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Abstract Bamboo corals represent an emerging paleoclimate archive with the potential to record variability
at intermediate depths throughout much of the global ocean. Realizing this potential has been complicated by
biologically mediated vital effects, which are evident in linear correlations of skeletal carbon (5'>C) and oxygen
(6'20) isotope composition. Previous efforts to develop a bamboo coral §'80 paleothermometer by accounting
for such vital effects have not been completely successful as they still rely on empirical calibrations that are offset
from the temperature dependence of abiogenic experiments. Here we describe an approach that better corrects
for bamboo coral vital effects and allows paleotemperatures to be calculated directly from the abiogenic
temperature dependence. The success of the method lies in calculating apparent equilibrium carbon and oxygen
isotope fractionation at the temperature, pH, and growth rate of each coral, as well as in the use of model I
regressions. Rigorous propagation of uncertainty suggests typical errors of +2-3°C, butin select cases errors as low
as £0.65°C can be achieved for densely sampled and strongly correlated data sets. This lower limit approaches the
value attributed to uncertainty in pH and growth rate estimates alone, as predicted by a series of pseudoproxy
experiments. The incorporation of isotopically light metabolic CO, appears to be negligible in most Pacific corals,
but may be significant in Atlantic specimens, potentially requiring an additional correction. The success of the
method therefore hinges on how well complex environmental systems and biomineralization strategies are
constrained, with the most reliable temperatures occurring when calcifying fluid pH, growth rate, and
incorporation of metabolic carbon into skeletal calcite are constrained using multiple geochemical proxies.

1. Introduction

The intermediate ocean is an important heat sink that accounts for approximately a third of Earth’s warming
since the middle twentieth century [Levitus et al., 2012]. Variations in the amount of heat sequestered in the
intermediate ocean can have widespread climatic impacts, and have been implicated in the controversial
recent slowdown of global warming [Chen and Tung, 2014]. Whether these trends are anomalous in the
context of long-term natural variability is difficult to determine from the brief observational record alone,
making intermediate ocean paleotemperature reconstructions particularly valuable.

Deep sea corals represent promising archives of past subsurface temperature variability due to their global distri-
bution, longevity, and ability to be dated with radiometric techniques [Robinson et al, 2014]. Bamboo corals
(Keratoisis and Isidella sp.) are common at depths of ~100-3500 m [Etnoyer and Morgan, 2005; Farmer et al.,
2015a; Hill et al., 2011; Kimball et al., 2014] where they precipitate skeletons of calcite internodes and organic nodes
throughout multidecadal to century-long lifespans [Andrews et al, 2009; Farmer et al, 2015b; Sherwood and
Edinger, 2009]. Bamboo coral calcification appears to occur at near ambient pH with little biologically mediated
up regulation [Farmer et al, 2015a] (Figure 1), leading to modest linear extension rates of ~12-160 um/yr
[Andrews et al.,, 2009; Farmer et al., 2015b; Thresher et al,, 2009]. Expressed as calcification rates (R), this is equivalent
to log R~ —7.3 mol/m?/s assuming a calcite density of 2.71 g/cm® [DeFoe and Compton, 1925] (Figure 1), and is
sufficiently fast to potentially yield annual- to decadal-scale paleoenvironmental reconstructions that reach into
the preindustrial era. Geochemical variations in bamboo corals have been explored as proxies for marine nutrients
[LaVigne et al,, 2011], pH [Farmer et al,, 2015a], seawater trace metal concentration [Hill et al.,, 2012], carbon export
[Hill et al., 2014], and especially temperature [Hill et al,, 2011; Kimball et al,, 2014; Thresher et al.,, 2004, 2010].

The reconstruction of temperature from bamboo corals has been complicated by the impact of variables
other than temperature on traditional paleothermometers. Although the magnesium to calcium ratio
(Mg/Ca) of bamboo coral calcite internodes is relatively reproducible [Sinclair et al., 2011] and shows a
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weak positive correlation with tem-
perature [Thresher et al., 2010], this
relationship differs from that of
abiogenic precipitation experiments
[Mucci, 1987; Oomori et al., 1987] and
comparable coral genera [Bond et al,
2005; Sherwood et al., 2005; Weinbauer
et al., 2000]. Similarly, the oxygen iso-
tope composition (6'0) of bamboo
] corals exhibits large intercoral and
0-— 0-— intracoral variations that cannot be
-80 -75 -7.0 78 79 80 81 82 explained by temperature and are bet-
log R (mol/m?/s) pH ter explained by biologically mediated

and/or kinetic effects [Hill et al., 2011;
Figure 1. Histogram of literature values for bamboo coral (a) growth rate and Kimball et al,, 2014].
(b) pH. Growth rates are based on radiocarbon and 210py, dating [Andrews '
et al., 2009; Farmer et al., 2015b; Hill et al., 2011; Roark et al., 2005; Sherwood ~ Nonequilibrium 5'80 values in corals
and Edinger, 2009]. The pH values are based on s''B [Farmer et al., 2015al. are often accompanied by propor-
Vertical dashed lines mark median values.

Frequency
N
|

tional deviations in their carbon iso-
tope composition (§'3C) that produce
strong linear correlations between the two variables that may be explained by a common mechanism [e.g.,
Adkins et al,, 2003; Emiliani et al., 1978; McConnaughey, 1989]. Smith et al. [2000] demonstrated that 6'20-6'3C
trends in aragonitic azooxanthellate corals often had similar slopes but exhibited systematically offset inter-
cepts that were correlated with temperature. Using this observation, they suggested that by extrapolating
trends to the point where coral ¢'3C equaled that of the surrounding dissolved inorganic carbon (DIC)
(i.e., 6"3Ceorai-6">Cpic = 0%o), one could calculate the 680 qra1-0' EOwater at apparent equilibrium [Grossman and
Ku, 1986], which could in turn be used to calculate the mean growth temperature over a coral’s lifespan.

Recent work has applied this empirical “lines method” to calcitic bamboo corals in the Family Isididae, which
also exhibit strong linear trends in 6'80-0">C [Hill et al.,, 2011; Kimball et al., 2014]. Extrapolating a model | regres-
sion t0 0" Ceoraid'>Cpic = 0%o, yielded 5"80coral-0 EOater With a temperature sensitivity similar to the abio-
genic calcite relationship of Kim and O'Neil [1997], but with a systematically offset intercept [Kimball et al.,
2014]. It was suggested that coral growth temperature could be calculated from this empirical relationship,
but this approach was partially circular given that the coral for which temperature was being calculated was
not independent of the paleotemperature calibration. Furthermore, it was proposed that the 95% confidence
intervals of this empirical relationship could be used to calculate the uncertainties in coral-based temperatures
of +0.7°C for corals growing close to 2°C and +1.4°C for those growing near 11°C [Kimball et al., 2014].

Despite making progress toward circumventing vital effects, previous methods for doing so can be refined.
First, a method that successfully accounts for vital effects should not rely solely on an empirical calibration but
rather should use independent abiogenic calcite experiments as a reference frame. Second, both 6'20 and
8'3C possess analytical errors that are not accounted for in the model | regressions typically used to establish
5'80-6"3C trends (Figure 2a), making model Il regression techniques preferable. Although, Hill et al. [2011]
correctly pointed out that the difference between model | and Il regressions are negligible for strong correla-
tions, model | techniques produce an erroneously shallow slope for weaker correlations that can lead to sig-
nificant differences in the 680 a1~ Owater predicted at 5"3Ceorard Corc intercept (Figure 2a). Third, there is
no a priori reason why 6"3Ceorard'>Coic = 0%o should be used as the point of reference for interpreting oxy-
gen isotope fractionation as apparent equilibrium. Indeed, the carbon isotope fractionation between carbo-
nate mineral and bicarbonate has been suggested to be 1.0 £ 0.2%o0 [Romanek et al., 1992], while a recently
developed ion-by-ion model of calcite-water carbon isotope fractionation suggests that the 5"3Ceorar
5"3Cpic of abiogenic experiments will vary as a function of temperature, pH, and growth rate [Watkins and
Hunt, 2015]. Finally, estimates of the errors in reconstructed temperature should consider analytical errors
and the uncertainties in the regression slope and intercept, which will increase with extrapolation (Figure 2).

This study attempts to build upon previous work by incorporating the concepts above, with the goal of estab-
lishing a set of best practices that account for vital effects on bamboo coral §'80 and 6'3C. It reanalyzes
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Figure 2. Schematic illustration of Smith et al’s [2000] method applied to hypothetical data that include the modifications
proposed in this study (a) Model Il linear regressions are extrapolated to the appropriate apparent equilibrium carbon iso-
tope fractlonatlon @’ Caeq) Oxygen isotope fractionation at this point is assumed to be apparent equilibrium oxygen isotope
fractionation (A" anq, orange star). Uncertainty in this value is esnmated from the 95% confidence interval of the regression.
Using model | regressions (grey dotted line) would underestimate Al anq (b) If vital effects have been accounted for, coral-
based A anq should overlap with that of abiogenic experiments, allowing temperature to be estimated from the abiogenic
temperature dependence predicted by Watkins and Hunt [2015] at the coral’s growth rate and pH (Figure 1).

published data, using model Il regressions and the most appropriate abiogenic analogs, to evaluate the
degree to which the method of Smith et al. [2000] can correct for bamboo coral vital effects. Included in this
reevaluation is a more thorough assessment of uncertainty, the error on reconstructed temperature if
5"80yater is assumed constant, and what measures might reduce that error.

2. Materials and Methods

2.1. Data Sources

This study leverages previously published 6'80 and 6'3C data from Isididae corals. Data comes from two studies
explicitly designed to apply the method of Smith et al. [2000] [Hill et al,, 2011; Kimball et al., 2014], and one that
focuses on pH-dependent boron isotope fractionation but includes sufficient 6'20 and ¢'C analyses [Farmer
et al, 2015a]. These specimens include Atlantic and Pacific corals from depths of 300 to 2136 m that grew at tem-
peratures of 2.0° to 13.2°C. In most cases, corals were recently collected live, but this is not certain for select
dredge specimens. The majority of 6'0 and §'>C data were collected along radially milled transects from the
coral rim to its center, although in some cases paired data derive from a coral branch or a nonbasal internode.

2.2. Notation, Regression and Comparison With Abiogenic Experiments

In this study we express carbon isotope fractionation relative to DIC using A'3C as shorthand for 1000Ina.Ceyicite.
oic and A0 as shorthand for 1000InaO¢aicite-water- This approach is similar to, but formally more appropriate
than, values of 0'®0coraid'EOwater aNd 0" >Ceorarrd >Coic Used previously [e.g., Hill et al., 2011; Kimball et al.,
2014] and avoids their mixing of PDB and SMOW scales. Trends were extrapolated using standard major axis
model Il regression, which differs slightly from the model | regressions used previously [e.g., Hill et al., 2011;
Kimball et al., 2014] but is technically more appropriate given that both A'*Cand A'80 are dependent variables.
A significant advantage of model |l regression in this context is that a single slope describes the A'*Cand A'80
relationship regardless of the axis on which each is plotted [Smith, 2009]. Only data sets with at least five data
points and a significant, positive model Il trend (i.e., r > 0; p < 0.05) were considered.

Evaluating A'®0 at a given A"3C is intended to correct for biologically mediated vital effects and yield a A'80
value equivalent to that of abiogenic experiments precipitated under the same conditions. In other words, to
make bamboo corals “look” like laboratory precipitation experiments that are unaffected by biological pro-
cesses. True equilibrium oxygen isotope fractionation [e.g., Coplen, 2007] cannot be achieved at the growth
rates of either laboratory experiments or biogenic carbonates (log R~ —8.0 to —5.0 mol/m?/s) [Watkins et al.,
2013, 2014], making abiogenic experiments precipitated at the same temperature, precipitation rate, and pH
[Dietzel et al., 2009; Gabitov et al., 2012; Kim and O'Neil, 1997; Watkins et al., 2014] as bamboo corals the best
analogs for the fractionation expected in the absence of biological effects. The phrase apparent equilibrium is
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used to describe this condition and is notated as A13Caeq and Amanq. Because no existing experiment
perfectly captures bamboo coral calcification conditions, trends were extrapolated to the ABCaeq value pre-
dicted by the ion-by-ion model of calcite growth developed by Watkins and Hunt [2015] for a specimen’s
modern growth temperature, pH, and growth rate (Figure 1).

Briefly, this model represents calcite growth or dissolution in terms of the attachment and detachment of ions
(e.g, Ca®*, HCO;™, and CO5%7) to the mineral surface, with growth occurring when ion attachment exceeds
detachment [DePaolo, 2011]. Constrained by data from abiogenic precipitation experiments, the fractionation
of carbon and oxygen isotopes is modeled in terms of the proportions of HCO;™ and €057, their isotopic com-
positions and the magnitude of fractionations associated with ion transport onto or away from the mineral sur-
face [Watkins et al, 2013, 2014; Watkins and Hunt, 2015]. Consistent with theory, the model imposes a single
equilibrium A'C and A'®0 value for a given temperature, which occurs when the rate of ion attachment
approaches the rate of detachment. At faster growth rates (expressed as log R), where attachment exceeds
detachment, kinetic effects lead to smaller fractionations of carbon and oxygen isotopes, but the degree to which
fractionation decreases varies with the pH-dependent distribution of HCO;~ and CO3>~. The model successfully
explains nontemperature-dependent discrepancies among natural and laboratory calcites [e.g., Coplen, 2007;
Dietzel et al.,, 2009; Kim and O'Neil, 1997; Spero et al,, 1997] in terms of precipitation rate and pH, suggesting it
is well suited to estimating bamboo coral ABCaeq and Awanq provided these variables can be constrained.

Such bamboo coral growth rate and pH estimates exist via radiocarbon and 2'°Pb data [Andrews et al., 2009;
Farmer et al., 2015b; Hill et al., 2011; Roark et al., 2005; Sherwood and Edinger, 2009], and 5"'B [Farmer et al.,
2015a], respectively. Although these growth and pH estimates come with uncertainties that will propagate
to bamboo coral-based paleoclimate reconstructions, the influence of these uncertainties can be quantified.
This is a distinct advantage over the common approach of ignoring nontemperature effects when comparing
biogenic data to abiogenic experiments, which likely yields large but unquantifiable errors.

Because much of the 680 and 6'3C data used in this study are not accompanied by the requisite pH and growth
rate data, the median growth rate (logR=—7.3 mol/m?/s) and pH (8.0) of bamboo corals in the literature (Figure 1)
were used. The ABCaeq temperature dependence predicted by the ion-by-ion model for these values is

A"Caeq = 1.68 x 1000/T (°K)* -4.05 x 1000/T (°K) -4.97 M

At the median growth rate and pH of bamboo corals the complementary apparent equilibrium oxygen isotope
fractionation (A1Sanq) predicted by the ion-by-ion model is

A"0,eq = 17.86 x 1000/T (°K)-30.98 @)
We note that the temperature sensitivity of equation (2) is very similar to that of abiogenic experiments
[Kim and O'Neil, 1997; Watkins et al., 2013, 2014], but with a more positive intercept that trends toward
the value expected in very slowly growing calcite crystals (<0.02 nm/s) [Gabitov et al., 2012]. It should also
be noted that equations (1) and (2) are constructed entirely from fits to abiogenic laboratory calcite data
precipitated under known conditions and are independent of bamboo coral A'3C and A'®0.

Coral-based temperatures were calculated by first extrapolating linear A'3C-A80 trends to ABCaeq, calcu-
lated from equation (1) using observed modern temperatures. The complementary A'80 at that point is then
interpreted as A’Sanq and can be used to solve equation (2) for temperature. Although there is an inherent
circularity to this approach due to the mutual temperature dependence of equations (1) and (2), the fact that
the temperature sensitivity of A'®0,eq approaches 3 times that of A'>Ceq Suggests that it may be reasonable
to assume a constant ABCaeq, calculated from modern temperatures, when interpreting oxygen isotope
variability in paleooceanaographic context. A key advantage to this approach is that it estimates temperature
from a completely independent abiogenic relationship without relying on empirical calibrations. As such, it is
assumed that biological vital effects have been accounted for when this method yields coral-based tempera-
ture estimates that are within error of observed growth temperatures.

2.3. Uncertainty Estimates

The skill with which the method described above captures observed temperatures depends, in part, on the
uncertainty of A180aeq at ABCaeq, which can be estimated from the 95% confidence intervals of each coral’s
model Il regression slope and intercept. In general, uncertainty in A”‘oaeq will decrease with stronger linear
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trends and more positive A'3C values that require less extrapolation to reach ABCaeq. Weaker trends that
must be extrapolated over a wider range result in larger errors in Amoaeq. To evaluate how uncertainty in
A’Sanq affects reconstructed temperatures, we used a Monte Carlo approach to sample the 95% confidence
interval of each coral’s A‘Soaeq 10,000 times, assuming a normal distribution, to generate 10,000 coral-based
temperatures. The same approach was used to sample the uncertainty of reported growth temperatures, from
which the root-mean-square error (RMSE) of predicted versus observed temperature was calculated.

The assumption that each coral’s calcite skeleton was precipitated at pH=8.0 and logR = —7.3 mol/m?/s also
introduces uncertainty. Quantifying this effect using existing studies is difficult due to the general absence of
comprehensive pH, growth rate, §'3C, and 6'80 data sets, but it can be explored with pseudocoral experiments.
We performed a series of experiments in which an idealized A'3C versus A'®0 linear trend was first generated
using ion-by-ion model values for two hypothetical corals grown at pH = 8.0, log R = —7.3 mol/m?/s, and a tem-
perature of either 4°C or 12°C. Because the magnitude of A1Sanq uncertainty introduced by a given error in
A">Caeq depends on the steepness of the A'>C-A'®0 trend, we considered slopes of 0.25, 0.40, and 0.80%o/%o.
Furthermore, pseudocoral data sets of 10, 40, and 80 samples were considered. These ranges in slope value
and sample number both generally span those of actual coral data (Table S1 in the supporting information).

Realistic noise was introduced by adding a random value to A'®0 that was drawn from a normal distribution
with a mean of zero and a standard deviation of either 0.0, 0.2, or 0.5%o. The latter two values approximate
the observed range in A0 regression residuals, while the obviously unrealistic zero value allows pH and log
R uncertainty to be explored in the absence of regression errors. In each case, the influence of pH and log R
were evaluated by randomly selecting values of +0.2 unit (i.e., 7.8 t0 8.2) and +0.3 mol/m?/s (i.e., —7.0 to —7.6).
The pH range is realistic, given suggestions that 3' 'B may resolve anomalies as small as 0.1 unit [Farmer et al.,
2015al. The log R range is approximately equivalent to a precision of £30 um/yr, which is typical of recent
bamboo coral growth rate estimates [e.g., Farmer et al., 2015b]. It should be noted that in both cases the range
of values tested, which reflect how well pH or growth rate may be estimated in a single coral, are distinct from
the distributions in Figure 1, which indicate the variability among many corals.

For each set of randomly selected values, the A'>C-A'80 trend was extrapolated to the appropriate ABCaeq,
and a complementary Amanq value was drawn from a normal distribution defined by the 95% confidence
intervals of the regression, as described above. Temperature was then calculated from the appropriate
A’Sanq—temperature relationship at the selected pH and log R. Finally, the pseudocoral-based temperature
was compared with the “observed” temperature, which was randomly drawn from a normal distribution with
a mean of either 4°C or 12°C and a standard deviation of 0.2°C typical of observational error. This exercise was
repeated 10,000 times from which the RMSE was calculated in the same way as the actual coral data.

3. Results

From an initial compilation of 61 records, 32 were retained that had five or more data points and a significant
positive trend (i.e., r > 0; p < 0.05; Table S1 in the supporting information). Most (93%) of the rejected data
sets consisted of seven or fewer data points, but records from specimens PV 694-13 [Kimball et al., 2014]
and T668-A13 [Farmer et al, 2015a] were excluded despite 29 and 21 data points, respectively. Kimball
et al. [2014] noted the absence of a significant relationship in PV 694-13 but did not discuss its cause.
Although sample T668-A13 is nearly significant (p=0.051), the absence of a stronger regression may be
associated with sampling transects collected with both a rotary drill and micromill.

Retained records of 5 to 73 data points exhibited correlation coefficients of 0.32 to 0.98 and p values of 0.046
to 1073° (Table S1 in the supporting information). The slopes of model Il regressions varied from 0.23 to
1.38%0/%o0 and showed no obvious relationship with growth temperature. Slopes were steeper than origin-
ally published model | slopes, which produced more positive intercepts that ranged from 30.98 to 33.41%o.
The 95% confidence intervals of slopes and intercepts varied from minima of 0.06%0/%o0 and 0.09%o for
robust regressions to 1.67%o/%o and 2.8%o for weaker relationships.

Values of ABCaeq varied with coral growth temperature (equation (1)) from a maximum of 2.50%o at the coldest
sites (2°C) to a minimum of 1.37%o at the warmest (13.2°C). Extrapolating linear trends to these ABCaeq values
yielded A’Sanq estimates ranging from 31.37 £ 0.27%o to 3541+ 2.63%o. When plotted against each coral’s
known growth temperature, most Pacific coral Amanq values were within error of the temperature
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Figure 3. The temperature dependence of Pacific (black circle), recent
Atlantic (light blue square), and preindustrial Atlantic (dark blue triangle)
bamboo coral A' anq compared with the abiogenic trend at pH=8.0 and
logR=-7.3 mol/m?/s (black Ilne) [Watkins and Hunt, 2015]. Symbol size is
scaled to regression p value. A' anq error bars reflect the 95% confidence
interval of linear regressions extrapolated to A Caeq Temperature error bars
are the originally reported uncertainty in observed temperature.

dependence of abiogenic oxygen
isotope fractionation (equation (2);
Figure 3). Corals that deviated most
severely from equation (2) typically
underestimated temperature. This
was true for all three Atlantic
specimens, which underestimated
observed temperature by 4 to 9°C.

Uncertainty in coral-based tempera-
tures was proportional to the signifi-
cance of regressions such that lower
p values corresponded to smaller
errors (Figure 4). Twenty-two percent
of records had a RMSE of 2°C or less,
while 47% had a value below 3°C.
Temperature reconstructed from
specimen BB [Hill et al., 20111, which
had the lowest p value (7.3x 1039
in this study, was found to have a
RMSE of only 0.65°C.

Uncertainty estimates from pseudo-

coral experiments show a similar relationship between p values and RMSE (Figure 5). All else being equal,
RMSE decreased with a greater number of samples and a steeper A'*C-A"80 slope, and only a subtle differ-
ence between temperatures was observed (Table S2 in the supporting information). For instances of perfect
A'3C-A"80 regressions, RMSE for a 4°C growth temperature varied from 0.24 to 0.42°C depending on the
trend slope, with a similar range of 0.25 to 0.64°C for a 12°C growth temperature. This suggests that uncer-
tainties in pH and growth rate introduce errors of about 0.5°C. Robust linear relationships approach this value,
while weaker trends produce appreciably larger RMSEs due to larger 95% confidence intervals on A1Sanq
when they are extrapolated to ABCaeq. The RMSEs of pseudocoral experiments generally bound those of
actual coral data (Figure 4), and it is noteworthy that the robust relationship in specimen BB produces a

15

] RMSE (°C) = 10.504*-log(p)®*"
11® r=0.73

-log p

Figure 4. Monte Carlo-based RMSE of coral-based reconstructed temperature
(black circle) plotted against the negative log of regression p value. Equivalent
results for pseudocoral experiments at 4°C (dashed line) and 12°C (solid line)
are shown for cases where the standard deviation of A'0 regression residuals
was 0.2%o (red) or 0.5%o (blue).

RMSE that approaches the ~0.5°C
value predicted for pH and growth
rate uncertainty alone.

4. Discussion

4.1. Choosing Appropriate
Apparent Equilibrium Values

The success with which the Smith et al.
[2000] method corrects for vital effects
relies on extrapolating A'>C-A'®0
trends to the appropriate ABCaeq
value and comparing the A'80 at that
value to the appropriate relationship
for the temperature dependence of
oxygen isotope fractionation at appar-
ent equilibrium. Smith et al. [2000]
used a ABCaeq of 0%o for aragonitic
deep sea corals that were ~2.7%o0 more
negative than the value suggested by
Romanek et al. [1992] largely because
it resulted in good agreement
between their predicted Amanq and
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the temperature-dependent oxygen
isotope fractionation observed in ara-
gonitic foraminifera and mollusks
[Grossman and Ku, 1986).

This choice was rationalized by sug-
gesting that it reflected a small incor-
poration of '3C depleted carbon from
respired CO,, but the recent work of
Watkins and Hunt [2015] suggests
that it could also partially reflect the
correction  factor necessary to
account for different calcifying pH
values and growth rates between
0 10 20 30 40 50 60 these organisms.

-log p

Hill et al. [2011] and Kimball et al.
Figure 5. As in Figure 4 for pseudocoral experiments in which the standard  [2014] adopted the same ABCaeq of
deviation of A'80 regression residuals was 0.2%o (red) or 0.5%o (blue). 0%
Experiments considered synthetic data sets of 10 (circles), 40 (diamonds), or
80 (triangles) samples, with A3c-a'®o slopes of 0.25 (light color), 0.40
(medium color), or 0.80 (dark color) %o0/%o and growth temperatures of 4 ence in apparent equilibrium carbon
(open) and 12°C (closed). The horizontal black line marks the ~0.5°C limit set ~ isotope fractionation between calcite
by uncertainty in pH and growth rate estimates for experiments with perfect  gnd aragonite [Romanek et al., 1992].
linear trends. See Table S2 in the supporting information.

RMSE (°C)

g

for calcitic bamboo corals
despite evidence for a ~1.7%o differ-

Equation (1) suggests that a A13Caeq
of 0%o underestimates the true value
for typical bamboo coral growth conditions by up to 2.5%o, thereby underestimating A‘Soaeq and contribut-
ing to the offset between the empirical coral-based A'®0-temperature relationship and that of Kim and
O'Neil's [1997] abiogenic experiments. This problem would have been exacerbated by the shallower slopes
of the model | regressions employed by Hill et al. [2011] and Kimball et al.[2014]. However, it should be noted
that equation (2) also predicts A‘Soaeq values that are higher than those of Kim and O'Neil [1997] at a given
temperature, likely because typical bamboo coral growth rates are slower than the precipitation rate of Kim
and O'Neil’s experimental calcites. Thus, the previously reported offset between coral-based and abiogenic
A180-temperature relationships was likely caused by selecting both ABCaeq and A’Sanq values that did
not reflect the fractionations expected at the temperature, pH, and growth rate of bamboo coral calcification,
and further complicated by the use of model | regressions.

This study’s use of ABCaeq and Amoaeq values that are appropriate abiogenic analogs for bamboo coral cal-
cification conditions (equations (1) and (2)) alleviates the disagreement between coral-based and abiogenic
A'®0-temperature relationships for most specimens, particularly those in the Pacific. This suggests that the
biological processes responsible for large carbon and oxygen isotope disequilibria in bamboo corals have
been accounted for and that coral-based fractionation factors have been made equivalent to abiogenic
experiments precipitated at the same temperature, pH, and growth rate. As such it is appropriate to estimate
coral growth temperature from the completely independent abiogenic relationship (equation (2)) in Pacific
specimens, eliminating the use of an empirical calibration. Our pseudocoral experiments suggest that errors
in growth rate and pH estimates contribute uncertainty of about +£0.5°C to coral-based temperatures but that
the strength of A">Coeq-A'%0,eq regressions is often the major determining factor in the method’s skill.
Atlantic corals typically exhibit higher than expected Awoaeq estimates that are difficult to explain in terms
of pH or growth rate, and possible explanations for this are discussed below.

4.2. Respired CO,

Although the A"Coeq and A'®0,eq values predicted by the model of Watkins and Hunt [2015] appear to
describe most bamboo corals relatively well, they would not account for '3C depleted carbon from respired
CO, if it were incorporated into their skeletons as suggested by Smith et al. [2000]. The incorporation of
respired CO, would decrease A'>C values, and because the A13Caeq predicted by equation (1) would be
the same, would result in a higher A”‘oaeq. This is consistent with the higher A”‘oaeq of Atlantic specimens.
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However, the radiocarbon content of
150 bamboo coral skeletons indicates
that calcite carbon derives almost
exclusively from ambient DIC
50 [Farmer et al., 2015b; Hill et al., 2011;
Roark et al., 2005], which is inconsis-
tent with an appreciable contribution
50 from respired CO,. Thus, to evaluate
if respired CO, could contribute to

100

A"C,; (%o)
o

-100 the higher than predicted A1Sanq

150 in Atlantic corals, it is first necessary

to demonstrate that respired CO,

'2000 T T T 0 15 20 25 could be incorporated into any bam-
fraction respired carbon (%) boo coral skeleton.

To this end, a mass balance
Figure 6. Evaluation of the fraction of skeletal carbon that could derive from !

metabolic CO5, (f) for a Gulf of Alaska bamboo coral [Roark et al., 2005] approach [Adkins et al., 2003] was
compared with reasonable estimates of the A'*C of its food source. Using employed using data from a
equation (4) (black line) and assuming A14Cfood values between surface DIC ~ Warwick Seamount site with a
and POC suggests an f of 3—5%. relatively complete data set. This

approach estimates the maximum
contribution of respired CO, to coral skeleton based on the radiocarbon content of skeleton, food source,
and ambient DIC:

A" Cooral = F X A Crooq + (1 — F) x AMCpc 3)
where f s the fraction of respired carbon. Equation (3) can be rearranged to solve for A'*Cqyoq:
A"Crood = (A"*Ceoral — A" Corc) /f + AMCoic @)

Roark et al. [2005] report a A"*Ceoral Of —162%o0 for bamboo coral ALV 3808-3 and a A'*Cpc of —170%o,
suggesting a maximum A'*Ccora-A’*Cpic of ~8%e. If the radiocarbon content of food is estimated to fall
between that of surface A”CD,C (18%o) [Roark et al.,, 2005] and surface particulate organic carbon (POC),
which has a A'C 70%o higher than surface A'*Cp,c (i.e., 88%o) [Druffel et al., 1986], solving equation (4) for
f suggests that at most 3-5% of skeletal carbon derives from respired CO, at this site (Figure 6).

A similar mass balance for §'3C can then be written:
513Ccoral = f><513Cc-res + (1 - f) ><a‘13(:c-DIC (5)

where 6"3C s is the isotopic composition of skeletal calcite derived from respired CO, and 5"3Copic is the
equivalent value for calcite derived from ambient DIC. A 8"3Cpic of —0.71%eo [Guilderson et al., 2006], and
the A">C,eq of 2.32%o0 (equation (1)), calculate 6">Cc.pic to be 1.61%o. If the §'C of respired CO, is assumed
to equal the POC value of —25%o [Druffel et al., 1986], the temperature-dependent calcite-CO, carbon isotope
fractionation factor of Romanek et al. [1992] predicts 5"3C.es 10 be —13.75%o at the 3.7°C growth tempera-
ture of ALV 3803-3. Solving equation (5) with an f of 4% then predicts 5"3Ceoral to be 1.00%o, which can be
used to calculate A'3C.y,o to be 1.70%o. Extrapolating ALV 3808-3 A3C-A80 trends to this value yields a
A180aeq of 33.72 £0.71%o, from which equation (2) predicts a temperature of 2.9 +3.0°C that compares well
with the observed value of 3.7°C. In contrast, the assumption that f= 0%, predicts a A”*oaeq of 33.93 £ 0.81%o0
and a temperature of 2.0 + 3.4°C. Although temperature uncertainties make any conclusion equivocal, the
calculations above do suggest that a small incorporation of carbon from respired CO, is plausible for bamboo
corals and could help explain Atlantic data as well as some of the scatter of coral-based Amoaeq about the
abiogenic trend in other specimens (Figure 3). Unfortunately, the A'*C data necessary to constrain f using
equation (4) are not available at most sites, including those in the Atlantic.

In spite of the absence of A'*C data, the potential role of respired CO, can be explored using equation (5)
across a reasonably wide range of f values from 0 to 15%. This was done for all 32 coral records, and
Amoaeq calculated at each f value was compared to the abiogenic relationship. The f for which agreement
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was best was then recorded. The best
agreement occurred at f=0% for the
p.i. Atlantic majority of Pacific samples (Figure 7),
supporting previous evidence that
most bamboo corals precipitate their
skeleton nearly exclusively from
ambient DIC [e.g., Roark et al., 2005].
Samples for which higher f values
produce better agreement with
observations do not show a consis-
tent relationship with temperature,
depth, or the strength of linear trends,
but hypothetically may be explained

Pacific

frequency
>

a

0.00 0.05 0.10 0.15
fraction respired carbon

Figure 7. Histogram of the f value that produces the best agreement ) e . .
between each coral-based Amoaeq and the abiogenic value at each coral's ~ PY species-specificincreases in respired
growth temperature for Pacific (black), recent Atlantic (light blue), and pre- carbon incorporation or 513Cﬂes that

industrial Atlantic (dark blue) specimens. are not captured by relatively uncertain

bamboo coral classification [Watling
et al, 2011]. In particular, Atlantic specimens suggest especially high f values (9—15%) that could reflect regional,
species-specific behavior. However, at least one of these specimens (BE1) [Hill et al.,, 2011] was not collected alive
and may also be affected by diagenesis. A radiocarbon data set equivalent to that of ALV 3808-3 from Atlantic sites
and rigorous diagenetic screening would be necessary to distinguish between these possibilities. Although
respired CO, remains a viable mechanism to explain the offset in Atlantic coral and abiogenic Awoaeq, it should
be noted that in most cases it is reasonable to assume no respired carbon is incorporated into Pacific coral skeletons
when f cannot be calculated independently.

4.3. The Skill of Temperature Reconstructions

Even when appropriate A">Coeq and A'®0,q values and model Il regressions are used, the method of Smith
et al. [2000] will include errors from estimating pH and growth rate, extrapolating trends, and from uncertain-
ties in observed temperature that will reduce the skill of paleotemperature reconstructions. When these
effects are considered, the uncertainty in coral-based temperature is usually higher than those based only
on the regression error of empirical calibrations [Hill et al., 2011; Kimball et al., 2014]. However, we believe
our method yields more honest uncertainty estimates that acknowledge that the isotopic signatures of bam-
boo corals are controlled by multiple variables and attempts to quantify their effects on paleotemperature
estimates. Despite this more comprehensive assessment of uncertainty, it is noteworthy that the most signif-
icant relationship (BB) [Hill et al., 2011] achieves a RMSE of ~0.65°C that is similar to previously suggested
uncertainty estimates and close to the pseudocoral-based limit set by the current ability to estimate pH
and growth rate. The strong relationship between RMSE and p value (Figure 4) indicates that dozens of sam-
ples are likely required, but not necessarily sufficient, to achieve this skill. Although strict rules cannot be
made for the minimum number of samples, it is instructive to note that the RMSE for regressions based on
greater than 50 samples averaged 1.4°C, while that of regressions based on six or fewer samples was 5.0°C.

The proportionality between RMSE and p value (Figures 4 and 5) is also significant in that it may provide a
means of estimating temperature uncertainty for fossil bamboo corals with unknown growth temperatures.
If the relationship in Figure 4 is maintained as it is populated by more modern specimens, it could be used to
derive empirical RMSE estimates using only the A'>C-A'80 regression p values in fossil specimens. Such mea-
sures of skill are critical for accurate paleoclimatic interpretations and help ensure that small anomalies in
proxy records are not overinterpreted.

5. Conclusions and Outlook

This study demonstrates that linear correlations in A"™C-A"80 can be used to extract meaningful paleotem-
perature estimates from bamboo corals using abiogenic relationships rather than empirical calibrations when
fractionation factors and regression methods are chosen carefully. Typical temperature errors of +2—3°C
are capable of resolving the largest temperature variations, such as the >5°C subsurface anomalies that
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accompany El Nifio events. Data sets with many analyses and strong linear relationships may resolve more
subtle temperature anomalies such as those that characterize much of the intermediate ocean.

Fractionation factors are controlled by multiple variables however, and the skill with which temperature can
be reconstructed will depend on how well these variables can be constrained or assumed constant. For
example, capturing even large temperature anomalies will be contingent on 5"80ater and 6'3Cpic remaining
relatively constant, and appreciable variations in either value will add uncertainty to paleotemperature esti-
mates. Similarly, the mutual temperature dependence of equations (1) and (2) could complicate paleotem-
perature reconstructions, but given that the temperature sensitivity of A’goaeq is approximately 3 times
that of ABCaeq, it will likely be reasonable to make the simplifying assumption to calculate ABCaeq using
modern climatological temperatures. Alternatively, the development of independent paleotemperature
proxies may allow the method to be inverted to solve for variations in 5"®0pater and 6"Cpic. In any case,
the most robust results will likely be achieved when pH and growth rate are estimated from &''B and
A'C, respectively, for each coral, rather than assuming an average value for all specimens. Any improve-
ments in the precision with which these proxies estimate pH and growth rate will also improve the maximum
skill achievable by robust linear A'3C-A"0 trends. Radiocarbon measurements in surface skeleton and local
DIC and POC will also help constrain the degree to which ABCaeq may be altered by respired CO,, thereby
potentially improving paleotemperature estimates and gaining insight on regional variations in bamboo
coral growth strategies.

Despite the promising results from this study, future work is warranted to improve confidence in bamboo
coral-based paleoclimate records. In particular, a suite of diverse corals should be densely sampled with
the goal of generating the most robust linear relationships. This work should be complemented by constrain-
ing as many of the variables above as possible for individual specimens. Such work will help establish a more
robust understanding of the strengths and limitations of reconstructing past climates using the unique bam-
boo coral archive.
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