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Pre-treatment effects on coral skeletal delta13C and delta18O

Abstract
Pre-treatments are often used to remove organic “contaminant” material prior to isotopic analyses of coral
skeletal samples. Here we conducted three experiments to test the pre-treatment effect of water, 30%
hydrogen peroxide (H2O2), and household bleach [5.25% sodium hypochlorite (NaClO3) and 0.15%
sodium hydroxide (NaOH)], on the stable isotopic composition of coral skeletal samples. First, using a mass
balance approach we calculated the expected change in skeletal delta13C due to the removal of all organic
carbon. The model showed that (1) the removal of organic carbon (which has a low delta13C value relative to
skeletal delta13C) from the skeletal sample should theoretically result in a higher delta13C value of the
remaining organic-carbon-free carbonate, and that (2) only at the highest concentrations of skeletal organic
carbon within the tissue layer of corals is the contribution of the organic carbon to the overall delta13C
skeletal value potentially large enough to be detectable by mass spectrometry. We then conducted two sets of
experiments to test the model where we pre-treated a large number of skeletal samples from five species of
corals with water, H2O2, bleach, or no pre-treatment for 24 h. Skeletal delta13C generally decreased
significantly with water, bleach, and H2O2 pre-treatments which is contrary to the model-predicted increase
in delta13C following such pre-treatments. Thus, organic carbon within the skeleton is not a net source of
contamination to delta13C analyses. Skeletal delta18O decreased the most with water and bleach pre-
treatments. In addition, the effect of H2O2 or bleach pre-treatments on either delta13C or delta18O was not
consistent among species or locations. The direction of change in delta13C and delta18O with pre-treatments
was no different for skeletal samples taken within or below the tissue layer. Based on our results, we suggest
that pre-treatment is not necessary and recommend that pre-treatment not be performed on coral skeletal
samples prior to stable isotope analysis to avoid any pre-treatment-induced variability that could significantly
compromise inter-colony and inter-species comparisons.
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Pre-treatment effects on coral skeletal δ13C and δ18O 

Andrea G. Grottoli, Lisa J. Rodrigues, Kathryn A. Matthews, James E. Palardy and 
Olivia T. Gibb 

Department of Earth and Environmental Science, University of Pennsylvania, 240 South 
33rd Street, Philadelphia, PA 19104, United States 

Abstract

Pre-treatments are often used to remove organic “contaminant” material prior to isotopic 
analyses of coral skeletal samples. Here we conducted three experiments to test the pre-
treatment effect of water, 30% hydrogen peroxide (H2O2), and household bleach [5.25% 
sodium hypochlorite (NaClO3) and 0.15% sodium hydroxide (NaOH)], on the stable 
isotopic composition of coral skeletal samples. First, using a mass balance approach we 
calculated the expected change in skeletal δ13C due to the removal of all organic carbon. 
The model showed that (1) the removal of organic carbon (which has a low δ13C value 
relative to skeletal δ13C) from the skeletal sample should theoretically result in a higher 
δ13C value of the remaining organic-carbon-free carbonate, and that (2) only at the 
highest concentrations of skeletal organic carbon within the tissue layer of corals is the 
contribution of the organic carbon to the overall δ13C skeletal value potentially large 
enough to be detectable by mass spectrometry. We then conducted two sets of 
experiments to test the model where we pre-treated a large number of skeletal samples 
from five species of corals with water, H2O2, bleach, or no pre-treatment for 24 h. 
Skeletal δ13C generally decreased significantly with water, bleach, and H2O2 pre-
treatments which is contrary to the model- predicted increase in δ13C following such pre-
treatments. Thus, organic carbon within the skeleton is not a net source of contamination 
to δ13C analyses. Skeletal δ18O decreased the most with water and bleach pre-treatments. 
In addition, the effect of H2O2 or bleach pre-treatments on either δ13C or δ18O was not 
consistent among species or locations. The direction of change in δ13C and δ18O with pre-
treatments was no different for skeletal samples taken within or below the tissue layer. 
Based on our results, we suggest that pre-treatment is not necessary and recommend that 
pre-treatment not be performed on coral skeletal samples prior to stable isotope analysis 
to avoid any pre-treatment-induced variability that could significantly compromise inter-
colony and inter-species comparisons. 

1. Introduction

Mounding coral species used for paleoclimatic and paleoceanographic reconstruction 
deposit their aragonitic skeleton below the basal epidermis in discrete annual bands, can 
grow for several hundred years, and have high annual growth rates that allow for monthly 
or better sampling resolution. The stable carbon [δ13C = permil deviation of the ratio of 
13C / 12C relative to the Vienna Peedee Belemnite (V-PDB) Limestone standard] and 
oxygen [δ18O = permil deviation of the ratio of 18O / 16O relative to V-PDB] isotopic 
composition of coral skeletal records have been used over the past few decades for 



paleoclimatic/paleoceanographic studies and for coral physiological studies. Both 
isotopes can be very powerful tools provided that the methods of skeletal sample 
preparation are scientifically valid and consistent among publications. Several pre-
treatment methods have been applied to coral skeletal material prior to stable isotopic 
analyses over the past few decades (Table 1) with mixed results regarding the effects of 
the pre-treatment on the skeletal isotopic values. 

Table 1. Published papers using various coral skeletal pre-treatment methods 

Pre-treatment References
None reported 
and/or briefly 
washed or 
sonicated in water

Cardinal et al., 2001, Cobb et al., 2001, Cobb et al., 2003a, Cobb et al., 2003b, Cohen and Hart, 1997, 
Cole et al., 1993, Cole et al., 2000, Cole and Fairbanks, 1990, Emiliani et al., 1978, Fairbanks and 
Dodge, 1979, Felis et al., 1998, Felis et al., 2000, Felis et al., 2003, Gagan and Chivas, 1995, Gagan et 
al., 1994, Gagan et al., 1996, Grottoli, 1999, Grottoli, 2002, Grottoli and Wellington, 1999, 
Guilderson and Schrag, 1999, Guzman and Tudhope, 1998, Hemming et al., 1998, Hughen et al., 
1999, Kefu et al., 2002, Klein et al., 1992, Klein et al., 1993, Klein et al., 1997, Kuhnert et al., 1999, 
Kuhnert et al., 2002, Leder et al., 1991, Linsley et al., 1999, Linsley et al., 2000, Maier et al., 2003, 
McCulloch et al., 1994, Morimoto et al., 2002, Patzold, 1984, Patzold et al., 1991, Suzuki et al., 2000, 
Suzuki et al., 2003, Swart et al., 1996a, Swart et al., 1996b, Swart et al., 1996c, Swart et al., 1998, 
Swart et al., 1999, Watanabe et al., 2002, Watanabe et al., 2003, Wellington et al., 1996 and Winters 
et al., 1991

Bleach (NaOH or 
NaClO3) 5% for 
1–24 h

Allison et al., 1996, Carriquiry et al., 1988, Carriquiry et al., 1994, Guzman and Tudhope, 1998, Land 
et al., 1975, Land et al., 1977, Leder et al., 1996, Tudhope et al., 1995, Tudhope et al., 1996 and 
Tudhope et al., 1997

Hydrogen 
peroxide (H2O2) 
5–35% for 1–36 h

Allison et al., 1996, Bessat et al., 1997, Boiseau et al., 1998, Boiseau et al., 1999, Boiseau and Juillet-
Leclerc, 1997, Carriquiry, 1994, Heikoop et al., 2000, Heiss, 1996, Reynaud et al., 2002, Reynaud-
Vaganay et al., 1999, Reynaud-Vaganay et al., 2001 and Weil et al., 1981

Roasting at 200, 
375 or 475 °C for 
30–60 min or 
oxygen plasma 
roasting at 400 °C 
for 20 min.

Aharon, 1991, Chakraborty and Ramesh, 1993, Chakraborty and Ramesh, 1997, Chakraborty and 
Ramesh, 1998, Druffel, 1985, Druffel, 1997, Druffel and Griffin, 1993, Druffel and Griffin, 1995, 
Druffel and Griffin, 1999, Druffel et al., 2001, Dunbar et al., 1994, Epstein et al., 1953, Goreau, 1977, 
Linsley et al., 1994, Nozaki et al., 1978, Porter et al., 1989, Quinn et al., 1993, Quinn et al., 1996a, 
Quinn et al., 1996b, Quinn et al., 1998 and Wellington and Dunbar, 1995

Bleach and/or 
H2O2 and roasting

Dunbar and Wellington, 1981, Dunbar et al., 1990, McConnaughey, 1989, Weber et al., 1976 and 
Weber and Woodhead, 1972

Pre-treatments have been applied for the purpose of removing organic “contaminants” 
from the skeletal material prior to isotopic analysis. The most common pre-treatment 
techniques are vacuum roasting, bleaching with hydrogen peroxide (H2O2), and bleaching 
with sodium hypochlorite (NaClO) combined with sodium hydroxide (NaOH) (household 
bleach). Previous studies have shown that vacuum roasting results in an unpredictable 
and thus uncorrectable isotopic shift in coral skeletal δ18O (e.g.: Dunbar and Wellington, 
1981, Gaffey et al., 1991 and Land et al., 1975), with the conclusion that vacuum roasting 
pre-treatment should no longer be practiced. However, pre-treatment bleaching with 
H2O2 or household bleach continues to be practiced by some researchers (particularly for 
removing organic “contaminants” from the skeletal material within the tissue layer) while 
other researchers have opted not to pre-treat coral skeletal material at all (Table 1). 

The logic for not pre-treating skeletal samples is threefold. First, of the total carbon, the 
organic carbon content (by mass) of coral skeletal material ranges from 0.02% to 0.5% 
below the tissue layer and up to 0.7% within the tissue layer (Boiseau and Juillet-Leclerc, 



1997 and Ingalls et al., 2003). This is a very small fraction of the total skeletal carbon 
mass. Second, when the coral material is acidified for isotopic analysis only some of the 
organic material reacts with acid. Thus the total amount of organic carbon-derived CO2

produced from the reaction is small. Third, many researchers (but not all, see Boiseau and 
Juillet-Leclerc, 1997) have found that the variation in both δ18O and δ13C composition of 
pre-treated coral skeletal material was greater than in non-treated corals and that shifts in 
the skeletal isotopic composition after pre-treatment with either bleach or hydrogen 
peroxide were not always consistent (Cole and Fairbanks, 1990 and McConnaughey, 
1989; Mucciarone unpublished). 

A study by Boiseau and Juillet-Leclerc (1997) recommended that H2O2 be used to 
remove organic “contaminants” prior to coral δ18O skeletal isotopic analysis. They 
presented data from a single Porites lutea coral core showing that the H2O2 pre-treatment 
did not isotopically exchange with skeletal oxygen and that the overall mean and 
variation in δ18O of the H2O2 pre-treated skeletal samples was the same as for the non 
pre-treated samples. However, a closer examination of the data reveals that while the 
overall average is the same between the pre-treated and non pre-treated samples, the 
direction and magnitude of the shift in the skeletal isotopic composition after pre-
treatment was not always consistent: δ18O increased by an average of 0.11‰ ± 0.11 [1 
standard deviation (std)] in six of the 24 samples and decreased by 0.18‰ ± 0.14 (1 std) 
in the remaining 18 samples, while δ13C increased by 0.39‰ ± 0.20 (1 std) in eight of the 
24 samples and decreased by 0.25‰ ± 0.12 (1 std) in the remaining 16 samples. These 
changes in δ13C and δ18O are large and easily detectable by stable isotope ratio mass 
spectrometry. If a single coral core is analyzed at 1 mm resolution (as is typically done 
for coral-based paleoclimate reconstruction), pre-treatment could shift the δ13C and δ18O 
of any given sample significantly and in an unpredictable and non-correctable manner. A 
0.18‰ shift in δ18O can indicate as much as a 1 °C seawater temperature shift in some 
geographical regions. Another study by Watanabe et al. (2001) found no difference in the 
δ13C and δ18O values of a single Montastraea coral that was pre-treated for 15 min with 
either H2O2 + NaOH or with weak nitric acid. In both the Watanabe et al. (2001) and the 
Boiseau and Juillet-Leclerc (1997) papers, all of the analyses were performed on a single 
coral core. Thus the researchers were unable to evaluate if the skeletal material of all 
coral individuals and species have the same isotopic response to pre-treatments. 

Despite the amount of published literature on the topic, the question still remains: is the 
removal of organic “contaminants” from coral skeletal samples necessary or valid? If 
organic molecules do not readily break down when exposed to acids and are in very low 
concentrations in the skeleton (even in the tissue layer), can the small amount of added 
CO2 from the organic material in the skeleton truly contaminate the sample? In other 
words, is the volume of organically-derived CO2 large enough to cause a detectable shift 
in the isotopic value and therefore be of realistic concern? None of the previous studies 
contained a sufficient sample size or diversity of coral species to fully evaluate the effects 
of H2O2 or bleach pre-treatments on coral skeletal δ13C and δ18O values. Small sample 
size limits the statistical power in the data and thus the strength of the conclusions. Since 
coral skeletal structure varies between species, the surface contact area may differ 
between species resulting in variable or contradictory results. In addition, the previous 



studies often did not include adequate controls in their experiments thus complicating the 
interpretation of the results. 

Here, the effects of H2O2 and bleach pre-treatments on coral skeletal isotope values were 
assessed with a theoretical model and two analytical experiments. Relevant controls, 
multiple species, and replication were implemented in the design. The overarching goal 
was to determine if pre-treatments, as performed in the literature, are necessary prior to 
isotopic analysis of coral skeletal material. A simple mass balance equation to calculate 
the theoretically expected change in skeletal δ13C due to the removal of organics during 
pre-treatment was constructed. Based on this model, it was hypothesized that pre-
treatment of corals to remove organic “contaminants” would result in a detectable 
increase in the skeletal δ13C of samples within the tissue layer, but have no analytically 
detectable effect on the skeletal δ13C of samples below the tissue layer. This hypothesis 
was tested using two experiments. In the first experiment, the effect of pre-treatments on 
repeated analyses of five homogeneous samples extracted from below the tissue layer 
was assessed. This experiment evaluated if pre-treatment effects on δ13C and δ18O are 
reproducible, and therefore correctable, within a single homogenous sample. This 
experiment was repeated on five coral species. The second experiment was designed to 
determine two things: (1) if pre-treatment effects on δ13C and δ18O are reproducible, and 
therefore correctable, among coral fragments of the same species and among different 
species, and (2) if pre-treatment produced a larger shift in the δ13C and δ18O of skeletal 
material sampled both within and below the tissue layer and thus address whether 
organic-rich skeletal samples need to be pre-treated to remove organic “contaminants” 
prior to isotopic analysis. 

2. Methods

2.1. Mass balance model

A simple mass balance equation was solved to calculate the theoretical isotopic 
contribution of the organic carbon fraction to the overall skeletal δ13C value and the 
expected change in coral skeletal isotopic composition due to pre-treatments. Within the 
tissue layer, organic carbon accounts for 0.55–0.70% of the total skeletal carbon in 
Porites lutea coral from Tahiti (Boiseau and Juillet-Leclerc, 1997). Below the tissue layer, 
organic carbon accounts for 0.11–0.56%, 0.02–0.4%, and 0.04–0.11% of the total skeletal 
carbon in P. lutea from Tahiti (Boiseau and Juillet-Leclerc, 1997), in P. lutea from the 
Red Sea, and in Montastraea annularis from Florida, respectively (Ingalls et al., 2003). 
These published values represent a range of organic carbon content in corals and were 
used to set the maximum and minimum organic carbon content values in the model. 
Assuming that during acidification all of the organic carbon is oxidized to produce CO2, 
we calculated the expected change in skeletal δ13C due to the removal of all organic 
matter based on the mass balance equation:

δ13Cwus=δ13Corg (x)+δ13Ccarb (1−x) (1)



where δ13Cwus is the δ13C value of the whole untreated skeleton and is the sum of the δ13C 
of the organic tissue (δ13Corg) and carbonate skeletal components (δ13Ccarb). x is the 
proportion of organic carbon in the skeleton, and at most ranges from 0.0002 to 0.007 
(equivalent to 0.02–0.70%) (Boiseau and Juillet-Leclerc, 1997 and Ingalls et al., 2003). 
While organic carbon molecules do not readily react with acids, the model was 
constructed with the assumption that 100% of the organic material is acidified to yield the 
maximum theoretical contribution of organic carbon to the isotopic value of the coral 
skeleton. The δ13Ccarb was calculated for three species of corals for which both δ13Cwus

and δ13Corg values were available: Montipora verrucosa, Porites compressa, and 
Montastraea annularis (Table 2). Bulk coral tissue samples were removed from the tops 
of coral fragments with a water pik and acidified to remove any potential skeletal 
particles prior to isotopic analysis of the tissue fraction to yield δ13Corg values. Whole 
untreated skeletal samples were removed by gently shaving the top skeletal portion of the 
coral fragment with a diamond-tipped drill bit and the δ13C of the resulting skeletal 
powder was analyzed by mass spectrometry. Since none of these corals were pre-treated 
prior to analysis, the reported skeletal δ13C values are in fact δ13Cwus values. Additional 
details on the analytical methods for both the skeletal and tissue fractions are given 
elsewhere (Grottoli et al., 2004 and Muscatine et al., 1989). For each species, δ13Ccarb was 
solved for using the mass balance equation above for values of x ranging from 0.02% to 
0.70%. The difference between δ13Cwus and δ13Ccarb represents the maximum predicted 
contribution of the organic fraction to the δ13Cwus value. 

Table 2. Description of coral data used in the model shown in Fig. 1

Species Morphology Dept
h (m)

Locatio
n

Av
era
ge 
δ13

Cwu

s

Averag
e 
δ13Corg

Source

Montipora 
verrucosa

Branching/pl
ating

1.2 Hawaii − 2 − 14.5 Grottoli et al. (this study)

Porites 
compressa

Branching 1.2 Hawaii − 3 − 14 Grottoli et al. (this study)

Porites 
compressa

Branching 5 Hawaii − 4 − 15.5 Grottoli et al. (this study)

Porites 
compressa

Branching 8.3 Hawaii − 5 − 16 Grottoli et al. (this study)

Montastraea 
annularis

Mounding 10 Jamaica − 2.
2

− 13.6 Land et al. (1975), Muscatine et al. (1989), 
Fairbanks and Dodge (1979)

δ13Cwus = δ13C of whole untreated skeleton, δ13Corg = δ13C of organic tissue fraction.



2.2. Experiment #1

The effect of pre-treatments on repeated analyses of a homogeneous sample extracted 
from below the tissue layer was evaluated. This experiment was conducted on five coral 
species. This experiment evaluated if pre-treatment had an effect on the δ13C and δ18O 
values, if those effects were reproducible (and therefore correctable) within a single 
homogenous sample, and if those results were consistent among species. A bulk 160 mg 
sample of skeletal material from below the tissue layer of one coral fragment of each 
species was used. None of the samples had any visible evidence of secondary 
calcification, intrusion of boring organisms or other possible sources of exogenous 
carbonate or organic contamination. The bulk sample was cleaned with high pressure 
deionized water for one minute, dried at 60 °C for at least 3 days, ground to a fine powder, 
and divided into twenty 8-mg subsamples: five subsamples were independently not pre-
treated with anything, five were pre-treated with Milli-Q filtered water, five with H2O2, 
and five with bleach for 24 h. After pre-treatment, all subsamples were centrifuged at 
6000 rpm for 10 min and their respective pre-treatment liquids were aspirated. The 
samples were then rinsed ten times with deionized water by centrifugation and pipetting 
techniques and then dried overnight. An 80 µg aliquot of each sample was acidified with 
100% ortho-phosphoric acid in an automated Kiel carbonate device, and the δ13C and 
δ18O values of the resulting CO2 measured in a Finnigan MAT 252 triple collecting mass 
spectrometer. All isotope values were reported as the per mil deviation relative to V-PDB. 
Repeated analyses of an internal carbonate standard (n = 98) yields δ13C and δ18O values 
of 3.00 ± 0.03‰ (± 1 std) and − 1.66 ± 0.05‰ (± 1 std), respectively. At least 20% of all 
measurements were made in duplicate. This was repeated for five species of coral 
(collection site and date given in brackets): Porites compressa (Hawaii, 12 September 
2003), Porites lobata (Hawaii, 12 September 2003), Pavona clavus (Panamá, 11 July 
2003), Pavona gigantea (Panamá, 11 July 2003), and Montipora verrucosa (Hawaii, 12 
September 2003). By homogenizing each bulk sample prior to experimental manipulation, 
grain size and the exposed surface area per volume was relatively consistent among 
species with otherwise very different skeletal structure and surface to volume ratios. 

A two-way fully factorial Model I ANOVA was performed on the δ13C and δ18O data 
where treatment and species were fixed effects. A posteriori Tukey tests were used to 
determine which treatments and species significantly differed from each other. Statistical 
computations were done using JMP 5.1 General Linear Model (GLM) programs (SAS 
Institute Inc., Cary, NC). Null hypotheses were rejected when the probability level was 
≤ 0.05. In addition, the change in δ13C and δ18O (∆δ13C and ∆δ18O, respectively) was 
computed as the difference between the mean of the non pre-treated and the mean of each 
pre-treated samples for each species. The isotopic values of all five subsamples for each 
pre-treatment and species were used to calculate the means and standard deviation of the 
means shown in Fig. 2. 

2.3. Experiment #2

The second experiment evaluated if pre-treatment had an effect on the skeletal δ13C and 
δ18O among genotypically different fragments of the same species, among species, and 



among geographic locations. This experiment was also designed to assess if the higher 
organic content of the skeleton within the tissue layer produced a larger shift in the 
skeletal δ13C and δ18O after pre-treatment. Based on the model above, it was 
hypothesized that the pre-treatment of corals to remove organic “contaminants” would 
result in a detectable increase in the skeletal δ13C of samples within the tissue layer 
(WTL), but have no analytically detectable effect on the skeletal δ13C of samples below 
the tissue layer (BTL). The hypothesis was tested on corals from Hawaii (H) and Panamá 
(P) collected at 2 and 5 m depths. In total there were eight coral data sets: M. verrucosa
(H-BTL-2 m), P. compressa (H-BTL-2 m), P. compressa (H-WTL-2 m), P. lobata (H-
WTL-2 m), P. lobata (P-WTL-2 m), P. clavus (P-BTL-2 m), P. clavus (P-BTL-5 m), P. 
clavus (P-WTL-5 m). The term “coral data sets” refers to these eight groups throughout 
the remainder of the text unless otherwise stated. In all cases, between 7 and 10 
genetically distinct coral fragments (genotypes) within each coral data set were grown in 
situ for several months, stained with Alizarin Red at two time intervals to establish 
specific reference dates within the growing skeleton, and allowed to grow out for at least 
3 months beyond the last stain line prior to collection. Once collected, the corals were 
brought to the University of Pennsylvania, cut along their major axis of growth to reveal 
the stain lines, cleaned with high pressure deionized water, and dried at 60 °C for at least 
3 days. Only samples that were free of any visible evidence of secondary calcification, 
intrusion of boring organisms or other possible sources of exogenous carbonate or 
organic contamination were used in the experiment. 

For P. compressa, P. lobata, and M. verrucosa from Hawaii, skeletal material was 
removed between the two stain lines below the tissue layer (3 October 2002 to 12 January 
2003) with a Dremmel tool fitted with a diamond-tipped dental bit. For P. compressa, 
skeletal samples were also extracted within the tissue layer between the last stain line and 
the growing edge of the coral (12 January 2003 to 12 September 2003). This represents 9 
months of growth and an average of approximately 1.3 cm of linear growth. Since the 
tissue penetrates the skeleton for approximately the top 1 cm of the skeleton, the sampled 
section was 77% within the tissue layer. For P. clavus from Panamá at both depths, 
skeletal samples below the tissue layer were extracted between the two stain lines set on 
6 February and 15 April, 2003. Skeletal samples within the tissue layer were extracted 
from both P. lobata and P. clavus between the last stain line and the growing edge of 
each coral fragment (15 April to 11 July 2003) representing 3 months of growth all 
within the tissue layer. In all cases, at least 32 mg of material was extracted for each 
sample, ground to a fine powder, and divided into four 8-mg subsamples: one subsample 
was not pre-treated with anything, one was pre-treated with water, one with H2O2, and 
one with bleach for 24 h according to the methods outlined in Experiment #1. δ13C and 
δ18O analyses of each sample were also conducted according to methods already 
described above. Sampling between known time frames established by the stain lines and 
between a stain line and the growing edge of the coral fragment ensured that the same 
time interval was sampled within each coral data set and that seasonal changes in δ13C 
and δ18O over time did not interfere with the interpretation of the treatment effects within 
each coral data set. In addition, by homogenizing each 32 mg sample prior to 
experimental manipulation, grain size and the exposed surface area were relatively 



consistent among genotypes within a species and among species with otherwise very 
different skeletal structure and surface to volume ratios. 

A partially nested ANOVA was performed on the δ13C and δ18O data where coral data set 
and treatment were fixed effects and genotype was a random effect. Data set and 
treatment were fully crossed and tested over the genotype nested within the coral data set 
random effect. A posteriori Tukey tests were used to determine which treatments and 
coral data sets significantly differed from each other. A partially nested ANOVA was 
also performed on the δ13C and δ18O data where section (within the tissue layer or below 
the tissue layer) and treatment were fixed effects and genotype was a random effect. 
Section and treatment were fully crossed and tested over the genotype that was nested 
within the section random effect. A posteriori Tukey tests were used to determine which 
treatments and sections differed from each other. Statistical computations were done 
using JMP 5.1 GLM programs. Null hypotheses were rejected when the probability level 
was ≤ 0.05. In addition, the change in δ13C and δ18O (∆δ13C and ∆δ18O, respectively) was 
computed as the difference between the non pre-treated and each pre-treated subsample 
for each fragment. Within each data set, the isotopic value of each fragment within each 
pre-treatment was used to calculate the mean and standard deviation of the mean shown 
in Fig. 3 and Fig. 4. 

3. Results

3.1. Model

The model revealed three findings. First, since δ13Corg is isotopically very depleted 
relative to the skeleton (Table 2), removal of organic “contaminant” from a skeletal 
sample by any pre-treatment method should result in a heavier coral δ13Ccarb value 
compared to the original untreated δ13Cwus (Fig. 1). Second, as the proportion of organic 
carbon in the skeleton increases, the δ13Ccarb value increases. However, it is only at the 
highest concentrations of organic material in the skeleton, such as is found within the 
tissue layer of corals, and assuming that all of the organic material is 100% acidified, that 
the predicted change in skeletal δ13C is analytically detectable. At best, mass 
spectrometers have analytical errors of ± 0.03‰ for δ13C. Thus, δ13C values that differ by 
less than 0.03‰ are within error of each other and are not analytically distinguishable 
from each other. Third, there are no analytically detectable differences among all three 
species, or across depth for P. compressa. 



Fig. 1. Model of the predicted change in skeletal δ13C after the removal of all organic matter 
“contaminants” for a range of organic content (x in Eq. (1)) ranging from 0.0002 to 0.007 (equivalent 0.02–
0.7%) of the total carbon and assuming that all of the organic carbon in the skeleton completely acidifies 
and converts to CO2. Regression is significant (Predicted change in δ13C = 11.55 (x) + 0.00005, p < 0.001, 
r2 = 0.99). Porites compressa at 1.5 and 8 m overlap in all cases, ● = Montipora verrucosa, 

= Montastraea annularis, = Porites compressa 1.5 m depth, = Porites compressa 5 m depth, 
♦ = Porites compressa 8.3 m depth. 

Based on the model, it is hypothesized that pre-treatment of corals to remove isotopically 
depleted organic “contaminants” will result in an analytically detectable increase in the 
skeletal δ13Ccarb of samples within the tissue layer, but have no detectable effect on the 
skeletal δ13Ccarb of samples below the tissue layer. The model does not set forth any 
explicit hypotheses for skeletal δ18O and it is not the goal of this paper to explore such a 
model at this time. 

3.2. Experiment #1

One hundred samples were analyzed for δ13C and δ18O. One δ13C value was lost during 
analysis. The plot of the residual versus the predicted δ13C and δ18O values indicated that 
both data sets were normally distributed. 

δ13C showed significant pre-treatment, species, and interaction effects (Table 3) (Fig. 2a, 
b, c, respectively). An a posteriori Tukey test showed that δ13C did not significantly differ 
between non pre-treated and water pre-treated corals, but was significantly lower in H2O2

and bleach pre-treated samples compared to non pre-treated samples by an average of 
0.05‰ and 0.2‰, respectively (Fig. 2a). This is opposite of what was expected based on 
the model. Additional a posteriori Tukey tests showed that all species significantly 
differed from each other (Fig. 2b). The very small error bars about each δ13C average in 
Fig. 2b show that the change in δ13C due to pre-treatment are very reproducible. The pre-
treatment by species interaction was also significant, indicating that the magnitude and 
direction of change in δ13C due to pre-treatments were not the same for all species. This 
effect is best illustrated by examining the changes in δ13C relative to non pre-treated 
samples (∆δ13C) in Fig. 2c. 



Table 3. Two-way fully factorial Model I ANOVA of δ13C (n = 99) and δ18O (n = 100) bulk skeletal 
samples from Experiment #1 

Model df F p-value Model r2

δ13C 19 1359.01 < 0.0001 0.99

Treatment 3 46.05 < 0.0001

Species 4 6403 < 0.0001

Treatment * species 12 5.62 < 0.0001

δ18O 19 241.74 < 0.0001 0.98

Treatment 3 6.84 0.0004

Species 4 1138.53 < 0.0001

Treatment * species 12 1.536 0.1286

df = degrees of freedom, p-values ≤ 0.05 are significant.

Fig. 2. Experiment #1, Pre-treatment of bulk skeletal samples below the tissue layer from five species of 
coral: Pavona clavus (♦), Porites lobata (●), Montipora verrucosa ( ), Pavona gigantea ( ), and Porites 
compressa (▪). Pre-treatments were: N = no pre-treatment, W = water pre-treatment, H = H2O2 pre-
treatment, B = bleach pre-treatment. (A) and (D) Overall mean δ13C and δ18O for all species, respectively. 



Within each panel, treatment labels along the x-axis that share a line indicate that the means do not 
significantly different from each other. (B) and (E) Mean δ13C and δ18O for each treatment within each 
species, respectively. In (B), error bars are always smaller than the symbols. (C) and (F) Mean change in 
δ13C (∆δ13C) and in δ18O (∆δ18O) from no pre-treatment for each species, respectively. SE = standard error 
of the mean, the sample size of each mean is 5 except where indicated. Statistics given in Table 3. 

δ18O showed significant pre-treatment and species effects, and no significant interaction 
effects (Table 3) (Fig. 2d, e, and f, respectively). A posteriori Tukey tests showed that 
δ18O did not significantly differ between non pre-treated and H2O2 pre-treated samples 
but was significantly lower in the water and bleach pre-treatments samples by an average 
of 0.06‰ and 0.09‰ compared to the non pre-treated samples, respectively (Fig. 2d). 
Additional a posteriori Tukey tests showed that all species significantly differed from 
each other (Fig. 2e). The very small error bars about each mean δ18O in Fig. 2e show that 
the changes in δ18O due to pre-treatments were very reproducible. The absence of a 
significant pre-treatment by species interaction indicates that the magnitude and direction 
of change in δ18O due to pre-treatments were statistically the same for all species. 
However, some interesting patterns were observed in Fig. 2f and will be addressed in the 
Discussion section. 

3.3. Experiment #2

Between 7 and 10 individual corals from the following eight sets of corals were used in 
this experiment: M. verrucosa (H-BTL-2 m), P. compressa (H-BTL-2 m), P. compressa
(H-WTL-2 m), P. lobata (H-WTL-2 m), P. lobata (P-WTL-2 m), P. clavus (P-BTL-2 m), 
P. clavus (P-BTL-5 m), P. clavus (P-WTL-5 m). In total, two hundred and ninety-five 
samples were analyzed for δ13C and δ18O. The plot of the residual versus the predicted 
δ13C and δ18O values indicated that both δ13C and δ18O data were normally distributed. 

δ13C significantly differed among treatments and coral data sets (Table 4). A posteriori 
Tukey tests showed that δ13C significantly differed among all treatments where no 
treatment > water > H2O2 > bleach (Fig. 3a). This pattern was observed in all species 
except one, Montipora verrucosa (Fig. 3b, c). On average, δ13C values of water, H2O2, 
and bleach pre-treatment samples were 0.06‰, 0.08‰, and 0.12‰ lower than the non 
pre-treated coral samples, respectively (Fig. 3a). These results are opposite of what was 
expected based on the model. Additional Tukey tests showed that all coral data sets 
significantly differed from each other (Fig. 3b). Although the absolute δ13C values are 
offset among coral data sets, changes in δ13C due to pre-treatments are statistically 
comparable among coral data sets with the methods used here. The significant pre-
treatment by coral data set interaction effect indicates that not all coral data sets 
responded to all pre-treatments in the same way (Table 4). This is best visualized by 
examining the intersecting lines in the change in δ13C (∆δ13C) shown in Fig. 3c. Finally, 
the significant nested genotype effect indicates that δ13C values significantly differed 
among individual coral fragments (genotypes) within coral data sets (Table 4). 



Table 4. Partially nested ANOVA of δ13C (n = 295) and δ18O (n = 295) from Experiment #2 

Model df F p-value Model r2

δ13C 97 1394.5 < 0.0001 0.99

Set 7 23.34 < 0.0001

Treat 3 115.46 < 0.0001

Set * treat 21 5.07 < 0.0001

Geno (set) 66 510.79 < 0.0001

δ18O 97 422.11 < 0.0001 0.99

Set 7 133.2 < 0.0001

Treat 3 44.09 < 0.0001

Set * treat 21 1.62 0.048

Geno (set) 66 40.88 < 0.0001

Coral data sets are as listed in the methods section. Fixed effects tests are over the genotype nested within 
coral data sets [geno(set)] random effect. df = degrees of freedom, p-values ≤ 0.05 are significant.

The δ18O also significantly differed among treatments and coral data sets (Table 4). A 
posteriori Tukey tests showed that no treatment > H2O2 > water = bleach (Fig. 3d). On 
average, H2O2, water, and bleach pre-treated samples were lower than non-pretreated 
samples by an average of 0.04, 0.06, and 0.09‰, respectively. However within each data 
set, the effect of pre-treatment on δ18O varied significantly. The significant pre-treatment 
by coral data set interaction effect indicates that not all coral data sets responded to all 
pre-treatments in the same way (Table 4). This is best visualized by examining the 
intersecting lines in the change in δ18O (∆δ18O) shown in Fig. 3f. Additional Tukey tests 
showed that all coral data sets significantly differed from each other (Fig. 3e). Finally, the 
significant nested genotype effect indicates that δ18O values significantly differed among 
individual coral fragments (genotypes) within coral data sets (Table 4). 



Fig. 3. Experiment #2, Pre-treatment of skeletal samples below the tissue layer (BTL, black symbols) and 
within the tissue layer (WTL, white symbols) for four species of corals from Hawaii (H) and Panama (P) 
collected at 2 or 5 m depth for a total of eight data sets: M. verrucosa (■) (H-BTL-2 m), P. compressa (▼) 
(H-BTL-2 m), P. compressa ( ) (H-WTL-2 m), P. lobata (♦) (H-BTL-2 m), P. lobata ( ) (P-WTL-2 m), 
P. clavus ( ) (P-BTL-2 m), P. clavus (●) (P-BTL-5 m), P. clavus (○) (P-WTL-5 m). (A) and (D) Overall 
mean δ13C and δ18O for all data sets, respectively. Within each panel, treatment labels on the x-axis that 
share a line indicate that the means do not significantly different from each other. (B) and (E) Mean δ13C 
and δ18O for each treatment within each coral data set, respectively. and often overlap in (B) such that 

is not always visible. (C) and (F) Mean change in δ13C (∆δ13C) and in δ18O (∆δ18O) from no pre-
treatment within each coral data set, respectively. SE = standard error of each mean, sample size of each 
mean ranges from 6 to 10 except where indicated in brackets. Pre-treatments as defined in Fig. 2. Statistics 
given in Table 4. 

Closer examination of the effect of treatments on different sections of the coral skeleton 
(within the tissue layer versus below the tissue layer) revealed that the shape of the 
response curves appears similar for both δ13C and δ18O (Fig. 4a versus b, and c versus d). 
Statistical tests showed significant treatment and section effects for both δ13C and δ18O 
(Table 5). More importantly, the section by treatment interaction effect was significant 
for δ13C and was not significant for δ18O. This means that the magnitude and/or direction 
of the change in δ13C due to pre-treatments statistically differed for skeleton within the 
tissue layer compared to skeleton below the tissue layer. δ18O responded to pre-
treatments in the same way within and below the tissue layer. 



Fig. 4. Experiment #2, Effect of pre-treatments on skeletal δ13C and δ18O plotted on the same relative scale 
for: (A) and (C) coral data sets within the tissue layer [open symbols, sample size of each mean is 48 except 
for the bleach pre-treatment where the sample size is 47], and (B) and (D) data sets below the tissue layer 
[black symbols, sample size of each mean is 26]. Within each panel, treatment labels on the x-axis that 
share a line indicate that the means do not significantly differ from each other according to a posteriori 
Tukey tests. SE = standard error of the mean, pre-treatments as defined in Fig. 2. Statistics given in Table 5. 

Table 5. Partially nested ANOVA of δ13C (n = 295) and δ18O (n = 295) from Experiment #2 

Model df F p-value Model r2

δ13C 79 1321.17 < 0.0001 0.99

Section 1 10.25 0.002

Treat 3 84.36 < 0.0001

Section * treat 3 6.42 0.0004

Geno (section) 72 1263.21 < 0.0001

δ18O 79 492.43 < 0.0001 0.99

Section 1 50.20 < 0.0001

Treat 3 36.49 < 0.0001

Section * treat 3 1.53 0.208

Geno (section) 72 316.78 < 0.0001



Fixed effects tests are over the genotype nested within sections [geno(section)] random effect. Sections are 
either within the tissue layer or below the tissue layer. df = degrees of freedom, p-values ≤ 0.05 are 
significant.

4. Discussion

4.1. Effects of pre-treatments on coral skeletal δ13C

The model predicts that pre-treatment of corals to remove organic “contaminants” will 
result in an increase in skeletal δ13C, but that such increases will only be analytically 
detectable (e.g. > 0.03‰) in samples within the tissue layer where the organic 
concentration is highest, and only if 100% of the organic carbon molecules fully acidify 
to CO2. Except for the water pre-treated Montipora verrucosa from Experiment #1 and 
the H2O2 pre-treated M. verrucosa from Experiment #2, the average change in δ13C due 
to all pre-treatments was always greater than the analytically detectable limit of 0.03‰ 
(Fig. 2 and Fig. 3). For both experiments, skeletal δ13C decreased when samples were 
pre-treated with water, H2O2, or bleach. These decreases were statistically significant for 
H2O2 and bleach pre-treated corals. This is opposite of what was expected based on the 
model and suggests that either part of the skeleton is being oxidized during the pre-
treatment stage (as suggested by Boiseau and Juillet-Leclerc, 1997 with H2O2), that these 
pre-treatments directly alter the δ13C composition of the skeleton, or some combination of 
both. These results also indicate that organic material, which is isotopically light, is not 
contaminating skeletal isotopic samples with organically derived CO2. 

Decreases in skeletal δ13C after pre-treatment with bleach reported here are consistent 
with Land et al. (1975) who found that the δ13C value of two coral samples decreased 
after pre-treatment with bleach, and with Allison et al. (1996) who found similar results 
with Porites lutea coral samples. However, pre-treatment with H2O2 has been shown to 
result in either a decrease (Boiseau and Juillet-Leclerc, 1997) or no change (Allison et al., 
1996, McConnaughey, 1989 and Watanabe et al., 2001) in skeletal δ13C. Differences in 
the effect of H2O2 pre-treatment on coral δ13C in the literature are most likely due to 
species-specific differences and/or small sample sizes. Our data show that different 
species of corals differ in the magnitude and direction of change in δ13C in response to 
pre-treatments and could explain the inconsistencies in H2O2 pre-treatment effects on 
coral δ13C reported in the literature. This is illustrated by the significant interaction 
effects in both experiments. For example, in Experiment #1 Pavona gigantea δ13C 
increased when pre-treated with H2O2 but decreased with the same pre-treatment for all 
other species (Fig. 2b, c). In Experiment #2, pre-treatment with H2O2 did not cause any 
change in δ13C for M verrucosa but resulted in a large decrease in δ13C for P. clavus (Fig. 
3b, c). Overall these results indicate that within a species from a single location (within a 
coral data set), δ13C values of skeletal samples from different pre-treatments are not
comparable. Comparisons of coral δ13C values from a single species and location (within 
a data set) with the same pre-treatment are comparable because the variation in δ13C 
values about a single mean are small. However, comparisons of δ13C values among 



species and locations (among coral data sets) that have all been pre-treated the same way 
are not comparable because the direction and magnitude of change in δ13C due to pre-
treatments is highly variable among species and locations (Fig. 3c). And of course, 
comparisons of δ13C values among species and locations (among coral data sets) with a 
combination of pre-treatments are not comparable because the direction and magnitude of 
change in the δ13C values is highly variable among species, locations, and pre-treatments 
(Fig. 3c). In other words, δ13C values from the published literature are only comparable if 
all coral samples in question were not pre-treated at all, or if all of the coral samples in 
question were from the same species and location and were pre-treated in exactly the 
same way. 

Visual inspection of Fig. 4 reveals that pre-treatment effects on δ13C values appear to be 
consistent for skeletal samples within and below the tissue layer. In other words, the 
overall shape of the curves in Fig. 4a and b appear to be similar. However, statistically 
their shapes are not the same as indicated by the significant interaction term (Table 5). 
This is most likely because the decrease in δ13C in H2O2 pre-treated samples is greater 
within the tissue layer than below it by 0.02‰. Though statistically significant, the 
general shapes of the curves are similar and the differences between the curves are not 
analytically relevant. Therefore, we feel that the pre-treatment effects in skeletal samples 
from within and below the tissue layer are, for all practical purposes, the same. 
Irrespective, pre-treatment did not cause an increase in coral skeletal δ13C even at the 
highest concentration of organic carbon within the skeleton. Therefore, the hypothesis is 
rejected and organic carbon within the skeleton is not a source of δ13C “contamination”. 

4.2. Effects of pre-treatments on coral skeletal δ18O

Pre-treatment of coral skeletal samples with water, H2O2, and bleach resulted in decreases 
in the δ18O values in both experiments. These decreases in δ18O values may be due to 
partial dissolution of the skeleton, exposing isotopically lighter carbonate, isotopic 
exchange between these solutions and the skeleton, and/or replacement of CaCO3 with 
isotopically lighter Ca(OH)2. Evidence from scanning electron micrographs shows that 
72 h of exposure to H2O2 can cause significant skeletal dissolution in the calcareous algae 
Halimeda while bleach exposure for the same time period does not (Gaffey and 
Bronnimann, 1993). By exposing coral samples to 16O-enriched H2O2, Boiseau and 
Juillet-Leclerc (1997) determined that there is no oxygen isotopic exchange between 
H2O2 and coral aragonite. Therefore, dissolution of skeletal material is the most likely 
cause for the decrease in coral δ18O pre-treated with H2O2. However, it is possible that 
isotope exchange between water and coral aragonite could alter the coral skeletal isotopic 
composition. Clearly, extensive soaking of coral samples in water can significantly alter 
δ18O values and should be avoided. Exposure of carbonate to sodium hydroxide (a 
component of bleach) has been observed to cause extensive replacement of CaCO3 by 
Ca(OH)2 (Pingitore et al., 1993) and may account for the lower δ18O values in the bleach 
pre-treated samples. 

The overall decrease in skeletal δ18O when pre-treated with bleach or H2O2 is consistent 
with Land et al. (1975) who reported a decrease in δ18O of two coral samples that were 



pre-treated with bleach, and with Boiseau and Juillet-Leclerc (1997) who reported a non-
significant decrease in δ18O in H2O2 for a single pre-treated Porites lutea coral head. 
However, others have found that bleach resulted in no change in skeletal δ18O values in 
Porites (Allison et al., 1996) and no change in a single Montastraea coral (Watanabe et 
al., 2001). Pre-treatment of three coral samples with H2O2 resulted in an increase in δ18O 
values (McConnaughey, 1989). Differences in the effect of bleach and H2O2 on coral 
δ18O in the literature are most likely due to species-specific differences as illustrated by 
the significant interaction effects in Experiment #2 (Fig. 3f). In other words, the 
magnitude and direction of change in δ18O due to pre-treatments are not the same for all 
species. For example, in both experiments Montipora verrucosa skeletal δ18O values 
either increased or did not change when pre-treated with H2O2, but for all other species 
δ18O decreased due to the same pre-treatment. Though not statistically significant, Porites 
lobata skeletal δ18O values changed more due to all pre-treatments than did any of the 
other species in Experiment #1. Our study also shows that the magnitude and direction of 
change in δ18O due to bleach pre-treatment are highly variable among species and coral 
data sets. Of particular concern is the average 0.12‰ and 0.13‰ decrease in δ18O for 
bleach pre-treated P. lobata and Pavona clavus because it is equivalent to a > 0.5 °C 
difference in the interpretation of the δ18O value in proxy records (Fig. 3f). Overall, the 
implications of these results for comparing δ18O values within and among coral species, 
locations, and pre-treatments is the same as for δ13C (see above). δ18O values from the 
published literature are only comparable if all coral samples in question were not pre-
treated at all, or if all of the coral samples in question were from the same species and 
location and were pre-treated in the exact same way. 

Visual inspection and statistical analysis of Fig. 4 reveals that the pre-treatment effects 
are consistent for skeletal samples within and below the tissue layer. In other words, the 
pre-treatment effect for skeletal material within and below the tissue layer is the same, 
and organic material in the skeleton is not a source of “contamination” to the δ18O value. 

4.3. Genotype effect

Unlike previous studies (Cole and Fairbanks, 1990 and McConnaughey, 1989), the 
variations in the mean δ13C and δ18O of pre-treated corals in this study were no different 
than for non pre-treated corals. This is most likely because in our study the variability due 
to temporal variation in the skeletal sample was eliminated by constraining samples 
between known time intervals established by Alizarin Red stain lines within a data set, 
and only the variation due to pre-treatment was expressed. However, the direction and 
magnitude of change in δ13C and δ18O due to pre-treatments varied significantly among 
species and pre-treatments—an observation that was not possible in previous studies 
because very small sample sizes (n = 1–3) and examination of only one species made it 
difficult to tease apart pre-treatment effects from the natural variability in δ13C and δ18O 
among coral individuals and species (Allison et al., 1996, Boiseau and Juillet-Leclerc, 
1997, Land et al., 1975, McConnaughey, 1989 and Watanabe et al., 2001). By comparing 
the standard error of the means in Experiments #1 and #2, it can be concluded that the 
variability among coral individuals within a data set (Experiment #2) is higher than the 
variability due to the pre-treatments themselves (Experiment #1). 



The significant genotype effect (nested within data sets) showed that both δ13C and δ18O 
varied significantly among individual coral fragments (genotypes) within data sets. In 
fact, variability among genotypes in the random effect accounts for over 90% of the 
variation in both experiments. This means that the δ13C and δ18O values of a single coral 
colony can, by their nature, be dramatically different from the δ13C and δ18O of another 
genotypically different colony collected at the exact same location and sampled during 
the exact same time interval. Thus to get a reliable coral δ13C or δ18O value for 
paleoclimate or experimental purposes, the mean δ13C and δ18O values of multiple coral 
colonies needs to be calculated in order to increase the signal-to-noise ratio. 

4.4. Summary

There are several main findings in this study: (1) The model predicts that skeletal δ13C 
should increase after pre-treatment to remove organic “contaminants” but that such 
increases will only be analytically detectable (e.g. > 0.05‰ conservatively) in samples 
within the tissue layer where the organic concentration is highest. However, the 
experiments show that pre-treatment with water, H2O2, and bleach cause statistically and 
analytically significant decreases in δ13C of similar magnitude in skeletal samples with 
both high and low organic concentrations. Thus, organic carbon in the coral skeleton, 
even within the tissue layer, is not a net source of contamination of the skeletal δ13C 
value. The hypothesis is rejected and pre-treatment is not necessary to remove organic 
“contaminants” prior to stable isotope analysis. (2) Within a species, only δ13C and δ18O 
values from corals of similar pre-treatment are directly comparable. (3) Comparison of 
skeletal δ13C and δ18O values among species can most reliably be done when all δ13C and 
δ18O values are derived from non pre-treated skeletal samples. (4) Bleach causes the most 
significant and most variable change in coral δ13C and δ18O values and should be avoided. 
(5) There is no single correction factor that can be applied to H2O2 or bleach pre-treated 
coral δ13C or δ18O values to remove the pre-treatment effect. (6) For any coral isotopic 
study (experimental or proxy record), multiple coral individuals of each species must be 
analyzed so that the signal-to-noise ratio is reduced and true effects (e.g., experimental 
treatment or climate signal) are detectable above the natural variation that exists between 
individual corals and between species. Overall, the results indicated that for δ13C or δ18O 
of coral skeletons, pre-treatment is at best not necessary, and at worst can cause 
uncorrectable variability in the data and should be avoided. 
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