squamosa two-sided wedggs.dd: plastic cubes filled with coral powder



Table 2: X-photon energy attenuation for 1 cm air layer and a 30-150 keV energy ragedr@m:
National Institute of Standards and Technologyyv.nist.goy).

x-photon energy (keV)  Energy attenuation for 1 cm air layer (%)

30 0.043
40 0.030
50 0.025
60 0.023
80 0.020
100 0.019
150 0.016

Table 3: Optical Density mean relative difference AOD (%) of the x-radiographs background area.

Groups compared AOD range (%)*
intra-group A 8-77
intra-group B 15-164
intra-group C 59 - 290

Avs. B 25 -147
Avs.C 41 - 223
Bvs.C 64 - 198

* Pairs of pixels compared: 9.2 219n <2.3.16


http://www.nist.gov/

Table 4: Correlation coefficient Rrange (p<0.001) for transedts andtr, made on the corrected x-
radiographs of groups, B andC.

Corrected x-radiographs trs trp
intra-group A 0.90<R?<0.98 0.99<R2<1.00
intra-group B 0.96<R2<0.98 0.95<R2<0.99

inter-groupgA andB) 0.90<R?%<0.99 0.97<R%<1.00
all x-radiographs 7 0.85<R2<O.997 0.95<R?%<1.00

Table 5: RSD measured along, &nd tp using the uncorrected and corrected x-radiographs.

RSD (%) RSD (%)
uncorrected DD corrected
intra-group A 10.1 4.8
intra-group B 13.1 4.3
inter-groupgA andB) 16.0 5.5
all x-radiographs 16.1 6.8

Table 6: Correlation coefficient Rof transectdrs made on the corrected x-radiographs versus the
measurements made on tB&scan.

Corrected x-radiographs R2 (p<0.001)
Al 0.93
A2 0.96
A3 0.95
Bl 0.93
B2 0.94
B3 0.96

C1 0.89
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