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Environmental controls on modern scleractinian
coral and reef-scale calcification
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Modern reef-building corals sustain a wide range of ecosystem services because of their ability to build calcium
carbonate reef systems. The influence of environmental variables on coral calcification rates has been extensively
studied, but our understanding of their relative importance is limited by the absence of in situ observations and
the ability to decouple the interactions between different properties. We show that temperature is the primary
driver of coral colony (Porites astreoides and Diploria labyrinthiformis) and reef-scale calcification rates over a 2-year
monitoring period from the Bermuda coral reef. On the basis of multimodel climate simulations (Coupled Model
Intercomparison Project Phase 5) and assuming sufficient coral nutrition, our results suggest that P. astreoides and
D. labyrinthiformis coral calcification rates in Bermuda could increase throughout the 21st century as a result of
gradual warming predicted under a minimum CO2 emissions pathway [representative concentration pathway
(RCP) 2.6] with positive 21st-century calcification rates potentially maintained under a reduced CO2 emissions
pathway (RCP 4.5). These results highlight the potential benefits of rapid reductions in global anthropogenic
CO2 emissions for 21st-century Bermuda coral reefs and the ecosystem services they provide.
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INTRODUCTION
Tropical coral reef ecosystems provide humanity with a range of direct
(tourism and fishing), indirect (shoreline protection and fisheries re-
cruitment), and nonuse (biodiversity and intrinsic value) ecosystem
services (1). The structure of these ecosystems is maintained by net pos-
itive production of calcium carbonate (CaCO3), with scleractinian
corals accounting for the majority of the total coral reef CaCO3 pro-
duction (2). Current estimates suggest that there are fewer than 1000
zooxanthellate hermatypic scleractinian coral species sustaining the
structural habitat that covers just 0.2% of the total ocean surface area
and yet supports an estimated 35% of all species living in the global
oceans (3).

The geologic record shows the onset of large and widespread coral
reef accretion dating back to the late Triassic (~230 million years ago),
when scleractinian corals are hypothesized to have first acquired pho-
tosynthetic zooxanthellae symbionts (4). This symbiosis allowed corals
to expand geographic ranges (4) due to the algal symbionts providing
upward of 100% of the daily respiratory carbon needed to sustain the
modern coral host (5). The efficiency of this symbiosis allows corals to
maintain primary productivity rates (8.0 to 40.0 g Cm−2 day−1) that are
orders of magnitude higher than adjacent ocean water primary pro-
ductivity (0.01 to 0.65 g C m−2 day−1) (5).

Energy requirements for calcification initially suggest that photo-
synthesis is a key driver of coral calcification rates (5); however, coral
calcification depends on a broad range of environmental variables, in-
cluding seawater temperature, seawater carbonate chemistry, light and
depth, food availability, nutrients, water flow rates, sedimentation, and
competition (2). Although laboratory experiments have successfully
established relationships between coral calcification rates and indepen-
dently altered environmental parameters (for example, temperature,
light, pH, and seawater saturation state with respect to aragonite, WA =
[Ca2+][CO3

2−]/Ksp), comparatively fewer studies have explored the
combined effects and/or the relative importance of these parameters
under controlled laboratory conditions (6, 7) or under naturally var-
iable in situ conditions (2, 8–11). The ability tomeasure and establish
the relative importance of different drivers of calcification in the field is
limited by the capacity to adequately monitor relevant properties sim-
ultaneously for extended periods of time (12) and to decouple the range
of highly correlated and interdependent interactions between environ-
mental factors (Fig. 1) (8). For example, temperature not only directly
influences coral calcification rates but also strongly controls seawater
pH and WA, which are both hypothesized to be independently im-
portant drivers of coral calcification (Fig. 1) (13). Temperature is also
directly related to light availability and season, which affect coral cal-
cification directly via light-enhanced calcification (Fig. 1) (2, 10) and
indirectly via increased food availability resulting from seasonal patterns
in oceanic primary production (Fig. 1) (2, 14). Characterizing themech-
anisms and the relative importance of different drivers of coral calcifi-
cation rates both in the current natural environment and under future
oceanwarming and acidification is essential for understandinghowcoral
reefs calcify at present and for predicting how calcification rates and cor-
al reef accretion will change under predicted near-future conditions.

The Bermuda coral reef is located at the northern limit of coral reefs
in the North Atlantic Ocean (Fig. 1). Because of its relatively high
latitude (32°N), Bermuda experiences greater seasonal differences and
variations in environmental parameters than reefs located closer to the
equator (15). Therefore, the Bermuda coral reef provides an excellent
natural laboratory to explore the relationships between coral calcifica-
tion rates andmultiple environmental parameters. Over a 2-year period
(August 2010 to September 2012), in situ environmental properties
{temperature, seawater carbonate chemistry [dissolved inorganic car-
bon (DIC), total alkalinity (TA), partial pressure of CO2 (PCO2), pHsw,
WA], light, chlorophyll a, and inorganic nutrients} were characterized
alongside coral calcification rates by two scleractinian reef-building
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corals, Porites astreoides and Diploria labyrinthiformis, at two distinct
reef environments. Colonies ofP. astreoides andD. labyrinthiformiswere
transplanted onto tiles at a rim reef environment,HogReef, and an outer
lagoon reef environment, Crescent Reef (n = 24 colonies per species per
site; Fig. 1), and buoyant-weighed every 2 to 3months tomeasure in situ
calcification rates (16). In addition, net ecosystem calcification (NEC =
gross calcification − gross CaCO3 dissolution) for Hog Reef was cal-
culated based on alkalinity anomalies (17) usingmonthly surface seawater
TA samples andmonthly offshore surface seawaterTA from theBermuda
Atlantic Time-series Study (BATS) site (18) combinedwith estimates of
seawater residence time (19). Assuming that calcification and CaCO3

dissolution are the only processes significantly influencing salinity-
normalized seawater TA, this variable serves as a direct proxy of NEC
and changes in a ratio of 2:1 for every netmole of CaCO3 deposited (17).
018
RESULTS
Observations of environmental controls and calcification
The data reveal a strong seasonal pattern in environmental variables
and coral calcification rates over the 2-year study period (Fig. 2 and
fig. S1). Light varied seasonally, with the lowest light intensity around
January and thehighest light intensity around June to July. Temperature
lagged light intensity by 1 to 2 months, and maximum seawater tem-
peratures were observed between August and October (Crescent Reef
maximum temperature = 30.7° ± 0.1°C), whereas minimum seawater
temperatures occurred from January to March (Hog Reef minimum
temperature = 18.2° ± 0.1°C). Seasonal variability in seawater tempera-
ture and light was greater for Crescent Reef (D temperature = 12.4°C,
D light = 13,500 lux) than forHogReef (D temperature = 11.9°C,D light =
6100 lux). Surface seawater PCO2 was highest in the summer (Hog Reef
maximum PCO2 = 652 matm), well exceeding equilibrium with the at-
mosphere, whereas pHsw was lowest in the summer (Hog Reef min-
imum pHsw = 7.93). The opposite trends were observed during winter
(Hog Reef minimum PCO2 = 303 matm, maximum pHsw = 8.14).
Courtney et al., Sci. Adv. 2017;3 : e1701356 8 November 2017
These observed seasonal variations in PCO2 and pHsw can mainly be
explained by the seasonal variability in temperature (for example,
warming explains 96 ± 3% of DPCO2 and 90 ± 3% of DpHsw observed
between 8 September 2010 and 25 February 2011). Seawater WA did
not follow a strong seasonal variation similar to PCO2 and pHsw, al-
though minimum and maximum values were observed in the winter
and summer, respectively, ranging from 3.09 to 3.93 at Hog Reef.
Reef seawater DIC and TA were strongly depleted in the summer
relative to offshore, reflecting the uptake of DIC and calcium used for
reef-scale net organic carbon production and net calcification. Seasonal
variability in seawater carbonate chemistry was greater for Hog Reef
(DPCO2 = 349 matm, DpHsw = 0.22, DWA = 0.84) than for Crescent Reef
(DPCO2 = 213 matm,DpHsw = 0.19,DWA = 0.70), primarily due to higher
biomass relative to water volume driving greater reef metabolic effects
on the water column at Hog Reef (that is, mean ± SE hard coral cover of
28 ± 1% versus 13 ± 1% at Crescent Reef) (20).

Notably, independently measured colony weight–normalized
calcification rates of P. astreoides and D. labyrinthiformis colonies
followed a similar seasonal variability with maximum rates observed
fromAugust toNovember andminimum rates observed fromFebruary
to April. All forms of inorganic nitrogen, silica, and phosphorus re-
mained low throughout the year but with occasional pulses (fig. S1).
Monthly satellite chlorophyll a did not show strong seasonal variability
at Hog Reef and Crescent Reef (fig. S1). Thus, maximum rates of both
coral and reef-scale calcification appear to lag light intensity but
coincide with maxima of seawater temperature, PCO2, and WA and
minimumpHsw. The seemingly paradoxical calcificationmaximaunder
seawater PCO2maximumand pHswminimum contradict the traditional
understanding of the effects of seawater acidification on calcification
(13), including a previous preliminary study conducted in the same area
(21), but agree with recent studies that show that calcification can in-
crease up to a threshold PCO2 and pH if corals are adequately fed (6, 7)
or if PCO2-pH conditions are within the natural variability experienced
by the coral (22).
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Fig. 1. Map of Bermuda study sites and environmental controls on calcification. The buoy, sensors, and in situ growth are presented next to a bathymetrymap of Bermuda
showing the locations of Hog Reef and Crescent Reef. Structural equationmodeling (SEM) connections show the interactions between environmental drivers and their effect on
coral calcification. Chl a, chlorophyll a. (The Bermuda Map is courtesy of M. Shailer of the Department of Conservation Services, Government of Bermuda.)
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Evaluating the relative importance of environmental
controls on calcification
In an attempt to evaluate the relative importance and the interactive
effects between environmental variables on colony and reef-scale calci-
fication rates (Fig. 1), an SEM(Structural EquationModeling) approach
was used (23). This approach numerically solves the complex interac-
tions between biotic and abiotic drivers of calcification to quantify both
the direct and indirect effects of themeasured environmental parameters
on coral calcification. The model estimate for each reef driver (that is,
temperature, pHsw,WA, PCO2, light, nutrients, and chlorophyll a) repre-
Courtney et al., Sci. Adv. 2017;3 : e1701356 8 November 2017
sents the change in SDs in calcification explained for each SD increase in
reef driver (Fig. 3 and table S1). Temperature was the only variable
with significant model estimates for both species at both reef sites
and NEC at Hog Reef and yielded the greatest per-SD change in coral
calcification rates with calcification across the five models, increasing
by 2.1 to 4.3 SDs for a single SD increase in temperature. Compared
to temperature, the model estimates for the other environmental pa-
rameters (pHsw, WA, PCO2, light, nutrients, and chlorophyll a) yielded
smaller per-SD changes and failed to yield significant predictors for
all five models (Fig. 3 and table S1). Notably, seawater pHsw and WA
Fig. 2. Hog Reef and Crescent Reef environmental data and coral calcification rates. Both environmental parameters and calcification reveal strong seasonal trends in this
high-latitude (32°N) coral reef system. For PCO2 plots, blue denotes measured seawater PCO2, gray indicates measured atmospheric PCO2, and open circles represent seawater PCO2
calculated from DIC and TA bottle samples. For TA and DIC plots, dark gray triangles represent BATS seawater DIC and TA, pink circles represent reef seawater DIC, and purple
circles represent reef seawater TA. For the coral growth rate plots, purple circles represent P. astreoides and green triangles represent D. labyrinthiformis each with ±1 SD. Gray
circles with the blue axis represent calculated NEC ± uncertainty.
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produced significant predictors of calcification, but with pHsw yielding
significant, negative predictors of calcification (that is, decreasing pH is
correlated with increasing calcification; see subsequent discussion) for
four of the five SEMmodels at approximately one-half of themain effect
of temperature (Fig. 3 and table S1). Chlorophyll a produced small but
significant predictors of coral calcification at Crescent Reef and NEC at
Hog Reef, whereas light, PCO2, and nutrients each failed to yield signif-
icant predictors of calcification for more than one of the SEM models
(Fig. 3 and table S1).

Because of the narrow range of WA seasonal variability and highly
coupled seawater pHand temperature observed during the in situ study,
we performed an additional mesocosm experiment to further explore
the effects of seawater carbonate chemistry on coral calcification. This
mesocosm experiment was run in parallel with the in situ incubations
for 3 months of the full 2-year in situ experiment using the same coral
species and at three different seawater pHsw conditions (mean pHsw ±
SD = 8.0 ± 0.1, 7.8 ± 0.1, and 7.6 ± 0.1). Linear models for the calcifi-
cation rates of P. astreoides andD. labyrinthiformis failed to yield signif-
icant correlations between coral calcification rates and reduced seawater
pHsw (7.6 ± 0.1) or WA (1.5 ± 0.5) relative to ambient conditions, when
food was available (table S3). This finding adds to the growing literature
finding that heterotrophy confers resistance to coral calcification under
acidified conditions (7, 14). In contrast, coral calcification rates dur-
ing the mesocosm experiment appeared more strongly correlated
with temperature, lending support to the findings from the 2-year
in situ experiment that seasonal calcification rates of P. astreoides and
D. labyrinthiformis from Bermuda are more strongly controlled by
seawater temperature when adequate nutrition is available (14).

Predicting future coral reef calcification
To evaluate the effect of future warming on Bermudan P. astreoides and
D. labyrinthiformis coral calcification rates, data from Coupled Model
Intercomparison Project Phase 5 (CMIP5) multimodel climate simula-
tions (24) using representative concentration pathways (RCPs) of +2.6,
+4.5, +6.0, and +8.5 W m−2 radiative forcing relative to preindustrial
levels (25)were used to simulate sea surface temperature (SST)warming
Courtney et al., Sci. Adv. 2017;3 : e1701356 8 November 2017
rates over the 21st century in Bermuda (Fig. 4). Linear regressions of the
CMIP5 model SST predictions relative to a +0.1°C decade−1 rate of
warming previously observed to increase calcification in high-latitude
Porites corals (26) show that only the most conservative emissions
pathway, RCP 2.6, yields a rate of warming (+0.05°C decade−1) less than
+0.1°C decade−1, suggesting that coral calcification rates could continue
to increase in Bermuda under this emissions pathway (Fig. 4A). The
+0.4°C end-of-21st-century seawater warming predicted for Bermuda
under RCP 2.6 was combinedwith linear calcification responses to tem-
perature for P. astreoides,D. labyrinthiformis, and Hog Reef NEC from
the 2-year in situ study to predict potential changes in calcification rates
under this reduced emissions pathway. Assuming that these relation-
ships remain fixed over the coming century, no thermal optima are ex-
ceeded, and other environmental controls remain constant, the models
suggest thatP. astreoides andD. labyrinthiformis could increase by ~2 to
4% and Hog Reef NEC could increase by ~6%. The onset of coral
bleaching typically occurs when warming equates to a degree heating
month (DHM), wherein monthly mean SSTs exceed the maximum
monthly mean climatology by 1°C with more extreme bleaching and
coral mortality occurring for an annual accumulation of two DHMs
(27). The CMIP5 maximum summer temperatures relative to the time
period 2006–2016 show that RCP 2.6 is the only emissions scenario in
which Bermudan corals are predicted to escape regular, severe coral
bleaching by the end of the century on the basis of the static 1°C DHM
bleaching threshold (Fig. 4B).
DISCUSSION
The positive effects of temperature,WA, and chlorophyll a (assuming
this serves as a proxy for available coral nutrition) on coral calcifi-
cation rates are consistent with previous laboratory and field studies
(2, 6, 7, 10–13), whereas the lack of correlation with light and the
predicted positive effects owing to decreasing pH are inconsistent with
anticipated results (2, 10, 13, 28). However, one has to remain circum-
spect about these results because the SEM is not able to elucidate func-
tional relationships and is most likely unable to decouple the dominant
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Fig. 3. Model estimates from the structural equation models. Each model estimate represents the SD change in calcification driven by a 1 SD increase in the given
environmental parameter. Statistically significant model estimates (P < 0.05) are marked by stars.
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effects of temperature on calcification rates and pH/WA from the poten-
tially subtler effects of these carbonate chemistry parameters on calcifi-
cation (9). Also, time lags between determinant properties and response
variables, such as light intensity and calcification, couldmuddle the pre-
dictive capacity of different variables.

The temperature-induced control and seasonal increaseofP. astreoides
and D. labyrinthiformis coral calcification rates observed here partly
agreewith previous laboratory experiments and field observations, which
suggest that calcification has a parabolic response to increasing seawater
temperature (2, 12). In contrast, the present NEC and in situ calcifi-
cation data appear to increase across the full range of seasonal tem-
peratures, thereby suggesting that the thermal optima of the parabolic
temperature–calcification response curves have not been exceeded
during the 2-year study (2). Note that the in situ calcification responses
to temperaturemay in part be affected by the coarse temporal resolution
of calcification measurements (2- to 3-month skeletal growth intervals)
relative to the time scales for summer seawater temperaturemaxima but
that NEC measurements in this study reflect temperature responses
over the much shorter multiday seawater residence times at Hog Reef
(19). Irrespective of this, the temperature correlations in this study sug-
gest that peak summer seawater temperatures are not limiting calcifica-
tion via thermal stress and, instead, that calcification rates are more
strongly limited by cooler winter seawater temperatures (15). This
implies that Bermudan P. astreoides and D. labyrinthiformis coral cal-
cification rates may increase with gradual ocean warming as has been
suggested based on the analysis of interannual calcification rates from
coral cores for other high-latitude coral reef environments (2). For ex-
ample, a +0.1°C decade−1 rate of warming yielded a 23.7% increase in
calcification rates for high-latitude (28°C)Porites corals in theHoutman
Abrolhos Islands off the coast of Western Australia over a 110-year
period (26). Conversely, the slopes of the calcification responses to
temperature in this study suggest only a ~2 to 4% increase in coral cal-
cification rates due to the +0.05°C decade−1 warming in Bermuda pre-
dicted for RCP 2.6. This potential increase is much lower than the
+23.7% previously observed by Cooper et al. (26), suggesting that fur-
Courtney et al., Sci. Adv. 2017;3 : e1701356 8 November 2017
ther research should be conducted to understand the mechanisms of
coral calcification responses owing to gradual ocean warming (that is,
≤+0.1°C decade−1) and to bridge the varying insights gained from con-
ducting laboratory experiments, in situ growth experiments, and inter-
annual coral coring studies.

However, the benefits of gradual future warming must be weighed
against the reduced calcification and potential mortality owing to coral
bleaching (2, 10–12). For example, note that, following the coring study
of Cooper et al. (26), an anomalous +5°C heat wave in 2010–2011
caused coral bleaching in the Houtman Abrolhos Islands, with 22 ±
2.7% (mean ± SE) of corals bleached and a corresponding 11.3 ±
6.9% (mean ± SE) decline in overall coral cover (29). In Bermuda, there
are no recorded widespread bleaching-induced mortalities, reductions
in coral cover, or changes in coral community composition, but there
have been some observations of coral diseases and periodic mild coral
bleaching since 1988 (≤20% of some coral species bleached) followed
by subsequent post-bleaching recovery (15). It remains unclear whether
the absence of extreme bleaching events in Bermuda is due to Bermudan
reefs thus far escaping intense thermal stress events or resisting thermal
stress through adaptation or acclimation [for example, see discussion of
Great Barrier Reef bleaching patterns in the study of Hughes et al. (30)].
On the basis of the 1°C DHM static bleaching threshold (27) and the
CMIP5 climate data for Bermuda, no frequent, severe bleaching is pre-
dicted for Bermudan P. astreoides and D. labyrinthiformis corals under
RCP 2.6 (Fig. 4B). However, given the recent history of mild coral
bleaching events (≤20% of some coral species bleached) in Bermuda
(15), it is likely thatmild bleachingmay continue in the 21st century unless
Bermudan corals adapt or acclimate to these mild thermal stress events.
Nonetheless, the gradual warming and absence of predicted 21st-century
frequent, severe coral bleaching under RCP 2.6 in this analysis support the
hypothesis that Bermudan P. astreoides and D. labyrinthiformis calcifi-
cation rates could increase under RCP 2.6 throughout the 21st century
with continued adequate nutrition.

However, a recent integrated assessment model utilizing recent es-
timates for fossil fuel resources found a 100% likelihood of exceeding
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warming provided by RCP 2.6, 92% for RCP 4.5, 42% for RCP 6.0, and
12% for RCP 8.5 (31). The Paris Agreement came into effect in No-
vember 2016 following this likelihood analysis, providing an alternative
pathway for individual signatory countries to collectively reduce CO2

emissions to limit global warming to well below 2°C above pre-
industrial levels. A 150% greater commitment to reduce CO2 emis-
sions by the current signatory countries before 2030 would yield a
warming equivalent to RCP 4.5, resulting in drastically improved
predicted global coral reef futures (32). Although it is less likely for
Bermuda coral calcification to increase under the warming provided by
RCP 4.5 (Fig. 4A), it could provide a pathway for Bermudan P. astreoides
and D. labyrinthiformis corals to avoid regular severe bleaching until
after 2070 (Fig. 4B), assuming no increases in coral acclimatization
to future warming. Yet, there is uncertainty whether Bermudan corals
can acclimatize to warming at rates faster, or slower, than the +0.1°C
decade−1 rate from the study of Cooper et al. (26). However, a +0.1°C
decade−1 increase in bleaching threshold could enable Bermudan corals
to avoid regular severe bleaching in the 21st century under the RCP 2.6,
4.5, and 6.0 emissions pathways (Fig. 4B). In the absence of regular
severe bleaching, the RCP 4.5 warming scenario therefore suggests that
Bermudan P. astreoides and D. labyrinthiformis corals could maintain
positive calcification at least until 2070 (Fig. 4B) with acclimatization
rates of +0.1°C decade−1 extending this beyond the end of the 21st
century (Fig. 4B). However, note that net reef calcification and themain-
tenance of coral reef structure additionally dependonCaCO3dissolution
and bioerosion processes, which are predicted to increase under ocean
acidification (33). The calcificationprojections for the 21st century in this
study assume that available coral nutrition remains adequate tomaintain
the insensitivity of adult P. astreoides andD. labyrinthiformis colonies to
ocean acidification [as observed in the present mesocosm experiment
and in previous studies (6, 7)] and that corals are able to successfully
recruit despite the potential for negative effects of ocean acidification
on scleractinian coral settlement and early life stages (34). This highlights
the need for reducing CO2 emissions to lessen ocean acidification
impacts on Bermudan coral reef CaCO3 dissolution to maintain net
positive reef calcification over the coming century.

Every scleractinian species comprising the reef calcification budget
for Hog Reef (D. labyrinthiformis, P. astreoides, Pseudodiploria strigosa,
Favia fragum, Madracis decactis, Montastrea cavernosa, and Orbicella
franksi) (35) is categorized as having either weedy, generalist, or stress-
tolerant life histories; such species are hypothesized to be better adapted
to ocean warming and acidification than faster-growing architecturally
complex corals with competitive life histories (for example, Acropora)
(36). The high natural variability of the Bermudan coral reef environ-
ment documented in this study (Crescent Reef annual D seawater tem-
perature = 12.4°C) may provide elevated thermal tolerance to corals
(37) and annually variable pHsw (Hog Reef annual DpHsw = 0.22)
may explain the lack of sensitivity of coral calcification for adequately
fed corals to predicted end-of-century ocean acidification observed in
the mesocosm experiments of this study. High Bermudan coral genetic
variability and population connectivity with the Caribbean may addi-
tionally increase the resilience of Bermudan coral populations during
and after potential future ecological disturbances (38), with the deep
reefs of Bermuda providing an additional refuge for select coral species
(39). The combination of these factors and legislation protecting Ber-
mudan coral reefs from local anthropogenic stressors (40) confer addi-
tional resiliency to this stress-tolerant coral community under current
and predicted end-of-century warming and acidification. Bermudan
coral reefs have maintained a relatively constant stress-tolerant, weedy,
Courtney et al., Sci. Adv. 2017;3 : e1701356 8 November 2017
and generalist coral community composition (table S2) (35, 41) and
high coral cover (40) at least since 1980, further highlighting the re-
silience of Bermudan coral reefs and suggesting that reef calcification
has also remained constant. That same time period in the Caribbean
was characterized by declining coral cover and coral community shifts
from competitive, structurally complex, and fast-growing Acropora
corals to stress-tolerant, weedy, and generalist corals (36), driving
basin-wide reductions in structural complexity (42) and net coral reef
calcification (43).

These findings that Caribbean coral communities are shifting toward
stress-tolerant life histories resembling the current community composi-
tion of Bermudan coral reefs suggest that a Bermuda-type coral reef
system is one of many potential future stable states for coral reefs in the
Caribbean and elsewhere. Characterized by anomalously high coral
cover (40) and net positive reef calcification (35), coral reef systems
resembling those of Bermuda may provide greater ecological resilience
to 21st-century climate change and the maintenance of ecosystem ser-
vices that these reef systemsprovide tohumanity. This potentially brighter
than previously predicted future for Bermudan and Caribbean coral
reefs depends on mitigating other local-scale stressors (for example,
overfishing and impacts of increasing human populations) (40) coupled
with a continued global commitment to rapidly and drastically reducing
CO2 emissions to lessen the impacts of oceanwarming and acidification.
MATERIALS AND METHODS
In situ coral calcification
Twenty-four colonies each of P. astreoides andD. labyrinthiformiswere
collected from Hog Reef and Crescent Reef, Bermuda, for a total of
96 coral colonies and mounted onto acrylic tiles using Z-SPAR A-788
epoxy. Twelve colonies of each species were deployed at two locations
on both a rim reef site, Hog Reef, and an outer lagoon reef site, Crescent
Reef, over a 2-year period (September 2010 to September 2012 at Hog
Reef and August 2010 to September 2012 at Crescent Reef). Buoyant
weights of each colony (16) were measured in triplicate and averaged
at the end of each 2- to 3-month growth interval using a correction term
for seawater density at the time of measurement and subtraction of the
weight of both tile and epoxy to determine calcification as the change in
weight during each growth interval. Mean initial weights (±SD) for
P. astreoideswere 433 ± 112 g and 372 ± 73 g at Hog Reef and Crescent
Reef, respectively, and forD. labyrinthiformis, the corresponding values
were 345 ± 109 g and 379 ± 83 g.

Carbonate chemistry
Carbonate chemistry samples for Hog Reef and Crescent Reef were
collected monthly or more frequently using a 5-liter Niskin bottle at a
depth of 0.5 to 1.0 m, according to best practices (44). Offshore samples
were collected monthly as part of the BATS (18). Samples for DIC
and TA were collected in 200-ml Kimax glass sample bottles, fixed
using 100 ml of saturated solution of HgCl2. Reef samples of TA were
analyzed via closed-cell potentiometric titrations using a Versatile IN-
strument for the Determination of Titration Alkalinity 3S (VINDTA
3S) system, whereas BATS samples were analyzed on a VINDTA 2S
(Marianda).DICwas analyzedusing coulometricmethodsonaVINDTA
3C or infrared-based analysis on an Automated Infra Red Inorganic
Carbon Analyzer (AIRICA) system (Marianda). The accuracy and pre-
cision of TA and DIC analyses were verified against certified reference
material (CRM) provided by the laboratory of A.Dickson of the Scripps
InstitutionofOceanography.Analysis of replicateCRMsyielded a typical
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accuracy and precision of ±1 to 2 mmol/kg for bothTAandDIC.AYSI
556HandheldMultiparameter Instrumentwas used tomeasure in situ
temperature (accuracy, ±0.15°C) and salinity (accuracy, ±1%), and an
Autosal Salinometer (accuracy, <0.002) was preferentially used when
available to measure salinity for 66% of all bottle samples at Hog Reef
and Crescent Reef. The complete carbonate system parameters (that is,
pHsw, PCO2, and WA) were calculated using the program CO2SYS for
Excel (45) and MATLAB (46) using the K1 and K2 dissociation con-
stants from the study ofMehrbach et al. (47) refit byDickson andMillero
(48), KHSO4 fromDickson (49), and pH on the seawater scale. Estimated
uncertainties for calculated carbonate system parameters from the study
of Millero (50) were used. Seawater and atmospheric PCO2, temperature,
salinity, and atmospheric pressure were measured autonomously every
3hours by theNationalOceanic andAtmosphericAdministrationPacific
Marine Environmental Laboratory (PMEL)MAPCO2 (MooredAutono-
mous PCO2) moorings stationed at Hog Reef and Crescent Reef. Each
mooring used a Batelle Memorial Institute CO2 system to measure the
mole fraction of CO2 and a Sea-Bird 16plus v2 to measure temperature
and salinity (51).

Net ecosystem calcification
TA for Hog Reef and BATS bottle samples was normalized to themean
measured Hog Reef salinity of 36.59 g kg−1. BATS bottle samples were
linearly interpolated to match the sampling times at Hog Reef for anal-
ysis of NEC in this study. NEC was calculated for Hog Reef during
the 2-year study interval and represents the net balance between calci-
fication and CaCO3 dissolution for a well-mixed water column, as per
the following equation (52)

NEC ¼ rzðTAoffshore � TAreef Þ
2t

ð1Þ

where r is seawater density calculated from temperature, salinity, and
pressure at the time of sampling using the TEOS-10 Gibbs Seawater
oceanographic toolbox (53); z is the mean ± SD water column depth of
10.3 ± 3.3m calculated for Hog Reef (35); TAoffshore is themonthly inter-
polated BATS salinity normalized TA bottle sample data; TAreef is the
approximately monthly Hog Reef salinity normalized TA bottle sample;
and t is themean± SD seawater residence time (2.5 ± 0.4 days) calculated
using amultitracer approach at the nearby North Rock rim reef site (19).

Environmental parameters
Daily averages of temperature (°C) and light (lux) for Hog Reef and
Crescent Reef were obtained from averaging four onsetHOBOPendant
data loggers deployed at each reef site. Hog Reef lux data were not avail-
able for the 15, 22, and 25 September 2010 and 19 October 2010 mea-
surements of Hog Reef NEC. A linear model constructed in MATLAB
between daily Hog Reef light data and fall 2010 Bermuda Weather
Service hours of sunlight [lux ± SE = 146 ± 21 × (hours of sunlight) +
547 ± 137, R2 = 0.394, P < 0.001, degrees of freedom (df) = 71, F =
46.08] was used to predict in situ Hog Reef lux data for the missing
values. Monthly satellite chlorophyll a (mg liter−1) for the reef sites
was obtained by interpolating daily chlorophyll ameasurements from
the 4-km-resolutionModerate Resolution Imaging Spectroradiometer
chlorophyll a product. Seawater nutrient samples were taken approxi-
mately monthly and according to best practices. Nutrient samples were
filtered using a 0.4-mm filter and immediately frozen in opaque plastic
bottles until processing at the Woods Hole Oceanographic Institution
Nutrient Analytical Facility. All samples were analyzed on a SEAL
Courtney et al., Sci. Adv. 2017;3 : e1701356 8 November 2017
AutoAnalyzer 3 four-channel segmented flow analyzer using approved
U.S. Environmental ProtectionAgencymethods for ammonium (method
G-171-96; detection limit 0.034mM), nitrite +nitrate (methodG-172-96;
detection limit 0.010 mM), silicate (method G-177-96; detection limit
0.016mM), andphosphate (methodG-297-03; detection limit 0.025mM).
Axis 1 of a principal components analysis (PCA) performed on the am-
monium, nitrite + nitrate, silicate, and phosphate data was used as a
bulk nutrient metric for parameterization of the SEM analysis.

Structural equation modeling
SEM was used to numerically solve the complex interactions between
biotic and abiotic drivers of calcification to partition the direct and in-
direct effects of environmental drivers on calcification (23). All environ-
mental data during the in situ coral growthmonitoring at Hog Reef and
Crescent Reef were monthly averaged to equally weight the data across
the coral buoyant weight intervals. Coral growthwasmeasured approx-
imately every 2 to 3 months and was interpolated by a spline function
with a cubic algorithm to link the data points and calculate monthly
calcification rates so that it could be directly comparedwith themonthly
averaged environmental data. Nutrients were synthesized bymeans of
a standardized PCA. The first principal component was used as a proxy
of nutrient variability and comparedwith the other environmental data.
Because the Hog Reef NEC is based on amean ± SD seawater residence
time of 2.4 ± 0.4 days (19), environmental parameters that were as con-
temporaneous as possible to the NEC data were selected to yield the
most accurate environmental parameters driving NEC. Parameters
sampled at a lower resolution were interpolated to match NEC dates.

Thus, the SEM was performed on monthly averaged temperature,
light, salinity, WA, pHsw, DIC, TA, PCO2, nutrients, and chlorophyll a
drivers of P. astreoides and D. labyrinthiformis calcification rates, and
approximately daily averages for Hog Reef NEC. The strength and sign
of the links and quantification of the SEM were determined by simple
and partial multivariate regression and Monte Carlo permutation tests
(1000 replicates), whereas chi-square values were used to assess the fit of
the overall pathmodel (54). The individual path coefficients (that is, the
partial regression coefficients) indicate the relationship between the
causal and response variables. Significance levels for individual paths
between variables were set at a = 0.05. Structural equation models were
run in Amos v.21 (IBM) (55).

Mesocosm seawater acidification experiment
The mesocosm experiments were conducted on P. astreoides and
D. labyrinthiformis colonies (diameter, 12 to 16 cm) collected in
July 2011 using a hammer and chisel from three Bermuda rim reef sites
(near 32°26′N, 64°50′W; depth, 6 to 9m) and exposed to three different
seawater pH conditions (pHsw = 8.0 ± 0.1, 7.8 ± 0.1, and 7.6 ± 0.1) in
controlled mesocosms for 3 months. These experiments were con-
ducted as part of a larger-scale yearlong mesocosm experiment, in-
cluding a third coral species,Madracis auretenra, and testing for the
additional effects of feeding on calcification responses to pH treatments.

After processing each colonywith an initial weighing and cementing
(Z-Spar A-788) onto a preweighed tagged acrylic tile, three colonies
each of P. astreoides and D. labyrinthiformis were randomly assigned
to each of nine experimental tanks (three replicate tanks per pH treat-
ment). To account for possible tank effects, coral colonies were moved
around within each tank once a week, and the tanks were scrubbed
clean during this time. The buoyant weight technique (16) was applied
approximately monthly to each coral to calculate the calcification rate
for the duration of the experiment (fig. S2).
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Seawater was pumped from a nearby inlet into header tanks that
each fed into three replicated experimental tanks so that conditions
couldmore closelymimic naturally fluctuating ambient reef conditions.
The two reduced pH treatments were bubbled with additional CO2 into
the respective header tanks with PCO2 controlled by rotameters (King
Instrument) to simulate seawater acidification for those treatments.
Each experimental tank had flow rates of 1.67 (±0.17) litermin−1, yield-
ing a ca. 42-min turnover time. Each tank was fed three times a week
with a concentrated Artemia solution, resulting in approximate feeding
concentrations of 1.8 mg liter−1 for a 2-hour, no–flow-through period
after sunset to allow corals to feed. Mesh light screens were used to pro-
tect the corals from the intense light of the shallow mesocosm tanks
relative to the deeper in situ reef conditions. A YSI 556 multiparameter
probe was calibrated according to standard protocols and used to
monitor daily temperature, salinity, dissolved oxygen, and pH (fig. S2)
with quantitative carbonate chemistrymonitored bywater samples ana-
lyzed for DIC, TA, and salinity. Carbonate chemistry samples were col-
lected and analyzed, as described in the “Carbonate chemistry” section.

Before statistical analysis, all data were tested for equal variance and
for normality (Kolmogorov-Smirnov test) in SigmaPlot v11 and were
log-transformed (mg day−1 data) or arcsine square root–transformed
(mg day−1 cm−2 data) if necessary.Mean calcification rates for each spe-
cies per tank over each growth period were analyzed using two-way re-
peated measures analysis of variance (ANOVA) in SigmaPlot v11 with
growth periods (n = 4) and tanks within treatment (n = 3) as fixedmain
effects. Significant interactions were further analyzed with multiple
comparison procedures (Holm-Sidak method). Regression analysis
was used to test for significant relationships between calcification rates
and calculated carbon chemistry data, seawater temperature, and light.

Climate model predictions
The CMIP5 multimodel ensemble (24) was used in the analysis for
21st-century Bermuda SST predictions.Model output was generated by
the NASA Goddard Institute for Space Studies model–run GISS-E2-H
(2° latitude × 2.5° longitude 40-layer atmosphere coupled with HYbrid
Coordinate Ocean Model 1° latitude × 1° longitude 26-layer ocean
model) (56) using RCPs +2.6, +4.5, +6.0, and +8.5 W m−2 relative to
preindustrial levels (25). Monthly SST data from the four closest points
surroundingBermudawere averaged to obtainmean changes inwarm-
ing anticipated for Bermuda. Linearmodelswere fit through themonthly
SST data to determine a mean rate of SST increase for the 21st cen-
tury under RCP 2.6 (+0.05°C decade−1, P = 0.059, df = 1138, F = 3.57),
RCP 4.5 (+0.13°C decade−1, P < 0.0001, df = 1138, F = 29.8), RCP 6.0
(+0.15°C decade−1,P< 0.0001, df = 1138, F= 36), and RCP 8.5 (+0.27°C
decade−1, P < 0.0001, df = 1138, F = 120). These rates were compared
to the +0.1°C decade−1 warming-induced calcification increases ob-
served by Cooper et al. (26) for 20th-century massive Porites corals
in the East Indian Ocean (28°S). Because the RCP 2.6 emissions
scenario predicted a rate of warming less than the +0.1°C decade−1 from
the study of Cooper et al. (26), only that emissions scenario was used
to predict potential increases in coral calcification rates in Bermuda.
Single-variable linear calcification responses to temperature were con-
structed for P. astreoides (Hog Reef: slope = 0.0027% day−1°C−1, P =
0.0003, df = 23, F = 17.8; Crescent Reef: slope = 0.0035% day−1°C−1,
P = 0.0002, df = 22, F = 20.2), D. labyrinthiformis (Hog Reef: slope =
0.0026%day−1°C−1,P= 0.0006, df = 23, F = 15.9; Crescent Reef: slope =
0.0023% day−1°C−1, P = 0.02, df = 22, F = 6.1), and Hog Reef NEC
(slope = 0.42 kgm−2 year−1°C−1, P < 0.001, df = 44, F = 50.4). The slopes
of these calcification responses per degree Celsius were multiplied by
Courtney et al., Sci. Adv. 2017;3 : e1701356 8 November 2017
the +0.4°C predicted for end-of-21st-century Bermuda frommeanRCP
2.6 warming rates to estimate potential warming-induced increases in
calcification. The maximum monthly SST for each year was extracted
from the output of each climate model to compare to coral bleaching
thresholds. Coral bleaching is predicted to occur during a DHM in
which monthly maximum summer SSTs are 1°C above mean maxi-
mum summer climatology, with an annual accumulation of twoDHMs
being a predictor of extreme coral bleaching andmortality (27). The first
10 years of CMIP5 maximum monthly summer SST model output
(2006–2016) were averaged to approximate ameanmaximum summer
climatology used in calculating a relative DHM for the future warming.
The difference between the summer model output and this mean max-
imum summer climatology was plotted to determine when maximum
summer SSTs are expected to exceed theDHMof 1°Cwith and without
a +0.1°C decade−1 acclimatization rate, respectively, under RCPs 2.6,
4.5, 6.0, and 8.5.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/11/e1701356/DC1
fig. S1. Hog Reef and Crescent Reef environmental data for salinity, nutrients, and satellite
chlorophyll a.
fig. S2. Mesocosm seawater acidification experiment data.
table S1. Model estimates from the structural ecosystem models.
table S2. Bermuda coral community composition.
table S3. Mesocosm seawater acidification experiment statistical summary.
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