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Abstract

Coral skeletons serve as excellent natural archives of paleonvironmental
conditions in tropical and subtropical waters. The isotopic, trace, and minor elemental
composition of coral skeletons can vary with environmental conditions such as
temperature, salinity, cloud cover, river discharge, upwelling, and ocean circulation. As
such, coral cores offer a suite of proxy records with the potential for reconstructing
paleoclimatic and paleoceanographic conditions on interannual-to-centennial timescales.
Living colonies can provide several centuries of continuous paleo-recordings and have
been combined with fossil corals to reveal conditions over recent millennia and earlier
periods. This chapter provides an overview of reconstructing environmental parameters
from coral cores and some of the limitations of the various techniques. Corals have
proven their worth as reliable recorders of past environmental conditions, but limitations
exist due to the way that coral paleoclimatic records are collected and analyzed.

A Brief History of Coral Paleoclimatology

Coral skeletons serve as excellent natural archives of paleonvironmental
conditions in tropical and subtropical waters. Living colonies can provide several
centuries of continuous paleo-recordings and have been combined with fossil corals to

reveal conditions over recent millennia and earlier periods.

The early 1970s, scientists discovered that corals regularly alternated the density
of their calcium carbonate skeletons between seasons. ~ With this discovery,
sclerochronology (record of coral skeleton growth) was developed as an indicator of
environmental conditions (Barnes 1973; Buddemeier et al. 1974; Knutson et al. 1972;
Weber et al. 1975). In one of the first applications of this new tool, Hudson et al. (1976)
made the connection to climate, or at least weather, by identifying stress bands recorded
in corals during a cold winter in Florida in 1969-70. At about the same time, Weber and
Woodhead (1972) applied geochemical analyses that had been in wuse in
paleoceanographic studies to coral skeletons. Fairbanks and Dodge (1979) combined this
with sclerochronology and found regular periodicity in geochemical ratios of '*0/'°0
(6180) of corals from Jamaica, Barbados, and Bermuda, with warm waters and high

density skeletal bands corresponding to skeletons depleted in '®O.  While ratios of
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B¢ (8°C) were positively correlated at two sites, they were inversely correlated at
the third — perhaps the first signal that 8'°C variability was not driven by temperature but
by some other environmental and/or biological parameter. Although sclerochronology
continues to have direct applications as a temperature proxy (Lough and Barnes 1997;
Slowey and Crowley 1995), most paleoclimatic data from corals now use geochemical
analysis of their skeletons. More recently, sclerosponges have been investigated as
paleoenvironmental recorders of both the surface and intermediate ocean waters. To
date, approximately 100 coral skeletal and several sclerosponge isotopic and/or elemental
records of 20 years of longer have been produced, most of which are available from the

World Data Center for Paleoclimatology and other sources (Figure 1).
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Fig 1: Locations of coral and sclerosponge records archived in the World Data Center for

Paleoclimatology (http://www.ncdc.noaa.gov/paleo/corals.html) as of 1 June 2006.




Introduction, Collection, Preparation, and Chronology Establishment

Corals

In the tropical oceans, the isotopic, trace and minor elemental composition of
coral skeletons can vary as a result of environmental conditions such as temperature,
salinity, cloud cover, river discharge, upwelling, and ocean circulation. As such, coral
cores offer a suite of proxy records with potential for reconstructing tropical
paleoclimatic and paleoceanographic conditions on interannual-to-centennial timescales.
Massive, symbiotic stony corals are good tropical climate proxy recorders because: 1)
they are widely distributed throughout the tropics, 2) their continuous annual skeletal
banding pattern offers excellent chronological control, 3) they incorporate a variety of
climate tracers from which paleo-ocean temperature, salinity, cloud cover, upwelling,
ocean circulation, ocean mixing patterns, and other climatic and oceanic features can be
reconstructed, 4) their proxy records can nearly match instrumental records for fidelity, 5)
their records can span several centuries, and 6) their high skeletal growth rate (usually
ranging from 5 - 25 mm /year) permits sub-seasonal sampling resolution. Thus proxy
records in corals provide the best means of obtaining long seasonal-to-centennial

timescale paleoclimatic information in the tropics.

When used in large numbers, like tree-ring site chronologies, growth records can
be used as proxies for changing climatic conditions (Lough and Barnes 1997). In groups
or individually, skeletal growth, or sclerochronology, provides information on
environmental stress with corals growing faster in years of favorable conditions and more

slowly under stressful conditions (Hudson et al. 1989; Eakin et al. 1994).

Geochemical records preserved in the coral skeleton are most commonly used to
reconstruct paleotemperature records, but are also commonly used to reconstruct salinity,
winds and upwelling, runoff, pollutants, and ocean mixing (Table 1 and following
sections). In addition, the tropical habitat of corals and tropical origin of the El Nifio-
Southern Oscillation (ENSO) System has resulted in a natural pairing of corals as a

source of proxy data on pre-instrumental ENSO variability. This continues to be an



important area of study, as ENSO clearly dominates interannual- to decadal-scale

climatic variability (Quadrelli and Wallace 2004).

Not only do corals serve as proxies for modern climate, they have also been used
to reconstruct conditions in the Holocene, Last Glacial Maximum, and last Interglacial.
However, calibration issues typically prevent the geochemical proxies from being used to
directly reconstruct temperatures, so these records are primarily used as relative
indicators of temperature or other climatic variability. With living corals, the
geochemical proxies can be compared with instrumental and remotely sensed

temperatures, allowing calibration with varied levels of precision.



Table 1: Environmental variable(s) that can be reconstructed from coral skeletal isotopes,

trace and minor elements, and growth records.

Proxy Environmental variable
Isotopes
8'%0 Sea surface temperature, sea surface salinity
8"°C Light (e.g. seasonal cloud cover), plankton intake
AMC Ocean ventilation, water mass circulation
5''B pH

Trace and Minor Elements

Sr/Ca Sea surface temperature
U/Ca Sea surface temperature
Mg/Ca Sea surface temperature
Mn/Ca Wind anomalies, upwelling
Cd/Ca Upwelling, contamination
Ba/Ca Upwelling, river outflow
Pb/Ca Gasoline burning
Skeleton
Skeletal growth bands Light (seasonal changes), stress, water motion,

sedimentation, sea surface temperature

Luminescence River outflow, ocean productivity




Method: Massive stony corals of the genera Porites, Pavona, and Montastraea are most
commonly targeted for paleoclimatic studies because they form large mounding colonies
with distinct annual bands, can grow for several hundred years, and are common.
Continuous records of past tropical climate conditions are obtained by extracting a core
from an individual massive coral head along its major axis of growth. Typically, this
involves drilling a corer through the top center of the coral head to its initial point of
growth (Figure 2). The extracted core is cut longitudinally into slabs ranging in thickness
from 0.5 - 1 cm, cleaned with water and dried, then X-rayed. X-ray positive prints reveal
the banding pattern of the slab and are used: 1) as a guide for sample drilling and 2) to
establish a chronology for the entire coral record when the banding pattern is clear. In
some cases, the x-rays serve as environmental proxies in and of themselves (see Coral
Growth as an Indicator of Environmental Stress). In a few cases, composite records have
been made by using multiple cores to extend the record length beyond that available from

a single core (Cobb et al. 2003; Dunbar et al. 1994).

For geochemical analysis, carbonate powder samples are extracted along the
major axis of growth by grinding the skeletal material with a dental drill bit. For high-
resolution paleo-reconstructions, samples are extracted every millimeter or less along the
entire length of the core. Since corals grow about 5 - 15 mm per year, this sampling
method can yield sub-seasonal resolution. Much higher resolution sampling is possible
by microdrilling or using laser ablation techniques that yield samples at approximately
weekly temporal resolution (Sinclair et al. 1998), but this is not commonly performed.
The coral carbonate powder is then analyzed for one or more isotopes or elements to
build any one of a number of possible paleo-proxy records (Table 1). In most cases, the
stable oxygen (8'*0) and carbon (8"°C) values of each sample are measured. Since the
8"°C and/or 8'*0 composition of corals usually have a strong seasonal component, they
are often used to establish the chronology in the absence of banding, and/or to confirm or

adjust the chronology established from skeletal bands.
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Fig 2: Illustration of coral cores and their extraction. From left to right: Porites lutea
being cored by one of the authors (AGG) in Saipan (July 2003), x-radiograph of a
Montastraea coral core from Florida (Halley et al. 1994), and an image of coral
luminescence in a Porites lutea core from Kenya (unpublished image of record from Cole

et al. 2000).

Sclerosponges

Sclerosponges are slow growing calcareous sponges that are normally found in
protected, shaded microhabitats on reefs and walls, ranging from sub-surface to 1000m
depths, and can often be found exposed to open oceanic waters. Their growth rates range
from 0.1 — 1.6 mm / year and can grow for up to 1000 years (Benavides and Druffel 1986;
Bohm et al. 1996, 2002; Fallon et al 2003; Grottoli unpublished; Hughes and Thayer 2001;
Reitner et al. 1996; Swart et al. 1998, 2002; Willenz and Hartmen 1985; Worheide et al.
1997). Published growth rates for Acanthocheatetes wellsi, Astroclera willeyana, and
Ceratoporella nicholsoni are 0.05-1.6, 0.35 — 1.6, and 0.1-0.4 mm/year, respectively.
Sclerosponges are emerging as good paleoclimatic recorders and complement the
information provided by faster growing corals (Swart et al. 1998a). The slower growth

often limits sclerosponge resolution (but see exception to this in Grottoli in press) but



allows many sclerosponges to record several centuries of information. They are found
throughout the tropics across a wide depth range (surface to 1000m) and can live for
several centuries. In addition, sclerosponges appear to accrete their calcium carbonate
skeleton in isotopic equilibrium with seawater due to the absence of photosynthesis and
relatively low metabolic activity, thus more directly recording oceanic chemistry than
corals (6180: Moore et al. 2000; 5'3C: Béhm et al. 1996; Druffel and Benavides 1986;
Worheide et al. 1997). As such, sclerosponges appear to be reliable proxy recorders of
seawater dissolved inorganic carbon 8"°C (DI-6"°C) (i.e., Druffel and Benavides 1986)
and seawater 8'°0 (8'*Oyy) (Swart et al 2002). Recent work suggests that the ratio of
strontium to calcium (Sr/Ca) in sclerosponges may be a proxy for ocean temperature
(Haase-Schramm et al. 2003; Swart et al. 2002; Rosenheim et al. 2005). Because
sclerosponges are not light limited with no detectable metabolic fractionation effects on
isotopic or elemental signatures, sclerosponge-derived proxy records can lend great
insights into the regional and temporal variability of oceanographic features such as
thermocline depth, upwelling, ocean ventilation, and the uptake rate of anthropogenic
carbon from the atmosphere into the oceans. This provides an improved knowledge of
the spatial and temporal variability in surface and depth integrated DI-3'"°C inventory
changes that extends the well-used WOCE data set hundreds of years in the past for

tropical reef locations.

Method: Sclerosponges of the Ceratoporella (Caribbean), Acanthocheatetes
(Pacific), and Astroclera (Pacific) genera are the most commonly used for paleoclimatic
reconstruction. The specimens are typically collected across a depth range of 1-300 m
using either SCUBA or submersible vehicles. A sclerosponge specimen is then cut in
half or into slabs along its major axis of growth. X-rays are typically not very
informative in sclerosponges as their banding is not annual. However, by using a
combination of x-rays and following skeletal microstructure, the sclerosponge slab is
sampled by milling the skeleton along the maximum axis of growth at 0.1 mm increments
or less using a high-precision microdrill down the length of the slab (Grottoli in press;
Hughes and Thayer 2001; Swart et al. 2002). The sclerosponge carbonate powder

samples are then analyzed for one or more isotopes or elements to build



paleoceanographic records. The chronology is established by using a combination of
radiogenic dating, stable isotope records, and estimated growth rates. The bomb-
radiocarbon signature (A'*C) introduced into the skeleton from atmospheric bomb testing
(1955-1963) is used to help anchor the chronology. In some cases, the ratio of Uranium
to Thorium (U/Th) is also used to date the pre-bomb sections of sclerosponge records.
Since exact annual dating is not possible in sclerosponges, paleo-reconstructions from
these records tend to focus on decadal-to-centennial timescale processes. Similar to

corals, other geochemical proxies may also be analyzed.

Coral Paleotemperature and Salinity

The 8'°0 and Sr/Ca signatures in corals have proven to be very reliable paleo-
temperature proxies (Druffel 1997; Gagan et al. 2000; Grottoli 2001). Since large corals
suitable for paleoclimatic reconstructions are typically limited to the top ~20m of the
ocean, their proxy records reflect near-surface ocean conditions found on coral reefs.
880 has the longest history as a temperature proxy and, up until recently, was more
common and less expensive than elemental measurements. Unfortunately, coral skeletal
880 is influenced by both temperature and salinity, and is therefore not a pure indicator
of temperature. This confounding influence is minimized when the relative contribution
from either salinity or temperature variability is low or the two variables combine to
increase the change in coral 8'°0 (Felis et al. 2000; Le Bec et al. 2000; Swart et al.
1998b). Fortunately, recent improvements in instrumentation have made the application
of strontium to calcium (Sr/Ca) in coral skeletons practical as a coral paleothermometer
(Beck et al. 1992). Sr/Ca ratios are not influenced by salinity, making it a direct
paleothermometer with few sources of outside noise. This also provides the possibility of
detecting salinity changes through the difference between these two geochemical tracers
(Gagan et al. 1998; Linsley et al. 2004; McCulloch et al. 1994; Quinn and Sampson 2002;
Ren 2002; Swart et al. 1999). A few individuals have applied two other
paleothermometers: uranium to calcium (U/Ca) and magnesium to calcium (Mg/Ca)

ratios. U/Ca ratios may provide the same level of accuracy or precision of temperature



reconstructions as Sr/Ca, but this is still being confirmed (Corrége, et al. 2000; Hendy et
al 2002; Min et al. 1995; Shen and Dunbar 1995). Mg/Ca (Mitsuguchi et al. 1996) ratios
are probably not accurate enough to replace other proxies (Meibom 2004; Schrag 1999).
While each of these has value alone, the greatest strength may lie in a multiproxy
approach. Solow and Huppert (2004) recently proposed a technique that may improve
the error by combining several elemental paleothermometers. Finally, while coral
skeletal 8'°0 has a direct value as a paleothermometer, it also can provide information on

upwelling (i.e., Guilderson and Schrag 1989b).

Stable Isotope Analyses (8°0 and §°C)

Skeletal 8'°0 in marine organisms is affected by temperature-induced
fractionation and 8'®O of the surrounding water (Epstein et al. 1953). As temperature
increases, the '*O fraction of the coral skeleton decreases (Kim and O'Neil 1997). Based
on empirical studies, a 1°C increase in water temperature corresponds to an average
decrease of about 0.22% in coral 8'°0 though that slope can vary significantly from 0.15
to 0.24%0 among species and locations (i.e., Linsley et al. 1999; Wellington and Dunbar
1995; Wellington et al. 1996). The 8'°0 in seawater and coral skeletons also decreases as
salinity decreases, because precipitation is depleted in 8'°O relative to seawater,
especially in tropical environments where greater convection of moisture reduces the '*O
in cloud-borne moisture. In both corals and sclerosponges, the interpretation of the
skeletal "0 record depends on the hydrological regime of the collection site. While not
a paleothermometer, skeletal 8'°C in corals is typically analyzed along with 8'°O (see

discussion in Cloud Cover and Feeding).

Method: Carbonate powder samples are analyzed for 'O (the per mil deviation of the
ratio of '*0/'°O relative to the Peedee Belemnite (VPDB) Limestone Standard) and 8'°C
(ratio of '*C/"*C relative to PDB) by acidifying the sample in 100% ortho-phosphoric
acid and measuring the resulting CO, with a mass spectrometer. Automated common

acid bath or carbonate Kiel devices are commonly used, especially for small samples.
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Typically, 10% of samples are run in duplicate to ensure reproducibility and the accepted
precision of replicate analyses is now < 0.05%o for 8"°C and < 0.09%o for 8'*0. Today, as

little as ~80 - 150 pg of sample material is now used for stable isotope analyses.

Strontium to Calcium and Uranium to Calcium

Strontium and uranium have long residence times in seawater. Because this
provides relatively constant concentrations in surface seawater, the observed fluctuation
in coral Sr/Ca has been attributed to changes in SST (Weber 1973). The application of
U/Ca is more recent, but shows promise (Correge, et al. 2000; Hendy et al 2002; Min et
al. 1995; Shen and Dunbar 1995). Sr and U replace Ca in the skeletal aragonite through
thermodynamic processes, with less replacement of Ca by the heavier elements at higher
temperatures (Beck et al. 1992; Weber 1973). Although it is a well-established
geothermometer, SST-Sr/Ca calibration curves often vary dramatically among species
and/or locations, and may be influenced by growth rate (e.g.: Beck et al. 1992; Boiseau et
al. 1997; deVilliers et al. 1995; Gagan et al. 2000; Goodkin et al. 2005; Marshall and
McCulloch 2002). Thus Sr/Ca needs to be calibrated to local or regional temperature

records for each genus or species and at every location.

Method: Carbonate powder samples are dissolved in acid and the St/Ca or U/Ca ratio in
the solution is measured using a variety of techniques. TIMS (thermal ionization mass
spectrometry), ICP-MS (inductively coupled plasma mass spectrometry), and ICP-OES
(inductively coupled plasma optical emission spectroscopy) are some of the tools used to
measure Sr/Ca and U/Ca values in carbonates. In most cases, small samples (100 — 1000
ug) are used for each analysis. The currently accepted precision for Sr/Ca analyses of

duplicate corals or sclerosponge samples is +0.02% (10).

Other Applications of Coral Proxy Paleodata
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In addition to providing proxy records of paleo-sea surface temperature, coral
records have been used to reconstruct paleo-circulation, -salinity, -pH, -runoff, -cloud

cover, and —nutrients from both modern and fossil corals.

Cloud Cover and Feeding (5°C)

While less commonly reported than §'*0, most researchers collect data on 8"°C at
the same time as 8'°0. Photosynthesis (light) and feeding (which directly affects the
respired 8'°C) are the primary influences on coral skeletal 8'°C. For corals collected
from shallow, non-upwelling sites where coral feeding is relatively constant, changes in
8'°C are predominantly driven by changes in photosynthesis, providing a record of
seasonal changes in cloud cover or turbidity (i.e., rainy season vs. dry season) (Cole et al
1990; Grottoli 1999, 2002; Grottoli and Wellington 1999; McConnaughey 1989a, b). In
addition, because of the loss of algal symbiotes during bleaching, decreases in
photosynthesis and/or changes in feeding may be recorded in the skeleton of bleached
corals (Grottoli et al. 2004). In upwelling regions where feeding opportunities can vary
dramatically, changes in 8"°C have been used as an indicator of vertical mixing through
change in coral food source (Felis et al. 1998) and in DI-8"°C (Abram et al. 2003). In the
latter case, a dramatic change in DI-8"°C off Indonesia, attributed to iron fertilization
from the 1997 forest fires, resulted from unprecedented blooms of red tide algae. These
elevated levels of primary production caused a shift in the seawater DI-8"°C that was
recorded in coral skeletons. Unlike corals, sclerosponges appear to deposit their skeleton
in isotopic equilibrium with seawater and records the §"°C of the surrounding DI-5"°C

(see anthropogenic carbon input section below for details).

Ocean circulation: Radiocarbon Analyses (A"C)

'C is produced naturally in the stratosphere and was also produced as a result of
thermonuclear weapons explosions in the atmosphere in the 1950s and early 1960s. The
base of the A'*C -bomb is clearly identifiable as ~1955 in coral and sclerosponge
carbonate records (i.e., Druffel 1981; Druffel and Linick 1978; Fallon et al 2003). During
the pre-bomb period, coral A'C records reflect a declining trend in the 20" century

termed the Suess Effect: the decrease in '*C in the atmosphere due to dilution of natural
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'C by the addition of "*C-free fossil fuel CO, (i.e., Druffel and Griffin 1993, 1999;
Druffel et al. 2001). Post-1955, the bomb-curve signal can be used to help
confirm/establish coral and sclerosponge chronologies. As a new proxy, A'*C is an
excellent tracer for detecting upwelling and changes in seawater circulation since deep
water has a lower A'C value than surface water (i.e., Druffel and Griffin 1993; Fallon et
al 2003; Grottoli et al 2003; Grumet et al 2004; Guilderson and Schrag 1998a). For
example, in the eastern equatorial Pacific Ocean, increased upwelling or increases in the
proportion of deep water transported to the surface results in a decrease in the A'*C of the
skeleton, making corals in these locations excellent recorders of upwelling and of
changes in upwelling regimes. A'*C evidence from the Galapagos indicates that there
was a major shift in the source of upwelling water in 1976 when decadal-scale Pacific
Ocean temperature variability Pacific Decadal Oscillation (PDO, Mantua et al. 1997)
switched from a negative to a positive phase (Guilderson and Schrag 1998b). Work by
Grottoli et al (2003) shows that a PDO switch from positive to negative in the late 1940s
also appears to be associated with a major change in the source water upwelling in the
central equatorial Pacific. At Rarotonga, a A'*C seasonal variation of 10-15%o indicates
that vertical mixing occurs each year (Guilderson et al 2000). Combining coral A'*C data
from Rarotonga, Galapagos, and the Solomon Sea, Guilderson et al. (2004) constructed a
mixing model that shows variations in the amount of eastern Pacific water entering the

Solomon Sea both on El Nifio and decadal timescales.

Method: Approximately 7-10 mg of coral or sclerosponge carbonate powder is acidified
under vacuum to produce CO; gas. For analysis by accelerator mass spectrometry
(AMS), the CO, is reduced with hydrogen gas on iron or cobalt metal catalyst to produce
a graphite target that is analyzed by AMS (Vogel et al. 1987). For gas counting analyses,
the CO, is measured directly. In all cases, results are reported as A'*C (the per mil
deviation of '*C/"*C of the sample relative to that of 95% Oxalic Acid-1 standard)
(Stuiver and Polach 1977). All A™C values are corrected for fractionation to a §"°C of -
25%o.

Anthropogenic Carbon Input Rates Into the Tropical Ocean

13



Estimates of the uptake of CO, by the oceans and of the imbalance between air-
sea CO; reservoirs contain a large degree of uncertainty that greatly influences our
understanding of oceanic CO, uptake. This is largely attributed to a lack of instrumental
data on seawater DI-8'°C and isotopic air-sea disequilibrium (Gruber and Keeling 2001;
Heimann and Maier-Reimer 1996; Kortzinger et al. 2003; Quay et al. 1992; Quay et al.
2003; Tans et al. 1993). Local carbon inventory changes can be reliably estimated by
monitoring the change in DI-3'"°C but not as well by DI-A'*C (Heimann and Maier-
Reimer 1996; Kheshgi et al. 1999). An improved knowledge of DI-8'°C inventory
changes over space and time would decrease the uncertainty in CO, uptake models
(Gruber and Keeling 2001; Heimann and Maier-Reimer 1996; Quay et al. 1992, 2003;
Sonnerup et al. 1999; Tans et al. 1993). In addition, the rate of DI-3"°C change prior to
1970 is unknown from instrumental data. Sclerosponges, are uniquely suited to filling

these data gaps because they typically are exposed to open ocean conditions.

Though not yet directly calibrated, Ceratoporella nicholsoni (Jamaica) and
Acanthochaetetes wellsi (New Caledonia) sclerosponges appear to precipitate their
skeletal 8'°C in isotopic equilibrium with the surrounding seawater (Bohm et al. 1996;
2002; Druffel and Benavides 1986; Fallon et al. 2003; Lazareth et al. 2000; Worheide et
al. 1997). These authors have found that the §'"°C of sclerosponges growing within the
mixed-layer has decreased with decreases in atmospheric 8"°Cco, over the past few
centuries (Suess Effect). In the Great Barrier Reef, Caribbean and New Caledonia,
sclerosponge 8"°C decreased by 0.5-1.0%o from 1800-1990 with most of the decrease
occurring in the latter part of the past century (Béhm et al. 1996, 2002; Druffel and
Benavides 1986; Joachimski et al. 1995; Lazareth et al. 2000; Worheide et al. 1997).
Regional variability in the decreases in sclerosponge 8'°C is indicative of differences in
the proportional contribution of ocean-atmosphere CO,; flux, mixed-layer depth, water
mass mixing to the DI-8"°C at each site, as well as chronological accuracy. However,
none of these published records are annually resolved nor directly calibrated with
seawater DI-5'°C, thus limiting our ability to fully and quantitatively interpret or detect
any sub-decadal variability in sclerosponge 5"°C. Once calibrated, sclerosponges have

the potential to fill at least part of that data gap by providing a significant archive of
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quantitatively robust proxy DI-5'"°C for the past centuries throughout the tropical Pacific

and across depths of several hundred meters.

Upwelling, Nutrients, and pH: Other Elemental Ratios and Analyses

In addition to Sr/Ca and U/Ca ratios, other elemental ratios that are measured for
paleoceanographic reconstructions include: cadmium to calcium (Cd/Ca), barium to Ca
(Ba/Ca), manganese to Ca (Mn/Ca), and magnesium to Ca (Mg/Ca). Since the focus of
this review is on the more commonly reported coral and sclerosponge paleo-records, we
will only briefly cover these other elemental records here. A large suite of analytical
techniques exists for measuring these elemental ratios including ARS-1 (graphite furnace
atomic absorption), ICP-MS (inductively coupled plasma mass spectrometry), and LA-
MS (laser ablation mass spectrometry). Ba/Ca, Mn/Ca and Cd/Ca have been used as
upwelling and/or nutrient proxies (Fallon et al. 1999; Reuer et al 2003; Shen et al 1987,
1991, 1992a, b) and Ba/Ca records have recently been found to be excellent recorders of
river discharge in corals growing in the flood plume of rivers. McCulloch et al. (2003)
used barium records as a proxy for river sediment discharge in a 250-year long Great
Barrier Reef Porites and found substantial increases in the sediment content of river
floods in the period since European settlement of Australia. Abram et al. (2003) used
peaks in Mn, lanthanum, and yttrium as indications of an extreme outbreak of red tide

that resulted in coral and fish deaths in Indonesia.

Shen et al. (1987, 1992a) pioneered the idea of using Cd/Ca as a paleo-upwelling
recorder. Cd concentrations are higher in the deep ocean than in the surface ocean where
it is biodepleted, so Cd appears to be a better recorder of upwelling than Ba because Cd
input from land is relatively low compared to Ba. Cd/Ca records from corals not only
show the frequency of upwelling events, but their relative duration and relative intensity.
Further calibration development of this proxy would greatly enhance our ability to

quantify upwelling and compare Cd/Ca records among corals and among locations.

Ocean acidification has recently been identified as a major concern for corals and

other calcifying organisms (Kleypas et al. 2006, Kleypas and Langdon this volume). A
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new proxy with exciting possibilities is the use of Boron stable isotopes (5''B) as a proxy
for pH. Gaillardet and Allégre (1995) first tested this proxy in corals, but it has not yet
been widely applied. Most recently, Honisch et al. (2004) performed the necessary
laboratory and field experiments to calibrate this new proxy and Pelejero et al. (2005)

published the first multicentury pH reconstruction from a coral.

Lead and Other Metal Contaminants

Coral skeletons can trap particulate contaminants, providing a record of
contaminant input into reefal waters through airborne or waterborne pathways. Early
work by Dodge and Gilbert (1984) led to the application of this approach to
reconstructing lead input into the atmosphere since 1850 (primarily from gasoline
burning) using contamination of a long coral core from Bermuda and shorter cores from
other locations around the globe (Shen and Boyle 1987). Detection of lead and other
heavy metals has been used to measure changes in local- to regional-scale human activity
and gasoline use at various locations, primarily as an indicator of airborne contamination
(Desenfant et al. 2003; Medina-Elizalde et al. 2002; Reuer et al. 2003). Shen et al. 1987
also found that cadmium not only can be used as an indicator of upwelling, but also can
be used as an indicator of airborne industrial pollutants. In a different application, Fallon
et al. (2002), used lead in coral skeletons to detect lead and other contaminant elements
entering the water directly from mining activity in Papua New Guinea. The
concentration of lead in the ocean steadily increased from 1880-1979 due to the
combustion of leaded-gasoline. This lead concentration peak is unambiguous and has

been used to date sclerosponge records in the Caribbean (Swart et al 2002).

Runolff: Detection through Luminescent Banding

Luminescent banding has been found in corals from many locations. Initially,
Isdale (1984) reported that fluorescent bands in coral skeletons were an indicator of flow
from the Burdekin River. Many researchers began to apply this elsewhere, finding
luminescence from non-riverine sources (Theodorou 1995; Tudhope et al. 1996) and

discovering that both fluorescent and phosphorescent compounds contribute to the signal
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(Wild et al. 2000). Isdale et al. (1998) were able to reconstruct 83% of the annual (water
year) variability of Burdekin River flow using two long coral records, and Lough et al.
(2002) have found high correlations between several rivers in northeastern Australia and
luminescence in nearshore corals along the Great Barrier Reef. Coral luminescence has
been applied to precipitation and related variables in the Red Sea (Klein et al. 1990), the
Arabian Sea (Tudhope et al. 1996), the Caribbean (Nyberg 2002), Florida (Smith et al.
1989), the South China Sea (Peng et al. 2002), and Papua New Guinea (Scoffin et al.
1989; Tudhope et al. 1995).

While Isdale identified the fluorescent bands as humic and fulvic compounds
resulting from decaying land plants, this has been debated by other authors. Additionally,
it was quite some time before this proxy was successfully applied to other locations. It
appears that coral fluorescence only captures river flow under a narrow range of input
rates, making it a very useful proxy, but only at a limited number of sites. Non-riverine
sources may also produce luminescent bands in corals. Tudhope et al. (1996) found
luminescence in corals from arid Arabian Sea corals, concluding that the bands were

related to the breakdown of highly seasonal plankton blooms.

Coral Growth as an Indicator of Environmental Stress

While geochemical records are more frequently used for climatic reconstruction,
coral growth continues to be used to detect broadly defined stress events. This usually
involves the use of multiple cores from multiple colonies (Lough and Barnes 1997).
However, single long records can prove useful in particular environments. The latter was
the case of a centuries-long record of wind-induced mixing from Bermuda (Pétzold et al.
1999). More generalized stress has been detected through analysis of coral growth,
applying sclerochronology to indicate clear changes in corals’ responses to parameters
such as sediments, nutrients, temperature, and salinity. Hudson pioneered the use of coral
growth bands as an indicator of environmental perturbations in the Florida Keys, finding
distinct stress bands and multi-year growth reductions related to natural events such as
cold winters and hurricanes and human events such as dredge and fill activities and

railroad construction (Hudson 1981; Hudson et al. 1976, 1989). Dodge and Lang (1983)

17



applied dendrochronological (tree-ring) methods to corals from the East Flower Gardens
Bank and found both anticipated annual signals and also decreased growth in years with

high discharge from the nearby Atchafalaya river.

These studies led to further use of stress banding as an indicator of disturbance.
Eakin et al. (1994) measured the growth rate of a series of corals collected along the
southeastern coast of Aruba both upstream and downstream of a major coastal oil
refinery. They were able to relate clear changes in growth of the nearby and downstream
corals with major changes in refinery operations, probably mostly an impact from
sedimentation. However, increased sedimentation does not always result in reduced coral
growth. Barnes and Lough (1999) found a decrease in coral growth in Papua New
Guinea corals near a gold mine, but there was no relationship between growth and
distance from the mine. They concluded that growth decreases resulted from regional
changes and were not related to mine-based sediments. Eakin et al. (1993) looked at
stress bands and growth rates in Persian Gulf corals and found evidence of stress during
the 1991 Gulf War and the Iraqi burning of Kuwaiti oil fields. Coral bleaching also is
suspected of reducing coral growth resulting in stress bands (Abram et al. 2003; Leder et

al 1991; also see Future Applications).

Fossil Corals

Recently, the use of fossil corals has provided windows into periods when past
climates were either different from today or when similar conditions occurred in the
distant past. Most prominently, these include snapshots of climatic variability in the
Holocene and Younger Dryas (Beck 1997; Corrége et al. 2004; Felis et al. 2004; Gagan
et al. 2004; McCulloch et al. 1996; Moustafa et al. 2000; Tudhope et al. 2001; Woodroffe
and Gagan 2000; Woodroffe et al. 2003; Yu et al. 2004;), the last glacial maximum
(Gagan et al. 2004; Tudhope et al. 2001), or the last interglacial (Felis et al. 2004;
McCulloch et al. 1999; McCulloch and Esat 2000; Tudhope et al. 2001). These have
provided important, seasonally resolved insights into how the climate system operated
during those periods. Unfortunately, they only provide windows of variability and are

neither exactly dated (i.e., chronology is typically anchored within +/- 50 years), nor do
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they provide records continuous to modern times. In one case, work is progressing on a
long, continuous coral proxy record of the last millennium. Cobb et al. (2003) spliced
together fossil coral materials to develop a series of overlapping records for Palmyra
Island, with the eventual hope to develop a continuous, millennial-scale, annually
resolved tropical record. We hope other researchers will seek out additional locations

where this approach may be applied.

Climatic Data for Retrospective Monitoring

Despite the value of coral skeletons as recorders of past climate and
environmental stress, most funding and research have focused on reconstructing large-
scale climate patterns. They typically have not been considered as necessary parts of
monitoring programs. As a result, of over 200 coral paleoclimatic data sets in the
holdings of the World Data Center for Paleoclimatology

(http://www.ncdc.noaa.gov/paleo/corals.html) on 1 June 2006, only 10 were from areas

of U.S. management interest. Fortunately, the U.S. National Oceanic and Atmospheric
Administration (NOAA) recently developed an integrated program of monitoring coral
reefs. The Coral Reef Watch (Liu 2006; Strong et al. 2002, this volume;

http://coralreefwatch.noaa.gov/) includes a wide range of observations on coral reefs

including the use of coral paleoclimatic data to provide “retrospective” monitoring of
reefs before monitoring was implemented (Eakin et al. in press). Paleoclimatic records
need to be included in monitoring programs in the future so that marine protected area

management can benefit from paleo records.

Gaps and Challenges for the Future

While corals have proven their worth as reliable recorders of past environmental

conditions, limitations exist due to the way that coral paleoclimatic records are frequently

collected and analyzed. In general, laboratory precision is no longer a major issue

(Lough 2004). The important limiting factors now tend to be the frequent use of single
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cores for analysis (Lough 2004) and insufficient temporal resolution (Felis and Pétzold
2004). This is due to the potentially large range in isotopic (Grottoli 1999, 2000, 2001)
and Sr/Ca natural variability among coral heads, locations, species, and depth. Among-
colony natural variability in other trace elements has not been investigated, but is likely
to be important as well. It cannot be stated too strongly: multiple colonies need to be
cored to help identify local perturbations that limit the reliability of geochemical proxies
as recorders of climate. Ideally, this should involve multiple records from each of
multiple (at least 3) colonies (Lough 2004). Additionally, much more information is
available when records are analyzed at sub-seasonal resolutions. Felis and Pitzold (2004)
discuss particular value of bimonthly resolution, which is probably the best balance
between resolution and cost. While in some cases multiple old colonies are not available,
both under replication and insufficient temporal resolution are frequently the result of
budgetary restraints placed on the projects. Funding organizations need to realize that
while paleo reconstructions from corals are quite cost-effective, they must be funded at

levels that provide reliable records.

We can now unravel temperature and salinity from coral geochemical records
with high fidelity. Still unsolved, however, is the ability to identify past bleaching events
in coral geochemical or skeletal growth records. While we can determine levels of stress
that we believe should be sufficient to cause bleaching, we cannot yet identify when an
individual coral bleached. Such an ability would provide a tremendous increase in the
information we can glean from corals relative to both their past history of bleaching, and

the relationship between bleaching and natural climatic variability.

Some studies have addressed this question and yielded clues to possible markers.
Leder et al. (1991) found distinct skeletal and isotopic signatures to bleaching events in
Montastraea annularis from Florida. Most importantly, this study and a subsequent one
using Porites lutea in Thailand (Allison et al. 1996) revealed that reduced calcification at
the time of bleaching may limit the ability of bleached corals to record high temperature
excursions. Both of these studies, and subsequent work from Australia and Japan (Suzuki

et al. 2003) and Hawaii (Grottoli et al. 2004), revealed visible changes in 5"C that
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probably were related to metabolic and dietary changes during and subsequent to
bleaching. These studies indicate that skeletal stress bands, "0 and 8'°C changes may
provide clues to past bleaching. However, all of these records are sufficiently variable

that the solution to the problem is still unresolved.

More recent work on branching Porites divericata has revealed a shift in the ratio
of certain trace metals in the skeleton of bleached colonies (Burr 2002). Burr found
statistically significant differences in amounts of strontium, selenium and silver from
bleached and unbleached P. divericata. Changes in selenium and silver may provide
useful bleaching indicators that are independent of the 8'*O and Sr/Ca
paleothermometers, but the work also raises some concern that Sr/Ca ratios may be
modified through bleaching. Burr also found that the skeletal microstructure of the
bleached corals has a “melted” appearance similar to that seen in bleached foraminifera
(Toler and Hallock 1998). Such malformations may be related to the reduced

calcification seen after bleaching and may provide distinct bleaching clues.

The concern over lost growth bands (per Leder et al. 1991) has prompted Halley
and Hudson (pers. comm.) to compare luminescence bands to growth bands to try to
identify loss of bands due to bleaching. Their preliminary work indicates no loss of
bands between 1878 and 1986 in cores from Biscayne National Park, Florida, indicating

that bleaching is strictly a recent phenomenon at those sites.

Conclusions

The use of coral skeletons as recorders of paleoenvironmental information has
come a long way in the thirty years since its inception. They continue to be used as
proxies of past climate, especially large scale climate such as ENSO and the North
Atlantic Oscillation. The use of corals as environmental monitors both as part of
comprehensive programs and for detecting land-based stress is increasing, as are many
other uses of coral paleodata. The use of sclerosponges is just gaining popularity, but

work so far suggests that it will also become a valuable source of paleoclimatic
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information. Despite the use of these proxies so far, there are still many new areas that

need to be explored and new applications left to be discovered.
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