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Abstract. Despite the potential impact of ocean acidifica- Due to lower annual mean surface seawateriQOand
tion on ecosystems such as coral reefs, surprisingly, there iSaragonitein Bermuda compared to tropical regions, we antic-
very limited field data on the relationships between calcifi- ipate that Bermuda corals will experience seasonal periods of
cation and seawater carbonate chemistry. In this study, corzero net calcification within the next decade at §Z<Dand
temporaneous in situ datasets of seawater carbonate chene,,gonitethresholds of~184 pmoles kgt and 2.65. How-
istry and calcification rates from the high-latitude coral reef ever, net autotrophy of the reef during winter and spring (as
of Bermuda over annual timescales provide a framework forpart of the CREF hypothesis) may delay the onset of zero
investigating the present and future potential impact of ris-NEC or decalcification going forward by enhancing @(p
ing carbon dioxide (C@) levels and ocean acidification on andQaragonite The Bermuda coral reef is one of the first re-
coral reef ecosystems in their natural environment. A strongsponders to the negative impacts of ocean acidification, and
correlation was found between the in situ rates of calcifica-we estimate that calcification rates fbr labyrinthiformis
tion for the major framework building coral speciemloria have declined by-50% compared to pre-industrial times.
labyrinthiformisand the seasonal variability of [C§O] and
aragonite saturation stat@aragonite rather than other envi-
ronmental factors such as light and temperature. These fiel
observations provide sufficient data to hypothesize that ther
is a seasonal “Carbonate Chemistry Coral Reef EcosysterE : . . . .
) . . oral reefs are highly productive and biologically diverse

Feedback” (CREF hypothesis) between the primary compo- ) . o :

. - ecosystems showing signs of deterioration or undergoing
nents of the reef ecosystem (i.e., scleractinian hard corals and : ;

: community structure changes due to a host of anthropogenic

macroalgae) and seawater carbonate chemistry. In early sum-

. and natural factors such as bleaching, resource depletion,
mer, strong net autotrophy from benthic components of the g b

_ - changing sedimentation rates and turbidity, eutrophication,
reef system enhance [@O] and $2aragoniteconditions, and cyclone damage, and natural climate variability such as El

e ®Nifio Southern Oscillation (e.g., Hughes, 1994; Smith and
of CO,. In late summer, rates of coral calcification are SUp'Buddemeier 1992 Wilkinson. 2000° Buddemeier et al

pressed by release of G&om reef metabolism during a pe- 2004; Edmunds, 2007; Edmunds and Elahi, 2007). In ad-

riod of strong net heterotrophy. It is likely that this SeasOnaldition to these environmental pressures, the ability of coral

CREF mechanism is present in other tropical reefs although ; )
. ) reefs to calcify, produce calcium carbonate (Caté&hd pro-
attenuated compared to high-latitude reefs such as Bermuda, .
vide framework structures as habitat may also be adversely

affected by the oceanic uptake of anthropogenie CEabine

et al., 2004) and gradual ocean acidification (Broecker et al.,
Correspondence ta\. R. Bates 1971; Bacastow and Keeling, 1973; Kleypas et al., 1999a;
m (nick.bates@bios.edu) Royal Society, 2005; Orr et al., 2005; Kleypas et al., 2006;
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Doney, 2006; Doney et al., 2009; Kleypas and Yates, 2009)cification are 3-5 times greater in the light than in the dark
For example, over the last few decades, seawater dissolve(@Gattuso et al., 1999), with a coupling of photosynthesis and
inorganic carbon (DIC) and partial pressure of OQ@CO») calcification.
have increased while pH has decreased (Bates et al., 1996a; Field studies of the seawater carbonate chemistry of coral
Winn et al., 1998; Bates, 2007; Bates and Peters, 2007reef ecosystems have focused mainly onp,@@xriability and
Santana-Casiano et al., 2007; Dore et al., 2009). Given preair-sea CQ gas exchange (e.g., Broecker and Takahashi,
dicted atmospheric C&stabilization scenarios 6f750 ppm  1966; Gattuso et al., 1993, 1995, 1996, 1997; Kayanne et
or higher (IPCC, 1996, 2001, 2007; Clarke et al., 2007), sur-al., 1995, 1996, 2005; Kawahata et al., 1997, 2000; Bates
face ocean pH is expected to decrease by 0.3-0.5 during thist al., 2001; Bates, 2002), rather than relationships between
century and beyond (Caldeira and Wickett, 2003, 2005), withcoral calcification, [C@‘], Qaragoniteand other environmen-
concomitant reduction in ocean carbonate ion @Cpcon- tal factors. In a few studies, decreased rates of calcifica-
centration and saturation stat€) (with respect to carbonate tion have been observed on coral reef ecosystems associated
minerals such as calcit&aicite), and aragoniteSEaragonite - with decreases in seawater [@Q conditions (e.g., diurnal
In addition, experimental, field and model studies suggestimescales, Suzuki etal., 1995; Yates and Halley, 2003, 2006;
that the dissolution of carbonate sediments and structureseasonal timescales, Silverman et al., 2007; Manzello, 2008).
will increase as2 values decline in the future (Wollast et al., Under scenarios of future ocean acidification, it has been
1980; Andersson et al., 2003; Morse et al., 2006; Anderssomroposed that the combination of reduced rates of calcifica-
etal., 2006, 2007, 2009). tion and increased rates of Cag@issolution could result
Experimental studies have shown that the ability and thein coral reefs transitioning from net accumulation to a net
rate at which coral reefs calcify decrease as a result of ocealoss in CaCQ@ material (“decalcification”) during this cen-
acidification, decreasing seawater [%Iq)and Q (e.g., Gat-  tury (e.g., Andersson et al., 2005, 2006, 2007, 2009; Hoegh-
tuso et al., 1999; Marubini and Atkinson, 1999; Marubini Guldberg et al., 2007; Manzello et al., 2008; Kleypas and
and Thake, 1999; Langdon et al., 2000; Langdon, 2001;Yates, 2009; Silverman et al., 2009). The balance of GACO
Langdon and Atkinson, 2005; Marubini et al., 2008). Obser-production and dissolution can be defined as net ecosystem
vations from coral colonies and coral reef community meso-calcification (NEC). It is generally considered that CaCO
cosms exposed and equilibrated with high levels of atmo-production occurs at saturation state valtds while disso-
spheric CQ (~500-700 ppm) and lowered [@O] concen- lution of a particular carbonate mineral phase occurs vihen
tration (with lower values 0f2aragonitd have generally shown  with respect to this phase isl. The transition from positive
reduction in the rates of coral calcification. However, a sin-to negative net ecosystem calcification (NEC = calcification-
gular, predictable response of corals to changes in seawalissolution) occurs at “critical threshold values” (Kleypas et
ter CQ, chemistry has not emerged from these experimentahl., 2001; Yates and Halley, 2006) of seawat€0;, [CO?]
studies. Instead, a wide range in the reduction of coral calcifi-and Qaragonitewhen NEC =0. The transition is complicated
cation rates in response to elevated @0Onditions (i.e., typ- due to the fact that individual coral species and other reef
ically doubling seawatepCO;, from present-day conditions calcifiers may have different “critical threshold values” com-
to 700+ 100 patm) has been observed in experiments studypared to the entire coral reef ecosystem that is influenced by
ing “community” mesocosms (e.g=19 to —58%; Leclercq  a spectrum of hard coral and other marine calcifier responses
et al., 2000; Langdon, 2001; Leclercq et al., 2002; Langdonas well as bioerosion and sediment dissolution.
etal., 2003; Langdon and Atkinson, 2005; Jokiel et al., 2008) As stated earlier, there is very limited field data on the
and individual coral species (e.g., Amat, 2002; Marubini etrelationships between calcification and seawater carbonate
al., 2001, 2003; Renegear and Riegel, 2005; Schneider anchemistry (Suzuki et al., 1995; Ohde and van Woesik, 1999),
Erez, 2006; Fine and Tchenov, 2007; Marubini et al., 2008;particularly over seasonal to annual timescales (Silverman et
Guinotte and Fabry, 2008). al., 2007; Manzello, 2008) and relevant reef spatial scales.
The widely ranging experimental response of sclerac-The geographic distribution of coral reefs is generally dic-
tinian corals to elevated Conditions, decreasing seawater tated by light availability, sea surface temperature and by
[CO%‘] and Qaragonite likely reflects the complex interaction [CO%‘] and Qaragonite With the high-latitude Bermuda coral
of factors that influence calcification such as light, temper-reef at the geographic limit of this ecosystem (Kleypas et al.,
ature, coral host-endosymbiotic zooxanthellae interactions1999a, b, 2001; Fig. 1). In this paper, we demonstrate sea-
species specific responses, life history, experimental desigrsonal relationships between in situ rates of coral calcification,
and seawater carbonate chemistry. The influence of environseawater carbonate chemistry (i.e., @I@and Qaragonitd
mental factors on coral calcification is not clearly demon-and other environmental parameters at Hog Reef, a previ-
strated and somewhat contradictory. In early studies, Goreaously studied coral reef site within the Bermuda coral reef
(1959) suggested that zooxanthellae photosynthesis wouldcosystem (Bates et al., 2001; Bates, 2002). Furthermore,
lower internalpCO;, enhancing CaC@saturation and pre- offshore data collected at the Bermuda Atlantic Time-series
cipitation of CaCQ at internal sites of coral calcification. Study (BATS) site~80 km SE of Bermuda (Steinberg et al.,
Field studies have subsequently indicated that rates of cal2001; Bates, 2007; Fig. 1) are used to constrain our estimates
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Fig. 1. Location of rim and terrace reefs of Bermuda, the North Lagoon and island of Bermuda, and seasonal changes in temperature, salinity
and nitrate+nitrite.(a) Two reef sites, Hog Reef (red symbol) and Twin Breakers (orange symbol), were chosen as representative of the
broad rim reefs that enclose lagoonal waters of the North Lagoon. The North Lagoon contains patch coral reefs and extensive sand area
with two sites (Crescent 1 and 2; green symbol) representative of patch reefs. The track of weekly underway, shipboard sampling from the
R/V Atlantic Explorer(green dashed line) and M/@leander(blue dashed line) are shown. The offshore Hydrostation S (blue symbol),
Bermuda Atlantic Time-series Study (BATS; purple symbol) and Bermuda Testbed Mooring (BTM) sites are also shown (Bates, 2007). The
CARIOCA pCO, buoy was deployed at Hog Reef from 2002 to 20@3;seasonal changes in temperat\€;(open squares) and salinity

(grey diamond) at the North Channel site in the North Lagoon from 2001 to 2006(Giseiasonal changes in nitrate+nitrite (umoleskg

at the North Channel site in the North Lagoon from 2001 to 2006. North Channel WQMP data courtesy of Drs Richard Owen and Ross
Jones (MEP, 20061ttp://www.bios-mep.infa/executive summary).

of net ecosystem calcification (NEC) and net ecosystem pro2 Methods and materials

duction (NEP) in an improved method compared to previ-

ous studies (Bates, 2002). These contemporaneous datas@d Physiographic setting of the Bermuda coral reef
provide a framework for investigating the present and future

potential impact of risingpCO, and ocean acidification on
coral reef ecosystems in their natural environment. Further
more, we evaluate the critical threshold values of §Cp

Bermuda has a geographically isolated subtropical coral reef
ecosystem~£1000 kn?), with a shallow central lagoon (i.e.,
North Lagoon) containing patch reefs, partly surrounded
with a flank of outer rim and terrace reefs (Dodge and Vais-

and Qaragoniteat Which chemical conditions may no longer _ . _ _
be favourable for calcification on the Bermuda coral reef and"YS: 1977; Morris et al., 1977; Dodge et al., 1984, 1985;
Logan et al., 1994) and the island of Bermuda (55 ko

the timing of these thresholds in response to future acidifica- ! - ; )
tion of the oceans. In addition, we describe the evidence fofh€ South (Fig. 1). The marine ecology of Bermuda is domi-

a “Carbonate Chemistry Coral Reef Ecosystem Feedbackhated by calcifying organisms, while the |slqnds seamountis
(CREF hypothesis), a case where there is a seasonal feeaapped by Quaternary limestones and marine carbonate sed-
back between the primary components of the reef ecosysterfi"€nts- _

(i.e., scleractinian hard corals and macroalgae) and Gaco \Vaters of the Bermuda coral reef continuously exchange
saturation states that enhance and suppress calcification ratg&h offshore waters of the North. Atlantic Ocean surround-
at different times of the year. Diurnal enhancement and sup!9 Bérmuda (Bates et al., 2001; Bates 2002). The typical
pression of [C(é‘] and coral calcification by photosynthe- residence time of water on the rim reef is a.pproxm.ately 1-
sis and respiration, respectively, have been modelled for thé days (Morris et al., 1977), while water residence times are
Shiraho Reef in the Ryukyu Islands by Suzuki et al., 1995/0nger in the North Lagoom{5-10 days) (R. J. Johnson, tide

using short-term in situ observations (i.e., one daytime and®"d Wind mixing model, D. Kadko, unpublishéBe tracer
one nightime collection of data). data).

www.biogeosciences.net/7/2509/2010/ Biogeosciences, 7, 25682010
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Hard coral cover on the Bermuda rim and terrace region2.3 Seawater DIC, TA andpCO- observations
of the reef system typically ranges between 15 and 70%
(Fig. 1; CARICOMP, 1997a, b, 2000) including the areally During 2002 and 2003, seawater samples were collected reg-
dominant calcareous sand and seagrass ecosystems of thkarly at Hog Reef{2m deep). Samples for DIC and TA
North Lagoon. Over the last couple of decades, Bermuda'svere drawn from a Niskin sampler into clean 0.5%size
rim reefs have maintained long-term average of 21% coraPyrex glass reagent bottles, using established gas sampling
cover varying between 18-23% year to year (MEP, 2006;protocols (Bates et al., 1996a). A headspace d¥% of the
R. J. Jones, unpublished dathattp://www.bios-mep.info/  bottle volume was left to allow for water expansion and all
NEW%20site/SulProgram2c.htn) with macroalgae vary- samples were poisoned with 100 pl of saturated Hg0lu-
ing between 5 and 15%. The dominant coral reef taxa ardion to prevent biological alteration. Bottles were sealed with
Diploria labyrinthiformis and D. strigosa,with Montastrea  ground-glass stoppers and Apiezon silicon vacuum grease.
franksii, M. cavernosa, Porites astreoideendMillepora al- Rubber bands were placed around the lip of the bottle and
cicornisbeing significant components of the reef ecosystem.stopper to provide positive closure. Samples were returned
D. labyrinthiformisand strigosaare arguably the dominant to BIOS for analysis.
species and constitutes 25—-35% of the reef hard coral cover. DIC was measured by a gas extraction/coulometric tech-
nigue (see Bates et al., 1996a, b for details), using a SOMMA
2.2 Seawater carbonate chemistry considerations (Single-Operator Multi-Metabolic Analyzer) to control the
) ] ] pipetting and extraction of seawater samples and a Ulg CO
The complete seawater carbonic acid system (i.e.2,CO coylometer detector. The precision of DIC analyses of this
H2C05, HCO;, CO;~, H™) can be calculated from a combi- - system is typically better than 0.025%@.4 umoles kg)
nation of two carbonate system parameters, DIC, /B0, pased on duplicate and triplicate analyses-000 seawa-
and pH, along with temperature and salinity. Hep&O>  ter samples analyzed at BIOS from 1992 to present. Seawa-
is the partial pressure of GOn equilibrium with seawater, ey certified reference materials (CRM's; prepared by A.G.
wh|_Ie pH is expressed on the total seawater ;cale. DIC iickson, Scripps Institution of Oceanography) were ana-
defined as (Zeebe and Wolf-Gladrow, 2001; Dickson et al.|yzed to ensure that the accuracy of DIC was within 0.03%
2007): (~0.5pumoleskgl). Salinity was determined analytically
_ - - using a SeaBird SBE-9 conductivity sensor and calibrated
DlC_[COE]+[HCO3]+[CO§ ] @) against salinity collected at the ocean time-series BATS
where [CG] represents the concentration of all unionized (Steinberg et al., 2001). In situ temperature was measured
carbon dioxide, whether present asG0; or as CQ. The  with a platinum thermistor£0.05°C) and temperature log-

total alkalinity of seawater (TA) is defined as: ger. TA was determined by potentiometric titration with HCI
(see Bates et al., 1996a, b for details). CRM samples were

TA =[HCO; 1+2(CO5 |+[B(OH), 1+[OH 1+ (2)  also analyzed for TA and these values were within 0.15%

[Hpoﬁ_] + 2[po:’1—] +[SIO(OH)3 1+ [HS 1+ [NHg] +... (~2-3 umoles kg?) of certified TA values reported by A.G.

4 _ Dickson fttp://andrew.ucsd.edu/co2qc/index.Html
~[HT =[SO, 1= [HF] — [H3POu] —.. Atime-series of seawat@iCO, was collected at Hog Reef
where [HCQ[] + 2[CO2~] + B(OH); are the principal com- using an autonomous CARIOCA (CARbon Interface OCean
Atmosphere) buoy (Merlivat and Brault, 1998; Bates et al.,
2000, 2001). The CARIOCA buoy was deployed twice dur-
ing the 2002—-2003 period. Initially, the CARIOCA buoy was
deployed on the 16 October 2002 (day 287 of the year) and
CaCg = Ca?++CO§‘ 3) recovered on the 20 January 2003 (day 20 of the year) af-
. . . ._ter breaking its mooring line. Instrument repair and calibra-
CaCQ; production and dissolution rates vary as a funcnontion delayed the subsequent deployment and the CARIOCA

of saturation statef). For corals and other calcifying ma- buoy was deployed on the 26 April 2003 (day 116 of the
rine organisms whose carbonate mineralogy is aragonite, thg

: ith his mi L oh ear). In anticipation of the passage of Hurricane Fabian over
seqwater saturgtlon state wit . respect to this mineral phase Isqmda (5 September 2003; day 247), the CARIOCA buoy
defined as the ion concentration product of calcium and car-

. . o] X " was moved from Hog Reef to a protected inshore site (Ferry
bonfte ions d|V|d_ed by the st0|_ch|ometr|c solubility pro_dL_Jct, Reach) off BIOS's dock on the 28 August 2003 (day 239).
Ksp” (aragonite; Which is a funct|on. of temperature, salinity — ,5°cARIOCA buoy collected hourly measurements of
and pressure (Mucci, 1983), thus: seawater temperatur@CO, and fluorescence from an in-
Qaragonite= [Ca2+][CO§‘] /Ksp" (aragonite (4) take at 2m depth. Seawater temperature data was mea-
sured using two Betatherm thermistors with an accuracy
of 0.05°C. Tri-butyl tin (TBT) tubing was used internally
and a copper plate was mounted at the seawater intake of

ponents of seawater TA.
Calcium carbonate (CaGpmineral production and dis-
solution is governed by the following chemical reaction:

Biogeosciences, 7, 250253Q 2010 www.biogeosciences.net/7/2509/2010/
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the CARIOCA buoy; both were used to reduce the possi-2003; Abramovich-Gottlib et al., 2003), was used to deter-
bility of biofouling affecting the pCO, sensor. Seawater mine in situ skeletal growth ob. labyrinthiformisat sev-
pCO, measurements were conducted using an automatedral sites across the Bermuda reef including Hog Reef, Twin
spectrophotometric technique (Hood et al., 1999; Bates et alBreakers and Crescent Reef (Fig. 1). At each site, coral
2001;http:/mvww.lodyc.jussieu.fr/carioca/ CARIOCA buoy  colonies = 8) of D. labyrinthiformiswere transplanted on
pCO; measurements were calibrated in the laboratory priorracks and secured to the reef sites in a block design. Ap-
to deployment using a Licor infrared G@nalyzer (Model proximately every three months, colonies were transported to
6262) and C@-in-air gas standards. Seawater was pumpedBIOS and weighed in water using the buoyant weight tech-
in parallel through an equilibrator-Licor analyzer system andnique. The dry weight of the coral specimen in air is

the CARIOCA exchanger cell. Linear regression curves of

the spectrophotometric and LicpCO, data were calculated Wa= Ww/(1=(ow/ps)) ©®)
tometric absorbance and temperature data. respectively, ang,, and ps are the densities of seawater and

In this study, pCOy, [CO5] and Qaragonite Were calcu- specimen respectively (Jokiel, 1978; Langdon et al., 2010).
lated from in situ DIC and TA data sampled from Hog Reef. wiith this method, the skeletal weight of the coral colony
The carbonic acid dissociation constants of Mehrbach etan pe estimated from its buoyant weight in seawater whose
al. (1973), as refit by Dickson and Millero (1997), were used gensity has been accurately determined, thereby providing
to Qetermlne seawat@COz and other carbonate parameters, 5 simple, non-destructive method for recording integrated
using the equations of Zeebe and Wolf-Gladrow (2001). Incora) skeletal growth (or calcification rate) over seasonal

addition, the CQ solubility equations of Weiss (1974), and  timescales. The calcification rat&'f or skeletal growth for
dissociation constants for borate (Dickson, 1990), and phosp |apyrinthiformisis given by:

phate (DOE, 1994) were used. DIC and TA data was also
recalculated as salinity normalized DIC (i.e., nDIC) and al- Gdiploria= AWa/A; (7)

kalinity (i.e., nTA) using a salinity of 36.6. This correction . . . .

accounts for the DIC changes imparted by local precipitationWhereA Wais the change in dry skeletal weight andis the

and evaporation (Bates et al., 1996a) number of days between weighings. Thus, skeletal growth
P ’ ' is expressed as weight increase per g weight (GaglGs

Meteorological data were collected each hour from the iS'ver minor contributions from tissue) for each coral colon
land of Bermuda by the Bermuda Weather Service. Wind y y

14-1
speed data were corrected to 10 m using the equations oe%nd expressed as mg Cag@y=d = (Table 1). Skeletal

Smith (1988). Observations of net shortwave downward ra_growth rate per unit area was also calculated from weight
diation were élso used (Dutton, 2007). Net shortwave raclia_changes and determination of individual coral colony surface

tion, Qsw, was determined from observations of cloud cover, gfgg?:ﬁf?&g?i?;élesnd of deployment) expressed as mg
Ct, and theoretical extraterrestrial solar radiatifp,using a ’
model of Beriland (1960) and Dobson and Smith (1980):

Osw= Ty E¢(aCt) %)

whereT; is the transmission coefficient andis the cloud ~ 1he coral reefs of Bermuda experience large seasonal
correction factor. The values fdk anda have been mea- Cchanges in physical conditions, such as light and temper-
sured at 0.89 and 0.67 in the Sargasso Sea surroundin?}éure' seawater carbonate chemistry and calcification rates
Bermuda (Johnson, 2003). The theoretical extraterrestrial™'9- 2). Atthe summer solstice, day and night Ier]gth was
solar radiation,E;, was determined using standard astro- ~14 @nd~10h, respectively, and reversed at the winter sol-
nomical formulae for the solar constant, solar elevation andStic® (CARICOMP, 1997a, b, 2000). Net shortwave radiation
ephemera to account for seasonality and diurnality (equal@sw) and sea surface temperature showed distinct seasonal-
tions from Payne, 1972; Partridge, 1976; Watt Engineering'ty as (_)bserveq previously (Bates: 2002). Light conditions
Ltd, 1978, Duffie and Beckman, 1991). Photosynthetically Were highly variable seasonally (Fig. 2a). For exampley

. . 2 .
available radiation (PAR) at the ocean surface-#5% of  had a seasonal minima 6f2000-3000 Wm< in the De-
estimated total insolation aps,, (Baker and Frouin, 1987).  cémber 2002 and Januagy 2003 period, and a seasonal max-
ima of ~6000-8000 W m< in the June—August 2003 period

2.4 In situ coral colony calcification or skeletal growth (Fig. 2a). The period of highegdsw occurred around the
rates June solstice period (Julian Day, 3150-165).
Surface temperatures at Hog Reef decreased from mid-
The buoyant weight technique (e.g., Jokiel et al., 1978,summer maxima of~27°C in 2002 to a winter minima of
Davies 1989, 1990), a non-destructive method commonly~20°C in the January to March 2003 period (Fig. 2a). These
used to determine calcification and growth of hermatypicseasonal changes are similar to those typically observed on
corals (e.g., Dodge et al., 1984, 1985; Marubini et al., 2001 the Bermuda reef (Fig. 1b). Subsequently, a mid-summer

3 Results
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Table 1. Natural seawater [C@ ] variability observed at coral reef sites. Diurnal and seasona%[(}@alues were calculated using average
alkalinity and pH observed on the Eilat coral reef by Silverman et al., 2007.

Date Timescale  Diurnal [Cgf ] Seasonal [C@’] Source

range & amplitude range & amplitude

(umoleskg1) (umoles kg1
Okinawa, site 1 (Japan) 1d ~144-350 £200) NA Ohde and Woesik, 1999
Hog Reef (Bermuda) 38d ~200-270¢10-30) NA Bates et al., 2001
Ferry Reach (Bermuda) 1d ~180-260 (80) ~200-280 (70) Bates (unpubl. data)
North Lagoon 1994-1998 NA ~220-280 (60) Bates, 2002
Eilat 2001-2002 ~320-390 ~309-364 Silverman et al., 2007

maxima of~30°C was observed in August 2003 a couple of seawaterpCO, at Hog Reef also showed considerable
of months after the seasonal solar input maxima. For condiurnal variability of ~20-100 patm. In contrast, diurnal
text, winter temperatures on the Bermuda coral reef are typvariability at the BATS site is significantly attenuated5—
ically 1-2°C cooler than the surrounding offshore Sargasso25 patm; Bates et al., 2000, 2001). In other coral reef sys-
Sea (Bates, 2002, 2007). tems, diurnal to seasonal seawgt€fO, ranged from as low

Inorganic nutrient concentrations across the Bermudaas ~100patm to as high as 1000 patm, the largest ampli-
coral reef are low. For example, nitrate+nitrite con- tude in seawatepCO; typically observed in the shallower
centrations are typically less than 0.1 umolesKMEP, reefs. These previous studies have typically observed sea-
2006; http://www.bios-mep.infg/executive summary only; water CQ and associated variables over a few days only or
Fig. 1c) and similar to oligotrophic conditions observed in with transects across reef systems (e.g., Smith, 1973; Smith
offshore waters at BATS (Steinberg et al., 2001). Freshwa-and Key, 1975; Gattuso et al., 1993; Kayanne et al., 1995,
ter inputs to the North Lagoon from the island of Bermuda 1996; Frankignoulle et al., 1996; Kawahata et al., 1997,
are negligible and there is an absence of major sources 62000; Ohde and van Woesik, 1999; Suzuki and Kawahata,
pollutants (e.g., anthropogenic nutrients). Bermuda reef sur2003).

face salinity, typically has a seasonal range-86.0 to 36.8, Surface DIC at Hog Reef had a seasonal variability of
with slightly fresher conditions occuring during summer- 100 umoleskg?, with a maxima of~2070 pmoles kgt
time (MEP, 2006; Fig. 1b) and similar to offshore conditions znd minima of~1970 pmoles kg! observed during the sum-
(Steinberg et al., 2001). mer of 2003 (Fig. 2c). When compared to contemporaneous
Wind speeds experienced by the Bermuda coral reef wer@ATS DIC data, in general, Hog Reef DIC data generally
also generally higher during the winter due to the regular pasfollows (within ~20 pmoles kg?) seasonal changes of DIC
sage of cold fronts originating from North America (Fig. 2b). observed at the BATS site (Fig. 2c). However, during the
Similar seasonal changes in windspeed have been observe@immer of 2003, Hog Reef DIC became depleted by as much
at the BATS site offshore (Bates, 2007). The major eventas 30-40 pmoles kg relative to DIC at the BATS site.
recorded in the windspeed data were sustained high winds Total alkalinity at Hog Reef varied seasonally by
of ~120mph ¢-200kph) during the passage of Hurricane

l . . . .
Fabian over the island of Bermuda on the 5 September 2003 100 umoles kg™ (Fig. 2c), W:cth cons;j(;rable differences
(JD 247: Fig. 2b). Observed between Hog Reef and offshore at BATS. For

. example, Hog Reef TA was generally lower 0—
Seawater carbonate chemistry observed at Hog Reef wag, pmrz)les kglg compared to BAEIJ'S TA f)(/)r most ?22002
also highly variable over seasonal timescales. Since th%nd 2003. However, during the summer of 2003, Hog Reef

sourceSof Be&muda_cgr&l re(fewaateF:s ";' thebsurrc:un(i:ng .S?rTA and DIC were depleted by60-80 pmoles kgt and 30—
9asso >ea, the variability of Hog Reet carbonate chemistry, umoles kgl, respectively, compared to offshore concen-

can be compared with contemporaneous carbonate chemistty._ .. : :

datfi observed at the offshore BATS site. For thg 200_2—200 Yra]lgoglsca:] aB(f ;ﬁ g;lgr oi(i:r)ﬁ a;l'eh?attlligptlsztl:(i? ;)ifmlg:grg tsetr?;-m
period, surface seawatpCO; ranged from low Wlntert|me. oretical predictions that the formation of Cag@ecreases
values ¢-300-360 patm) to summertime values exceedmg.l.A and DIC in a ratio of 2:1 due to the uptake of f3d and

550 patm (Fig. 2b). In comparison, seawate2O, values [COZ*] (Egs. 1-3)

at the BATS site had a seasonal range~&00—420 patm 3 ' '

(Bates, 2007), with the major difference observed during the The seasonal values of [GO] observed at Hog Reef
summertime, when seawate€0, was significantly higher ranged from 190 to 250 umoleskyy a smaller range than

on the Bermuda coral reef. The continuous observationshanges observed on other reefs (Table 1; Fig. 2d). Hog Reef
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2002 2003 [CO%‘] and Qaragonitevalues were generally lower by30—
<15 -100 -50 0 50 100 150 200 250 300 70 pmoleskg?! and~0.3 (not shown) relative to offshore
2;: | e000 [CO%‘] and Qaragonitevalues at BATS, with the exception of
o 6000 3 a few occurences during early summer 2003~1B80-210)
@ 25 S (Fig. 2d).
- 4000 The annual range of skeletal growth rates (Riploria)
1w e R e was~0.28-0.65mg CaCg&y~1 d~1 for D. labyrinthiformis
80- 600 colonies (Table 2). Skeletal growth rates per unit area
3 e ] ) 550 ranged from 0.40—-0.96 mg CaG@m2d~1 for the saméD.
f 40 500 & labyrinthiformis colonies (Table 2). The highest rates were
N T T D observed at Hog Reef for the period of July—August 2003
o T IVIATTTSRTRTRIRAT I ATV TIT 350 and lowest rates during the wintertime (Fig. 2e; Table 2). In
2110+ .- e 2410 situ skeletal growth rates fd@. labyrinthiformiscolonies de-
hoosd S S S ployed at Twin Breakers were also seasonally similar and
R R S e Crd. L e [B0g included in Fig. 2d (with the period of in situ colony de-
B ] e dviy o S R ployment denoted by the horizontal bars). Twin Breakers
o 2310 is assumed to have similar seasonal changes in carbonate
250 om0 " ) 38 chemistry to Hog Reef due to their close proximity. At both
_ ‘ i | =" e sites, in situ skeletal growth or calcification rates covaried
o 2 AN ‘ \/\ o with seasonal changes of [0 (Fig. 2e) andaragonite(NOL
S 210 T 30 © shown).
190 / :::
25°"_ ", 0 s 4 Discussion
<, 2301 mia " . 07 5
8 2104 =__ =" . n " . los Z 4.1 Estimates of annual rates of in situ coral
—— = Te calcification
190 — n -0.3
450 100 50 O 50 100 150 200 250 300 Previous studies of Bermuda corals suchDadabyrinthi-

formis and Porites astreoideshave been shown to accrete
Fig. 2. Time-series of physical, chemical and biological vari- narrow, high density bands of Ca@@uring the summer,
ables from the coral reefs of Bermuda from August 2002 to Oc-gnd wider low-density bands during the fall to spring (Lo-
tober 2003.(a) Surface temperatur€ ) and short wave radiation  gan and Tomascik, 1991; Cohen et al., 2004). If the in situ
. -2 ) ; " .
(Qsw; Wm™*) from the coral reefs of Bermuda. Surface temper- gya|etal growth rates observed at Hog Reef are scaled up, we

ature was collected hourly at Hog Reefi5 km NW of the island : e . !
of Bermuda) using a CARIOCA buoy (red line), and daily aver- reesélfnzia;e (t;hat )ﬂ;zncaelgl?r(;a:::gri ;a:(? :E ezr ug: Caéi?—gique fm
age from a temperature logger at 5 m deep (orange line). The red e reet 9 : =g '

diamond symbols denote surface temperature collected during vis¥Sing the following equation:
its to Hog Reef. The daily short wave radiatio@4) was cal-
culated from meteorological measurements collected hourly from
the island of Bermuda by the Bermuda Weather ServicgWind where Gipioria iS Skeletal growth rate (expressed as
speed (grey line; mph) and surface seawa@®, (patm; blue line). mg CaCQ om-2 d_l) scaled up to a m area (i.e
Wind speed was collected hourly from the island of Bermuda by:L m2 =10 000 Crﬁ) « is a multiplier value that va.ri.e,s

the Bermuda Weather Service. The blue diamond symbols denot% 0 and 1 that i f . f 1h | f
values of seawatgrCO, determined from DIC and alkalinity mea- etween 0 an that Is a function of the planar surtace

surements(c) Time-series of DIC (black diamond; pmolesid) area of the reef. Hereq=0.21 given that Bermuda's
and alkalinity (open circle; pmoles kg) from Hog Reef. The grey ~ im reefs have a long-term average of 21% coral cover.
diamond and circle denote DIC and TA observed offshore at theHowever, the actual surface area is larger due to the
BATS site.(d) Time-series of [C@‘] (black square; pmoles k) complex/hemispherical geometry of coral colony surface
and Qaragonite (Open triangle) from Hog Reef. The grey square area. Thus in Eq. (8)8 is a multiplier that accounts
denote [C@’] observed offshore at the BATS site(e) Time- for the complex/hemispherical geometry of coral colony
series of [C@‘] (black square; pmoleskd) and in situ skeletal surfa}ce area, which is set at 1.57 assuming an ideal
growth rate (i.e.Gdiploria: grey circle; Hog Reef and open dia- hemisphere for coral colony shape. Thus, for example,
mond, Twin Breakers; mg CaG@1d~1) for the massive coral 1If @ skeletal growth rate of 0.96mgCag€m 2d*
Diploria labyrinthiformis from Hog Reef and Twin Breakers. The is used, and 21% coral cover assumed (i.e.,
horizontal bars denote length of time for each in situ skeletal growtha =0.21), the Greer rate is 3.29C<’:1C§Dm_2 d? (i.e.,
determination. 0.96 mgCaC@cm2d~1 x 10000 (crd) x 0.21x 1.57). In

Greef= Gdiploria' af (8)
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Table 2. In situ rates of skeletal growth @iploria labyrinthiformisfrom Hog Reef on the rim reef of Bermuda.

Date Day of year n  Skeletal Growth  Skeletal Growth  SST Osw
(mgCaCQ (mg CaCQ (°C) (Wm2d-1
g—Zd—l) Cm—Zd—l)

1 Jul 2002-21 Aug 2002 181-237 8 .764+0.09 087+0.20 67731209

21 Aug 2002-19 Oct 2002 233-301 7 .40+0.08 0744+0.18 260+0.7P 5217+1328

29 Oct 2002—-22 Dec 2002 301-356 8 .584-0.15 0924+0.21 2314+0.9 3138+ 701

22 Dec 2002-17 Feb 2003 356-48 8 .32+0.08 0464+0.15 2024+0.6 30144542

4 Mar 2003-22 Apr 2003 63-115 8 .47+0.08 0724+0.07 200+0.5 4985+ 999

22 Apr 2003—4 Jun 2003 116-154 8 .48+0.11 0594+0.09 2224+0.8 589041800

1 Jul 2003-5 Sep 2003 181-247 8 .64+0.05% 0.96+0.15 2844+0.9 7368+-963

5 Sep 2003-6 Nov 2003 247-314 8 .79+0.11° 0.69+0.18 263+1.1 4485+1082

Note: standard deviation of skeletal growth rates, sea surface temperature (S®Jgwaane also shown in the Table.
@ Several of the coral specimens had moderate signs of bleaching potentially suppressing coral skeletal growth;
b surface temperatures only available for day of year 288-301;

€ in situ during Hurricane Fabian.

parts of the rim reef, coral cover can be up to 70%, for whichrange of~0.28-0.65mg CaCgy~1d~1 while [CO%‘] and

the Geef rate would be~4.4 to 10.6gCaCOM2d™1. I Quagonite Varied by ~40 pmoleskg? and 0.4 respectively
this calculation, we also assume that the skeletal growthFig. 3). Despite a limited number of observations, in situ
rates for other coral species present at Hog Reef wergkeletal growth rates (either expressed as weight increase or
similar to D. labyrinthiformis and that other calcifying per unit area) were well correlated with mean @q)and
organisms such as coralline algae do not contribute S“anragonite(Fig- 3a and b), with-2 of ~0.68. Similar find-
stantively to this estimate of calcification rate. Calcification jngs have been shown in the natural environment (Silverman
rates on other reefs can vary by a couple of orders ofgt a|., 2007, 2009) and in vitro experiments with other coral
magnitude but the calcification rate estimated for thegpecies (Marubini et al., 2003; Schneider and Erez, 2006).
Bermuda coral reef is at the lower end of thze t){plcal The correlation between in situ skeletal growth and other
observed range for other reefs £2-40gCaC@m™=d™"  gnyironmental factors were less statistically significant. For
e.g., Kinsey, 1985, Pichon 1997; Gattuso et al., 1993,example, mean temperatures during each in situ skeletal
1996, 1999; Barnes and Lazar, 1993; Yates and Halleyyrowth measurement at Hog Reef were weakly correlated
2006; Silverman et al., 2007). The annual rate of cal-yth rates of in situ skeletal growth (Fig. 3c). In the Eilat
cification per unit area of the reef is estlmazted atl HOg reef, coral community calcification is well correlated with
Reef to range between 0.5 and 1.2kgCa@0“year=,  temperature (Silverman et al., 2007), while in other reef sys-
slightly lower thar; the javerage calcification rate of omg the highest seasonal rates of calcification have been
4£0.7kg CaC@m~“year " reported for other coral reefs  ,pseryed a few degrees below the seasonal temperature max-
(Kinsey, 1985). Benthic turf and fleshy macroalgae distribu-j,,m (e.g., Abramovitch-Gottlib et al., 2003; Marshall and
tions were not directly measured at Hog Reef, but typically cjoge, 2004). In Sect. 4.4, we show that net heterotrophy in-

constitute <5-15% of theoreef cover (MEP, 20081ttp:  §yced by other components of the reef ecosystem appears to
[Iwww.bios-mep.info/NEW%20site/SuBrogram2c.htr). SUpPresK2aragoniteand rates of coral calcification during pe-

The highest macroalgal biomass is typically observedyjoys of the summertime. As a result, in situ skeletal growth

coincident with the period of highest solar irradiance in June gtes are weakly correlated with temperature on the Bermuda
(Smith, S. R., personal communication), a seasonal featurgggf.

typically observed on other reefs (Gattuso et al., 1997). There was a poor correlation between in situ skeletal

growth of D. labyrinthiformisand mean shortwave radiation

4.2 Seasonal covariance of coral calcification and (i.e., Osw; Fig. 3c). This is perhaps surprising since other
carbonate chemistry on the Bermuda coral reef studies have shown a strong coupling between light and cal-

cification (e.g., Gattuso and Jaubert, 1990; Marubini et al.,
There are few datasets that can be used to test relationshifZ003; Schneider and Erez, 2006). Short-tegi [) in vitro
between coral calcification and carbonate chemistry undechamber experiments usimy labyrinthiformiscolonies re-
natural conditions. Our results from the Bermuda coral reefcovered from Hog Reef and acclimatized at BIOS, showed a
indicate that calcification rates B¥. labyrinthiformisat Hog  strong coupling between light-200-1400 uE m?s1) and
Reef and Twin Breakers covaried seasonally with §Cp zooxanthellae photosynthesis and respiration rates (as ex-
and Qaragonite Mean in situ skeletal growth rates had a pressed as oxygen production or consumption) Qdy is
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80007 ! | Fig. 4. Annual composite and comparison of surface seawater
g 7000+ l | pCO, data (patm) collected over the last twelve years from the
] +26000- [ coral reef of Bermuda and offshore in the North Atlantic Ocean
qé- 25000 " = at BATS and the Bermuda Testbed Mooring (BTM). All seawater
2 40004 i | pCO, datasets have been adjusted to the year 2006 using the long-
5000 740 W S S term trend of +1.7 patmyeat observed at the BATS site in the
e North Atlantic Ocean from 1983-2006 (Bates, 200Qoral reef
s o2 04 o6 o8 10 200 2 o4 o6 o8 10 seawatepCO, datasets include: (1) surface seawai®O, from
Skeletal Growth Skeletal Growth October 2002 to January 2003 collected hourly at Hog Reef us-

ing a CARIOCA buoy (red line); (2) surface seawateg0O, from

April 2002 to September 2003 hourly at Hog Reef using a CAR-
IOCA buoy (peach line); (3) surface seawafgLO, from Octo-

ber 1998 to November 1998 hourly at Hog Reef using a CARI-
Skeletal growth rates are expressed either as mg gaCbd—1 OCA buoy (orange line) (Bates et al., 2001); (4) surface seawater
(black square) or as skeletal growth rate per unit surface areg,co, (brown closed circles) calculated from surface DIC and al-
(mg CaC@cm—2d~"; open diamond).(a) Relationship between kalinity samples collected at Hog Reef from July 2002 to Novem-
in situ skeletal growth rate ob. labyrinthiformis and average  per 2003: (5) daily mean surface seawat€0, (purple closed cir-
[Cogf] (observed at Hog Reef during the concurrent skeletal cle) collected along the southeastern terrace and rim coral reefs of
growth rate measurement time period.) Regression statistics werghe North Lagoon, Bermuda, from the RWeatherbird Il during
75.77x+ 184.2;2=0.68 (skeletal growth rate per colony weight) ~150 cruises between 1994 and 1998ffshoreseawaterCO,

and 49.30x+ 183.3;2=0.69 (skeletal growth rate per unit sur- datasets include: (6) surface seawat@0, (grey open diamond)
face area). (b) Relationship between in situ skeletal growth rate from November 2005 to December 2006 collected every 3 h at the
of D. labyrinthiformis and averageQaragonite Observed at Hog  BTM site [C. L. Sabine and N. R. Bates, unpub. data] and; (7) daily
Reef during the concurrent skeletal growth measurement time pemean surface seawate€0, (black closed diamond) collected ev-
riod. Regression statistics were: 0.976x + 2625,: 0.68 (skeletal ery 2min at the BATS site from the R/Weatherbird 1l during

growth rate per colony weight) and 0.629x + 2.65=0.68 (skele-  ~150 cruises between 1994 and 1998 (Bates, 2007).
tal growth rate per unit surface area). The 95% confidence lev-

els for the zero skeletal growth intercept was 2.22-3.08 and 2.21-

3.08, respectively(c) Relationship between in situ skeletal growth of in situ PAR over shorter time-scales. With limited data, we

rate ofD. labyrinthiformisand temperature (° C) observed at Hog t statisticall fi ith t i
Reef during the concurrent skeletal growth measurement time peganno Statistically confirm €ither a strong coupling or uncou-

riod. Regression statistics were: 13.44x + 17.85=0.28 (skele- pling of light and calcification for corals at Hog Reef. Simi-
tal growth rate per colony weight) and 9.655x + 16.56=0.35 lar weak correlation between coral calcification and seasonal

(skeletal growth rate per unit surface aregdl) Relationship be- changes in shortwave radiation have been shown for other

tween in situ skeletal growth db. labyrinthiformisand average reefs primarily due to the seasonal lag of several months be-

light (W m~2) observed at Hog Reef during the concurrent skele- tween peak solar input, and seawater temperatures and coral

tal growth measurement time period. Regression statistics weregalcification (e.g., Silverman et al., 2007).

6617.8x +2001.4;2=0.27 (skeletal growth rate per colony weight)

and 3791.8x +2281.%2=0.21 (skeletal growth rate per unit sur-

face area). 4.3 Potential mechanisms coupling seawater carbonate
chemistry and coral calcification

Fig. 3. Relationship between in situ skeletal growth rateDof
labyrinthiformis(i.e., Ggiploria) at Hog Reef against mean [(éO],
Qaragonite temperature and light conditions observed at Hog Reef.

an appropriate proxy for coral photosynthesis, our in situ

observations would suggest a weak coupling between coralhe field data collected from the Bermuda coral reef indi-

photosynthesis and calcification. However, whilg,, is a  cates that the highest rates of calcification occurred when
good proxy for the seasonally integrated mean light condi-[Cog_] in the external reef environment was at seasonally
tions at Hog ReefQs,, may not accurately reflect variability high concentrations (while [HCL] was at seasonally low
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values). However, it remains unclear why calcification in Furthermore, with lower external seawater pH and greater
corals responds to changes of seawater carbonate chemistiiy*], increased amounts of energy may be required to pump
in the external natural environment. H* against this gradient. Higher energetic demands required
to remove H as suggested by Cohen and Holcomb (2009),
combined with lower energy production in winter due to re-
duced solar input, may make it more difficult for Bermuda
corals to alkalinize calicoblastic fluids with lower calcifica-

Early studies suggested that seawater HO@as taken
by corals for calcification (Goreau, 1959), with active re-
moval of H ions from the calcification site to facilitate al-
kalinization of fluids in the coral calicoblastic layer (e.g.,
McConnaughey, 1989a, b, 1997, 2004, McConnaughey anfjonrates as a result.

Whelan, 1997; Gattuso, 1999; McConnaughey and Cohen, I cora!s do actively take up both HCgOand chi’
2004). If coral uptake of HCQ is directly proportional changes in zooxanthellae photosynthesis could also enhance

to external seawater [HCQ), then it follows that calcifica- or suppress ca!C|f|cat|on. Slnce_ HgICQm'FernaIIy converted
. to COp by CA) is the source of inorganic carbon for photo-
tion rates should be correlated to [HED However, ex-

. | studi d i ) bini synthesis, increased demand for HCRY increased zooxan-
perimental studies (e.g., Langdon et al,, 2000; Marubini ®hellae photosynthesis (in response to enhanced light condi-

al,, 2001) and field data from Hog Reef and other reefs (Sil-ng) should shift the ratio of [HCE:[CO2 ] to lower val-
verman Etl al., 20?7’ 500? mc(ijlcates that Cf‘lc'f'cat'ondratesues. This should further elevate pH, enhance alkalinization,
f'are strongly correlate i with an proportlona _to @5(]) an and Qaragoniteconditions in the calicoblastic layer. Thus, as
inversely correlated with [HCEJ (i.e., decreasing calcifica-  gyigenced by higher calcification rates during summertime
tion rate with increasing [HCE)). As a potential solution  for the Bermuda coral reef, photosynthesis and favorable car-

to this conundrum, Marubini et al. (2001) suggested uptakeyonate chemistry changes may act synergistically to enhance
of CO% in addition to HCQ and, that the pH of the cal- rates of coral calcification.

cifying fluid (calicoblastic layer) would have to be propor-

tionate to external seawater pH. In this scenario, if uptake4.4 The carbonate chemistry coral reef feedback

of Cog‘and HCQ occurs in proportion to external con- (CREF) hypothesis

ditions, external seawater carbonate chemistry can enhance

or suppress calcification. For example, at higher externaSeasonal changes in seawater carbonate chemistry of
pH conditions (i.e., higher [(:@] and Qaragonite and lower  reef sy;tems can be used to evalugte the net ecpsystem
[HCO31]), the alkalinization of the calcifying fluids would ~Metabolism (NEM) of the reef and the impact of benthic pro-

be enhanced by reduced energetic needs to actively remov&eSSes on water overlying the reef system (e.g., Chisholm
H+ from the calicoblastic layer produced by dissociation of @nd Barnes, 1991; Suzuki et al., 1995; Gattuso et al., 1996;

HCO3_ (Or pump |—ﬁ‘ against a Stronger gradient Ofl'Fbut_ Bates, 2002, S“Verman et al., 2007, Langdon et a.l., 2010)
side the coral). This scenario implies energetic cost for main-TWO processes dominate the net ecosystem metabolism of
taining suitable chemical conditions for calcification when the reef, each with different influence on seawat€0, and

seawater conditions may not be conducive for calcificationother components of the seawater carbonate system. The first
(Cohen and Holcomb, 2009). process relates to the balance of coral calcification and dis-

. ) o solution or net ecosystem calcification (NEC). Positive NEC

Does this solution agree with field data from Bermuda?, 565 represent net calcification, while negative NEC val-
At Hog Reef, [C_@ ] has a seasonal range 0f190- ,eq represent net dissolution. In general, calcification release
250 pmoleskg! (Fig. 2d), while [HCQ[] has a range of  apout 0.6 mole of C@to the surrounding environment per
~1720-1870 pmoles kg (not shown). In summertime, dur- mole of CaCQ precipitated in coral reef systems (Kinsey,
ing the highest observed rates of coral calcification, when1985: Frankignoulle et al., 1994; Lerman and Mackenzie,
[CO5 ] is at a seasonal maxima and [HgPat a seasonal  2005). When rates of calcification exceed dissolution (i.e.,
minima, the ratio of [HCQ]:[CO%‘] is ~6.8:1. In contrast, NEC is positive), the uptake of inorganic carbon into the
in wintertime, during the lowest observed rates of coral calci-coral skeleton as CaGQdecreases DIC and TA in a ratio
fication, when [C@’] is at a seasonal minima and [HGP  of 1:2, with the net result of C®production and increase in
ata seasonal maxima, the ratio of [HCJJCOS ]is ~9.8:1.  seawatepCO,. Thus, NEC on most coral reefs results in
Thus the ratio of [HC@] to [CO§*] changes by almost 40% net production qf CQ (Gattuso et al., 1999). In many coral
in the natural environment at Hog Reef. In the summer-€€f systems, higher reef seawaje€O, values compared
time, the low ratio of [HCQ] to [CO%‘] may lessen the to offshore cond!tlons have been observed (e_:.g._, Kawahata et
need for corals to actively removeHrom the calicoblas- &l 2000; Suzuki and Kawahata, 2003), confirming that coral
tic layer (from the dissociation of HCD), thereby facilitat- reef metabolism generally acts to increase seawa,.
ing alkalinization of the calicoblastic fluids and calcification. Similar findings were reported from previous short-term ob-
In contrast, during winter, the higher seawater proportion ofS€rvations at Hog Reef (Bates et al., 2001), and across the

[HCO;] relative to [C(%‘], may mean that there is a greater SE sectqr of the Bermuda platform (Bates, 2002), and in this
demand for active removal of Hirom the calicoblastic layer. PapPer (Fig. 4).

Biogeosciences, 7, 250253Q 2010 www.biogeosciences.net/7/2509/2010/



N. R. Bates et al.: Feedbacks and responses of coral calcification on the Bermuda reef 2519

The second process relates to the balance of photosynthd-4.1 Calculation of reef NEC and NEP rates
sis and respiration or net ecosystem production (NEP). On a
typical coral reef, NEP is dominated by coral/zooxanthellae The calculation of rate of NEC (i.e., NE&) is based on the
respiration/photosynthesis, and benthic macroalgal photoalkalinity anomaly-water residence time technique (Smith
synthesis and respiration. In net autotrophic systems, wherand Key, 1975; Kinsey, 1978; Chisholm and Gattuso, 1991;
the rate of photosynthesis or gross primary productidh ( Langdon et al., 2010) that has been used previously for es-
is greater than rate of respiratioﬁx NEP values are nega- timating in situ rates of calcification for reef systems (Gat-
tive and the uptake of C&decreases DIC only (and seawater tuso et al., 1996; Silverman et al., 2007). In the method,
pCO, also) and TA remains unchanged (minor changes ddifferences between offshore and onshore nTA are assumed
occur owing to the uptake of nutrients). In net heterotrophicto result from the balance of reef calcification and dissolu-
Systemsl wher® < R, NEP values are positive, Q@ pro- tion (i.e., NEC) that Changes the TA content of waters over-
duced and DIC and seawatg€0; increase over time. In  lying the reef (i.e., AnTANEC). Thus, seasonal values for
many reef systems, net ecosystem production (NEP) is neacﬁnTANEC are determined using the observed difference in
zero despite high rates of gross primary production (e.g.salinity normalized TA (i.e., nTA) between offshore and on-

Crossland et al., 1991; Gattuso et al., 1999; Ducklow andshore (nTAgtshore TAonshore Using data from BATS and Hog
McAllister, 2004). Reef (Table 3). The NEGes rate is then calculated by scal-

ing the values oA TANEC to an appropriate water dept#)
In a previous study, Bates (2002) used monthly differ- and water residence time ) for the reef. Thus, following
ences of temperature corrected seawpt@©, between the  the method of Langdon et al. (2010):
Bermuda coral reef and offshore values to estimate net pro-
ductivity (i.e., equivalent to NEP in this study) rates over the NECreer= ANTANEC = 9)
annual cycle. In the absence of contemporaneous in situ coral-0.5(nTAgftshore— TAonshord - (0Z)/T
calcification rates, constant rates of calcification over the an- ) .
nual cycle were assumed and used to estimate net productiV¥herep is the density of seawater. Here, an average water
ity. This previous analysis indicated that the Bermuda coraldepth of 6m and water residence time of 2 days is used in

reef was net autotrophic over most of the year (i.e., NEP rateén€ calculations of NEfeet and NERees rates with scaling

August and September (i.e., Fig. 3 in Bates, 2002). NECreer are expressed in units of mmoles Ca30*d~*
(or expressed as g CaG®2d 1 using a molecular weight
In this study, NEC and NEP rates for the Bermuda reefof 100.09). Secondly, the change in DIC for waters overlying
were determined using mass balance methods following simthe reef due to NEC (i.e AnDICNEC) is calculated using a
ilar methods to other studies (e.g., Gattuso et al., 1996; Bate§;A:DIC ratio of 2:1). Thus:
2002; Silverman et al., 2007). In this approach, observed dif- NEC NEC
ferences between onshore and offshore seawater carbonaf\DIC™—~ = AnTA™=>/2 (10)

chemistry are used to quantify how reef processes (i.e., CaICi"I'he rate of NEP (i.e., NEB for the reef is calculated

fication, dissolution, photosynthesis anq respiration) modifyby mass balance given that NEP imparts a change in the
the TA ‘f"’?d DIC content of waters overlying the reef, therebyDIC content of waters overlying the reef (with photosyn-
deteBT'Cn'ngdt_?i dNEMfOf thi r%ingst.em.B Contezgg;)ranz—thesis and respiration causing no change in TA). The rate
ous an ata from the site (Bates, ) an of NEP.eet is thus calculated by mass balance using the ob-
Hog Reef were used for offshore and onshore seawater CaCerved differences in nDIC between onshore and offshore
bonate chemistry conditions, and both TA and DIC dataset i.e.. ANDICytieh hors Table 3) andAnDICNEC:

were corrected to a constant salinity of 36.6 to account for ofishore-onshore '

local evaporation/precipitation differences between onshoreNEPR, ;= ANDICNEP = (11)

and offshore. ANDICoftshore-onshore— ANDICNEC

In a mass balance sense, if the rate of NEC (i.e., N§C NEP.ef is then expressed in units of mmoles G~ (or

is positive and NEP of the reef (i.e., NER) is zero, wa- expressed as g CTA d~1 using a molecular weight of 12).
ters modified by net reef metabolism will gain €Q.e., in-

crease seawat@iCO,) compared to offshore conditions due 4.4.2 Scaling of NEC and NEP rates

to the production of C@ from calcification and formation

of CaCQ (DIC and TA will decrease). If NEfgef is zero In the above method, the rates of NE& and

and NEReef negative (i.e., net autotrophic), waters modified NEPRee; are scaled from observed seasonal changes in
by net reef metabolism will lose CJi.e., decrease seawa- AnTAoiishore-onshore@Nd ANDICqtishore-onshore@S @ function

ter pCO,) compared to offshore conditions due to uptake of of water depth and water residence time. Based on obser-
CO, from photosynthesis (i.e., photosynthesisespiration;  vations/models (Johnson, 2003; R. J. Johnson tide/wind
DIC will decrease while TA will increase marginally). mixing model of the Bermuda reef), an average water depth
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Table 3. Hog Reef TA and DIC data compiled into a composite year. Julian day of sampling is shown along with original sampling data,
sea surface temperature (SST), salinity (S), DIC and TA data (both pmotés kfhese data are used in Sect. 4.4 to calculate rates of
NEPeef and NEGeef Using AnTAqftshore-onshore@Nd ANDICofishore-onshorevalues. AnTAggtshore-onshore@Nd ANDICofishore-onshore@re
calculated from nTA and nDIC (adjusted to a salinity of 36.6) using contemporaneous Hog Reef (onshore) and BATS data (offshore).

Julian Day  Original Sampling Date ~ SST S TA DIC ANnTAofishore—onshore ANDICottshore—onshore
6 6 Jan 2003 20.71 36.815 2372.3 2053.8 33.3 -6.8
116 25 Apr 2003 20.79 36.815 2353.4 2048.8 48.7 16.7
119 28 Apr 2003 20.97 36.627 2346.3 2050.1 43.7 5.0
128 7 May 2003 22.13 36.677 2353.0 2020.1 42.2 38.8
137 16 May 2003 22.19 36.712 23554 2052.6 42.0 8.4
144 23 May 2003 2250 36.616 2326.2 2025.7 65.0 29.9
155 3Jun 2003 2355 36.564 2363.0 2027.5 18.1 12.7
157 5Jun 2003 24.03 36.564 2346.7 2048.6 34.4 -84
167 15 Jun 2003 25.80 36.642 2333.9 2067.0 52.1 —22.4
172 20 Jun 2003 25.63 36.619 2366.7 2030.9 17.8 12.3
184 2 Jul 2003 26.49 36.589 2400.3 2044.2 —15.2 0.4
198 16 Jul 2003 28.36 36.671 2331.3 2019.0 59.0 30.1
207 25 Jul 2003 28.76 36.899 23414 2017.1 63.4 44.5
212 30 Jul 2003 28.96 36.516 2330.3 19794 46.7 44.0
216 3 Aug 2003 29.42 36.608 2317.1 1971.2 65.8 57.2
228 15 Aug 2003 30.00 36.614 2314.0 19934 69.3 35.3
241 28 Aug 2003 28.31 36.161 23519 2010.6 9.9 -55
273 29 Sep 2003 26.50 36.135 2346.0 2045.5 11.6 —45.6
302 29 Oct 2002 2542 36.524 2359.6 2038.7 25.4 —14.5
309 5 Nov 2002 24.27 36.591 23535 2033.1 34.0 -2.0
316 12 Nov 2002 22.82 36.760 2361.2 2027.2 37.2 13.3
324 20 Nov 2002 23.60 36.253 23719 2042.2 -6.5 —30.0
339 5 Dec 2002 22.38 36.506 2378.8 2045.3 9.8 —-12.1
358 24 Dec 2002 2144 36.515 2379.5 20475 9.6 —13.9

of 6m and water residence time of 2 days (i.8.and 4.4.3 Further caveats and uncertainties for estimating
in Eq. 9) were used in the calculations of Ng& and rates of NECieef and NEPyeet
NEPeef rates (Fig. 5). It is important to recognize that this
mass balance approach does not provide absolute valueshere are further caveats and uncertainties using the alka-
for NECreet and NEReer, but rather, provides a seasonal linity anomaly-water residence time technique. Firstly, it
view of changes in the balance of calcification/dissolution, should be noted that onshore and offshore seawater carbonate
and net heterotrophy/net autotrophy. As a sensitivity testchemistry were not typically sampled on the same day, but,
the annual rates of NEger and NEReer were plotted in  we have chosen data sampled as closely in time to estimate
Fig. 6 for a range of andz values that are within observed onshore-offshore differences. Secondly, seawater carbonate
ranges for the Bermuda rim reef (e.g., 4-8 m water depthchemistry data were not corrected for long-term changes ob-
and 1-4 day water residence time). If tileterm (i.e., served at the BATS due to the oceanic uptake of anthro-
water depth) in Eq. (9) is increased, rates of Nfand  pogenic CQ (Bates, 2007; Bates and Peters, 2007) since
NEPefalso increase (Fig. 6) since reef rate processes (e.gthe observations occurred over a 16 month period. These
calcification) have to be higher for equivalency to observedlong-term changes are very minor compared to the observed
ANTAoftshore-onshore@Nd ANDICofishore-onshoredata. In con-  changes in seawater carbonate chemistry over the timeframe
trast, longer water residence times (i.e.in Eq. 9) reduce  of the study. It is also assumed that the uptake of nitrate
NECreef and NEReef rates (Fig. 6). The strong summertime by coral photosynthesis does not contribute significantly to
net autotrophy and late summertime net heterotrophy showghanges in nTA.
in Fig. 5 and discussed later occurs for all proscribed values | addition, as argued previously by Bates (2002), ben-
of Z andz values shown in Fig. 6. thic coral calcification/dissolution, and coral/macroalgae
photosynthesis/respiration are the dominant processes in-
fluencing NEM for the Bermuda reef, with air-sea £0
gas exchange, pelagic phytoplankton primary production
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E : and vertical mixing processes having minor impact on the
g o2 e ‘ S Y carbonate chemistry of waters resident for a short time
e T (<2 days) on the rim reefs of Bermuda (Bates, 2002). The
NEC for the reef (i.e., NEfgep includes contributions from
Fig. 5. (@ Annual composite of rates of NE&t other calcifiers such as coralline red algae, green algae,
(gCaC@m—2d~1; green line) and NERes (Cm2d~1;  echinoderms, bryozoans, foraminifera and bivalves. In the

blue line) for the Bermuda reef using seawater TA and DIC dataabsence of data for other calcifiers, we assume that their con-
from Hog Reef and BATS, and the alkalinity anomaly-water tribution is minor and that corals are the dominant calcifier

mass residence technique. Positive N&E values represent  on the Bermuda coral reef with NEGs~ NECgoral
net calcification, and negative values represent net dissolution,

with the zero line denote by grey dashed line. Positive NP 4,4.4 Seasonal rates of NEGerand NEP
values represent net heterotrophy, and negative values represent f reef

net autotrophy, with the zero line denote by grey dashed Ifbg.

Annual ite and i f surf te O e
dntnua Co:npokf'l? an cgmlpansor; okslurtalce s\(,\a;\]/va f 3T¢- here indicates that NEget Seasonally ranged betweer2.2
ata (umoleskg’; gray circles) and skeletal growth rates (ie., to 10.4gCaC@m—2d-1 (Fig. 5a) with highest net calci-

Gdiplorias MgCaC@g1d1). (c) Repeat of panel b showing . ~“""% “= . .
the CREF hypothesis superimposed on Hog Reef data. In earI)];'Cat'on in winter (January—April) and mid-summer (July—

summer, enhancement of [@O] and calcification during June and August) and lower net calcification |n_ late-summer tq fall
July [green arrow] occurs due to negative NEP. In late Summer,(September—December). For comparison, as shown in sec-

suppression during September and October on the Bermuda redion 4.1, NEC rates scaled up to the Bermuda reef using
due to positive NEP [blue arrow]. The dashed line illustrates theObserved skeletal growth rates for labyrinthiformis(i.e.,
hypothesized [C@‘ ] in absence of the feedback on carbonate Gdiploria) @and a 50% coral cover would be in the range of
chemistry due to seasonal changes in NEPSeasonal composite 4.5 to 11.1 g CaC®m~2d~2. In addition, in situ observa-

of alkalinity difference (i.e.,AnTAqffshore-onshord between Hog  tions (Ggiploria) @nd mass balance approaches (i.e., NG

Reef and the BATS site for the periods 2002-2003 (square symbolpoth determined independently of each other, show similar
and 2005-2006 (circle symbol). seasonal patterns (compare Fig. 5a and b). For most of the

The alkalinity anomaly-water residence time technique used
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year indicating net autotrophic status of the reef, with rates
0 of photosynthesis greater than respiration. In the summer
(July/August) and fall (November—January) periods, N&P
rates were negative indicative of net autotrophy. However,
in late summer (September/October), N&Prates were
strongly positive, indicative of net heterotrophic conditions
that generate C& similar to previous findings of Bates
(2002). These seasonal patterns suggest thati€@ken

up by the reef system in early summer and fall periods, while
COs is released from net reef metabolism to waters overlying
the reef during the late summer.

The seasonal changes in carbonate chemistry, [NEC
and NEReet are evidence for a feedback between seawater
carbonate chemistry and reef metabolism that enhances or
suppresses coral calcification. As shown in Fig. 5, the high-
est rates of net calcification (i.e., +NEg values) gener-
net dissolution | net calcification ally occur during periods when rates of net autotrophy are

I | [ at their highest (i.e .~ NEPeef). We term this feedback as a
-5 0 5 10 15 X
- seasonal carbonate chemistry coral reef ecosystem feedback

NEG:sr (g CaCOs m* d) (CREF). In this scenario, in early summer, when macroal-
gal biomass is at it's maxima on the Bermuda reef, strongly
(gC m2 d—l) using onshore and offshore seawater TA and nggative I\_IEF(’gefindicates net uptake of GOnto the benthif: .
DIC data from Hog Reef and BATS. NEGs and NEReer data blomgss (i.e., macroalgae and coral zooxanthellae),_whmh in
are shown in Fig. 5a using seawater TA and DIC data, andfU'n increases the [CiO] and Qaragonite Of Waters resident

ANTAoftshore—onshore @1d ANDICoftshore_onshore data shown in 0N the reef. Thgs, early summer net autotrophy gnhances
Table 3. The regression statistics for the line are0.244x+  carbonate chemistry conditions favourable for calcification

0.700,72=0.607. Arrows indicates direction of net autotrophy (evidenced by high rates in situ skeletal growth; Fig. 5¢ and
(i.e.,—NEPRep, net heterotrophy (+NEBe¢), net calcification (i.e.,  high rates of net calcification, NE&y, Fig. 5a). Similar sea-
+NECree) and net dissolution (i.eNECreep). For example, the  sonal enhancement of surface layer @q)and Qaragonite
upper left quadrant denotes conditions on the reef with net het‘have been observed elsewhere as response to pelagic phy_
erotrophy and net dissolution. toplankton primary production and strongly net autotrophic
conditions (Feely et al., 1988; Bates et al., 2009). In addi-
tion, a diurnal model of the enhancement and suppression of
year, NEGeer rates are generally positive (i.e., calcification [co2-] and coral calcification by photosynthesis and respi-
> dissolution) with rates of net calcification similar to other ation, respectively, has been shown for the Shiraho Reef by
reefs (e.g., Kinsey, 1985; Pichon 1997; Gattuso et al., 1993g,7k; et al. (1995) using one daytime and one nightime set
1996, 1999; Barnes and Lazar, 1993; Yates and Halley, 2006 in situ observations for validation of the model. In our
Silverman et al., 2007). However, negative N&&values  study, although there are caveats and uncertainties in using
were occasionally observed suggesting that the reef may exnass balance models, the NEfvalues for spring-summer
perience brief periods of net dissolution. net autotrophy suggest that in addition to coral metabolism,
The alkalinity anomaly-water residence time techniqueother components of the reef system (i.e., macroalgae photo-
also reveals seasonal changes in net reef metabolism angnthesis) contributed to net autotrophy and enhancement of
shifts between net autotrophy and heterotrophy for the[cog—], Qaragonite and NEGeef.
Bermuda coral reef ecosystem (Fig. 5a). Rates of P In contrast to the early summer condition, NEP rates shift
seasonally ranged between —2.8 to +1.5gCm?d™1.  in late summer to positive values indicating a change from
This compares to early estimates for NEP of other reefsnet autotrophy to net heterotrophic conditions. Release of
that ranged from~—0.6 to +0.6gCm?d-! (Kinsey,  CO, in late summer suppresses [€Q and Qaragonitewhich
1985; Andersson et al., 2005). Over relatively short-in turn appears to suppress coral calcification rates (Fig. 5b
timescales, Gattuso et al. (1996) showed that the Mooreand c). During this period, benthic macroalgal biomass typi-
and Yonge reefs were net autotrophic with ranges-0f4  cally decreases from a seasonal maxima in early summer (S.
to —5.8gCnr2d~L. More recently, Silverman et al., 2007 R. Smith, unpublished data). Net heterotrophic conditions
showed that the Eilat reef was predominantly net autotrophidn late summer likely result from a combination of factors,
(up to —2.2gCnr2d™1 ) over the 1997-2002 period, but such as reduction in zooxanthellae photosynthesis rates, and
also occasionally net heterotrophic (+0.5g Cid—1). remineralization of organic matter produced from the ear-
In general, NERgs rates were negative over most of the lier benthic macroalgal production in early summer. Thus,

o
|
O
92{
Od
O
“«— | —>
net autotrophic | net heterotrophic

NEPreef (g C m-2 d-1)
a

Fig. 7. Rates of NEGeef (JCaC@m—2d~1) against NERs
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late summer net heterotrophy and release of @@pears to  ters, 2007). If the rate of [ng] decrease is applied to
depress carbonate chemistry conditions favourable for calthe observed in situ correlation between skeletal growth of
cification (evidenced by low rates in situ skeletal growth; D. labyrinthiformis and [C@*] at Hog Reef (Fig. 3a), a

Fig. 5¢ and low rates of net calcification, Ngg;, Fig. 5a).  ~37% decrease in calcification would be predicted for the

It is likely that other components of the reef system (i.e., 1959-1999 period. Since these assessments are based on the
macroalgae respiration) contributed to net heterotrophy andame coral species, but using very different approaches, there
suppression of [C§T] and Qaragonite It may also be that late  seems to be strong evidence that ocean acidification has sig-
summer macroalgal respiration and entrainment of respiranificantly decreased calcification rates on the Bermuda coral
tory CO, from below the mixed layer due to the breakdown reef over the recent past.

of the warm, shallow thermocline through mixing induced  \ye can also estimate the decrease in coral calcification
by cooling and storms act to increase seawa€0; and g6 to ocean acidification from the pre-industrial period
decrease [C§] and Qaragonite The subsequent seasonal re- present. At the BATS site, the observed [EQ de-

bound in [C@‘] andQaragoniteconditions and in situ skeletal  rease of GO+ 0.03 umoleskglyear?! is accompanied
growth rates during the fall is associated with a return to netby an observed increase in salinity normalized DIC of
autotrophic conditions. This perhaps reflects a combinationy gg+ 0.06 umoleskglyear?! (Bates, 2007; see his Ta-
of exhaustion of benthic macroalgal organic matter as a fuelye 2). In the subtropical gyre of the North Atlantic,
for remineralization to C@and dilution effects as mixing of  {ne increase in DIC due to uptake of anthropogenic, CO
reef and offshore waters become more vigorous in the falis estimated at~60 umoleskg! (Sabine et al., 2004).
due to higher windspeeds and weather frontal passages &Sien the ratios of observed DIC/[@O] change, we esti-
observed at the BATS site (Bates, 2007). Since the BermUd?nate that the mean [CiO] was ~37.5 umoles kgt higher
coral reef is a high-latitude reef that experiences strong seaz, pre-industrial times compared to the 2002-2003 pe-
sonality in [C(%_]’ Qaragoniteand other environmental con- 4 ¢ gpservations at Hog Reef. Since the mean an-

ditions (e.g., light, temperature) compared to tropical rG(Efnual skeletal growth ob. labyrinthiformisobserved at Hog
counterparts, we expect that the CREF mechanism would b?eeef was 0.47 mgCaG@1d-?, the application of the

attenuated in tropical reefs, and not as strongly manifested a3 eletal growth/[C@] correlation shown in Fig. 3 gives
shown for the Bermuda reef. a hindcast estimate of mean annual skeletal growth of
0.97 mgCaC@g1d~1 in the pre-industrial period (with a
range of 0.78-1.15mg CaG@ 1d=1). Thus, our results
suggest that coral calcification rates (farlabyrinthiformis

at least) at Hog Reef have declined by 52% compared to the

There is growing evidence from experimental and mode|_pre-industrial_ period as a result of changes in seawater car-
ing studies that ocean acidification and decreasing%[qo bonate chemistry.

and Qaragonite Will negatively affect marine calcifiers and The future impact of ocean acidification on coral calcifica-
ecosystems, but relatively little evidence exists from stud-tion on the Bermuda reef also appears to be negative. Based
ies of the natural environment. For the Bermuda reef, weon a linear extrapolation, our in situ data suggests that the
show that rates of calcification f@. labyrinthiformiswere  calcification rate ofD. labyrinthiformis would reach zero
strongly correlated with [C§T ] and Qaragonite Ocean acid-  at [Cog—] and Qaragonite thresholds of~184 pmoles kg!
ification and the gradual decline of [@O] and Qaragonite ~ @Nd 2.65, respectively (for both skeletal growth nomalized to
should have impacted coral calcification in the past. His-colony weight or colony surface area; Fig. 3). TRgagonite
torical records of coral calcification on tropical reefs show threshold has a range of 2.22-3.08 at the 95% confidence
a decline over the recent past (e.g., Wilkinson, 2000; Ed-level so some caution should be advised proscribing defini-
munds, 2007; Edmunds and Elahi, 2007; Cooper et al.five thresholds. Furthermore, the dependence of commu-
2008; De’ath et al., 2009). In Bermuda, calcification ratesnity calcification on [CG~] and Qaragoniemay not be lin-

of mature colonies oD. labyrinthiformis sampled at Hog ear, but rather based on a second or higher order relation-
Reef have also been reconstructed using coral skeletal derghip resulting in a weaker dependence closer to the criti-
sity analyses (A. Cohen and N. Jacowski, unpub. data; Cocal threshold (Andersson et al., 2009). Nonetheless, with
hen et al., 2004). Such historical records show that skelethese caveats in mind, due to lower annual mean surface sea-
tal density forD. labyrinthiformishas declined from a high water [CG;~] and Qaragonitein Bermuda compared to more

of 4.5gcm3year?®in 1959 to a low of 3gcm3year ! in tropical regions, the Bermuda reef should experience crit-
1999, a change of 1.5gcrayear !, or decrease 0f33%. ical threshold values earlier than its tropical reef ecosys-
At the BATS site offshore from the island of Bermuda, over tem counterparts in response to future acidification of the
the last 25 years, the observed annual rate ofg[q@e- oceans. Given that the lowest observed ﬁCpon the
crease due to the oceanic uptake of anthropogenic W43 Bermuda coral reef in 2002—2003 was 90 pmoles kgt
0.50+0.03 pmoles kg'year! (Bates, 2007; Bates and Pe- during winter, and assuming that the rate of @:‘(Ddecrease

4.5 Ocean acidification, future seasonal decalcification
and critical [CO g‘] and Qaragonite thresholds of the
Bermuda coral reef
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(i.e., 050+ 0.03 umoles kgt year!) continues linearly in  tendedtransitions that potentially extend over a period of
the near-future (Bindoff et al., 2007), we anticipate that many years. Since, the Bermuda coral reef is a high-latitude
the Bermuda coral reef should experience seasonal periodgef that experience strong seasonality, we expect that the
of zero calcification rates (i.e., NE&s=0) within the next  tropical reef counterparts (with reduced seasonality of tem-
decade. Silverman et al. (2007) suggest that decalcificatioperature, light, NEP, and NEC) will have attenuated season-
of coral reefs occurs when the gross calcification rate is equadlity of carbonate chemistry. Thus, we anticipate that the
to or less than 20% of the pre-industrial calcification rate.period of seasonal decalcification on tropical reefs will be
Given our observations of skeletal growth rates~df.28—  shorter compared to higher latitude reefs.

0.65mg CaC@g~1d~1 for D. labyrinthiformiscolonies, the

Bermuda reef is currently about 30% of the mean pre-5 Conclusions

industrial calcification rate (i.e., 0.97mg Caggrd—. In our study, we show that rates of coral calcification were

During wintertime, NEC is close to zero, a condition where . X
: . . ; ..~ closely coupled with seawater carbonate chemistrydQO
dissolution and calcification are nearly in balance. Salinity . ;
. S and Qaragonite in the natural environment, rather than other
normalized alkalinity data from Hog Reef (2002-2003) also ~_". .
environmental factors such as light and temperature. Our

exhibits close to zero difference between onshore and off-. : ; . .
. . . . field observations provide sufficient data to hypothesize that
shore values in the wintertime and during the late summer,

when net heterotraphy on the reef suppresaeand calci- there is a seasonal carbonate chemistry coral reef ecosys-

fication. This suggests that the threshold for when N&C tem feedback (i.e., CREF hypothesis) between the primary

equals zero may already be occurring seasonally (2005—200%°mp°”ent5 of the reef ecosystem (scleractinian hard corals

and macroalgae) and seawater carbonate chemistry. It is
data from Hog Reef also shows NEg values close to zero . ; ) ;
. s ; CT Iso likely that this seasonal phenomenon is present in other
or negative values indicating net dissolution; N. R. Bates anoﬁo ical reefs although attenuated compared to high-latitude
A. J. Andersson, unpublished data). Thus for the Bermuda P 9 P g

X ... reefs such as Bermuda. Furthermore, due to lower annual
coral reef, there are periods when the balance of calcification .

. . mean surface seawater [@Q and Qaragonitein Bermuda
(from corals and other calcifiers such as coralline algae) and

dissolution are equal, with the likelihood of net decalcifica- compared to more tropical regions, the Bermuda coral reef

. . L . will likely experience seasonal periods of zero NEC within
tion going forward in time as shown experimentally for reef . e

. -~ adecade in response to future acidification of the oceans. It
mesocosms (Andersson et al., 2009). A potentially amelio-

rating process, as discussed earlier in Sect. 4.4, may be thgp pears that the ennrg reef may alrgady be experiencing pe
; . : riods of zero NEC during the wintertime, resulting in a tran-
net autotrophy of the reef during winter and spring (as part_... 2 : ) -
: ition to net decalcification (i.e., net dissolution over calcifi-
of the carbonate chemistry coral reef ecosystem feedback

which enhances [Cb] and Qaragoniemay delay the onset atlon): As such, the Bermuda co_ral r_eef appears to be one
e X of the first responders to the negative impacts of ocean acid-
of zero NEC or decalcification going forward.

ification among tropical and subtropical reefs. Furthermore,
e anticipate that the Bermuda coral reef (as well as other

In the near-future, the above scenarios predict that the". h latitud t<) will likelv b biected to * Id
Bermuda coral reef will experience seasonal decalcification 9" 'attu Ef, ree S) will likely be subjected to “seasonal de-
calcification” with wintertime decalcification occuring many

for increasing periods of the year. Given that the Bermudad des bef ime decalcificat H
coral reef experiences a maximum [§7Q seasonality of ecades before summertime decalcification. However, net

~60umoleskgl, we might expect that the reef system autotrophy of the reef during winter and spring, as part of the
) . o CREF feedback process may delay the onset of zero NEC or
will experience seasonal decalcification for a further 100—

140 years, if the long-term trend of [@O] reduction con- decalcification going forward. Thus, on societally relevant

: . time-scales, we expect that the Bermuda reef will endure an
tinues under IPCC assessments of future anthopogenjc CO . - , .

. . ; . . -extendedransition to decalcified conditions over a period of
release. During this period, we anticipate that suitable condi- - . .
. : : . decades rather than a short transitiostarply-definearit-
tions for corals and other organisms to calcify will decrease.

) ) C 2. ical thresholds expected for tropical coral reef counterparts.
progressively going forward in time. In addition, seasonal
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