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Anthropogenic environmental change threatens the ability for many coral reefs to 

maintain the calcium carbonate structures that provide shoreline protection, fisheries provision, 

and tourism revenue to human populations worldwide. Rigorous quantification of the rates and 

drivers of coral and coral reef net ecosystem calcification (NEC) represents a significant 

challenge but is tantamount for understanding how these services to humanity may be affected 

by environmental change. This challenge is addressed here by leveraging a combination of field 
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observations, numerical models, and statistical analyses. The major findings showed that 

extremely large NEC errors of –91% to +1000% can be driven by interacting ±83% uncertainties 

in the difficult to measure seawater depth and residence time parameters used to calculate NEC. 

Confidence in NEC rates can nonetheless be improved by leveraging multiple NEC methods as 

evidenced by the agreement between chemistry and census-based NEC calculated for Hog Reef, 

Bermuda. Analysis of the environmental drivers of coral and reef-scale calcification at Hog Reef 

and Crescent Reef, Bermuda showed that temperature was the strongest driver of coral and reef-

scale calcification rates with little influence by the other environmental parameters studied. This 

suggests that reduced warming rates driven by lower global carbon dioxide emissions pathways 

could maintain Bermudan coral calcification through the twenty-first century. However, more 

rapid warming can cause coral bleaching that reduces NEC as evidenced by the observation of 

zero NEC during the fall 2015 coral bleaching event in Kāne'ohe Bay, Hawai'i. The subsequent 

recovery to pre-bleaching NEC rates by the following summer highlights the capacity of coral 

reef NEC to rapidly recover in the absence of continued stressors. Conversely, the cumulative 

effects of 20 years of disturbances on coral calcification capacity (CCC) across the main 

Hawaiian Islands, Mo'orea, Florida Keys reef tract, and St. John revealed disturbance-driven 

reductions in CCC and community-level shifts in contributions to CCC from competitive to 

weedy corals that may increase CCC resilience to future disturbances. This dissertation 

collectively improves projections for how the Anthropocene may change reef structures and the 

services they provide humanity by advancing our understanding of the rates and drivers of coral 

and coral reef calcification. 
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CHAPTER 1 

Introduction: The growth of coral reef ecosystems in the Anthropocene 

Travis A. Courtney 
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1.1 Background Information 

Early descriptions by some Western scientists referred to coral reefs as navigational 

hazards occupied by corals with more inclusive definitions now spanning the scientific literature 

that encompass a range of biological, geological, social, and cultural characteristics (Kleypas et 

al. 2001; Williams et al. 2019). The coral reefs of today are incredibly important to humanity and 

despite covering just 0.2% of the global ocean surface area, contain an estimated 35% of all 

ocean species (Reaka-Kudla 1997; Knowlton et al. 2010) and partially sustain approximately 

10% of the global human population (Donner and Potere 2007). Services such as shoreline 

protection, provision of food and materials, and tourism revenue generation are among the major 

socioeconomic benefits that coral reefs provide to humanity with global economic valuations of 

all coral reef ecosystem services ranging up to 9.9 trillion USD/yr (Moberg and Folke 1999; de 

Groot et al. 2012; Costanza et al. 2014; Woodhead et al. 2019).  

These disproportionately large economic and societal benefits for the relatively limited 

geographic coverage of reef systems are intimately tied to the maintenance of coral reef calcium 

carbonate (CaCO3) structures (Moberg and Folke 1999; Kleypas et al. 2001; Donner and Potere 

2007; Knowlton et al. 2010; de Groot et al. 2012; Costanza et al. 2014; Edmunds et al. 2016; 

Cyronak et al. 2018; Perry et al. 2018; Woodhead et al. 2019). Calcifying scleractinian corals are 

the primary coral reef calcium carbonate producers (Pratchett et al. 2015) with further 

contributions by red coralline algae, molluscs, Halimeda calcifying algae, and benthic 

foraminifera (Montaggioni and Braithwaite 2009). Conversely, coral reef CaCO3 structures can 

also be reduced through both biologically mediated and inorganic calcium carbonate (CaCO3) 

dissolution processes (Andersson and Gledhill 2013). Biological (e.g., parrotfishes, sea urchins, 

molluscs, crustaceans, worms, sponges, and microborers) and nonbiological (e.g., waves, storm 
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events) mechanical erosion processes can also physically break apart CaCO3 materials into 

smaller sizes that can enhance CaCO3 dissolution rates and facilitate transport either on to or 

away from a coral reef (Stearn et al. 1977; Perry et al. 2017; Schönberg et al. 2017; Tuck et al. 

2019). Collectively these CaCO3 formation, breakdown, and transport processes result in a 

simplified coral reef growth equation (Chave et al. 1972; Stearn et al. 1977; Kleypas et al. 2001): 

Reef Growth = CaCO3 production – CaCO3 dissolution + CaCO3 import – CaCO3 export         (1) 

where positive reef growth is a basic requirement for maintaining coral reef structures on 

interannual timescales (Kleypas et al. 2001). 

One key point of confusion in the field of coral reef growth however is that the census-

based and chemistry-based methods capture differing aspects of the reef growth equation. For 

example, census-based studies typically include CaCO3 production by the major calcifiers, 

physical/chemical CaCO3 bioerosion rates, and omit sediment CaCO3 dissolution rates (Chave et 

al. 1972; Stearn et al. 1977; Hubbard et al. 1990; Perry et al. 2012, 2018). Alternatively, 

chemistry-based studies utilize changes in reef seawater total alkalinity (TA), which is reduced 

by two moles for each mole of CaCO3 formed, to quantify NEC rates using the following 

equation (Smith and Key 1975; Chisholm and Gattuso 1991; Langdon et al. 2010): 

NEC = 	 &'()*+,,-.+/01)*/00,)
34

                (2) 

where ρ is seawater density, z is the seawater density, TAoffshore–TAreef is the alkalinity anomaly, 

and τ is seawater residence time. Importantly, both census and chemistry-based approaches often 

do not account for net import/export of CaCO3 and therefore lack the complete information to 

account for the total CaCO3 accumulated on a coral reef via Eqn. 1 (Chave et al. 1972; Smith 

1973; Stearn et al. 1977; Hubbard et al. 1990; Chisholm and Gattuso 1991; Kleypas et al. 2001; 

Langdon et al. 2010; Perry et al. 2012, 2018). Nonetheless, these methods provide relatively 
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rapid assessments of the net CaCO3 production of coral reef systems that can be coupled with 

environmental data to quantify the environmental and ecological drivers of reef-scale 

calcification on timescales that are short enough to match the ecosystem dynamics of present-day 

reef systems. 

The environmental conditions that govern coral reef systems are constantly in a state of 

change resulting in non-equilibrium ecological communities (Connell 1978). However, human-

induced changes in ocean temperatures, aqueous CO2 chemistry, nutrient loading, land use, and 

fishing pressures are further modifying coral reef communities into novel ecosystems and 

threaten the maintenance of positive reef growth globally (e.g., Kleypas et al. 2001; Gardner et 

al. 2003; Bruno and Selig 2007; Hoegh-Guldberg et al. 2007; Andersson and Gledhill 2013; 

Graham et al. 2014; Jackson et al. 2014; Hughes et al. 2017; Perry et al. 2018; Eyre et al. 2018; 

Perry and Filip 2018; Toth et al. 2019; Williams et al. 2019). Most notably, increasing ocean 

temperatures have driven three global coral bleaching events in recent decades (Donner et al. 

2017; Hughes et al. 2018a), which is the widespread breakdown of symbiosis between coral host 

and zooxanthellae symbiont that can result in coral mortality if temperature stress is severe 

enough (Jokiel and Coles 1977; Glynn 1993). Coral bleaching events are further expected to 

increase in both frequency and magnitude to continue to reshape 21st century coral reef 

ecosystems (Donner et al. 2005; van Hooidonk et al. 2016). Collectively, environmental change 

has the capacity to modify reef growth primarily via the following: (1) reduced calcification 

capacity via decreasing calcifier cover and benthic community shifts (e.g., Loya et al. 2001; 

Gardner et al. 2003; Bruno and Selig 2007; Darling et al. 2013; Perry et al. 2013, 2015, 2018; 

Hughes et al. 2017); (2) altered rates of calcification, CaCO3 dissolution, and bioerosion via 

shifts in the environmental conditions that drive these processes (e.g., Jokiel and Coles 1977; 
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Andersson and Gledhill 2013; McMahon et al. 2013; Pratchett et al. 2015; Schönberg et al. 2017; 

Eyre et al. 2018); and (3) shifts in net CaCO3 import/export through feedbacks between changing 

rates of sea level rise, wave climates, and island geomorphologies (e.g., Perry et al. 2011; Hemer 

et al. 2013; Tuck et al. 2019).  

The rates and environmental drivers of coral and reef-scale calcification and how these 

relationships may be affected by local and global environmental change is limited by the 

difficulties in accurately measuring and untangling the complex interactions between rates of 

coral and reef-scale calcification and the relevant environmental drivers (e.g., seawater 

temperature, seawater carbonate chemistry, light and depth, food availability, nutrients, water 

flow rates, sedimentation, and competition [Pratchett et al. 2015]) of calcification for extended 

periods of time in the field (Jokiel and Coles 1977; McMahon et al. 2013). However, these 

difficulties are currently being overcome by the advancement of in situ autonomous instruments, 

satellite products, and computational tools to work towards an improved understanding of the 

controls on coral reef growth. Understanding these complex and interconnected processes is 

essential to improve our projections for how the maintenance of coral reef structures and the 

ecosystem services they provide may continue to be shaped by local and global environmental 

change. 

1.2 Outline of the Dissertation 

This dissertation represents an interdisciplinary perspective on the rates and drivers of 

coral and coral reef calcification in the Anthropocene. The primary goal was to leverage the 

advantages of ecological, geological, and biogeochemical perspectives on coral reef growth to 

improve confidence in rates of reef-scale calcification and the environmental and ecological 

processes that drive this important function of coral reefs.  In doing so, this dissertation provides 
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critical knowledge for how the environmental change of the Anthropocene may impact the 

maintenance of pantropical coral reef structures and the ecosystem services they provide to 

human populations around the world. Chapters 2–6 therefore contain elements of these 

interdisciplinary perspectives and were written as stand-alone research publications with partially 

overlapping individual introductory and methodological sections (Courtney et al., 2016, 2017, 

2018, in review; Courtney and Andersson 2019). Chapter 7 concludes this dissertation with a 

summary of its key findings.  

Previous work has intuitively shown coral calcification to scale linearly with coral cover 

in mesocosms (Page et al. 2017), but no significant linear relationship exists between in situ 

NEC and coral reef calcifier cover in the field (Decarlo et al. 2017). Chapter 2 addresses this 

apparent contradiction by leveraging census-based methodology in a biogeochemical box model 

to test whether uncertainties in seawater depth and residence time may generate large enough 

errors that interact with the effects of reef structural complexity to mask a potential linear scaling 

of NEC with calcifier cover in the field. Chapter 2, in full, is a reprint of the material as it 

appears in Courtney TA & Andersson AJ. Evaluating measurements of coral reef net ecosystem 

calcification rates. Coral Reefs 2019. 

Historically, measurements of reef-scale calcification have utilized either 

census/accretion based methods (e.g., Chave et al. 1972; Stearn et al. 1977; Hubbard et al. 1990; 

Eakin 1996; Harney and Fletcher 2003; Perry et al. 2012, 2013) or chemistry-based NEC 

methods (e.g., Broecker and Takahashi 1966; Smith and Key 1975; Smith and Kinsey 1976; 

Gattuso et al. 1996; Atkinson 2011; Andersson and Gledhill 2013), but there has been no formal 

comparison of these methods to date. In Chapter 3, the primary objective was to directly 

compare rates using published methods for chemistry-based NEC calculations and census-based 
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budgets and evaluate the dominant calcifiers across a two-year time series for a rim reef site in 

Bermuda. We hypothesized that chemistry-based NEC and census-based CaCO3 production 

budgets would agree within uncertainties and that the dominant corals by benthic coverage at 

Hog Reef would be the primary reef calcifiers. Chapter 3, in full, is a reprint of the material as it 

appears in Courtney TA, Andersson AJ, Bates NB, Collins A, Cyronak T, de Putron SJ, Eyre 

BD, Garley R, Hochberg EJ, Johnson R, Musielewicz S, Noyes T, Sabine CL, Sutton AJ, Toncin 

J, Tribollet A. Comparing Chemistry and Census-based Estimates of Net Ecosystem 

Calcification on a Rim Reef in Bermuda. Frontiers in Marine Science 2016, 3:181. 

Previous understanding of the environmental drivers of coral calcification in the field has 

been limited by our ability to both measure and untangle environmental and coral growth 

parameters for extended periods of time. The goal of Chapter 4 was to address these previous 

limitations with a two-year observational study in Bermuda designed to evaluate the 

interconnected environmental drivers of coral and reef-scale calcification. We hypothesized that 

coral calcification would increase up to the taxon-specific thermal growth optimum as seawater 

temperatures warmed in the summertime. Further, we hypothesized that because seawater 

temperatures vary greatly over seasonal timescales, temperature would be the dominant control 

on coral and reef-scale calcification. Chapter 4 builds upon the in situ coral and reef-scale 

calcification rates in Chapter 3 by adding coral calcification rates for a second lagoonal patch 

reef site in Bermuda and environmental parameters for both sites to evaluate the drivers of coral 

and reef-scale calcification. Chapter 4, in full, is a reprint of the material as it appears in 

Courtney TA, Lebrato M, Bates NR, Collins A, de Putron SJ, Garley R, Johnson, R, Molinero 

JC, Noyes TJ, Sabine CL, Andersson AJ. Environmental controls on modern scleractinian coral 

and reef-scale calcification. Science Advances, 2017, 3(11), p.e1701356. 
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Coral bleaching events are increasing in frequency and intensity (Donner et al. 2017; 

Hughes et al. 2018a), but relatively few studies have investigated the effects of coral bleaching 

on NEC (Kayanne et al. 2005; Watanabe et al. 2006; DeCarlo et al. 2017). The goal of Chapter 5 

was to utilize changes in seawater alkalinity across the Kāne'ohe Bay reef flat to assess the 

impacts of coral bleaching and subsequent coral recovery on coral reef NEC following the fall 

2015 coral bleaching event. We hypothesized that Kāne'ohe Bay reef flat NEC would be 

suppressed during the 2015 coral bleaching event owing to coral stress and/or mortality. 

Furthermore, we hypothesized that NEC would either remain suppressed in the absence of coral 

recovery or return to pre-bleaching levels if corals fully recovered following the bleaching event. 

Chapter 5, in full, is a reprint of the material as it appears in Courtney TA, De Carlo EH, Page 

HN, Bahr KD, Barro A, Howins N, Tabata R, Terlouw G, Rodgers KS, Andersson AJ. Recovery 

of reef-scale calcification following a bleaching event in Kāne'ohe Bay, Hawai'i. Limnology & 

Oceanography Letters 2018, 3:1–9. 

Increasing frequencies and intensities of coral reef disturbances can reduce overall coral 

cover and shift coral communities from fast-growing, architecturally complex competitive reef-

building corals to slower-growing stress-tolerant and/or fast-growing weedy corals (e.g., Loya et 

al. 2001; Gardner et al. 2003; Bruno and Selig 2007; Fabricius et al. 2011; Van Woesik et al. 

2011; Darling et al. 2013; Grottoli et al. 2014; Jackson et al. 2014; Hughes et al. 2018b). These 

changes in coral communities have the capacity to reduce reef-scale calcification (e.g., Alvarez-

Filip et al. 2013; Perry et al. 2015; Kuffner and Toth 2016; Lange and Perry 2019; Toth et al. 

2019), but remains to be rigorously characterized through time and across broad geographic 

spatial scales with respect to coral life history strategies. The goal of Chapter 6 was to evaluate 

changes in coral community calcification and the relative contributions by the respective coral 
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taxa across 121 reef sites at four focal regions in the Pacific (i.e., main Hawaiian Islands and 

Mo'orea) and Western Atlantic (i.e., Florida Keys Reef Tract and St. John). We hypothesized 

that the contribution to CCC by competitive corals would decrease throughout the time series 

and, in contrast, the contribution to CCC by stress-tolerant and weedy corals would increase 

owing to alterations of coral communities by disturbances throughout the time series of this 

study. Chapter 6, in full, is currently in review as Courtney TA, Barnes BB, Chollett I, Elahi R, 

Gross K, Guest JR, Kuffner IB, Lenz EA, Nelson HR, Rogers CS, Toth LT, Andersson AJ. 

Disturbances drive changes in coral community assemblages and coral calcification capacity. 

Final thoughts and concluding statements based on the collective findings of this 

dissertation are presented in Chapter 7. 

1.3 Research Significance 

Coral reefs are currently experiencing rapid rates of environmental change resulting in 

shifts to the geo-ecological function of present day coral reefs with future change likely to 

threaten the form and function of near-future coral reef systems around the world (e.g., Kleypas 

et al. 2001; Gardner et al. 2003; Bruno and Selig 2007; Hoegh-Guldberg et al. 2007; Andersson 

and Gledhill 2013; Graham et al. 2014; Jackson et al. 2014; Hughes et al. 2017; Perry et al. 2018; 

Eyre et al. 2018; Perry and Filip 2018; Toth et al. 2019; Williams et al. 2019). This dissertation 

synthesizes census and chemistry-based net reef calcification methods to critically evaluate rates 

of reef-scale calcification and make recommendations to improve the precision of future net reef 

calcification studies in Chapters 2 and 3. These methods were further applied to better 

understand the primary environmental drivers of coral and reef-scale calcification in Chapter 4 

and how coral bleaching and other disturbance events affect reef-scale calcification and the 

relative contribution of coral taxa to reef-scale calcification in Chapters 5 and 6. Most notably, 
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these chapters highlight the benefits of reduced rates of ocean warming for maintaining reef-

scale calcification, the capacity for reef-scale calcification to recover following elevated thermal 

stress, and the ability for shifting coral community compositions to maintain reef-scale 

calcification under repeated disturbances. The collective result of this dissertation is therefore a 

more nuanced, mechanistic understanding of how pantropical coral reef growth adapts and 

responds to environmental change that advances evidence-based management and conservation 

of coral reef structures and the services these structures provide to humanity. 
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Abstract Monitoring the rates and drivers of coral reef net
ecosystem calcification (NEC) under anthropogenic envi-

ronmental change is critical for predicting associated

changes in reef structures and ecosystem services. How-
ever, NEC studies to date show weak agreement between

studies and notably reveal no relationship between NEC

and benthic calcifier cover. In this study, we tested for the
sensitivity of calculated NEC to uncertainties in seawater

depths and residence times (± 83% relative to 6 m and 6 h,

respectively) using a coral reef total alkalinity (AT) simu-
lator (reefCATS) and found that these errors can interact to

drive large asymmetric uncertainties ranging from - 91%

to ? 1000% in NEC. Furthermore, numerical simulations
of hypothetical NEC for coral populations occupying reefs

with increasing structural complexity (rugosity = 1–4)

showed that the effects of reef-scale rugosity on NEC can
be as important as benthic community composition. As a

result, uncertainties in seawater depth, residence time, and/

or reef structural complexity are enough to mask any
potential real correlation between NEC and percent calci-

fier cover in the field. To improve comparability and
validity of NEC studies, we recommend that future studies

place a high degree of scrutiny on measurements of sea-

water hydrodynamics, report all NEC equation

parameters ± uncertainties, and ideally include benthic
community composition and structural complexity data to

further explore the relationship between NEC and calcifier

cover.

Keywords Coral reef ! Net ecosystem calcification !
Structural complexity ! Rugosity ! Ecosystem services !
Climate change ! Biogeochemistry ! Ecosystem monitoring

Introduction

Coral reefs are currently undergoing rapid declines in coral

cover globally (Gardner et al. 2003; Bruno and Selig 2007;
Jackson et al. 2014), which can decrease coral reef growth

and shoreline protection for coastal human populations

around the world (Harris et al. 2018; Perry et al. 2018;
Storlazzi et al. 2018). Monitoring coral reef growth (i.e.,

coral reef growth = calcification - CaCO3 dissolu-

tion ? CaCO3 sediment import - CaCO3 sediment export
[Chave et al. 1972; Stearn et al. 1977; Kleypas et al. 2001])

is therefore necessary to predict potential changes in the

maintenance of coral reef CaCO3 structures and the
resulting ecosystem services these structures provide

(Kleypas et al. 2001; Edmunds et al. 2016; Courtney et al.
2018; Cyronak et al. 2018; Perry et al. 2018). However,

accurate and precise measurements of modern coral reef

growth have proved a challenging task.
Reef growth can be directly measured from reef sedi-

ment cores (Aronson and Precht 2001; Montaggioni 2005)

or by long-term changes in bathymetric mapping (Yates
et al. 2017). However, these methods lack the temporal

resolution to track higher frequency changes in reef growth

and metabolic performance associated with shifting benthic
community compositions and oceanographic forcing,
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which are increasingly important given the current status of

coral reef declines. Alternatively, census-based CaCO3

budget methodology is one approach used to approximate

annual net coral reef CaCO3 production by assigning

annual rates of CaCO3 production and erosion to benthic
survey data, but by definition generally omits the net

import/export of CaCO3 terms required to fully calculate

reef growth (Chave et al. 1972; Stearn et al. 1977; Hubbard
et al. 1990; Perry et al. 2012, 2018). These methods can be

rapidly applied across a range of coral reef systems, but
typically rely on literature-derived annual mean CaCO3

production/erosion rates that are assumed to be constant

across geographic and environmental conditions (Perry
et al. 2012). As a result, these census-based budgets often

fail to capture sub-annual variability in net reef CaCO3

production (Courtney et al. 2016) and site-specific vari-
ability in rates of CaCO3 production and erosion. Another

approach to estimate net coral reef CaCO3 production

utilizes chemistry-based methods (i.e., net ecosystem cal-
cification [NEC] = calcification–CaCO3 dissolution) that

address these shortcomings by measuring alkalinity

anomalies (DAT = ATinitial - ATfinal where ATfinal repre-
sents the seawater total alkalinity that has been modified by

the coral reef from its initial value of ATinitial) as a proxy for

net removal of Ca2? and dissolved inorganic carbon (DIC)
by NEC on time-scales of approximately hours to days

(Broecker and Takahashi 1966).

While a broad range of NEC methods exists, they all
rely on difficult to constrain measurements of seawater

hydrodynamics that mediate the length of time and total

amount of the seawater that has been in contact with and
modified by the benthos to calculate NEC from alkalinity

anomalies (Broecker and Takahashi 1966; Smith and Key

1975; Gattuso et al. 1996; Silverman et al. 2007; Venti
et al. 2012; Zhang et al. 2012; Falter et al. 2013; Lowe and

Falter 2015; Courtney et al. 2016). Historically, studies

have utilized slack tides, temporal isolation during low
tide, unidirectional flow regimes (Eularian or Lagrangian),

enclosures, or calculated atoll seawater residence times to

estimate NEC (Broecker and Takahashi 1966; Smith and
Key 1975; Kinsey 1985; Gattuso et al. 1996). The advan-

tages and disadvantages of these earlier methods have

previously been discussed by Kinsey (1985), but see also
more recent eddy covariance and benthic gradient flux

methods (Long et al. 2015; Takeshita et al. 2016).

Typically, NEC is calculated from measurements of
seawater alkalinity anomaly (DAT), density (q), depth (z),

and residence time (s) as per the following equation (Smith

and Key 1975; Langdon et al. 2010):

NEC ¼ DATqz
2s

ð1Þ

Of these parameters, seawater AT can be precisely

measured within ± 2 lmol kg-1 using established sam-
pling and analytical methods (Dickson et al. 2007) and

seawater density can be precisely measured or calculated

from seawater temperature, salinity, and pressure via the
seawater equation of state to within ± 0.002 kg m-3

(McDougall and Barker 2011; Roquet et al. 2015). LIDAR
(Light Detection and Ranging)-produced digital elevation

models (Yates et al. 2017) allow for precise measurements

of reef-scale seawater depths (z) and advancements in
current profiler technologies (DeCarlo et al. 2017),

numerical models (Lowe et al. 2009), and chemistry-based

seawater residence times (Venti et al. 2012; Muehllehner
et al. 2016) have improved our ability to quantify coral reef

hydrodynamics. However, precisely determining the z and

s of the hydrochemical footprint (i.e., spatial area and
length of time over which the water has been modified by

the benthos) associated with the measured DAT remains a

significant challenge owing to the spatiotemporally com-
plex hydrodynamics of coral reef environments, which

consequently can generate potentially large uncertainties in

NEC calculated from z and s via Eq. 1 (Venti et al. 2012;
Zhang et al. 2012; Falter et al. 2013; Lowe and Falter 2015;

Courtney et al. 2016). For example, Shamberger et al.

(2011) and Courtney et al. (2018) used seawater flow rates
and residence times, respectively, to calculate NEC using

similar DAT and hydrodynamic conditions at overlapping

portions of the Kāne’ohe Bay reef flat, but the differences
in characterizing this flow were the primary driver of

diverging NEC rates by approximately an order of mag-

nitude between the two studies (Courtney et al. 2018).
Thus, we suggest that the uncertainties associated with

constraining the z and s of the hydrochemical footprint

require further investigation to ensure greater consistency
and comparability of NEC between studies.

Intuitively, increasing cover of calcifiers (e.g., the typ-

ical dominant reef calcifiers are scleractinian corals, red
coralline algae, molluscs, Halimeda calcifying algae, and

benthic foraminifera [Montaggioni and Braithwaite 2009])

should positively correlate with increasing NEC due to
increasing CaCO3 production rates. This relationship is

inherent in census-based studies (but note that this is in part

an artifact of the budget methodology [Perry et al. 2012])
and has been observed in a chemistry-based mesocosm

study (Page et al. 2017), but field-based NEC rates show no

relationship with calcifier cover (DeCarlo et al. 2017). This
lack of an observed relationship between calcifier cover

and NEC in the field could be due to mechanistic factors

such as altered calcification rates under local environ-
mental conditions (DeCarlo et al. 2017) or competitive

interactions (Tanner 1995, 1997; McWilliam et al. 2018),

the provisioning of additional surface area to calcifiers by
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three-dimensional reef-scale structural complexity (Hub-

bard et al. 1990; Pichon 1997; Szmant 1997, 2002; Perry
et al. 2012), underreported calcifier cover owing to diffi-

culties in surveying under canopies (Goatley and Bellwood

2011), relative proportion of faster and slower calcifiers
(Chave et al. 1972; Pichon 1997; Szmant 2002; Perry et al.

2015), and/or the effects of CaCO3 dissolution and chem-

ical CaCO3 bioerosion (Andersson and Gledhill 2013; Eyre
et al. 2018). Alternatively, the previously described diffi-

culties associated with constraining complex seawater
hydrodynamics over coral reef environments and resulting

NEC uncertainties can be large (Falter et al. 2013) and we

hypothesize that these potentially large and underreported
NEC uncertainties may be masking any potential real

correlation between NEC and calcifier cover.

To test this hypothesis, we developed a coral reef total
alkalinity simulator (reefCATS) to calculate expected DAT

for a given NEC under varying seawater depths and resi-

dence times and to perform a sensitivity analysis of how
errors in seawater depth and residence time affect calcu-

lated NEC. We then further calculated a range of expected

NEC for given coral cover, community composition, and
reef structural complexity drawing from census-based and

mesocosm/enclosure NEC studies to serve as a reference

for evaluating future NEC studies.

Materials and methods

The coral reef total alkalinity simulator (reefCATS) is a

simple box model consisting of a seawater reservoir
overlying a coral reef community that measures the change

in seawater AT owing to NEC. The purpose of this study

was not to fully simulate the dynamic physical and bio-
geochemical processes occurring over a reef flat (e.g., see

Falter et al. [2013]), but instead to generate the simplest

example of a calcifying benthic community chemically
modifying the overlying seawater chemistry (Fig. 1) to (1)

calculate DAT for a range of seawater depths and residence

times with calcification by two representative coral species
and (2) isolate the sensitivity of NEC calculations to

uncertainties associated with constraining seawater depth

(z) and residence time (s).

reefCATS model overview

Seawater hydrodynamics were simplified by assuming a

steady state of seawater flux into (SWin; kg h-1) and out of

(SWout) the seawater reservoir (i.e., SWin = SWout) with a
fixed 1 km2 planar area and constant parameterized depth

that assumes no influence of tides and waves on the volume

of seawater in this reservoir. Furthermore, seawater was
assumed to only flow into the reef seawater reservoir from

source water of constant AT (ATin; lmol kg-1) that was

completely and instantaneously mixed and remained for a
fixed residence time before flowing out of this reservoir

(Fig. 1). Alkalinity flux owing to calcification [F(ATcalcifi-

cation); lmol h-1] was parameterized based on literature
values (see subsequent section) and was the sole process

changing AT within the seawater reservoir. No other pro-

cesses (e.g., no CaCO3 dissolution, no heating/cooling, and
no evaporation/precipitation) modified seawater properties.

The mass balance of total alkalinity in the seawater

reservoir was represented by the following differential
equation:

dATreef

dt
¼ SWin " ATin½ $ % SWout " ATreef½ $

% F ATcalcificationð Þ; ð2Þ

and thus, at steady state:

0 ¼ SWin " ATin½ $ % SWout " ATreef½ $ % F ATcalcificationð Þ
ð3Þ

The seawater residence time (s;h) was defined as the ratio
of the total mass of seawater in the reservoir (MSWreef; kg)

over the seawater inflow or outflow, assuming a steady state:

s ¼ MSWreef

SWin
¼ zaq

SWin
ð4Þ

where z is the depth of the reef seawater reservoir (m), ais

the area of the reef (m2), and q is the density of seawater
(kg m-3). Thus, the differential equation for the rate of

change of reef seawater total alkalinity (dATreef/dt;
lmol kg-1 h-1) can be expressed as:

ATsw
SWin

ATreef
SWout

F(A )

Fig. 1 reefCATS diagram shows the parameterized fluxes of seawater
total alkalinity (AT) into and out of the 1-km2 planar area coral reef
seawater reservoir with volume controlled by parameterizing reser-
voir depth (z). ATsw is the total alkalinity of the seawater flowing into
the box (SWin), which is instantaneously mixed for the duration of the
seawater residence time (s). ATreef is the total alkalinity of the
seawater flowing out of the reef box (SWout), z is the depth which
controls the volume of seawater in the reef box, and F(ATcalcification) is
the total alkalinity flux out of the reef seawater owing to model
parameterized calcification
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dATreef

dt
¼ ATin " ATreef

s
" FðATcalcificationÞ

zaq
ð5Þ

This equation (Eq. 5) was solved at 0.1-h time steps
using the ode45 ordinary differential equation solver in the

statistical software R (R Core Team 2017) package deSolve

(Soetaert et al. 2010). Each model simulation was run for
2500 h to ensure a steady state in the reef seawater

reservoir before calculation of the alkalinity anomaly

(DAT = ATin - ATreef) and NEC via Eq. 1.

Parameterized values

All reefCATS runs were calculated using a 1 km 9 1 km

planar reef area with fixed calcification rates for a range of

seawater depths (1–11 m at 1 m intervals) and residence
times (1–11 h at 1 h intervals) to simulate a broad range of

coral reef hydrodynamic states and resulting DAT. Fixed
calcification rates were used to avoid confounding the

results of this analysis with diel variability in calcification

rates. A rate of 33.8 mmol m-2 h-1 by 100% coral cover of
Acropora nasuta (calcification = 29.6 kg CaCO3 m

-2 yr-1

sensu Morgan and Kench [2012]) was used because it

represents an approximate upper rate for calcifying reef
corals (Pratchett et al. 2015). While the subsequent sensi-

tivity analyses were based on 100% cover A. nasuta cal-

cification rates, additional simulations were conducted
using a calcification rate of 15.7 mmol m-2 h-1 that rep-

resents calcification by 100% cover of the more slowly

calcifying Porites lobata (calcification = 13.8 kg CaCO3

m-2 yr-1 sensu Morgan and Kench [2012]) to serve as an

additional reference for expected DAT. For reference of the

values used in this study, the 1–11 m seawater depths used
in this study are within the range of mean (± standard

deviation) depths for typical reef flats (1.3 ± 0.5 m) and

channels (6.3 ± 9.8 m) from Falter et al. (2013). Similarly,
the 1–11 h residence times in this study are within the

range of 1.4–14.7 h it would take for seawater to transit

and be biogeochemically modified by a typical reef flat
assuming mean (± standard deviation) unidirectional,

depth-averaged flow rates of 0.16 ± 0.06 m s-1 and reef

flat widths of 3.7 ± 2.6 km from Falter et al. (2013).
However, it is important to note that recirculation patterns,

oscillating seawater flows, and reef morphologies are

capable of generating longer and spatially variable sea-
water residence times than predicted from mean unidirec-

tional flow rates across a reef flat, which consequently can

drive greater and more spatially variable coral reef DAT

(Lowe et al. 2009; Venti et al. 2012; Zhang et al. 2012;

Falter et al. 2013; Lowe and Falter 2015; Muehllehner et al.

2016). To address this potential for longer residence times
and better represent lower coral cover systems, we included

additional DAT simulations with residence times ranging

from 1 to 144 h, depths ranging from 1 to 11 m, and 10%

coral cover calcification rates (i.e., 10% A. nasuta or 10%
P. lobata) occupying a planar 1 km2 reef area. Models

were parameterized using mean surface ocean total alka-

linity (AT = 2310 lmol kg-1) and average seawater den-
sity (q = 1023 kg m-3) for the upper 50 m at station

ALOHA from the Hawai’i Ocean Time-series for

1988–2017 (hahana.soest.hawaii.edu/hot/hot-dogs).

Sensitivity analysis

The model simulation for a seawater depth of 6 m and

residence time of 6 h using the fixed 33.8 mmol m-2 h-1

calcification rate by 100% cover A. nasuta calcification

resulted in a DAT of 66 lmol kg-1. This DAT was then

used to calculate NEC (Eq. 1) using the actual seawater
depth and residence time and for a range of erroneous

seawater depths (1–11 m) and residence times (1–11 h).

While we do not know the actual range of typical errors in
seawater depth and residence time across NEC studies,

these simulated ranges were calculated as the percent error

relative to the model parameterized reference value such
that z = 6 ± 5 m (± 83%) and s = 6 ± 5 h (± 83%) to

generalize these results to other NEC studies with varying

mean seawater depths and residence times. Similarly,
erroneously calculated NEC from the sensitivity analysis of

this study was determined as the percent error relative to

the actual parameterized reefCATS NEC. The resulting
errors in NEC were assessed with respect to (1) seawater

depth, (2) residence time, or (3) both seawater depth and

residence time.

Literature review

A literature review of NEC supplementing the work of

DeCarlo et al. (2017) with more recent studies and sepa-

rating studies conducted in mesocosms and enclosures
from field-based studies was then performed to further test

for linear scaling of NEC with calcifier cover (see sup-

plementary NEC review datasheet). Linear models between
NEC (previous studies were converted to mmol CaCO3

m-2 h-1) and percent calcifier cover were fitted using the

function lm and assessed using ANOVA for the mesocosm/
enclosure and field-based studies separately to test for

linear correlations between NEC and calcifier cover.

Effects of reef structural complexity on NEC

Additional calculations were made to assess the effects of
reef structural complexity and coral community composi-

tion on NEC. We used rugosity (R) = linear/planar dis-

tance along the reef surface with typical ranges of R = 1–4
(Graham and Nash 2013) to model the effects of structural
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complexity on NEC in this study. Single-species benthic

communities of 0–100% A. nasuta and P. lobata, respec-
tively, were simulated over reef-scale rugosities ranging

from 1 to 4 to simulate potential upper bounds of NEC for

reef sites of varying structural complexity occupied by a
rapidly calcifying coral (A. nasuta) and a more slowly

calcifying coral (P. lobata). These simulations allow us to

explore the interactions between calcification rates and reef
structural complexity (Pichon 1997; Szmant 1997, 2002;

Perry et al. 2012; Graham and Nash 2013; Pratchett et al.
2015) to calculate expected NEC for hypothetical coral reef

ecosystems.

Results

reefCATS alkalinity anomalies

The reefCATS runs for a range of seawater depths
(1–11 m) and residence times (1–11 h) for the parameter-

ized 33.8 mmol m-2 h-1 calcification rate (100% cover A.

nasuta planar reef) generated DAT ranging from
6 lmol kg-1 (1 h, 11 m simulation) to 726 lmol kg-1

(11 h, 1 m simulation) (Table 1). Simulations for the

parameterized 15.7 mmol m-2 h-1 calification rate (100%
cover P. lobata planar reef) yielded DAT ranging from

3 lmol kg-1 (1 h, 11 m simulation) to 338 lmol kg-1

(11 h, 1 m simulation) (Table 1). The longer residence
time simulations for the 10% A. nasuta and 10% P. lobata

planar reefs with depths of 1 to 11 m and residence times

of 1 to 144 h followed a similar pattern (Table 2). In
essence, the DAT is dependent on the ratio of calcification

rate to seawater volume wherein shallower seawater depths

have exponentially decreasing seawater volumes that are
more intensely chemically modified by calcification and

result in greater DAT (Tables 1, 2). Longer seawater resi-

dence times allow for a greater contact time between the
overlying seawater and underlying calcifiers, resulting in

greater seawater DAT (Tables 1, 2).

reefCATS sensitivity analysis

The A. nasuta simulations evaluating the effect of erro-
neous depths show that errors of ± 83% in z relative to the

actual parameterized depth of 6 m (i.e., 1–11 m) yielded

erroneously calculated NEC increasing linearly from
- 83% to ? 83% (5.6–61.9 mmol m-2 h-1) relative to the

actual rate of 33.8 mmol m-2 h-1 (Fig. 2a). Conversely, A.

nasuta simulations evaluating the effect of erroneous res-
idence times show that errors of ± 83% in s relative to the

actual parameterized residence time of 6 h (i.e., 1–11 h)

yielded erroneously calculated NEC exponentially
decreasing from ? 500% (202.6 mmol m-2 h-1) to

- 45% (18.4 mmol m-2 h-1) relative to the actual rate of

33.8 mmol m-2 h-1 (Fig. 2b). Thus, underestimates of s
produced greater NEC errors (i.e., - 83% s = ? 500%
NEC) than overestimates of s (i.e., ? 83% s = - 45%

NEC, Fig. 2b). Simulations in which both of these simu-

lated errors in seawater depth (± 83%) and residence time
(± 83%) were made concurrently resulted in a mean

(± SE) NEC error of ? 65 ± 18% owing to the nonlinear

range of erroneously calculated NEC from - 91% to
? 1000% (3.1–371.4 mmol m-2 h-1) relative to the actual

NEC of 33.8 mmol m-2 h-1 (Fig. 2). Equivalently, the

percent error in NEC owing to any combination of errors in
z and s can further be generalized by solving the % error

NEC equation for those terms:

Table 1 Seawater total alkalinity anomalies (DAT; lmol kg-1)
expressed across the range of seawater depths (z = 1–11 m) and
residence times (s = 1–11 h) explored in this study. DAT represents
ATsw - ATreef after the reefCATS runs for the respective seawater
depth and residence times have reached steady state for fixed calci-
fication rates of 100% cover by Acropora nasuta (33.8 mmol m-2

h-1, bold) and Porites lobata (15.7 mmol m-2 h-1, italics) occupying
a 1 km2 planar reef flat. Coral calcification rates are sensu Morgan
and Kench (2012)

Residence time (h)

1 2 3 4 5 6 7 8 9 10 11

Depth (m)

1 66 132 198 264 330 396 462 528 594 660 726

31 62 92 123 154 185 215 246 277 308 338

2 33 66 99 132 165 198 231 264 297 330 363

15 31 46 62 77 92 108 123 138 154 169

3 22 44 66 88 110 132 154 176 198 220 242

10 21 31 41 51 62 72 82 92 103 113

4 16 33 49 66 82 99 115 132 148 165 181

8 15 23 31 38 46 54 62 69 77 85

5 13 26 40 53 66 79 92 106 119 132 145

6 12 18 25 31 37 43 49 55 62 68

6 11 22 33 44 55 66 77 88 99 110 121

5 10 15 21 26 31 36 41 46 51 56

7 9 19 28 38 47 57 66 75 85 94 104

4 9 13 18 22 26 31 35 40 44 48

8 8 16 25 33 41 49 58 66 74 82 91

4 8 12 15 19 23 27 31 35 38 42

9 7 15 22 29 37 44 51 59 66 73 81

3 7 10 14 17 21 24 27 31 34 38

10 7 13 20 26 33 40 46 53 59 66 73

3 6 9 12 15 18 22 25 28 31 34

11 6 12 18 24 30 36 42 48 54 60 66

3 6 8 11 14 17 20 22 25 28 31
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%errNEC ¼ szerr
zserr

" 1

! "
# 100 ð6Þ

where z and s are the actual seawater depth and residence
time and zerr and serr are the erroneously measured seawater

depth and residence time.

Scaling of NEC with calcifier cover

Linear models between NEC and percent calcifier cover
from previous studies revealed a statistically significant

linear correlation for studies conducted in mesocosms

and enclosures (NEC ± SE [mmol m-2 h-1] = 0.10 ±
0.02 9 % calcifier cover ? 0.03 ± 1.2; R2 = 0.68, df =

13, F = 27.7, p = 0.0002; Fig. 3a), but not for field-based

studies (R2 = 0.054, df = 29, F = 1.7, p = 0.21; Fig. 3b).
Hypothetical scaling of NEC for 0–100% cover of A.

nasuta and P. lobata for planar reefs (R = 1) revealed that

many literature-based NEC studies exceed expected A.
nasuta calcification rates (Fig. 3b). However, increases in

reef-scale structural complexity would increase the

expected NEC for a 1 m2 planar area with the highest
structural complexity (R = 4) yielding maximum NEC of

135.0 mmol m-2 h-1 for 100% A. nasuta coral cover and

63.0 mmol m-2 h-1 for 100% P. lobata coral cover
(Fig. 4). Structurally complex reefs at the reef scale

(R = 3–4) occupied by 100% P. lobata yielded greater
NEC (47.2 and 63.0 mmol m-2 h-1, respectively) than

planar reefs (R = 1) occupied by 100% A. nasuta

(NEC = 33.8 mmol m-2 h-1; Fig. 4).

Discussion

Coral reefs are structurally complex environments that

complicate accurate calculations of seawater hydrody-
namics and thereby challenge precise calculations of NEC

(Lowe et al. 2009; Falter et al. 2013; Lowe and Falter

2015). However, reducing NEC uncertainty is critical for
monitoring the rates and drivers of reef-scale calcification

to understand current and future maintenance of coral reef

CaCO3 structures in a changing ocean (Kleypas et al. 2001;
Silverman et al. 2009; Albright et al. 2015; Edmunds et al.

2016; Courtney et al. 2018; Cyronak et al. 2018; Perry

et al. 2018). Here we have synthesized findings from in situ
coral calcification rate data, CaCO3 budget methodologies,

and NEC from previous studies with a biogeochemical

modeling approach to improve our understanding of DAT,
uncertainties in NEC, and the relationship between NEC

and calcifier cover. In doing so, the reefCATS runs provide

a range of DAT for the given parameterized Acropora
nasuta and Porites lobata calcification rates under varying

seawater depths and residence times (Tables 1, 2). The true

uncertainty of characterizing seawater depth, residence
time, and calculated NEC remains a significant challenge

and warrants additional investigations in the field.

Nonetheless, the uncertainty analysis in this study gener-
alizes to any combination of errors in z and s via Eq. 6 and

can therefore be used to calculate % NEC error with

respect to zerr and serr for any study.
Assuming that there is an equal probability of either

overestimating or underestimating seawater depth and

residence time (i.e., normal distribution of errors in z and s
centered around the actual z and s, respectively), the mean

modeled ? 65 ± 18% NEC error in these simulations

initially suggests studies may therefore be more likely to
overestimate NEC owing to the greater uncertainties in

NEC associated with underestimating seawater residence

time. Furthermore, residence times can vary across a given
coral reef system from hours up to days (or longer),

Table 2 Seawater total alkalinity anomalies (DAT; lmol kg-1)
expressed across the range of seawater depths (z = 1–11 m) and
longer residence times (s = 1–144 h). DAT represents ATsw - ATreef

after the reefCATS runs for the respective seawater depth and resi-
dence times have reached steady state for fixed calcification rates of
10% cover by Acropora nasuta (33.8 mmol m-2 h-1, bold) and 10%
cover by Porites lobata (15.7 mmol m-2 h-1, italics) occupying a
1 km2 planar reef flat. Coral calcification rates are sensu Morgan and
Kench (2012)

Residence time (h)

1 3 6 12 24 48 96 144

Depth (m)

1 7 20 40 79 158 317 633 950

3 9 18 37 74 148 295 443

2 3 10 20 40 79 158 317 475

2 5 9 18 37 74 148 221

3 2 7 13 26 53 106 211 317

1 3 6 12 25 49 98 148

4 2 5 10 20 40 79 158 238

1 2 5 9 18 37 74 111

5 1 4 8 16 32 63 127 190

1 2 4 7 15 30 59 89

6 1 3 7 13 26 53 106 158

1 2 3 6 12 25 49 74

7 1 3 6 11 23 45 90 136

0 1 3 5 11 21 42 63

8 1 2 5 10 20 40 79 119

0 1 2 5 9 18 37 55

9 1 2 4 9 18 35 70 106

0 1 2 4 8 16 33 49

10 1 2 4 8 16 32 63 95

0 1 2 4 7 15 30 44

11 1 2 4 7 14 29 58 86

0 1 2 3 7 13 27 40
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suggesting the uncertainty in attributing DAT measure-

ments to residence times for calculation of NEC could be
similarly large (Lowe et al. 2009; Venti et al. 2012; Zhang

et al. 2012; Falter et al. 2013; Lowe and Falter 2015;

Muehllehner et al. 2016). To provide a scalable example
for how these potential differences in residence times could

impact calculated NEC rates, an erroneous residence time

of 6 h that in fact is 6 d results in a 2300% error in NEC
(i.e., based on Eq. 6: %errNEC = [144 h/6 h - 1] 9 100;

Zhang et al. 2012; Courtney et al. 2018). Collectively,

these findings suggest that residence time is likely the

greatest source of error in NEC calculated from Eq. 1.
The capacity for the large modeled errors in NEC owing

to errors in seawater depth and residence time in this study

leads us to conclude that even relatively modest uncer-
tainties less than the ± 83% in seawater depth and resi-

dence time have the potential to mask any real relationship

between NEC and calcifier cover in the field. For example,
the large errors in NEC (- 91% to ? 1000%;

3.1–371.4 mmol m-2 h-1) from the reefCATS sensitivity

(a) (b)

Fig. 2 Net ecosystem calcification (NEC) is erroneously calculated
for a range of seawater depths (z = 1–11 m, ± 83% error) and
residence times (s = 1–11 h, ± 83% error) using the reefCATS
generated alkalinity anomaly for calcification by 100% cover
Acropora nasuta (z = 6 m, s = 6 h). Each panel shows the erro-
neously calculated NEC values relative to the actual NEC rate (?) as

a function of (a) depth for each residence time (colored lines) and
(b) residence time for each depth (colored lines). Primary x-axes
report erroneous (a) depth and (b) residence time, whereas primary
y-axes show calculated NEC. Secondary axes report percent errors in
depth, residence time, and calculated NEC

(a) (b)

Fig. 3 Literature-derived values of net ecosystem calcification
(NEC) as a function of percent calcifier cover (black circles) based
on results from (a) mesocosm and enclosure experiments and
(b) in situ measurements. (a) Significant positive linear correlation
between NEC and percent calcifier cover in mesocosms and

enclosures is denoted by the black line (± 95% confidence intervals
in gray dashed lines). (b) The expected calcification rates for 0–50%
cover of A. nasuta (pink line) and 0–100% P. lobata (green line)
overlying a planar reef (rugosity, R = 1) are plotted relative to in situ
NEC rates
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analysis are approximately an order of magnitude greater

than the 100% calcifier cover NEC of 10.5 ± 2.6
mmol m-2 h-1 (mean ± 95% confidence interval)

extrapolated from the literature review of mesocosms and

enclosures. Interestingly, this 100% calcifier cover NEC
from mesocosm and enclosure studies agrees well with

100% coral/algae cover NEC of 10 kg CaCO3 m-2 y-1

(11.4 mmol m-2 h-1) hypothesized by Chave et al. (1972)
and observed by Kinsey (1979, 1981), but is less than the

maximum daytime NEC (44 mmol m-2 h-1) recorded by

DeCarlo et al. (2017) in Dongsha Atoll. Further research
may therefore be necessary to explore a potential upper

bound for coral reef NEC rates.

However, we further found that many in situ NEC
studies from the literature exceeded our simulated planar

reef 100% Acropora rates (Fig. 4) leading us to explore the

influence of reef-scale structural complexity as an
explanatory variable. For example, the finding that the

more slowly calcifying Porites lobata occupying struc-

turally complex reefs (R = 3–4) can generate higher NEC
than an equivalent cover of Acropora nasuta occupying a

planar substrate (Fig. 4) suggests that reef-scale structural

complexity may be as important as benthic community
composition for driving NEC. It is important to note that

while reef structural complexity and benthic community

composition are often linked, larger-scale reef rugosities
are maintained even for degraded reefs (Richardson et al.

2017). This suggests that natural or artificial re-coloniza-
tion of reef-scale structurally complex reefs by stress-tol-

erant corals may act to stabilize potentially declining NEC

associated with declining coral cover and shifting coral

communities (Gardner et al. 2003; Bruno and Selig 2007;

Jackson et al. 2014; Perry et al. 2015; Hughes et al. 2018)
and projected increases in CaCO3 dissolution (Andersson

and Gledhill 2013; Eyre et al. 2018) under global envi-

ronmental change.
While it is not possible to directly assess the validity of

NEC from previous studies with the results presented here,

the insights gained in this study provide a framework for
improving the validity and comparability of future NEC

rates and their uncertainties. First and foremost, the model
results of this study highlight the potential for extremely

large errors in NEC primarily owing to uncertainties in

constraining the seawater depth and residence time asso-
ciated with the DAT of the hydrochemical footprint. To

improve comparability of NEC between sites and studies,

we recommend that studies provide a detailed report of all
parameters ± uncertainties of the NEC calculation (Eq. 1)

and especially DAT to improve our collective understand-

ing of NEC and DAT in coral reefs. Ideally future studies
could leverage traditional NEC methods with any combi-

nation of established model-based approaches (Falter et al.

2013), dye/chemical tracers of seawater hydrodynamics
(Falter et al. 2008; Venti et al. 2012; Muehllehner et al.

2016), eddy covariance/benthic gradient flux measure-

ments (Long et al. 2015; Takeshita et al. 2016), and/or
expectations of NEC for a given calcifier cover (Fig. 3a,

Fig. 4). To further evaluate the potential correlation

between NEC and calcifier cover, we suggest future studies
report NEC along with preexisting or contemporaneous

measurements of benthic community composition and reef

structural complexity.
Monitoring coral reef calcification will prove to be a key

aspect for understanding and predicting potential changes

in coral reef structures and the ecosystem services they
provide (Kleypas et al. 2001; Edmunds et al. 2016;

Courtney et al. 2018; Cyronak et al. 2018). NEC calcula-

tions are a convenient tool for monitoring real-time coral
reef calcification under changing environmental conditions

and benthic communities, but here we have shown that a

high level of scrutiny should be placed on measuring the
seawater depth and residence time of the hydrochemical

footprint due to their potentially large contributions to

calculated NEC error. While the true uncertainty of NEC
represents a difficult and ongoing challenge, incorporating

secondary approaches and/or expectations from the simu-

lations presented here can provide greater confidence in our
ability to accurately monitor reef-scale calcification and

further explore the relationship between NEC and calcifier

cover in the field.
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Fig. 4 Net ecosystem calcification (NEC) rates were simulated for
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Coral reef net ecosystem calcification (NEC) has decreased for many Caribbean reefs

over recent decades primarily due to changes in benthic community composition.

Chemistry-based approaches to calculate NEC utilize the drawdown of seawater total

alkalinity (TA) combined with residence time to calculate an instantaneous measurement

of NEC. Census-based approaches combine annual growth rates with benthic cover and

reef structural complexity to estimate NEC occurring over annual timescales. Here, NEC

was calculated for Hog Reef in Bermuda using both chemistry and census-based NEC

techniques to compare the mass-balance generated by the twomethods and identify the

dominant biocalcifiers at Hog Reef. Our findings indicate close agreement between the

annual 2011 census-based NEC 2.35± 1.01 kg CaCO3•m−2 1•y− and chemistry-based

NEC 2.23 ± 1.02 kg CaCO3•m−2•y−1 at Hog Reef. An additional record of Hog Reef

TA data calculated from an autonomous CO2 mooring measuring pCO2 and modeled

pHtotal every 3-h highlights the dynamic temporal variability in coral reef NEC. This ability

for chemistry-based NEC techniques to capture higher frequency variability in coral reef

NEC allows the mechanisms driving NEC variability to be explored and tested. Just

four coral species, Diploria labyrinthiformis, Pseudodiploria strigosa,Millepora alcicornis,

and Orbicella franksi, were identified by the census-based NEC as contributing to 94 ±

19% of the total calcium carbonate production at Hog Reef suggesting these species

should be highlighted for conservation to preserve current calcium carbonate production

rates at Hog Reef. As coral cover continues to decline globally, the agreement between

these NEC estimates suggest that either method, but ideally both methods, may serve

as a useful tool for coral reef managers and conservation scientists to monitor the

maintenance of coral reef structure and ecosystem services.

Keywords: coral reef, net ecosystem calcification, budget, accretion, dissolution, calcium carbonate,

biogeochemistry
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INTRODUCTION

Coral reefs provide a great multitude of ecosystem goods and
services to humanity including renewable food and material
resources, shoreline protection, and nutrient cycling (e.g.,
Smith, 1978; Salvat, 1992; Spurgeon, 1992; Done et al., 1996;
Moberg and Folke, 1999; de Groot et al., 2012). However,
tropical reef coral cover is currently declining due to a
combination of local and global pressures (i.e., overfishing,
sedimentation, disease, warming, and acidification) with ∼80%
declines in coral cover observed across the Caribbean since
the mid-1970s (Gardner et al., 2003). These declines in overall
Caribbean coral cover are combined with an overall loss of
reef structural complexity (Alvarez-Filip et al., 2009) and coral
community shifts toward more slowly calcifying and less-
structurally complex opportunistic coral species (Alvarez-Filip
et al., 2013). Consequently, losses in coral cover, and changes
in coral community composition have resulted in decreased
net coral reef calcium carbonate (CaCO3) production across
the Caribbean (Perry et al., 2013, 2015). While hermatypic
scleractinian corals are typically the dominant coral reef CaCO3

producers (Vecsei, 2004), coral reef net ecosystem calcification
(NEC) is the sum of gross calcification and gross CaCO3

dissolution (Chave et al., 1972). Coral reef accretion and
maintenance of geomorphic structure therefore depends on NEC
as well as the net import, export, and erosion of CaCO3 material
(e.g., Scoffin, 1992; Milliman, 1993; Kleypas et al., 2001; Perry
et al., 2008; Montaggioni and Braithwaite, 2009; Tribollet and
Golubic, 2011; Perry et al., 2012).

The topic of spatial scale is of particular importance for the
study of ecological phenomenon (Levin, 1992 and references
therein) including coral reef calcification (e.g., Kinsey, 1985;
Andréfouët and Payri, 2000; Vecsei, 2004; Edmunds et al., 2016).
Measurements of coral reef calcification range from organismal
to ecosystem and global scales (see discussion in Edmunds et al.,
2016). By necessity, measuring CaCO3 production at organism
scales (e.g., Bak, 1976; Jokiel et al., 1978) fundamentally utilize
different approaches than studies examining entire reef and
global scales (e.g., Kinsey, 1979; Milliman, 1993; Kleypas, 1997;
Vecsei, 2004). Coral reef CaCO3 production at sub-reef to reef
scales has historically been measured via census or accretion-
based CaCO3 budget approaches (e.g., Chave et al., 1972 and
references therein; Stearn et al., 1977; Hubbard et al., 1990; Eakin,
1996; Harney and Fletcher, 2003; Perry et al., 2012, 2013) and
chemistry-based alkalinity anomaly approaches (e.g., Broecker
and Takahashi, 1966; Smith and Key, 1975; Smith and Kinsey,
1976; Gattuso et al., 1996; and summarized in Atkinson, 2011;
Andersson and Gledhill, 2013).

Census-based budgets utilize bottom-up approaches to
sum up the calcification by individual CaCO3 producers
whereas chemistry-based budgets provide a top-down integrated
measurement of the entire reef NEC. Interestingly, CaCO3

production on coral reefs in the Atlantic has historically
been measured using census and accretion based approaches
while chemistry-based approaches have been more widely
used in the Pacific Ocean (Kinsey, 1981). Montaggioni and
Braithwaite (2009) summarized the literature finding that

global coral reef calcification estimates range from 1 to 10 kg
CaCO3•m2•y−1 using census-based methods and from 0.5 to
10 kg CaCO3•m2•y−1 based on alkalinity anomaly methods
thereby concluding that the two methods are generally in close
agreement. Measurements of census-based and chemistry-based
CaCO3 production at One Tree Island, Great Barrier Reef were
scaled to the entire reef using remote sensing with a remarkably
small 0.3% difference between the two methods (Hamylton et al.,
2013). Thus, a robust comparison of these two methods at the
same reef site allows the bottom-up census-based budget of
NEC to be weighed against the top-down chemistry-based NEC,
resulting in a more thorough understanding of the mechanisms
of CaCO3 production and maintenance of structure in coral reef
environments.

In this study, NEC was calculated using census-based and
chemistry-based budgets from September 2010 to September
2012 for Hog Reef (32◦27′26.39′′N, 64◦50′5.10′′W), located on
the northwestern rim reef of Bermuda between deeper oceanic
waters and shallower sandy back-reef environments (Figure 1).
The Bermuda platform is a reef system surrounded by deep
oceanic waters located in the North Atlantic sub-tropical gyre
and at the current latitudinal limit for tropical coral reef
ecosystems (Kleypas et al., 1999; Andersson et al., 2014). The
history of Bermuda NEC measurements (e.g., Bates, 2002; Bates
et al., 2010) and characterization of Bermuda platform seawater
residence times (Venti et al., 2012) further make Hog Reef an
ideal location to conduct a chemistry-based NEC study. Briefly,
calcifying organism growth rates, microborer CaCO3 dissolution
rates, and CaCO3 sand dissolution rates were multiplied by their
respective benthic area to produce a census-based NEC budget
with seasonal variability at Hog Reef. NEC was calculated using
chemistry-based alkalinity anomaly of reef seawater relative to
offshore seawater via water samples taken monthly from Hog
Reef. Seasonal and diel NEC variability was estimated by TA
calculated from seawater measurements taken every 3 h by an
autonomous pCO2 mooring at Hog Reef. These estimates of coral
reef NEC provide valuable insight into the net balance between
calcification andCaCO3 dissolution, thus serving as an important
tool for monitoring the maintenance of coral reef structure and
ecosystem services as coral reef function and health continue to
change globally.

METHODS

Census Based Budget Formation
Reef Surveys
The census-based budgets were modeled after the standardized
methods outlined in the ReefBudget project (Perry et al., 2012).
Video transects were conducted in August 2010 at Hog Reef
as part of an ecological monitoring project consisting of five
permanent 30-m transects stationed at ca. 8m depth at the reef
site. For each transect, a video camera was pointed perpendicular
to the benthos at a constant distance to film a 1-m wide
band to the left side of each transect generating 5 • 30m2

transects. Each video transect was analyzed for percent cover by
coral species, gorgonian, zoanthid, sponge, sessile invertebrates,
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FIGURE 1 | Map of the Bermuda coral reef platform showing Hog Reef, located on the northwestern portion of the rim reef. The black ellipse at Hog Reef

represents the estimated effective footprint for the benthic community influence on the overlying seawater chemistry.

macroalgae, turf algae, calcifying algae, dead coral, unknown
organisms, rock, rubble, and sand (Figure 2). Notably, mean
percent cover (±standard deviation) of hard scleractinian corals
at the survey site was 27 ± 5%. Due to the structural complexity
of the reef environment, reef rugosity (Spatial Scales I and II in
Dahl, 1973) was calculated for each site to determine the total
abundance of benthic organisms occupying a given planar area
of the reef environment (Dahl, 1973). The Segmented Line and
Measure tools in ImageJ were used to calculate reef rugosity
from the ratio of reef profile distance and horizontal planar
distance for each photograph (n = 12) resulting in a mean
(± standard deviation) rugosity of 1.5 ± 0.2. Hog Reef has a
very complex three-dimensional structure consisting of many
small caves and overhangs that is not currently measurable using
traditional rugosity approaches (e.g., Dahl, 1973) and precludes
some aspects of the benthos beneath underlying canopies from
being surveyed in the planar video transects (Goatley and
Bellwood, 2011). This additional structural complexity therefore
underestimates this study’s survey of benthic foraminifera,
coralline algae, cryptic Porifera sponges, cryptic corals, and
additional organisms or uncolonized substrate occurring in these
unsampled microenvironments.

In situ Calcification Rates
In situ calcification rates for Diploria labyrinthiformis and
Porites astreoides corals and literature reported annual mean
calcification rates aggregated in the ReefBudget data analysis
sheets (Perry et al., 2012) for all other corals and calcifying
algae were used in the formation of the census-based budget.
Colonies of D. labyrinthiformis (n = 17) and P. astreoides
(n = 14) were collected from Hog Reef and mounted on tiles at
Hog Reef from September 2010 to September 2012 to calculate
in situ calcification rates for the duration of the experiment.
During the growth rate study, each coral was weighed every
2–3 months using the buoyant weight method (Jokiel et al.,
1978) with a correction term for seawater density at the time
of measurement and subtraction of the weight of the tile and
Z-SPAR A-788 epoxy used to mount the coral to the tile. Mean
initial coral weights (±standard deviation) were 358 ± 122 g
for D. labyrinthiformis and 419 ± 124 g for P. astreoides. Mean
calcification rates for each growth interval were calculated as
the change in weight (mg) per day over each growth interval.
Calcification rates were normalized to surface area using the foil
method conducted at the end of the growth rate experiment
(Marsh, 1970). Mean (±standard deviation) individual coral
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FIGURE 2 | Summary of percent cover (±standard deviation) from the

benthic surveys conducted at Hog Reef. The benthic survey percent cover

data was used in conjunction with the effective footprint analysis to scale the

benthic composition onto larger spatial patterns of rocky reef-dominated (94.9

± 0.2%) and sand-dominated (5.1 ± 0.2%) substrates at Hog Reef.

colony surface areas in the growth rate experiment were 195 ±

31 cm2 forD. labyrinthiformis and 164± 48 cm2 for P. astreoides.

Seasonal Variability in Calcification
Temporal variability in D. labyrinthiformis and P. astreoides
growth rates was determined by dividing growth rates at each
weight interval by the mean growth rates over the approximately
2-year growth rate experiments to yield standardized growth rate
values. These standardized growth rates through time were fit
with a single-term Fourier model using the Curve Fitting Tool
in MATLAB to model the seasonal variability in growth rates
(±95% confidence intervals):

f (x) = 1.01± 0.05− (0.37± 0.13)cos [x (5.79± 0.22)]

− (0.29± 0.15)sin [x (5.79± 0.22) ] (1)

where x is the date in decimal years centered at the year 2010 and
f(x) is the proportional, standardized seasonal variation of the
mean annual growth rate. This seasonal variability relationship
was used to scale the literature-derived annual mean coral and
calcifying algal growth rates from the ReefBudget data analysis
sheets (Perry et al., 2012) to approximate seasonal variability
in the census-based data for comparison to the continuous
chemistry-based budgets in this study.

Similarly, the in situ measured growth rates for D.
labyrinthiformis and P. astreoides were fit with single-term
Fourier models using the Curve Fitting Tool in MATLAB

to construct continuous estimations of calcification rates for
the duration of the 2-year experiment. The equation for D.
labyrinthiformis growth rates (± 95% confidence intervals) is:

f (x) = 3.12 ± 0.17− (0.86 ± 0.56)cos[x(5.83 ± 0.30)]

− (0.97 ± 0.47)sin[x(5.83 ± 0.30)] (2)

where x is the date in decimal years centered at the year 2010
and f(x) is the seasonal variation of theD. labyrinthiformis annual
growth rate (kg CaCO3•m−2•y−1). The equation for P. astreoides
growth rates (± 95% confidence intervals) is:

f (x) = 2.53± 0.19− (1.32± 0.39) cos [x (5.71± 0.30)]

− (0.53± 0.70)sin [x (5.71± 0.30) ] (3)

where x is the date in decimal years centered at the year
2010 and f(x) is the seasonal variation of the P. astreoides
annual growth rate (kg CaCO3•m−2•y−1). The Fourier fitted
continuous growth rates for D. labyrinthiformis and P. astreoides
were used to model the seasonal-variability of the census-based
budget.

Summation of Net Calcification
Calcification rates of each calcifying species were multiplied
by reef rugosity and percent cover of each species from the
benthic surveys to determine species-level calcification at Hog
Reef. These species-level calcification rates were summed to
obtain the net calcification (kg CaCO3•m−2•y−1) by the benthic
community at Hog Reef. Regrettably, calcification by benthic
foraminifera, which could represent up to 50% of the sand
composition at Hog Reef (unpublished data), was not included
in the budget due to the lack of benthic survey data on
these species. Despite large abundance in the sand, Bermuda
reef benthic foraminifera CaCO3 production was previously
estimated to be 0.080 kg CaCO3•m−2•y−1 (Langer et al., 1997),
supporting earlier findings that the contributions by benthic
foraminifera on coral reef NEC are an order of magnitude
smaller than the CaCO3 produced by non-Acroporid corals
(Chave et al., 1972). Calcification by suborder holaxonia sea
fans and sea rods (16 ± 2% cover ± standard deviation of
the benthic survey data; Figure 2) were also excluded from this
analysis due to the high variability of calcified material within
individuals (Esford and Lewis, 1990) and a lack of reliable linear
extension rate measurements to pair with the percent cover
survey data. Of the other dominant biocalcifying components of
coral reef environments listed by Montaggioni and Braithwaite
(2009), Mollusca were insufficiently surveyed to reliably estimate
Mollusca calcification from the benthic survey data.

Net CaCO3 Dissolution
Calcium carbonate dissolution at Hog Reef was measured as
the sum of CaCO3 dissolution by sediments, microborers, and
sponges. Sediment CaCO3 dissolution at Hog Reef was directly
measured over a full diel cycle in summer 2015 (July) via
the alkalinity anomaly measured in three independent benthic
chambers following methods outlined in Cyronak et al. (2013b).
Net sediment CaCO3 dissolution (±standard deviation) for the
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sand at Hog Reef was −0.39 ± 0.11 kg CaCO3•m−2•yr−1.
Given the lack of data for any temporal variability in sediment
CaCO3 dissolution at Hog Reef, this rate was assumed to
be constant throughout the year and was multiplied by the
percent sediment cover from the survey data at Hog Reef. No
sponges were recorded in our transect data thereby precluding
net CaCO3 dissolution by sponges from the calculation of
this budget. Mean (±standard deviation) microborer CaCO3

dissolution rates of −0.21 ± 0.09 kg CaCO3•m−2•yr−1 were
determined from scanning electron microscopy of subsections
from 3 experimental coral blocks cut from a singlemassive Porites
lobata skeleton exposed at Hog Reef between September 2011
and September 2012 following methods outlined in Tribollet
et al. (2009). These methods for estimating CaCO3 dissolution
differed from the ReefBudget calculations in that this study
additionally included sediment dissolution, which is typically
absent from census-based budgets (Eyre et al., 2014), while
mechanical bioerosion by fish and urchins were omitted from
this study. This distinction between mechanical and chemical
bioerosion was made such that the census budgets would reflect
only the chemical balance of calcification and CaCO3 dissolution
to allow for a better comparison between the census-based and
chemistry-based budgets outlined in this study.

Effective Reef Footprint and Hydrology
To best compare the census-based and chemistry-based estimates
of NEC, an effective reef footprint (i.e., the spatial extent of
benthic community influence on water chemistry) was calculated
to link the benthos to overlying water column carbonate
chemistry. The mean water flow of the tidally driven currents at
Hog Reef was integrated over a complete tidal cycle to estimate
the spatial area of the benthos that a typical parcel of reefwater
travels over a tidal cycle. This calculated area of reef therefore
represents the estimated areal footprint over which the NEC
carbonate chemistry signal has been integrated in the seawater.
The estimated footprint was used with aerial imagery and digital
elevation model data to calculate the percent hard reef vs. sandy
substrate and an average water depth for calculations of the
census based and chemistry based Hog Reef NEC.

ANortek ASAquadopp Profilerwasmounted at approximately
12m depth to measure current speeds in 0.5m depth bins from
surface to bottom at a frequency of 1.0MHz from 18 July 2015 to
26 July 2015. In the absence of continuous current measurements
during the ca. 2-year study, this later current profiler deployment
was used to record many tidal cycles of the predominately tidally
driven flow regime at Hog Reef with the caveat that typical
current profiles may vary over longer time scales due to changing
wind and storm activity. Calculations using potential changes in
flow regime beyond the typically tidal influence have relatively
small impacts on measured census-based and chemistry-based
NEC due to the correspondingly small changes in percent hard
reef substrate and depth of the effective reef footprint. To avoid
the tidal influence on the occasional aerial exposure of the
uppermost surface current bins, only bins from 0.4 to 10.9m
distance from the profiler were analyzed. Current speeds were
converted into u and v components and averaged across depth
bins from 0.4 to 10.9m to yield the average water column

velocity for the duration of the deployment. An hourly low-pass
Lanczos filter was used on the top-bottom averaged u and v
components to filter out higher frequency turbulence from the
current data. A principal components analysis was performed
on the filtered top-bottom averaged u and v data following
procedures outlined in Glover et al. (2011) to identify the primary
(PC1) and orthogonal (PC2) principal components of seawater
current. PC1 (2.89 cm•s−1 at 335◦) therefore represents themean
speed and direction of the dominant current flow and PC2
(2.75 cm•s−1 at 245◦) represents the mean speed of the flow 90◦

to PC1. These components of current velocity were scaled by a
tidal period of 12.4167 h to yield a typical distance traveled by
a parcel of water over a complete tidal cycle. The tidally scaled
magnitudes and directions of these principal components (PC1:
1.29 km 335◦; PC2: 1.23 km 245◦) were centered at the Hog
Reef PMEL MAPCO2 mooring to estimate an elliptical effective
footprint (Figure 1) for the benthic community influence on
seawater chemistry.

The coordinates for the effective footprint were imported into
ArcMap R⃝ software and layered onto a Bermuda 1 arc-second
sea level digital elevation model (Sutherland et al., 2014) and
Bermuda marine aerial imagery (Bermuda Zoological Society,
1997). The ArcMap R⃝ Zonal Statistics as Table tool was used to
calculate the mean (±standard deviation) depth from the digital
elevation model for the elliptical Hog Reef footprint as 10.3
± 3.3m. The elliptical footprint was used to crop and export
the marine aerial imagery from ArcMap R⃝ software to ImageJ
(Schneider et al., 2012) for analysis of percent cover by larger-
scale reef and sand patches in the effective footprint. The image
contrast was enhanced and converted to 8-bit grayscale before
applying a black-and-white threshold with additional manual
paintbrush tool interpretation of reef composition from the
photograph such that areas of reef became black pixels and areas
of sand became white pixels. The histogram of the ellipse was
analyzed to determine the percent of black and percent of white
pixels resulting in 94.9% hard reef and 5.1% sand composition.
Because the reef survey data was collected over the dominantly
reef section, the census-based budget data was scaled to represent
94.9% of the budget area and sand CaCO3 dissolution rates
were applied to the remaining 5.1% sand-covered portion of the
effective reef footprint. Notably, this scaling of the transect data
to the effective reef footprint resulted in a mean (±uncertainty)
of 26± 5% hard coral cover for Hog Reef.

Chemistry Based Budget Formation
Carbonate Chemistry Bottle Samples
Hog Reef seawater bottle samples were analyzed for total
alkalinity (TA) to calculate the chemistry basedNEC in this study.
All water samples were collected approximately monthly using a
5-L Niskin bottle at 0.5–1.0m depth according to best practices
(Dickson et al., 2007). Samples were stored using 200mL-Kimax
glass sample bottles, fixed using 100µL saturated solution of
HgCl2, and subsequently analyzed for TA using a VINDTA
3S system and DIC using VINDTA 3C and AIRICA systems
(Marianda Inc). The accuracy and precision of TA analyses
were verified against certified reference material (CRM) provided
by the laboratory of Prof. A. Dickson of Scripps Institution
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of Oceanography. Analysis of replicate CRMs yielded a typical
accuracy and precision of ±2–4µmol•kg−1 for both TA and
DIC. Temperature (accuracy ± 0.15◦C) and salinity (accuracy±
1%) for all samples were measured using a YSI 556 Handheld
Multiparameter Instrument. Additional seawater samples were
collected for 66% of all bottle samples and analyzed for salinity
using an Autosal Salinometer (accuracy < ± 0.002). These
salinometer salinity values were preferentially used over the YSI
salinity measurements in the analysis for this project.

Offshore seawater bottle samples were collected
approximately monthly at the Bermuda Atlantic Time-series
Study (BATS; 31◦50′N, 64◦10′W) and analyzed for temperature,
salinity, and TA. BATS is located ∼80 km southeast of Bermuda
and represents typical surface seawater of the Sargasso Sea
making BATS carbonate chemistry samples an ideal offshore
reference for calculation of NEC in this study (Bates et al., 2001,
2010; Bates, 2002; Yeakel et al., 2015). BATS TA samples were
collected in 200mL-Kimax glass bottles, fixed with HgCl2, and
sealed until analysis at Bermuda Institute of Ocean Sciences
(Bates et al., 2012). TA was analyzed by a VINDTA 2S System
(Marianda Inc) with typical replicate accuracy and precision of
<0.2% determined daily using CRMs. TA for the Hog Reef and
BATS bottle samples were normalized to the mean salinity of
36.59 g•kg−1 measured at Hog Reef. Because the BATS bottle
samples were not collected at the same time as the Hog Reef
samples, the BATS bottle samples were linearly interpolated
to match the monthly Hog Reef seawater sampling dates for
analysis of NEC in this study.

Hog Reef MAPCO2 Mooring Carbonate Chemistry
Hog Reef seawater pCO2 and modeled pHtotal were used to
calculate TA every 3 h to estimate variability in Hog Reef NEC at
higher frequencies than the ca. monthly Hog Reef seawater bottle
samples. Seawater pCO2, atmospheric pressure, temperature, and
salinity were measured every 3 h by the NOAA PMEL MAPCO2

mooring stationed at Hog Reef (32◦27′26.39′′N, 64◦50′5.10′′W).
TheMAPCO2 mooring utilizes a Battelle Memorial InstituteCO2

system to measure CO2 mole fraction and a Sea-Bird 16plus
v2 plus to measure seawater temperature and salinity (Sutton
et al., 2014). The Sea-Bird sensors failed after a few months
during both deployments of the MAPCO2 mooring in this study
due to extensive biofouling. Mooring salinity records were thus
completed using linearly interpolated salinity data from the
monthly Hog Reef seawater samples. Daily averaged temperature
from four HOBO loggers (mean standard deviation ± 0.11◦C
between loggers) deployed at Hog Reef recording temperature
every 8-min were used for the duration of this study. An average
of the daily temperature values for the day before and the day
after a brief, 4-day interval lacking temperature record in mid-
July were used to fill that same 4-day interval to maintain a
continuous temperature record during the study.

Hog Reef seawater TA and DIC bottle samples were used to
calculate seawater pHtotal and pCO2 for each bottle sample. The
high correlation between bottle sample pHtotal and pCO2 was
used to predict seawater pHtotal from MAPCO2 mooring pCO2.
The combination of 3-h temporally resolved MAPCO2 mooring
pCO2 and pHtotal allowed Hog Reef TA to be calculated every 3 h

at Hog Reef. Hog Reef seawater TA and DIC bottle samples were
used to calculate seawater carbonate chemistry using CO2SYS
for MATLAB (van Heuven et al., 2011) using temperature and
salinity measured at the time of sampling, the pHtotal, K1 and
K2 dissociation constants by Mehrbach et al. (1973) refit by
Dickson andMillero (1987), KHSO4- by Dickson (1990), and total
boron by Uppström (1974). Calculated pHtotal was highly linearly
correlated (R2 = 0.998; p < 0.0001) with log(pCO2) resulting in
the following equation (± standard error):

pHtotal = (−0.393± 0.003) × log[pCO2 (µatm)]

+ (10.40± 0.02) (4)

The highly linear correlation between log(pCO2) and pHtotal over
the range of values in this study allowed us to use the above
equation to model pHtotal as a function of the Hog Reef mooring
pCO2 data to create a 3-h temporal resolution pHtotal record. The
Hog Reef mooring pCO2 and modeled pHtotal data were used to
calculate TA with CO2SYS for MATLAB (van Heuven et al., 2011)
using the HOBO temperature and interpolated seawater bottle
salinity data, and the same set of constants previously described.
TA from this output was normalized to the mean salinity of 36.59
measured at Hog Reef to compare with the BATS bottle samples
normalized to that same salinity. The BATS bottle samples
(collected approximately monthly) were linearly interpolated to
match the modeled TA data (calculated every 3-h) for analysis
of higher frequency measurements of NEC in this study. We
recognize using this modeled TA dataset yields some additional
uncertainty relative to direct TA measurements; however, the
higher frequency variability captured by this method provides
valuable insight on the range of Hog Reef NEC over shorter
timescales than would otherwise be possible from traditional
bottle samples.

Seawater density for the MAPCO2 mooring and bottle sample
data were calculated using the TEOS-10 Gibbs Seawater (GSW)
oceanographic toolbox (McDougall and Barker, 2011). For the
bottle samples, seawater density was calculated using salinity
of the bottles, temperature at the time of bottle sampling,
and atmospheric pressure at the time of sampling (from the
Bermuda Weather Service (2016) and MAPCO2 mooring). For
the MAPCO2 mooring, seawater density was calculated from the
MAPCO2 and interpolated seawater bottle salinity data, HOBO
logger temperature data, and MAPCO2 pressure sensor data.

Net Ecosystem Calcification
NEC represents the effects of gross calcification and gross CaCO3

dissolution integrated over a water column of given density (ρ),
depth (z), and residence time (τ) as per the following equation
(Smith and Key, 1975; Langdon et al., 2010):

NEC =
ρz(TAoffshore − TAreef)

2τ
(5)

NEC was calculated for the discrete TA bottle samples and
the MAPCO2 mooring TA data relative to interpolated BATS
offshore TA data, bottle and MAPCO2 mooring seawater density
data, depth of the effective footprint from ArcGIS, and a
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mean residence time (± standard deviation) of 2.5 ± 0.4 days
calculated at the nearby North Rock rim reef site using a
multi-tracer approach (Venti et al., 2012). Trapezoidal numerical
integration was used to calculate annual NEC for the bottle
samples. Regrettably, a full annual cycle was not measured
by the MAPCO2 data (0.91 years) for the duration of this
study (September 2010–September 2012). Trapezoidal numerical
integration was thus applied to the mooring NEC data, bottle
sample NEC data, and census-based NEC data over the longest
MAPCO2 mooring data record (0.91 year time period from
February 2011 to January 2012) to allow for a direct comparison
of the methods without temporal bias. The census-based NEC,
seawater bottle chemistry-based NEC, and mooring chemistry-
based NEC are hereafter referred to as the census NEC, bottle
NEC, and mooring NEC throughout the remainder of this
manuscript.

Propagation of Uncertainty
Uncertainty for the census, bottle, and mooring NEC budgets
was estimated using standard procedures for propagation of
uncertainties summarized by Ku (1966). Standard deviations
for all measured and calculated data were used to propagate
uncertainties with a few exceptions. Uncertainties in species-
level growth rates from the literature were not included in
this analysis. Uncertainty of measured TA (±4µmol•kg−1) was
obtained from replicate measures of CRMs. An uncertainty
of ±21µmol•kg−1 was used for the uncertainty in MAPCO2

mooring pH-pCO2 predicted TA values. The mean difference
between measured bottle TA and corresponding MAPCO2

mooring pH-pCO2 predicted TA at the time of water bottle
sampling was 20.5µmol•kg−1, which is also consistent with an
uncertainty of±21µmol•kg−1 estimated byMillero (2007) using
ship-based pCO2 and pH measurements. Subjective uncertainty
for the Hog Reef footprint percent composition of reef and sand
was estimated to be ±2% based on repeated ImageJ analysis of
Hog Reef benthic composition.

RESULTS

Census Based Budget Formation
The mean census NEC (±uncertainty) for the entire length of
the approximately 2-year in situ calcification study was 2.21 ±

1.01 kg CaCO3•m−2•y−1 (Table 1; Figure 3). Calcification
(±uncertainty) accounted for 2.53 ± 0.99 kg CaCO3•m−2•y−1

and CaCO3 dissolution (±uncertainty) was −0.32 ± 0.13
kg CaCO3•m−2•y−1 (Tables 1, 2; Figure 4). The percentage
(±uncertainty) of total calcification for D. labyrinthiformis (15±
3%), Pseudodiploria strigosa (29 ± 10%), Millepora alcicornis
(26 ± 12%), and Orbicella franksi (24 ± 9%) show they
are the dominant CaCO3 producers (94 ± 19% for all four
species) at Hog Reef (Table 1; Figure 4). Although measured
rates of sand CaCO3 dissolution were higher than microborer
CaCO3 dissolution rates per unit area, the smaller total area
of sands resulted in areal CaCO3 dissolution (± uncertainty)
being dominated by microborers (93 ± 57%) with sand CaCO3

dissolution (7 ± 4%) making up the remainder (Table 2;
Figure 4). Integrated census NEC (±uncertainty) for 2011 was
2.35 ± 1.01 kg CaCO3•m−2•y−1 and from 2011.2 to 2012.1 was
2.28± 1.01 kg CaCO3•m−2•y−1 (Table 3).

Chemistry Based Budget Formation
The mean bottle NEC (±uncertainty) for the entire length
of the approximately 2-year in situ calcification study was
2.85± 1.02 kg CaCO3•m−2•y−1 (Table 3). The integrated bottle
NEC for 2011 was 2.23 ± 1.02 kg CaCO3•m−2•y−1 and from
2011.2 to 2012.1 was 2.46 ± 1.02 kg CaCO3•m−2•y−1 (Table 3).
Similarly, the mean mooring NEC (±uncertainty) was 3.73 ±

1.34 kg CaCO3•m−2•y−1 (Table 3). There was insufficient data
to calculate mooring NEC for 2011 using the MAPCO2 data with
the interval 2011.2–2012.1 representing the longest continuous
record for the mooring NEC data. The integrated mooring NEC
estimate for this interval was 4.09 ± 1.34 kg CaCO3•m−2•y−1

(Table 3).

TABLE 1 | Summary table of calcification at Hog Reef.

Calcifying Mean survey Mean reef ReefBudget Mean study Mean reef % of Total

organism %-cover %-cover calcification rates interval rates calcification Hog Reef

(kg CaCO3•m−2•y−1) (kg CaCO3•m−2•y−1) (kg CaCO3•m−2•y−1) calcification

Diploria labyrinthiformis 9± 2 9±1 4.64 3.00 0.38± 0.08 15±3

Pseudodiploria strigosa 10± 3 9±3 5.34 5.13 0.7± 0.2 30±10

Favia fragum 0.04± 0.09 0.04±0.09 9.76 9.38 0.01± 0.01 0.2±0.5

Madracis decactis 0.04± 0.09 0.04±0.09 33.46 32.16 0.02± 0.04 0.7±1.6

Millepora alcicornis 1.8± 0.8 1.6±0.7 28.10 27.01 0.7± 0.3 30±10

Montastraea cavernosa 0.6± 0.6 0.6±0.5 9.07 8.72 0.08± 0.07 3±3

Orbicella franksi 5± 2 5±2 9.06 8.71 0.6± 0.2 24±9

Porites astreoides 1.1± 0.3 1.0±0.3 6.32 2.36 0.04± 0.01 1.4±0.5

Coralline algae 1.2± 0.5 1.2±0.5 0.18 0.17 0.003± 0.001 0.12±0.05

Percent cover (± standard deviation) from the benthic surveys and estimated reef footprint are reported alongside literature calcification rates aggregated by ReefBudget and the

mean calcification rate over the entire study period after taking into account seasonal variability in calcification rates and using in situ calcification rate data for D. labyrinthiformis and P.

astreoides. Mean calcification rates and percent of total calcification (± uncertainties) are reported for each species.
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FIGURE 3 | Summary figure of Hog Reef Net Ecosystem Calcification (NEC) using the mooring NEC, bottle NEC, and census NEC approaches for the

study period. The dashed zero-NEC line indicates the tipping point between net calcification (above the line) and net CaCO3 dissolution (below the line).

TABLE 2 | Summary table of CaCO3 dissolution at Hog Reef.

CaCO3 dissolution Mean survey Mean reef Mean CaCO3 dissolution Mean reef CaCO3 % of Total Hog Reef

type %-cover %-cover rate (kg CaCO3•m−2•y−1) dissolution (kg CaCO3•m−2•y−1) CaCO3 dissolution

Microborer 99.3 ± 0.4 95 ± 2 −0.21± 0.09 −0.3± 0.1 90 ± 60

Sand 0.7 ± 0.4 5 ± 2 −0.39± 0.11 −0.02± 0.01 7 ± 4

Percent cover from the benthic surveys (±standard deviation) and calculated from the estimated reef footprint (±uncertainty) are reported for substrate available to dissolution by

microboring communities (dominated by pioneer chlorophytes such as Phaeophila sp. and Ostreobium sp.) and sand CaCO3 dissolution. CaCO3 dissolution rates (± standard deviation),

mean CaCO3 dissolution (± uncertainty), and percentage of total CaCO3 dissolution (± uncertainty) are expressed for microborer and sand dissolution at Hog Reef.

DISCUSSION

Annual NEC for 2011 calculated by the census NEC (2.35 ±

1.01 kg CaCO3•m−2•y−1) and by the bottle NEC (2.23± 1.02 kg
CaCO3•m−2•y−1) are in close agreement. Chemistry-based
NEC estimates measure NEC via the TA anomaly technique
thereby recording the integrated signal of calcification and
CaCO3 dissolution occurring within the reef ecosystem. These
findings that the census-based budget are in close agreement
with the bottle chemistry NEC suggest that the summation of
the components of coral reef calcification and CaCO3 dissolution
are representative of the total balance between calcification and
CaCO3 dissolution occurring at Hog Reef.

Annual NEC calculated for 2011 for Hog Reef using census
(2.35 ± 1.01 kg CaCO3•m−2•y−1) and bottle-based (2.23
± 1.02 kg CaCO3•m−2•y−1) methods in addition to other
census-based NEC studies from the Caribbean (Stearn et al.,
1977; Mallela and Perry, 2007; Perry et al., 2013) generally
fall within the 20–250mmol CaCO3•m−2•d−1 (0.73–9.13 kg
CaCO3•m−2•y−1) range of average global coral reef flat NEC

(Atkinson, 2011; Figure 5). The relationship between percent
hard coral cover and reef NEC in this study is in general
agreement with trends observed in other census-based studies
of Caribbean reefs (Stearn et al., 1977; Mallela and Perry, 2007;
Perry et al., 2013; Figure 5). Notably, the annual Hog Reef census
NEC and bottle NEC are in close agreement with the census NEC
calculated for a Bonaire reef (2.31 ± 1.05 kg CaCO3•m−2•y−1)
with analogous hard coral cover (Hog Reef: 26 ± 5%; Bonaire
reef: 25.0 ± 4.5%) and depth (Hog Reef: 10.3 ± 3.3m; Bonaire
Reef: 10m; Perry et al., 2013; Figure 5). Collectively, these
findings support earlier claims by Montaggioni and Braithwaite
(2009) andmeasurements byHamylton et al. (2013) that net coral
reef calcification estimates using chemistry and census-based
approaches are generally in close agreement.

To test for any temporal bias in the NEC rates calculated from
daytime bottle sampling of NEC, the autonomous MAPCO2

mooring recorded seawater pCO2 every 3-h allowing for a higher
temporal resolution of NEC to be measured. The mooring NEC
values reveal the seasonal cycles and diel variability in NEC with
generally higher NEC values of 4.10 ± 1.34 kg CaCO3•m−2•y−1
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FIGURE 4 | Census-based summary of mean calcification and mean CaCO3 dissolution. D. labyrinthiformis, P. strigosa, M. alcicornis, and O. franksi are the

dominant biocalcifiers and microborer activity dominates CaCO3 dissolution at Hog Reef.

TABLE 3 | NEC summary table for each method.

Method Mean NEC (kg NEC 2011 (kg NEC 2011.2-2012.1

CaCO3•m−2•y−1) CaCO3•m−2•y−1) (kg CaCO3•m−2•y−1)

Census NEC 2.21 ± 1.01 2.35 ± 1.01 2.28 ± 1.01

Bottle NEC 2.85 ± 1.02 2.23 ± 1.02 2.46 ± 1.02

Mooring NEC 3.73 ± 1.34 Insufficient data 4.10 ± 1.34

NEC (±uncertainty) is calculated as the mean NEC over the entire study period, integrated

annual NEC for 2011, and integrated annual NEC for the first mooring deployment.

compared to 2.35 ± 1.01 kg CaCO3•m−2•y−1 and 2.46 ±

1.02 kg CaCO3•m−2•y−1 for the census NEC and bottle NEC
respectively during the same initial mooring deployment from
2011.2 to 2012.1 (Table 3; Figures 3, 6). These mooring NEC
values may be higher due to additional uncertainty generated
by modeling TA from MAPCO2 mooring pH-pCO2 and/or
could relate to higher frequency variability in reef processes. The
absolute mooring NEC values should therefore be treated with
some caution, but the range nonetheless highlights the dynamic
variability of Hog Reef NEC. Interestingly, agreement between
the census and chemistry-based NEC methods varies over the
2-year period further highlighting the dynamic variability of
coral reef environments (Figure 3). This may be in part due
to unmeasured temporal variability in the rates of dissolution
by microborers and sediments, species-level differences in
seasonal calcification responses, higher frequency variability in
calcification rates than the 2-month intervals measured by the
in situ growth rate experiments, and or changes in seawater
residence time resulting from changes in wind and currents.
Mean annual CaCO3 dissolution by microborers was used for
the census NEC; however, recent work has shown that CaCO3

dissolution of new substrates by microborers varies nonlinearly
due to succession of microboring communities over time and
a combination of biotic and abiotic factors (Vogel et al., 2000;
Carreiro-Silva et al., 2005; Aline, 2008; Tribollet et al., 2009;
Grange et al., 2015). Similarly, sediment CaCO3 dissolution rates
were measured once in the summer and thus do not account
for any potential temporal variability in CaCO3 dissolution
rates. Further research should be conducted to quantify shorter
temporal scale variability in growth rates of biocalcifiers, CaCO3

dissolution rates, and changes in coral reef seawater residence
time to better understand these changes and the factors driving
variable NEC (Venti et al., 2012; Teneva et al., 2013).

The census NEC in this study was limited by the high
structural complexity (i.e., caves and overhangs) of Hog
Reef, lack of calcification by suborder holaxonia and phyla
Mollusca, and potential differences in biocalcification rates in
Bermuda relative to literature reported rates for the tropical
Caribbean. The limitations imposed by “canopy effects” present
in the planar video surveys of structurally complex Hog
Reef (Goatley and Bellwood, 2011) lead to underestimates of
calcification by benthic foraminifera, bryozoans, corals, and
coralline algae as well as underestimates of CaCO3 dissolution
by cryptic bioeroders (Hutchings, 1986), uncolonized substrate,
and sediments occurring in unsampled caves. A prior estimate
of Bermuda coral reef benthic foraminifera CaCO3 production
(0.080 kg CaCO3•m−2•y−1; Langer et al., 1997) is significantly
less than the census NEC (2.35 ± 1.01 kg CaCO3•m−2•y−1)
suggesting the absence of benthic foraminifera has a small
influence on the Hog Reef NEC estimate. Additionally, the
lack of published calcification rates for suborder holaxonia
sea fans and sea rods and absence of phyla Mollusca and
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FIGURE 5 | Summary plot of Caribbean Reef percent hard coral cover vs. Net Ecosystem Calcification (NEC) adapted from Perry et al. (2013). Census

NEC and bottle NEC are the 2011 integrated NEC values from this study. The gray dashed lines represent the upper and lower bounds of typical global coral reef flat

NEC and the solid gray line indicates the mean global coral reef flat NEC from Atkinson (2011).

Echinodermata in the benthic survey data further underestimate
total calcification occurring at Hog Reef. Because Bermuda
is located at the edge of the latitudinal limit for coral reefs,
it remains unclear how the cooler waters may systematically
reduce calcification rates of all biocalcifiers in Bermuda relative
to literature reported rates for more tropical Caribbean reefs.
Annual in situ calcification rates for 2011 in this study for
D. labyrinthiformis (3.02 kg CaCO3•m−2•y−1) and P. astreoides
(2.70 kg CaCO3•m−2•y−1) were 35 and 57% lower respectively
than calcification rates aggregated by ReefBudget for Caribbean
corals at 10m-depth (Perry et al., 2012). Similarly reduced
growth rates in Bermuda relative to elsewhere in the Caribbean
were observed for P. strigosa, D. labyrinthiformis, P. astreoides,
and Scolymia cubensis (Tomascik and Logan, 1990; Logan
and Tomascik, 1991; Logan et al., 1994). These findings that
calcification rates are potentially lower in Bermuda suggest that
the Caribbean ReefBudget calcification rates (Perry et al., 2012)
used for many of the calcifying species in this study overestimate
Hog Reef NEC. While this study was unable to quantify the
contributions by each of these components, the close agreement
between the census NEC and the bottle NEC suggest the net
effect of these uncertainties on NEC may cancel out or are
small relative to the other components of the census-based
budget.

The bottle and mooring NEC in this study were limited by
the ability to measure residence time, reef depth, and TA of reef
seawater relative to source seawater. Estimations of NEC via the
alkalinity anomaly method are particularly sensitive to changes
in residence time and flow rates of the seawater overlying the reef
community (Venti et al., 2012; Zhang et al., 2012; Falter et al.,
2013; Teneva et al., 2013). Controlled volume experiments and

numerical models further elucidate the necessity in measuring
the height of the resulting mixed water column when calculating
NEC (Zhang et al., 2012; Falter et al., 2013; Teneva et al.,
2013). Prior work on residence times for nearby North Channel
by Venti et al. (2012) and Bermuda platform bathymetry data
from Sutherland et al. (2014) constrained these uncertainties in
residence time and depth such that bottle and mooring NEC
could be estimated for Hog Reef. To test for the contributions
of uncertainty in residence time and seawater depth in this
study, a sensitivity analysis was performed on the bottle NEC
to test for a range of variability introduced within one standard
deviation of mean residence times and depth of the effective reef
footprint of Hog Reef (Figure 7). The source seawater TA for
Bermuda rim reefs is well characterized by BATS making Hog
Reef an ideal location to estimate chemistry-based NEC. Reef
seawater TA for the bottle NEC estimates was directly measured
(±4µmol•kg−1) while mooring NEC in this study requires reef
seawater TA to be calculated from measured pCO2 and modeled
pHtotal (estimated ±21µmol•kg−1 from Millero, 2007). The
resulting error between bottle NEC (±1.02 kg CaCO3•m−2•y−1)
and mooring NEC (±1.34 kg CaCO3•m−2•y−1) reveals that the
uncertainty introduced from predicting mooring TA is less than
the combined uncertainties in seawater residence time and depth.
This collectively shows that uncertainty in bottle and mooring
NEC estimates are only as good as the ability to quantify the
residence time and volume of the seawater overlying the benthic
community.

The balance between coral reef calcification and CaCO3

dissolution is of particular concern to the persistence of coral
reef structure and other ecosystem services (Eyre et al., 2014).
Coral community shifts and declining coral cover have already
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FIGURE 6 | Integrated Net Ecosystem Calcification (NEC) (±uncertainty) during the first mooring deployment from 2011.2 to 2012.1 for the census

NEC, bottle NEC, and mooring NEC. The solid gray line and dashed gray lines represent the mean and range of NEC, respectively, for reef flats globally from

Atkinson (2011).

decreased Caribbean reef NEC with a tipping point from
positive to negative net CaCO3 production occurring when
hard coral cover falls below ca. 10% (Perry et al., 2013, 2015).
In this study, census-based estimates of calcification greatly
exceeded CaCO3 dissolution at Hog Reef (Figure 4); however,
chemistry based estimates reveal occasional measurements of
net CaCO3 dissolution occurring in spring and mid-summer
(Figure 3). Despite larger-scale patterns of coral cover decline
in the Caribbean over the most recent decades (Gardner et al.,
2003), mean Bermuda rim reef hard coral cover has remained
approximately constant over that time period (Dodge et al.,
1982; CARICOMP, 2000; Linton and Fisher, 2004; MEP, 2007;
Smith et al., 2013; Jackson et al., 2014). Because coral cover has
remained approximately constant, any decadal-scale changes in
calcification and CaCO3 dissolution are therefore more likely to
have changed due to changing rates and not changing benthic
community composition. Notably, recent studies have shown
that coral reef CaCO3 dissolution is stimulated by changing
climate and ocean chemistry (Andersson et al., 2009; Tribollet
et al., 2009; Cyronak et al., 2013a; Reyes-Nivia et al., 2013)
suggesting that even at constant coral cover, increased CaCO3

dissolution could drive declines in net CaCO3 production at Hog
Reef. Further research should be conducted to see how these
rates have changed in response to changing climate and ocean
chemistry to better understand potential calcification-CaCO3

dissolution tipping points for the rim reefs of Bermuda.
Continued global declines in coral cover and changing coral

community composition highlight the importance for NEC
measurements to be included in coral reef monitoring projects
to assess the ability of a given coral reef to maintain positive

CaCO3 production and therefore reef structure and function.
Because NEC measures the capacity for in situ coral reef CaCO3

production (Perry et al., 2012, 2013), it must be considered
within the context of additional import, export, and erosion of
CaCO3 material if the monitoring goal is to directly measure
net coral reef accretion (e.g., Scoffin, 1992; Milliman, 1993;
Kleypas et al., 2001; Perry et al., 2008, 2012; Montaggioni and
Braithwaite, 2009; Tribollet and Golubic, 2011). To date, much
attention has been given to reef accretion processes highlighting
the importance of additionally studying the dynamics of erosive
processes, especially dissolution of CaCO3 in sediment and by
microborers, sponges, and other bioeroders. Although sediment
dissolution was only a small component of the total dissolution in
this study due to the small percentage surface area of sands, other
reefs have a much larger percentage surface area of sands making
sediment CaCO3 dissolution a more important component of
the CaCO3 budget at those reefs (Cyronak et al., 2013a; Cyronak
and Eyre, 2016). Nonetheless, census and chemistry-based
NEC estimates represent relatively non-invasive means of
measuring coral reef CaCO3 production capacity. Census-based
NEC and the relative CaCO3 production contributions by
the dominant biocalcifying species for Caribbean coral reefs
can be estimated from benthic survey data using standardized
methods and literature reported rates from the ReefBudget
project (Perry et al., 2012). Notably, D. labyrinthiformis, P.
strigosa, M. alcicornis, and O. franksi contribute 94 ± 19% of
the total calcification at Hog Reef (Table 1, Figure 4) suggesting
conservation measures should focus on those four species to
preserve positive CaCO3 production at Hog Reef. Chemistry-
based NEC estimates require well-constrained estimates of
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FIGURE 7 | Sensitivity analysis for bottle NEC at Hog Reef during the 2-year study period. Bottle Net Ecosystem Calcification (NEC) was calculated iteratively

using mean depth ± one standard deviation (10.3 ± 3.3m) and mean residence time ± one standard deviation (2.5 ± 0.4 days) to determine the sensitivity of NEC to

the interacting uncertainty and variability of these measurements.

seawater residence time, bathymetry, source seawater TA, and
reef seawater TA to capture the entire sum of calcification
and CaCO3 dissolution over shorter time scales (e.g., Langdon
et al., 2010 and references therein). These shorter time scale
NEC measurements allow the mechanisms (i.e., Smith and
Buddemeier, 1992: temperature, light, carbonate chemistry,
hydrodynamics, nutrients, salinity, and sea level) driving NEC
to be further explored (Silverman et al., 2007; Shaw et al.,
2012, 2015; Albright et al., 2015), thus providing a greater
understanding of coral reef NEC and how coral reef CaCO3

production may be affected by global change. The results of this
study conducted at Hog Reef suggest that either method may
be used with remarkable agreement over annual time scales
(Hog Reef, 2011 census NEC 2.35 ± 1.01 kg CaCO3•m−2•y−1

vs. bottle NEC 2.23 ± 1.02 kg CaCO3•m−2•y−1) depending
on the available resources and goals of the reef-monitoring
agency. When used in conjunction, the census and chemistry-
based NEC approaches corroborate estimates of NEC
to provide species-level estimates of CaCO3 production
(census NEC; Table 1, Figure 4) while highlighting temporal
variability (chemistry NEC; Figure 3) in coral reef CaCO3

production.

CONCLUSIONS

The present study reveals that 2011 annual census NEC
(2.35 ± 1.01 kg CaCO3•m−2•y−1) and bottle NEC (2.23 ±

1.02 kg CaCO3•m−2•y−1) at Hog Reef are in close agreement.
Census-based budgets allow for NEC to be subdivided into the

individual contributions by species or substrate on calcification
and CaCO3 dissolution over annual time scales and revealed
that the vast majority of CaCO3 production at Hog Reef (94
± 19%) was by D. labyrinthiformis, P. strigosa, M. alcicornis,
and O. franksi. Alternatively, chemistry-based estimates capture
the NEC of the entire reef at shorter temporal timescales
allowing the high temporal variability of coral reef NEC to
be analyzed relative to the potential drivers causing NEC to
vary. Varying agreement between census-based and chemistry-
based NEC was found during the ca. 2-year study interval
further highlighting the dynamic nature of NEC and calling
for further investigation of the mechanisms driving variability
in biocalcification, dissolution, and seawater residence times
at Hog Reef. These findings collectively suggest that either
method, but ideally both methods, may be used to estimate
coral reef NEC depending on the goals or available resources
of the coral reef-monitoring project and that high temporal
variability in coral reef environments must always be considered
when studying biogeochemical processes such as calcification
and CaCO3 dissolution.
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Environmental controls on modern scleractinian
coral and reef-scale calcification
Travis A. Courtney,1* Mario Lebrato,1,2 Nicholas R. Bates,3,4 Andrew Collins,3

Samantha J. de Putron,3 Rebecca Garley,3 Rod Johnson,3 Juan-Carlos Molinero,5

Timothy J. Noyes,3 Christopher L. Sabine,6 Andreas J. Andersson1

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.

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).

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).

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-

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

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-

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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Fig. 4. Climatemodel projections for Bermuda. Monthly CMIP5model SST data were aggregated for Bermuda under RCP emissions pathways. (A) Mean rise inmonthly SSTs
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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,

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 from Dickson (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

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 growth wasmeasured 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

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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fig. S1. Hog Reef and Crescent Reef environmental data for salinity, nutrients, and satellite 
chlorophyll a. The data show stable salinity values, low-nutrients year-round, and a seasonal 
trend in Chl α in which Chl α is generally elevated year round and lowest in the summer months. 
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fig. S2. Mesocosm seawater acidification experiment data. Temperature, pHsw, DIC, TA, 
pCO2, ΩA, Diploria labyrinthiformis calcification rates, and Porites astreoides calcification rates 

are plotted for the duration the three-month mesocosm seawater acidification experiment. For all 
plots, blue circles represent ambient 8.0±0.1 pH treatment, red diamonds represent 7.8±0.1 pH 
treatment, and yellow triangles represent 7.6±0.1 pH treatment. All points are means ± standard 
deviation for each treatment. 
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table S1. Model estimates from the structural ecosystem models. Model estimates are 
expressed for all the interactions between environmental parameters and drivers of calcification 
with standard error (S.E.) and p-values for Crescent Reef and Hog Reef Porites astreoides and 
Diploria labyrinthiformis and for Hog Reef Net Ecosystem Calcification. Each model estimate 
represents the standard deviation change in effect variable for a one standard deviation increase in 
driving variable. Below each set of model estimates are the results of the Chi-square test for fit of 
the SEM. All p-values significant at the α = 0.05 level are in bold. 
 
table S1 (A). Crescent Reef Porites astreoides SEM results. 
 

Crescent Reef Porites astreoides 

Variable Link Predictor Estimate S.E. P 
P. astreoides ← Chl α 0.233 0.049 <0.001 
P. astreoides ← pCO2 0.460 0.187 0.078 
P. astreoides ← Light 0.027 0.053 0.701 
P. astreoides ← Nutrients -0.199 0.067 0.009 
P. astreoides ← ΩA 0.399 0.122 0.003 
P. astreoides ← pHsw -1.100 0.268 <0.001 
P. astreoides ← Temperature 2.220 0.328 <0.001 

Chl α ← Light -0.624 0.129 <0.001 
Chl α ← Nutrients -0.233 0.277 0.405 
Chl α ← Temperature 0.275 0.173 0.067 
pCO2 ← DIC 0.034 0.134 0.732 
pCO2 ← Salinity 0.211 0.111 0.049 
pCO2 ← TA -0.278 0.083 0.003 
pCO2 ← Temperature 0.753 0.132 <0.001 
DIC ← P. astreoides -0.857 0.054 <0.001 
DIC ← Salinity 0.38 0.083 <0.001 
ΩA ← DIC -1.635 0.156 <0.001 
ΩA ← Salinity 0.097 0.095 0.342 
ΩA ← TA 1.596 0.078 <0.001 
ΩA ← Temperature 0.128 0.123 0.111 

pHsw ← DIC -0.562 0.132 <0.001 
pHsw ← Salinity -0.092 0.083 0.298 
pHsw ← TA 0.906 0.085 <0.001 
pHsw ← Temperature -0.622 0.144 <0.001 

Salinity ← Temperature -0.024 0.177 0.933 
TA ← P. astreoides -0.845 0.132 <0.001 
TA ← Salinity 0.678 0.183 <0.001 

Temperature ← Light 0.145 0.199 0.354 
Minimum was achieved      Chi-square = 59.455      Degrees of freedom = 26      Probability level = <0.001       
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table S1 (B). Crescent Reef Diploria labyrinthiformis SEM results. 
 

Crescent Reef Diploria labyrinthiformis 

Variable Link Predictor Estimate S.E. P 

D. labyrinthiformis ← Chl α 0.391 0.192 0.044 
D. labyrinthiformis ← pCO2 0.800 0.456 0.078 
D. labyrinthiformis ← Light 0.116 0.187 0.344 
D. labyrinthiformis ← Nutrients 0.315 0.211 0.133 
D. labyrinthiformis ← ΩA 0.334 0.385 0.432 
D. labyrinthiformis ← pHsw -0.620 0.622 0.222 
D. labyrinthiformis ← Temperature 2.830 1.054 0.001 

Chl α ← Light -0.624 0.133 <0.001 
Chl α ← Nutrients -0.233 0.256 0.388 
Chl α ← Temperature 0.275 0.144 0.087 
pCO2 ← DIC 0.330 0.533 0.077 
pCO2 ← Salinity 0.656 0.398 0.088 
pCO2 ← TA -0.605 0.288 0.050 
pCO2 ← Temperature 0.368 0.520 0.565 
DIC ← D. labyrinthiformis -1.134 0.183 <0.001 
DIC ← Salinity 0.334 0.155 0.043 
ΩA ← DIC -1.521 0.132 <0.001 
ΩA ← Salinity 0.071 0.089 0.456 
ΩA ← TA 1.632 0.050 <0.001 
ΩA ← Temperature 0.223 0.134 0.192 

pHsw ← DIC -0.734 0.132 <0,001 
pHsw ← Salinity -0.040 0.098 0.899 
pHsw ← TA 0.814 0.056 <0.001 
pHsw ← Temperature -0.832 0.135 <0.001 

Salinity ← Temperature -0.024 0.165 0.887 
TA ← D. labyrinthiformis -0.983 0.254 <0.001 
TA ← Salinity 0.648 0.255 0.017 

Temperature ← Light 0.145 0.204 0.387 
Minimum was achieved      

Chi-square = 77.265      
Degrees of freedom = 26      

Probability level = <0.001      
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table S1 (C). Hog Reef Porites astreoides SEM results. 
 

Hog Reef Porites astreoides 

Variable Link Predictor Estimate S.E. P 

P. astreoides ← Chl α -0.028 0.134 0.765 
P. astreoides ← pCO2 0.390 0.267 0.088 
P. astreoides ← Light 0.270 0.102 0.033 
P. astreoides ← Nutrients -0.118 0.130 0.245 
P. astreoides ← ΩA 0.539 0.178 <0.001 
P. astreoides ← pHsw -1.330 0.267 <0.001 
P. astreoides ← Temperature 2.050 0.345 <0.001 

Chl α ← Light -0.268 0.190 0.143 
Chl α ← Nutrients 0.016 0.192 0.944 
Chl α ← Temperature -0.190 0.193 0.266 
pCO2 ← DIC 0.377 0.140 0.014 
pCO2 ← Salinity 0.267 0.220 0.145 
pCO2 ← TA -0.863 0.435 0.034 
pCO2 ← Temperature 0.549 0.246 0.044 
DIC ← P. astreoides -0.401 0.141 0.006 
DIC ← Salinity 0.593 0.119 <0.001 
ΩA ← DIC -0.345 0.267 0.433 
ΩA ← Salinity -0.414 0.177 0.277 
ΩA ← TA 2.065 0.888 0.004 
ΩA ← Temperature 1.105 0.456 0.006 

pHsw ← DIC -0.532 0.088 <0.001 
pHsw ← Salinity -0.056 0.065 0.456 
pHsw ← TA 0.945 0.112 <0.001 
pHsw ← Temperature -0.576 0.098 <0.001 

Salinity ← Temperature -0.555 0.016 0.002 
TA ← P. astreoides -0.972 0.355 0.006 
TA ← Salinity 0.678 0.143 <0.001 

Temperature ← Light 0.163 0.198 0.456 
Minimum was achieved      

Chi-square = 63.875      
Degrees of freedom = 26      

Probability level =  <0.001      
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table S1 (D). Hog Reef Diploria labyrinthiformis SEM results. 
 

Hog Reef Diploria labyrinthiformis 

Variable Link Predictor Estimate S.E. P 

D. labyrinthiformis ← Chl α -0.038 0.124 0.654 
D. labyrinthiformis ← pCO2 0.670 0.261 0.033 
D. labyrinthiformis ← Light 0.132 0.134 0.322 
D. labyrinthiformis ← Nutrients 0.075 0.133 0.589 
D. labyrinthiformis ← ΩA 0.550 0.162 <0.001 
D. labyrinthiformis ← pHsw -1.060 0.342 0.005 
D. labyrinthiformis ← Temperature 1.830 0.363 <0.001 

Chl α ← Light -0.284 0.207 0.198 
Chl α ← Nutrients 0.016 0.204 0.873 
Chl α ← Temperature -0.183 0.194 0.435 
pCO2 ← DIC 0.432 0.161 0.005 
pCO2 ← Salinity 0.319 0.197 0.111 
pCO2 ← TA -1.007 0.378 0.009 
pCO2 ← Temperature 0.483 0.244 0.049 
DIC ← D. labyrinthiformis -0.432 0.153 0.035 
DIC ← Salinity 0.624 0.134 <0.001 
ΩA ← DIC -0.567 0.293 0.435 
ΩA ← Salinity -0.403 0.369 0.288 
ΩA ← TA 2.138 0.741 0.003 
ΩA ← Temperature 0.830 0.467 0.002 

pHsw ← DIC 0.567 0.057 <0.001 
pHsw ← Salinity -0.037 0.067 0.456 
pHsw ← TA 0.975 0.120 <0.001 
pHsw ← Temperature -0.587 0.080 <0.001 

Salinity ← Temperature -0.555 0.170 0.002 
TA ← D. labyrinthiformis -1.010 0.412 0.044 
TA ← Salinity 0.623 0.207 0.006 

Temperature ← Light 0.163 0.201 0.455 
Minimum was achieved      

Chi-square = 61.387      
Degrees of freedom = 26      

Probability level =  <0.001      
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table S1 (E). Hog Reef net ecosystem calcification SEM results. 
 

Hog Reef Net Ecosystem Calcification (NEC) 

Variable Link Predictor Estimate S.E. P 

NEC ← Chl α 0.265 0.124 0.044 
NEC ← pCO2 1.380 0.445 0.093 
NEC ← Light 0.040 0.133 0.528 
NEC ← Nutrients -0.075 0.122 0.541 
NEC ← ΩA 1.180 0.883 0.104 
NEC ← pHsw -2.820 0.984 0.040 
NEC ← Temperature 4.330 1.465 0.020 
Chl α ← Light -0.366 0.250 0.149 
Chl α ← Nutrients 0.116 0.241 0.629 
Chl α ← Temperature -0.242 0.198 0.222 
pCO2 ← DIC 0.748 0.042 <0.001 
pCO2 ← Salinity 0.022 0.018 0.210 
pCO2 ← TA -0.771 0.032 <0.001 
pCO2 ← Temperature 0.865 0.048 <0.001 
DIC ← NEC -1.165 0.226 <0.001 
DIC ← Salinity 0.200 0.156 0.199 
ΩA ← DIC -1.314 0.645 0.234 
ΩA ← Salinity -0.047 0.004 0.288 
ΩA ← TA 1.706 0.605 0.004 
ΩA ← Temperature 0.369 0.123 0.001 

pHsw ← DIC -0.656 0.040 <0.001 
pHsw ← Salinity -0.034 0.020 0.522 
pHsw ← TA 0.716 0.300 <0.001 
pHsw ← Temperature -0.863 0.040 <0.001 

Salinity ← Temperature -0.637 0.158 0.001 
TA ← NEC -0.870 0.063 0.012 
TA ← Salinity 0.325 0.050 0.004 

Temperature ← Light 0.105 0.271 0.697 
Minimum was achieved      

Chi-square = 64.551      
Degrees of freedom = 26      

Probability level =  <0.001      
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Chapter 4, in full, is a reprint of the material as it appears in Courtney TA, Lebrato M, 

Bates NR, Collins A, de Putron SJ, Garley R, Johnson, R, Molinero JC, Noyes TJ, Sabine CL, 

Andersson AJ. Environmental controls on modern scleractinian coral and reef-scale calcification. 

Science Advances, 2017, 3(11), p.e1701356. The dissertation author was the primary investigator 

and author of this paper. 

table S2. Bermuda coral community composition. Results of the ca. 1980 benthic survey data 
for nearby North Rock (41) are expressed alongside 2010 benthic survey data for Hog Reef (35). 
Table shows the analogous coral community composition and total coral cover between the ca. 
30-year interval between benthic surveys. 

 
% of Total Coral Cover 

Species North Rock ca. 1980 Hog Reef 2010 
Diploria labyrinthiformis 25.8 32.6 
Psuedodiploria strigosa 40.6 36.3 

Favia fragum 0.5 0.1 
Madracis decactis 0.0 0.1 

Millepora alcicornis 2.9 6.5 
Montastraea cavernosa 2.6 2.2 
Montastraea annularis/ 

Orbicella franksi 16.6 18.1 

Porites astreoides 9.5 4.0 

   Total Coral Cover 30.7% 27.6% 
 
 
 
 
table S3. Mesocosm seawater acidification experiment statistical summary. The model 
summary data (R2 and p-value) are presented for linear models testing for the effects of 
environmental driver (i.e. ΩA, [CO3

2-], [HCO3
-], Temperature, Light) on calcification rate for 

Diploria labyrinthiformis and Porites astreoides over the three-month mesocosm seawater 
acidification experiment. All p-values significant at the α = 0.05 level are in bold. Table shows 
that calcification rates do not significantly correlate with any of the carbonate chemistry 
parameters tested (i.e. ΩA, [CO3

2-], [HCO3
-]). 

 
Calcification Rates (mg day-1) 

 
Diploria labyrinthiformis Porites astreoides 

Parameter R2 p-value R2 p-value 

ΩA 0.252 0.096 0.077 0.384 

[CO3
2-] 0.237 0.109 0.064 0.426 

[HCO3
-] 0.241 0.105 0.133 0.245 

Temperature 0.321 0.055 0.845 < 0.001 
Light 0.408 0.025 0.039 0.539 
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Recovery of reef-scale calcification following a bleaching
event in K!ane‘ohe Bay, Hawai‘i

T. A. Courtney ,1 * E. H. De Carlo,2 H. N. Page,1 K. D. Bahr,3 A. Barro,2 N. Howins,2 R. Tabata,2

G. Terlouw,2 K. S. Rodgers,3 A. J. Andersson1

1Scripps Institution of Oceanography, University of California, San Diego, La Jolla, California; 2Department of Oceanog-
raphy, School of Ocean and Earth Science and Technology, University of Hawai‘i at M!anoa, Honolulu, Hawaii; 3Hawai‘i
Institute of Marine Biology, University of Hawai‘i at M!anoa, Honolulu, Hawai’i

Abstract

Increasing anthropogenic disturbances have driven declines of many coral-dominated reef states, threatening
critical ecosystem functions such as reef-scale calcification and accretion. Few studies have investigated the
effect of coral bleaching on reef-scale calcification. In this study, we monitored bay-wide alkalinity anomalies
in K!ane‘ohe Bay, Hawai‘i along an inshore-offshore transect as a proxy for net calcification during the 2015
coral bleaching event and following recovery over a full seasonal cycle. We observed no net calcification in
October 2015 during the bleaching event followed by a recovery to significant, positive net calcification rates
in June 2016, November 2016, and February 2017 across a range of seawater temperatures and hydrodynamic
conditions. Post-bleaching net calcification rates were not significantly different between survey dates and
agreed with the range of pre-bleaching net calcification rates from a previous study suggesting that net
calcification in K!ane‘ohe Bay had fully recovered following the 2015 bleaching event.

Particular attention has been given to understanding how

resilient coral reef systems are able to maintain the roles and

functions that coral-dominated reef states provide during the

current period of coral reef declines (Done 1992; Hughes et al.

2003). Of specific concern for the decline of less-resilient

coral-dominated systems is the balance between the constructive

(i.e., calcification and accretion) and destructive (i.e., CaCO3

dissolution and erosion) processes and the resulting net impact

on reef growth (Kleypas et al. 2001; Hughes et al. 2003; Perry

et al. 2013; Muehllehner et al. 2016; Yates et al. 2017). Rates of

constructive reef-scale calcification have decreased across the

Caribbean in recent decades owing to declining coral cover and

coral community shifts toward more slowly growing species
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Scientific Significance Statement
Although bleached coral reef states have been extensively studied, reef-scale net calcification during and after bleaching
events has received less attention. As a result, it is unclear what the impacts of coral bleaching are on the ability for coral
reefs to calcify and maintain reef structure following bleaching. Our study of reef-scale net calcification provides evidence
for rapid recovery to positive reef-scale calcification if there is limited coral mortality and fast return of the coral’s symbi-
otic algae. Our results raise questions on the limit of coral reef resilience to maintain positive calcification under future cli-
mate change.
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(Perry et al. 2013). Meanwhile, rates of destructive CaCO3 disso-
lution and bioerosion processes are anticipated to increase under
anthropogenic ocean warming and acidification (Andersson and
Gledhill 2013). These trends toward decreasing reef-scale calcifi-
cation and increasing CaCO3 erosion have already produced net
erosional reefs in the Caribbean and Pacific thereby threatening
the persistence of coral reef structure and the ecosystem services
(e.g., food production, shoreline protection, and tourism;
Moberg and Folke 1999) coral reefs provide to humanity (Perry
et al. 2013; Muehllehner et al. 2016; Perry and Morgan 2017;
Yates et al. 2017).

Coral bleaching events have increased in both frequency

and intensity, further reducing the accretion capacity of

many coral-dominated systems (Hughes et al. 2003). Global

coral bleaching events occurred in 1997–1998, 2010, and

2015–2016 (Hughes et al. 2017). Thermal stress induced

coral bleaching, the breakdown of symbiosis between host

coral and symbiont zooxanthellae, can occur if sea surface

temperatures exceed ! 18C above mean ambient summer

temperatures with coral mortality correlated to the magni-

tude and duration of thermal stress (Jokiel and Coles 1977;

Glynn 1993). Because corals are the dominant reef-calcifiers

(Hart and Kench 2007) and bleached corals exhibit reduced

calcification rates (Jokiel and Coles 1977; Glynn 1993;

Hughes et al. 2003), coral bleaching events are expected

to reduce coral reef net ecosystem calcification (NEC 5
calcification 2 CaCO3 dissolution). In addition, NEC may also

decrease owing to increased CaCO3 dissolution fueled by

increased heterotrophy resulting from decomposition of coral

derived organic matter and decreased primary production.

While coral bleaching events have been well documented (e.g.,

Glynn 1993; Hughes et al. 2003, 2017; Bahr et al. 2017), only a

few studies known to the authors have explored coral bleaching

impacts on NEC finding reduced NEC rates associated with

bleaching for coral reefs in Palau and Taiwan (Kayanne et al.

2005; Watanabe et al. 2006; DeCarlo et al. 2017) and no change

in NEC for a bleached coral reef in Japan (Kayanne et al. 2005).

An additional study utilizing census-based carbonate produc-

tion budgets observed a bleaching-induced shift from positive

to negative carbonate production budgets in the Maldives

(Perry and Morgan 2017). This previously observed variability

in coral reef DNEC and net carbonate production budgets

reflects differential responses to coral bleaching events and

highlights the need to better understand these responses in

light of projected increases in frequency and severity of coral

bleaching events.
Because calcification reduces total alkalinity (TA) by two

moles for each mole of CaCO3 formed, reef-scale calcification

can be measured by changes in salinity-normalized seawater

TA, with the magnitude of TA depletion a function of benthic

NEC rates and volumetric seawater flow rates over the benthos

(Smith 1973; Chisholm and Gattuso 1991; Falter et al. 2013;

Muehllehner et al. 2016). Here, we utilized alkalinity anomalies

to test the hypothesis that NEC of the K!ane‘ohe Bay, Hawai‘i

barrier reef flat would decrease in fall 2015 owing to the pre-

dicted reduction of coral calcification and or enhanced CaCO3

dissolution during the coral bleaching event (Fig. 1). We then

hypothesized that the barrier reef flat would return to positive

NEC following the recovery of corals in K!ane’ohe Bay. These

hypotheses were tested by surveying seawater TA and dissolved

Fig. 1. Conceptual diagram of net coral reef calcification and seawater alkalinity anomalies. (A) In a net calcifying “healthy” coral reef system, total
alkalinity is depleted (2TA) as seawater flows over the coral reef flat owing to the decrease in seawater Ca21 and CO22

3 ions. (B) For a net dissolving
“bleached” coral reef system, TA increases (1TA) as seawater flows over the coral reef flat owing to the increase in seawater Ca21 and CO22

3 ions.
Bleached and non-bleached Porites lobata coral animations are attributed to Joanna Woerner, Integration and Application Network, University of
Maryland Center for Environmental Science (ian.umces.edu/imagelibrary).
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inorganic carbon (DIC) across the entire K!ane‘ohe Bay barrier

reef flat during the bleaching event (fall 2015) and over a full

seasonal cycle (summer 2016, fall 2016, winter 2017) of coral

reef recovery. This study addresses bleaching impacts on

truly ecosystem-scale calcification (! 12.4 km2 study area) at

multiple time points during the bleaching event and a ! 1.5

yr recovery period.

Methods

Site description
The K!ane‘ohe Bay ecosystem on the northeast shore of

O‘ahu, Hawai‘i represents a coral reef exhibiting elevated resil-

ience to centuries of human perturbations (Bahr et al. 2015)

with thermal stress driven coral bleaching events in 1996,

2014, and 2015 (Bahr et al. 2017). The system consists of an

estuarine bay separated from the open ocean by a highly pro-

ductive barrier reef flat consisting of 5–10% coral cover inter-

spersed by coral rubble, algae, coarse sand, and volcanic rock

(Smith et al. 1981; Jokiel 1991). Water circulation in K!ane‘ohe

Bay is predominately wave-driven with the additional effects

of wind and tides driving a landward flow over the barrier reef

flat and seaward flow out of the bay through channels in the

north and south (Smith et al. 1981; Jokiel 1991; Lowe et al.

2009). Previous work using TA anomalies in K!ane‘ohe Bay

found that positive NEC is maintained year-round (Fagan and

Mackenzie 2007; Shamberger et al. 2011) with no significant

seasonal variability in rates (Shamberger et al. 2011).

K!ane‘ohe Bay 2015 bleaching event
In this study, we examined the effects of the fall 2015

K!ane‘ohe Bay bleaching event and subsequent recovery on

NEC of the barrier reef flat. Notably, 46% 6 4% (mean 6 SE) of

corals in K!ane‘ohe Bay were observed as pale or bleached in

October 2015 with a resulting cumulative mortality of 22% 6
5% (mean 6 SE) (Bahr et al. 2017). By November 2016,

99.96% 6 0.02% (mean 6 SE) of corals showed no signs of pal-

ing or bleaching with a 5% 6 5% (mean 6 SE) decline in overall

coral cover relative to the October 2015 survey, highlighting

the relatively rapid recovery of the K!ane‘ohe Bay coral reef eco-

system to the 2015 coral bleaching event (Bahr et al. 2017).

Seawater TA and DIC spatial surveys
TA and DIC spatial surveys were conducted across the entire

K!ane‘ohe Bay barrier reef flat including samples offshore from

the reef flat boundary (Fig. 2A) on 31 October 2015, 29 June

2016, 12 November 2016, and 26 February 2017. Surface sea-

water samples were collected by hand at ! 0.25 m depth using

250 mL Pyrex glass bottles and immediately fixed with 100 lL

HgCl2 as per standard protocols (Dickson et al. 2007). Hand-

held YSI multiprobes (October 2015: YSI 6600 V2 ; June 2016,

November 2016: YSI Professional Plus; February 2017: YSI 556)

were calibrated and used to measure temperature (6 0.28C)

and salinity (6 0.3 g kg21) at the time of sampling. All seawater

samples were transported to the Scripps Coastal and Open

Ocean Biogeochemistry lab and analyzed for TA via an open-

cell potentiometric acid titration system developed at Scripps

Fig. 2. Spatial map of sample locations and salinity normalized TA across the K!ane‘ohe Bay barrier reef. (A) Sample locations (white circles) in
K!ane‘ohe Bay are plotted relative to the Kapapa Island reef flat transect (red line). (B) Salinity normalized total alkalinity (nTA) is plotted relative to
the inshore-offshore distance (km) of each sample location relative to the Kapapa Island transect such that positive distances are offshore and negative
distances are inshore from the red transect line. Regression lines of DnTA drawdown are plotted in blue with gray dashed confidence intervals (6SE)
for each sample date.
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Institution of Oceanography (SIO) by A. G. Dickson (Dickson

et al. 2007) and DIC via an automated infrared inorganic

carbon analyzer (AIRICA, Marianda). The mean accuracy (TA 6
1.3 lmol kg21, DIC 6 1.6 lmol kg21) and precision (TA 6 1.3

lmol kg21, DIC 6 1.4 lmol kg21) of TA and DIC measurements

were evaluated using certified reference materials provided by

the laboratory of A. G. Dickson at SIO. Seawater TA and DIC

were normalized to a mean salinity across all bottle samples of

34.6 g kg21 to directly compare nTA and nDIC between

samples of variable salinity (e.g., as discussed in Shamberger

et al. 2011).

Environmental data
Environmental data were aggregated for each spatial survey.

Temperature and salinity were measured at each sample loca-

tion as previously described. Mean significant wave height

(Hs), the mean of the 1/3 highest waves measured over the 30

min averaging interval, was determined by the Coastal Data

Information Program (CDIP) K!ane‘ohe Buoy 198 (http://cdip.

ucsd.edu). Wind speed and tidal range from recorded water

levels were measured every 6 min at the Moku o Lo‘e monitor-

ing station in K!ane‘ohe Bay (https://tidesandcurrents.noaa.

gov). Each parameter was averaged over the respective

sampling duration to determine the mean environmental con-

ditions for each sample date (Table 1).

Statistical analysis
Salinity-normalized seawater TA was interpolated across the

survey regions using the MATLAB “natural” three-dimensional

triangulation-based nearest neighbor interpolation to visualize

spatial heterogeneity in nTA (Fig. 3). The distance between

each sampling location and a transect drawn parallel to the

barrier reef along Kapapa Island (Fig. 2A) was calculated to ana-

lyze inshore-offshore changes in nTA and nDIC of seawater

flowing across the barrier reef flat. The fitlm() and anova() func-

tions of the MATLAB Statistics and Machine Learning Toolbox

were used to generate and assess linear least-squares fits of nTA

and nDIC as functions of distance from the Kapapa Island

transect for each spatial survey. These responses are hereafter

referred to as the DnTA and DnDIC drawdowns wherein posi-

tive DnTA slopes represent net coral reef calcification (i.e.,

reduction in seawater nTA flowing over the reef flat) and

organic carbon negative DnTA slopes represent net CaCO3 dis-

solution. DnDIC slopes represent the sum of net calcification

and net organic carbon production.

NEC and NEP
NEC and net ecosystem production (NEP) for the entire !

12.4 km2 barrier reef flat (i.e., Kapapa Island transect to 2 km

inshore of transect) were calculated using the following modi-

fied equations based on the assumptions that (1) calcification

and CaCO3 dissolution are the dominant processes affecting

Table 1. Summary of measured and calculated environmental data. Measured and calculated environmental data during each sur-
vey are reported as the mean 6 SD for the portion of each sampling day that samples were collected. Seawater height is measured
with respect to Mean Lower Low Water. DnTA and DnDIC are the mean 6 SE TA and DIC drawdowns (lmol kg21 km21) multiplied
by the 2-km width of the K!ane‘ohe Bay barrier reef flat. DnTA and DnDIC were combined with seawater density (qsw), depth (z), and
residence time (s) in Eqs. 1, 2, respectively, to calculate NEC and NEP with uncertainty estimated from Monte Carlo simulations.

Environmental parameters
31 Oct 15 29 Jun 16 12 Nov 16 26 Feb 17
Bleached Recovery Recovery Recovery

Temperature (8C) 27.6 6 0.3 27.6 6 1.0 26.6 6 0.3 23.2 6 0.4

Wind (m s21) 1.0 6 0.4 3.3 6 0.5 0.9 6 0.3 0.6 6 0.3

Wave Hs (m) 1.38 6 0.08 1.18 6 0.03 2.03 6 0.10 1.22 6 0.06

Measured tidal range (m) 0.8 0.5 0.6 0.9

Tidal cycle Flood Ebb Flood-slack-ebb Flood-slack-ebb

qsw (kg m23) 1021.5 6 0.5 1022.5 6 0.5 1022.7 6 0.1 1023.4 6 0.2

Depth (m) 5 6 4 4 6 4 4 6 4 5 6 4

s (d) 6.0 6 2.8 6.0 6 2.8 3.4 6 1.5 6.0 6 2.8

NEC

DnTA/km (lmol kg21 km21) 25 6 8 18 6 6 10 6 3 28 6 3

DnTA (lmol kg21) 210 6 16 36 6 12 20 6 6 56 6 6

NEC (mmol CaCO3 m22 d21) 25 6 6 15 6 9 15 6 9 26 6 15

NEC (kg CaCO3 m22 yr21) 20.2 6 0.2 0.5 6 0.3 0.5 6 0.3 0.9 6 0.5

NEP

DnDIC/km (lmol kg21 km21) 26 6 8 20 6 7 15 6 4 19 6 4

DnDIC (lmol kg21) 212 6 16 40 6 14 30 6 8 38 6 8

NEP (mmol C m22 d21) 27 6 12 18 6 14 36 6 33 9 6 7
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the TA balance and (2) that changes in DIC owing to CO2 air–
sea exchange are negligible relative to the influence of NEC
and NEP (Langdon et al. 2010; Page et al. 2017):

NEC5
qz DnTAð Þ

2s
(1)

NEP5
qz DnDIC2 DnTA

2

! "

s
(2)

wherein q is mean 6 SD seawater density calculated from
measured temperature, salinity, and pressure using the Gibbs
Seawater (GSW) Oceanographic Toolbox (McDougall and Barker
2011), and z is the mean 6 SD seawater depth for the sample
sites calculated from a 4-m bathymetric grid of K!ane‘ohe Bay
(www.soest.hawaii.edu/pibhmc). DnTA and DnDIC are the
nTA and nDIC drawdowns (lmol kg21 km21) 3 2 km width
of the barrier reef flat. s is the mean 6 SE seawater residence
time derived for the barrier reef flat by Lowe et al. (2009) for
the following forcing conditions: tidal range of 0.7 m; mean
wind velocity of 5 m s21; and mean significant wave height
(Hs) of 1.0 m (October 2015, June 2016, February 2017) or
2.0 m (November 2016) (for details, see zones 1–3 as
described in Lowe et al. 2009). A Monte Carlo approach was

used to estimate uncertainty in NEC and NEP using random

numbers (n 5 107) generated within the range of SD or SE for

each NEC and NEP equation parameter (Table 1) using the

MATLAB rand() function. The mean 6 SD of the Monte Carlo

output for each NEC and NEP survey was used to estimate

mean NEC and NEP rates 6 uncertainty.

Results

No net reduction in seawater nTA in the dominating shore-

ward seawater flow direction was observed in the nTA gradients

across the K!ane‘ohe Bay reef flat during the October 2015

bleaching event suggesting NEC # 0 at this time (Fig. 3). This

finding was quantified with linear models for the October 2015

data, which showed no statistically significant drawdown in

nTA (slope 6 SE 5 25 6 8 lmol kg21 km21, R2 5 0.011, n 5 33,

F 5 0.333, p 5 0.568) or nDIC (slope 6 SE 5 26 6 8 lmol kg21

km21, R2 5 0.019, n 5 33, F 5 0.612, p 5 0.44) across the reef

(Figs. 2B, 4A). In contrast, significant reductions in seawater

nTA and nDIC were observed across the reef and along the pre-

dominant flow direction in June 2016, November 2016, and

February 2017 (Figs. 2B, 4A). The strongest nTA drawdown was

Fig. 3. Seasonal contour plots of salinity normalized total alkalinity. Discrete salinity normalized total alkalinity (nTA) samples from survey stations
(black dots) were spatially interpolated to visualize spatial nTA gradients of DnTA drawdown occurring during the October 2015 coral bleaching event
(A) and during a year of recovery (June 2016 (B), November 2016 (C), February 2016 (D)) following the bleaching event.
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observed in February of 2017 (slope 6 SE 5 28 6 3 lmol kg21

km21, R2 5 0.737, n 5 39, F 5 103.9, p<0.001) followed by June

2016 (slope 6 SE 5 18 6 6 lmol kg21 km21, R2 5 0.174, n 5 41,

F 5 8.222, p 5 0.007) and November 2016 (slope 6 SE 5 10 6 3

lmol kg21 km21, R2 5 0.227, n 5 38, F 5 10.598, p 5 0.002). The

strongest nDIC drawdown was observed in June 2016 (slope 6
SE 5 20 6 7 lmol kg21 km21, R2 5 0.166, n 5 41, F 5 7.78,

p 5 0.008) followed by February 2017 (slope 6 SE 5 19 6 4 lmol

kg21 km21, R2 5 0.383, n 5 39, F 5 23, p<0.001) and November

2016 (slope 6 SE 5 15 6 4 lmol kg21 km21, R2 5 0.274, n 5 38,

F 5 13.6, p<0.001). Calculations of NEC and NEP showed val-

ues close to zero (25 6 6 mmol CaCO3 m22 d21and 27 6 12

mmol C m22 d21, respectively) during the October 2015 bleach-

ing event while positive NEC (15–26 mmol CaCO3 m22 d21)

and NEP (9–36 mmol C m22 d21) rates were calculated for June

2016, November 2016, and February 2017 with overlapping

uncertainties implying that NEC and NEP rates were not statisti-

cally different between post-bleaching surveys (Fig. 4B; Table 1).

Discussion

Our results show that ecosystem-scale NEC and NEP were

essentially zero during the October 2015 coral bleaching

event in K!ane‘ohe Bay, but exhibited rapid recovery as evi-
denced by positive NEC and NEP in the year following the
bleaching event (June 2016, November 2016, February
2017). These observations support the hypotheses of reduced
NEC during the coral bleaching event with a subsequent
return to positive NEC as the corals recovered (Figs. 2B, 4B;
Table 1). While no measurements of NEC were conducted
before the bleaching event as part of this study, previous
work (2003–2004; 2008–2010) has quantified year-round pos-
itive NEC occurring on the K!ane‘ohe Bay barrier reef (Fagan
and Mackenzie 2007; Shamberger et al. 2011) suggesting the
cessation of NEC observed in this study was a direct conse-
quence of the bleaching event.

Our findings of positive NEC with overlapping uncertain-
ties (Fig. 4B; Table 1) for each of the spatial surveys con-
ducted following the bleaching event (June 2016, November
2016, February 2017) suggest that K!ane‘ohe Bay NEC recov-
ered at a rate faster than the temporal resolution of the first
spatial sampling events (i.e., October 2015 to June 2016).
This is partially supported by visual observations of the
recovery of coral coloration. For example, peak bleaching
was observed in October 2015 with 46% 6 4% (mean 6 SE)
corals recorded as either pale or bleached with just 9% 6 2%
of corals observed as pale or bleached and 8% 6 2% recorded
as dead at ! 2 months post-bleaching in December 2015
(Bahr et al. 2017). However, gradual and sequential increases
in NEC during the post-bleaching period that are less than
the uncertainty measured in this study may also be possible,
but are not quantifiable given the limits of our uncertainty
(Fig. 4B; Table 1).

Additionally, the findings that 99.96% 6 0.02% (mean 6
SE) of corals observed in November 2016 were neither
bleached nor pale and total coral cover did not decrease rela-
tive to October 2015 suggest a post-bleaching recovery of
corals in K!ane‘ohe Bay (Bahr et al. 2017) and that a similar
recovery in NEC is probable. The finding that post-recovery
NEC in this study (February 2017 NEC 5 26 6 15 mmol
CaCO3 m22 d21) agrees with K!ane‘ohe Bay mesocosm NEC
rates linearly scaled to 10% coral cover (27 6 11 mmol
CaCO3 m22 d21 sensu Page et al. 2017) suggests NEC has
recovered for this ! 5–10% coral cover ecosystem (Jokiel
1991). While previous estimates of K!ane‘ohe Bay barrier reef
flat NEC before the bleaching event are much higher
(range 5 174–331 mmol CaCO3 m22 d21, Shamberger et al.
2011), this discrepancy is primarily due to differences in esti-
mating seawater residence times (i.e., numerical residence
time models in this study compared to current flow veloc-
ities across the reef flat in Shamberger et al. 2011) and differ-
ing spatial scales between the two studies. Nonetheless, if
the post-recovery NEC rates from this study are recalculated
utilizing the average depth (z 5 2 m) and range of residence
times (s 5 4.5–13.6 h) from Shamberger et al. (2011), the
much higher recalculated February 2017 post-recovery NEC
rates (range 5 101–306 mmol CaCO3 m22 d21) from this

Fig. 4. NEC and NEP in K!ane‘ohe Bay. (A) Slopes (6 95% confidence
intervals) of salinity normalized total alkalinity (DnTA km21 , in blue) and
DIC (DnDIC km21 , in red) drawdown of seawater flowing over the reef
flat. Positive values signify a net drawdown of nTA or nDIC whereas neg-
ative values signify production of nTA or nDIC. If the confidence inter-
vals overlap the dashed zero line, DnTA or DnDIC drawdown is not
significantly different from zero. (B) Calculated mean (6 uncertainty)
NEC (in blue) and NEP (in red). Values with estimated uncertainty above
zero indicate positive reef NEC or NEP whereas values with estimated
uncertainty overlapping zero indicate zero NEC or NEP.
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study agree with the range of rates (174–331 mmol CaCO3

m22 d21) from Shamberger et al. (2011). This lends strong
support that NEC indeed has recovered for K!ane‘ohe Bay
and reconciles the divergent rates presented here and in
Shamberger et al. (2011).

Differences in environmental parameters between survey
dates may also explain variations in measured DnTA and cal-
culated NEC in this study via changes in coral reef metabo-
lism and/or seawater residence time (Falter et al. 2013).
Mean residence times of ! 3–6 d (Table 1) show that NEC
rates represent integrations over multiple days and are there-
fore less influenced by anomalous daily phenomena. Envi-
ronmental conditions were similar across sample dates with
the exception that Hs was ! 1 m higher in November 2016
relative to the other surveys and the February 2017 survey
was ! 3–48C cooler than previous surveys (Table 1). Lowe
et al. (2009) have shown that the barrier reef flat seawater
residence time is directly related to the wave height.
Consequently, significantly lower DnTA drawdown was
observed in November 2016 compared to February 2017
(nonoverlapping 95% confidence intervals in Fig. 4A, Table
1), but NEC was not significantly different between those
dates (overlapping uncertainties in Fig. 4B, Table 1) due to
the reduced seawater residence time in November 2016. Nei-
ther DnTA drawdown nor NEC was significantly different
between February 2017 and June 2016, suggesting reductions
in temperature did not affect net reef-scale calcification. This
finding agrees with previous work showing no significant
seasonal variability in K!ane‘ohe Bay NEC (Shamberger et al.
2011).

The observation of zero NEC during the fall 2015 coral
bleaching event in K!ane‘ohe Bay agrees with decreased calci-
fication rates observed in bleached coral colonies (Jokiel and
Coles 1977; Glynn 1993; Hughes et al. 2003) and with reduc-
tions in total coral cover (Page et al. 2017; Perry and Morgan
2017). For example, a 75% reduction in coral cover (i.e.,
from 25.6% to 6.3%) following the 2016 coral bleaching
event in the Maldives was the primary driver of a shift from
net positive (mean 5.92 kg m22 yr21) to net negative (mean
22.96 kg m22 yr21) carbonate production budgets (Perry and
Morgan 2017). However, observed reductions in NEC may
also be due to enhanced metabolically driven CaCO3 dissolu-
tion associated with coral bleaching events. For example, the
zero NEP observed during the bleaching event (Table 1; Fig.
4B) suggests a shift toward net heterotrophy that could have
fueled an increase in CaCO3 dissolution rates (Andersson
and Gledhill 2013). Irrespective of this, the cessation of NEC
in this study is unique among results from previous hydro-
chemical field observations wherein positive NEC was main-
tained during bleaching events at similar or reduced rates
compared to non-bleaching conditions (Kayanne et al. 2005;
Watanabe et al. 2006; DeCarlo et al. 2017). In Palau, reef flat
NEC was found to decrease ! 43% between surveys con-
ducted before (July 1994) and after (September 2000) the

1998 coral bleaching event, coinciding with a reduction in

pre-bleaching coral cover of 8.1 to 1.4% after bleaching

(Kayanne et al. 2005), while lagoon NEC decreased 60–70%

over that same interval (Watanabe et al. 2006). During a

widespread bleaching event in June 2014 at Dongsha Atoll,

Taiwan, a 40% reduction in NEC rates was observed for a

reef flat with 25% total coral cover (DeCarlo et al. 2017). In

contrast, measurements of NEC at Shiraho Reef, Japan did

not change during the September 1998 bleaching event,

where 51% of the total 7.1% total coral cover was bleached

compared to a recovery survey conducted in September

1999 with 6.7% total coral cover and no bleaching observed

(Kayanne et al. 2005). Kayanne et al. (2005) hypothesized

that calcification by living bleached corals, calcifying algae,

and benthic foraminifera may have compensated for

bleaching-induced losses in NEC at Shiraho Reef. Indeed,

the dominant calcifiers of coral reefs include corals, red cor-

alline algae, molluscs, green calcifying algae, and benthic

foraminifera (Montaggioni and Braithwaite 2009), but their

relative contributions to coral reef CaCO3 budgets and how

these change under different reef states are uncertain. This

raises the question and need to further quantify the relative

importance of contributions by other calcifiers to coral reef

NEC especially for low coral cover (< 10%) and bleached

coral reefs.
In summation, the results of this study suggest that a

temporary reduction in coral reef NEC can be expected dur-

ing a coral bleaching event while rapid post-bleaching

recovery of positive NEC is possible given limited coral

mortality and rapid regain of symbiotic algae. As coral

bleaching events are expected to increase in both frequency

and magnitude (Hughes et al. 2003), the resilience capacity

of coral reef systems such as K!ane‘ohe Bay will continue to

be tested (Done 1992; Hughes et al. 2003; Bahr et al. 2017),

with bleached coral reefs that recover quickly likely experi-

encing ephemeral reductions in reef NEC while systems

shifting to alternative non coral-dominated states are likely

to face lasting decreases in NEC. Although the K!ane‘ohe

Bay coral reef system appears to have recovered to a net cal-

cifying system following the recent global mass bleaching

event, other reefs around the world including parts of the

Great Barrier Reef in Australia that experienced>80%

bleaching (Hughes et al. 2017) may be faced with a differ-

ent outcome. It is prudent that future investigations of reef-

scale NEC target these sites to evaluate the impact and time

to recover to guide future management. In either case, the

increasing frequency of time during which an intermit-

tently bleached coral reef is predicted to calcify at reduced

rates during the 21st century threatens the ability for con-

temporary coral reef structures to maintain ecological form

and function. The question thus remains, for how long can

we depend on coral reef resiliency to maintain calcifying

reef states and the ecosystem services they provide?
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Abstract 

Anthropogenic environmental change has increased coral reef disturbance regimes in 

recent decades, altering the structure and function of many coral reefs globally. In this study, we 

used survey data collected from 1996 to 2015 to evaluate coral calcification capacity (CCC) 

dynamics for 121 reef sites in the main Hawaiian Islands, Florida Keys reef tract, Mo'orea 

(French Polynesia), and St. John (U.S. Virgin Islands). CCC remained relatively high at 

Hawaiian sites in the absence of recorded widespread disturbances; decreased and remained low 

following coral bleaching in the Florida Keys reef tract; declined and subsequently recovered in 

Mo'orea following a crown-of-thorns sea star outbreak, coral bleaching, and major cyclone; and 

decreased following coral bleaching and disease in St. John. We also observed high variability in 

CCC vs. coral cover that was in part explained by coral life history strategies, with increased 

‘weedy’ and decreased ‘competitive’ coral contributions to CCC over time. Global change is 

therefore predicted to affect the maintenance and stability of CCC through time as the increasing 

frequency and intensity of disturbances continue to alter coral community composition. 

6.1 Introduction 

 The growth of calcium carbonate (CaCO3) structures is one of the most important 

functions of a coral reef as these structures provide the foundation for the ecosystem services that 

reefs provide to humanity (Courtney et al. 2017; Cyronak et al. 2018; Edmunds et al. 2016; 

Kleypas et al. 2001; Perry et al. 2018). Scleractinian corals typically account for the majority of 

CaCO3 production on coral reefs (Montaggioni & Braithwaite 2009) and are therefore critical to 

the provisioning of shoreline protection, fisheries habitat, and tourism revenue services that coral 

reefs provide (Moberg & Folke 1999). However, the maintenance of these services is threatened 

by global and local environmental change that have led to pantropical declines in coral cover 



 74 

(Bruno & Selig 2007; Gardner et al. 2003; Jackson et al. 2014) and shifts in coral community 

composition (Alvarez-Filip et al. 2013; Hughes et al. 2018; Perry et al. 2015), which will likely 

prevent some coral reefs around the world from keeping up with 21st century sea-level rise (Perry 

et al. 2018).  

The frequency and intensity of disturbances shape coral community structure (Connell 

1978) with enhanced disturbance regimes typically driving a sustained loss of fast-growing, 

architecturally complex corals in favor of slow-growing, massive stress-tolerant and/or fast-

growing, weedy early-successional colonizers (e.g., Darling et al. 2013; Grottoli et al. 2014; 

Hughes et al. 2018; Fabricius et al. 2011; Loya et al. 2001; McClanahan & Maina 2003; 

McClanahan et al. 2008; Van Woesik et al. 2011). These differences in coral traits have been 

further analyzed in the context of hypothesized coral life history strategies, which differentiate 

‘competitive’ (i.e., fast-growing, broadcast spawning corals with branching/plating 

morphologies) from ‘stress-tolerant’ (i.e., slow-growing, long-lived, highly fecund, broadcast 

spawning corals with large corallites, thick tissue, and massive/encrusting morphologies) and 

‘weedy’ (i.e., small-colony, brooding, corals with higher rates of sexual and asexual 

reproduction) corals with a notable fourth category of ‘generalists’ representing a mixture of 

traits found in the previous three groups (Darling et al. 2012). Shifts from reefs dominanated by 

‘competitive’ to ‘stress-tolerant’ and ‘weedy’ corals can drive declines in reef-scale calcification 

as evidenced by modeled (Alvarez-Filip et al. 2013) and observed (Kuffner & Toth 2016; Lange 

& Perry 2019; Perry et al. 2015; Toth et al. 2019) decreases in net coral reef CaCO3 production 

budgets; however, the impacts of the shifting coral life history strategies on reef-scale 

calcification through time and across broad geographic spatial scales remains to be rigorously 

characterized.   
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In this study, we quantified coral calcification capacity (CCC) across a variety of 

disturbance regimes using a life history strategies perspective for 121 reef sites surveyed from 

~1996 to 2015 across four focal regions in the Pacific (main Hawaiian Islands and Mo'orea) and 

Western Atlantic (Florida Keys and St. John). We hypothesized that the contribution to CCC by 

competitive corals would decrease throughout the time series and, in contrast, the contribution to 

CCC by stress-tolerant and weedy corals would increase owing to alterations of coral 

communities by disturbances throughout the time series of this study. Our results reveal how 

disturbance-driven shifts in the species composition of coral communities and overall coral cover 

drove reef CCC trajectories at our sites in the Pacific and Western Atlantic and how these 

changes may impact the critical reef-building function of coral reefs now and in the future. 

6.2 Materials and methods 

6.2.1 Introduction to focal region surveys and disturbance histories 

The four focal regions analyzed in this study were selected because of publicly available 

datasets (Guest et al. 2018b) of coral reef benthic surveys (i.e., total and taxon-specific percent 

coral cover) that were conducted on a range of reef types (e.g., patch, spur and groove, fringing, 

barrier, forereef, etc.) across a range in depth from 1 to 22 m. The surveys were conducted using 

standardized protocols at a total of 121 sites surveyed a minimum of three times over at least ten 

years from ~1996 to 2015 (see Guest et al. [2018a] for a complete discussion of sites and survey 

methods). The data from the focal regions overlap from 2005–2014, but the total length of the 

time series varied slightly with the main Hawaiian Islands survey data ranging from 1999–2014, 

Florida Keys reef tract from 1996–2015, Mo’orea from 2005–2015, and St. John from 1999–

2015.   
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In addition to data availability, the focal regions were chosen to include a broad range of 

disturbance histories during the survey period (see Guest et al. (2018a); Fig. 6.1). All focal 

regions experienced coral bleaching events during the study periods. Bleaching was recorded in 

2002, 2004, and 2014 in the main Hawaiian Islands (Bahr et al. 2017; Jokiel & Brown 2004; 

Rodgers et al. 2017); 1997, 1998, 2005, 2011, 2014, and 2015 in the Florida Keys (Manzello et 

al. 2007, 2018; Ruzicka et al. 2013; Wagner et al. 2010); in 2007 in Mo'orea (Adjeroud et al. 

2018); and in 2005 in St. John (Edmunds 2013; Miller et al. 2006, 2009). While the before and 

after effects of hurricanes were not directly quantified for each site in this study, we considered 

hurricanes to potentially impact the focal regions if a Category 1–5 storm passed within 100 

nautical miles of the following locations during the respective time series of the focal regions in 

this study: Hilo Harbor, Kahului Harbor, Honolulu Harbor, or Kalaheo (Main Hawaiian Islands); 

Big Pine Key or Dry Tortugas (Florida Keys reef tract); Virgin Islands National Park (St. John); 

and Paopao (Mo’orea). Based on these search criteria in the NOAA hurricanes database 

(https://coast.noaa.gov/hurricanes/), there were two recorded hurricanes in the Main Hawaiian 

Islands, seven recorded hurricanes in the Florida Keys reef tract, no recorded cyclones in the 

search region for Mo’orea but waves from Cyclone Oli impacted some reefs in 2010 (Adjeroud 

et al. 2018; Han et al. 2016), and seven recorded hurricanes in St. John (Fig. 6.1). The Florida 

Keys also experienced a cold-water coral mortality event due to anomalously cold winter 

temperatures in 2010 (Kemp et al. 2011; Lirman et al. 2011; Ruzicka et al. 2013). Mo'orea 

additionally experienced a crown-of-thorns sea star (COTS), Acanthaster planci, outbreak from 

2006–2010 (Adam et al. 2011; Adjeroud et al. 2018; Han et al. 2016; Pratchett et al. 2011). In 

St. John, a prolonged period of coral disease occurred from 2005–2007 following the 2005 coral 

bleaching event (Edmunds 2013; Miller et al. 2006, 2009). As a result of these extensive, yet 
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variable, disturbance histories and dissimilar initial coral community compositions across sites, 

there is a large variation in coral cover and community compositions over time across the focal 

regions, which allowed us to evaluate the community-level drivers of CCC for a range of coral 

reefs across ocean basins between ~1996 and 2015. 

6.2.2 Coral calcification capacity 

We define CCC as an estimate of the annual calcification rate (kg CaCO3 m-2 y-1) of the 

coral community on a reef. Although CCC as defined here is similar to the gross carbonate 

production terms calculated as part of complete CaCO3 budgets (e.g., Chave et al. 1972; 

Hubbard et al. 1990; Perry et al. 2012; Stearn et al. 1977), our analysis does not include non-

coral CaCO3 producers, CaCO3 export/loss terms (Kleypas et al. 2001), or local variability in 

calcification rates through space and time owing to genetic variability and the environmental 

drivers of coral calcification (e.g., Pratchett et al. 2015). Because data on the percent cover of 

coral taxa are more commonly collected than the complete community census required for 

traditional CaCO3 budget calculations (see Perry et al. 2012), the CCC method should allow for 

retrospective analysis of mean capacity for annual coral community calcification in most 

historical time series studies. The usage of CCC as an ecologically meaningful metric is 

supported by previous studies showing that corals are typically the dominant coral reef CaCO3 

producers (Montaggioni & Braithwaite 2009) and by the high degree of agreement between coral 

colony and reef-scale calcification (Courtney et al. 2016, 2017). 

To calculate temporal trends in CCC for our focal regions, we first estimated annual 

calcification rates of individual scleractinian coral and hydrozoan Millepora taxa (hereafter 

collectively referred to as "corals") as the product of published taxon-specific linear extension 

rates (cm y–1), skeletal density (g CaCO3 cm–3), and a growth form adjustment factor that 
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estimates the void space between topographic features generated by complex (i.e., branching, 

plating, corymbose, digitate, columnar, foliose, sub-massive) morphologies following 

established methods (Morgan & Kench 2012). We additionally tested for differences in 

calcification capacity based solely on the taxa present in each of the focal regions by calculating 

mean calcification rates for all taxa surveyed in each focal region. The contribution of each 

species to annual, reef-wide calcification was then determined by multiplying taxon-specific 

calcification rates (kg CaCO3 m–2 y–1) by their respective planar benthic cover (%) after Perry et 

al. (2012) and Guest et al. (2018a). Reef-wide calcification rates were calculated for each species 

where species-level benthic cover data were available (main Hawaiian Islands, Florida Keys reef 

tract, St. John) and by genus for Mo'orea, where benthic cover was surveyed at the genus level. 

Annual reef CCC (kg CaCO3 m–2 y–1) was then determined by summing the calcification (kg 

CaCO3 m–2 y–1) by all coral taxa. The average of CCC across all surveyed sites within a focal 

region for each given year was calculated to visualize the changes in mean annual CCC through 

time.  

6.2.3 Dominant calcifying corals and life history strategies 

We parsed the contribution of each taxon to mean annual CCC in each focal region to 

identify the dominant calcifying taxa, which were defined in this study as taxa that contributed at 

least an average of 5% to the total CCC across all sites in each focal region for the duration of 

the time series. It is important to note, however, that surveys of the Main Hawaiian Islands reef 

sites in this study were non-uniformly distributed across space and time, which preclude any 

robust conclusions about the changes in mean annual CCC through time for this focal region. 

Because there is a substantial amount of variation between the relationship of CCC and percent 

coral cover (Guest et al. 2018a), hypothetical scaling of calcification rates for each of the 
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dominant calcifying corals from 0–100% cover were superimposed on plots relating percent 

coral cover and CCC to graphically visualize the effects of coral community composition on 

CCC (Fig. 6.2) Points with higher CCC for a given level of coral cover therefore have a greater 

dominance by faster calcifying (i.e., ≥ 20 kg CaCO3 m-2 yr-1) corals and conversely sites with a 

lower CCC for a given level of coral cover have a greater dominance by slower calcifying (i.e., ≤ 

10 kg CaCO3 m-2 yr-1) corals. The dominant calcifying corals were then characterized as 

competitive, stress-tolerant, weedy, or generalist sensu Darling et al. (2012) to evaluate whether 

life history strategy classifications predict shifts in contribution to CCC throughout the time 

series in each of the focal regions of this study.  

6.2.4 Statistical analyses 

Statistical models were developed in R (R Core Team 2017) to test whether contributions 

by the dominant calcifying taxa to CCC shifted during the time series in each of the focal regions 

and whether these changes match classifications and expectations for the respective coral life 

history strategies following disturbances (Darling et al. 2012, 2013). To accomplish this task of 

evaluating long-term changes in the percent contribution of calcifying taxa to CCC, linear mixed 

effects models were constructed to test whether year was a significant (p < 0.05) predictor of 

percent contribution to CCC by each of the dominant calcifying taxa. Significant slopes indicate 

whether there were statistically significant mean increases (positive slope), statistically 

significant mean decreases (negative slope), or non-significant changes (zero slope) in the 

contribution of the dominant calcifying corals to CCC for the duration of the time series for each 

of the focal regions. Statistical models used the percentage of annual site-level CCC by each 

dominant calcifying genus as the response and included fixed effects for year and a random 

intercept and slope for each site.  Random intercepts and slopes for each site were included to 
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account for the fact that each site had a different initial percent contributions of dominant 

calcifying coral to CCC (random intercepts) and that each site had difference disturbance 

histories resulting in variable responses in dominant calcifying coral contributions to CCC over 

time (random slopes).  Models were fit using the R package nlme (Pinheiro et al. 2017), and 

parameters were estimated by maximum likelihood. Because sites were repeatedly surveyed 

through time, a continuous autocorrelation correlation structure (corCAR1 in package nlme) was 

included in each model to account for temporal autocorrelation (Pinheiro et al. 2017). 

6.3 Results 

 Mean of focal region CCC (mean ± 95% confidence intervals) through time was 

generally higher for the Pacific focal regions than Western Atlantic focal regions (Fig. 6.1). 

Additionally, mean (±95% confidence intervals) calcification rates for all surveyed taxa in the 

Pacific focal regions were slightly greater (Main Hawaiian Islands = 14.1±3.6 kg CaCO3 m–2 yr–1 

and Mo’orea = 14.1±2.1 kg CaCO3 m–2 yr–1) than the Western Atlantic focal regions (Florida 

Keys reef tract =10.1±3.0 kg CaCO3 m–2 yr–1 and St. John = 10.0±2.2 kg CaCO3 m–2 yr–1). CCC 

for the main Hawaiian Islands was consistently the highest of the four focal regions although the 

large interannual variability resulting from non-uniform sampling efforts (i.e., not all sites were 

surveyed in all years) and relatively larger, overlapping confidence intervals preclude any formal 

conclusions about changes in CCC through time. In the Florida Keys CCC (mean ±95% 

confidence intervals) decreased following the 1997/1998 coral bleaching events from 1.7±0.4 kg 

CaCO3 m-2 yr-1 in 1996 to 1.0±0.3 kg CaCO3 m-2 yr-1 in 2000 and remained approximately stable 

afterwards (Fig. 6.1). In Mo'orea CCC declined following a combination of a crown-of-thorns 

outbreak (2006–2010), coral bleaching (2007), and Cyclone Oli (2010) from 4.8±0.5 kg CaCO3 

m-2 yr-1 in 2006 to a minimum of 1.5±0.8 kg CaCO3 m-2 yr-1 in 2012 and then increased to 
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2.5±0.8 kg CaCO3 m-2 yr-1 in 2015 (Fig. 6.1). CCC in St. John increased slightly from 0.6±0.5 kg 

CaCO3 m-2 yr-1 in 1999 to 1.1±0.6 kg CaCO3 m-2 yr-1 in 2005 and then decreased with the 2005 

coral bleaching event and associated 2005–2007 disease outbreak to 0.5±0.3 kg CaCO3 m-2 yr-1 

and remained approximately stable thereafter (Fig. 6.1). 

Twelve species representing nine genera of corals out of the 84 species and 50 genera 

surveyed in this study were identified as the dominant calcifying taxa (i.e., calcified mean ≥ 5% 

of total CCC across all sites and all years for the respective time series) across the four focal 

regions with Acropora, Montipora, Pavona, Pocillopora, and Porites spp. contributing the most 

to CCC in the Pacific and Acropora, Millepora, Montastraea, Orbicella, Porites, and Siderastrea 

spp. in the Western Atlantic (Fig. 6.1, Table 6.1). The dominant calcifying species were further 

characterized by life history strategies sensu Darling et al. (2012) to evaluate the respective 

changes of the dominant calcifying corals with respect to life history strategies (Table 6.1).  

Although CCC generally increases with increasing coral cover (Guest et al. 2018a) there is high 

variability in that relationship as a result of spatial variability in coral community composition 

(Fig. 6.2; Guest et al. [2018]). In the Main Hawaiian Islands, which have sites with the highest 

coral cover out of any of the focal regions, CCC vs. coral cover generally falls along the 

trajectories predicted for Montipora spp. or Porites lobata corals (Fig. 6.2). In the Florida Keys 

reef tract, where most reef sites have comparatively lower coral cover trajectories, the data 

follow the trajectories predicted for the Orbicella annularis complex/Montastraea cavernosa or 

Acropora palmata (Fig. 6.2). Coral cover in Mo’orea was greater for many sites than the 

Western Atlantic and whereas the data for some sites appear to follow the trajectory predicted for 

a mixed Montipora/Acropora community, most sites appear to follow the Porites calcification 

trajectory (Fig. 6.2). Lastly, in St. John the CCC vs. coral cover data suggests that nearly every 
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site survey follows the trajectory predicted for the Orbicella annularis complex/Montastraea 

cavernosa (Fig. 6.2) owing to the dominance of Orbicella annularis complex calcification for 

this focal region (Fig. 6.1D). 

To assess whether calcification by each of the dominant calcifying taxa was consistent 

with life history strategy expectations of shifting coral cover following disturbances (Darling et 

al. 2012, 2013), long-term changes of percent contribution by each of the dominant calcifying 

corals to total CCC across all sites for the duration of the time series were assessed using linear 

mixed effects models. In this analysis, positive slopes indicate mean increases in the percent 

contribution of the respective coral to CCC within the focal region over the time series whereas 

the opposite is true for corals with negative slopes and non-significant slopes indicate no change 

in coral contribution to CCC (Fig. 6.3, Table 6.1). In the main Hawaiian Islands, percent of CCC 

by Montipora capitata (competitive) increased, Porites compressa (competitive) decreased, and 

the other dominant calcifiers did not change significantly (Fig. 6.3A, Table 6.1). Conversely, in 

the Florida Keys, all dominant calcifying corals shifted their relative contributions to CCC 

wherein percent of CCC by Millepora alcicornis (weedy), Porites astreoides (weedy), and 

Siderastrea siderea (stress-tolerant) increased, and Acropora palmata (competitive), 

Montastraea cavernosa (stress-tolerant), and Orbicella annularis complex (generalist/stress-

tolerant) decreased (Fig. 6.3B, Table 6.1). In Mo’orea, percent calcification by Montipora spp. 

(competitive/intermediate/stress-tolerant) increased, Acropora spp. (competitive) decreased, and 

the other dominant calcifiers exhibited no significant change (Fig. 6.3C, Table 6.1). In St. John, 

percent of CCC by Porites porites (weedy) increased, Orbicella annularis complex 

(generalist/stress-tolerant) decreased, and the other dominant calcifiers exhibited no change (Fig. 

6.3D, Table 6.1). 
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6.4 Discussion 

Here we have used CCC to retroactively estimate ecologically meaningful CaCO3 

production by corals in historical datasets (Guest et al. 2018a) to explore the ecological drivers 

of CCC across the Pacific and Western Atlantic over an approximately 20 year interval. Our 

results suggest that coral bleaching (Florida Keys, St. John, Mo’orea), coral disease (St. John), 

and a crown-of-thorns outbreak (Mo’orea) were the dominant drivers of reductions in CCC 

across the time series of this study and that the declines in CCC were caused by a combination of 

reduced coral cover and shifting coral community compositions (Figs. 6.1, 6.2, 6.3). This finding 

agrees with the growing CaCO3 budget and chemistry-based net ecosystem calcification 

literature showing that coral bleaching events and other disturbances can reduce reef-scale 

calcification rates (Courtney et al. 2018; DeCarlo et al. 2017; Kayanne et al. 2005; ; Lange & 

Perry 2019; Perry & Morgan 2017; Perry et al. 2008). It is important to note that reduced CCC 

rates for many of the lower percent coral cover reefs in this study (Fig. 6.2) may be exceeded by 

rates of CaCO3 bioerosion and dissolution, which highlights the growing need for monitoring 

these destructive processes on coral reefs to better predict the future of coral reef CaCO3 

structures under anthropogenic and climatic change (Andersson & Gledhill 2013; Eyre et al. 

2018; Kleypas et al. 2001; Kuffner et al. 2019; Perry et al. 2008, 2012, 2018; Van Woesik & 

Cacciapaglia 2018;). Indeed, recent work has already documented net dissolution across the 

Florida Keys reef tract (Muehllehner et al. 2016) and loss of seafloor elevation occurring for reef 

ecosystems in the Pacific and Western Atlantic (Yates et al. 2017).  

Nonetheless, there were some sites with relatively high CCC and high variance in CCC 

vs. percent coral cover across sites and over time within each focal region (Fig. 6.2), which is 

consistent with observations from CaCO3 budget assessments for reefs across the Western 
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Atlantic by Perry et al. (2013). Most importantly, some reef sites within the main Hawaiian 

Islands, Florida Keys, and Mo'orea focal regions have growth trajectories reflecting dominance 

by faster growing competitive corals (i.e., higher CCC per coral cover reefs along the Acropora 

and Montipora growth trajectories with ≥ 20 kg CaCO3 m-2 yr-1, Fig. 2 ABC) suggesting those 

sites may have been “oases” that either experienced fewer disturbances than neighboring sites, 

locally resisted them, or recovered following disturbances (Guest et al. 2018a). Although the 

hypothesis that some reefs have enhanced abilities to escape, resist, and/or recover from 

disturbances remains to be empirically tested, the use of CCC presented here serves as a potential 

means of quantifying the reef-growth potential of coral communities to improve our 

understanding and projections of future coral reef calcification trajectories. 

We further explored changes in CCC by investigating the dominant calcifying corals that 

contributed at least 5% of the total CCC across the time series in this study (Fig. 6.1) and are 

potentially useful targets for management and restoration that will be most successful in 

maintaining reef-scale calcification in the future. However, many of these individual taxa shifted 

in relative contributions to CCC over the time series in this study. For example, the dominant 

calcifying taxa Montipora capitata, Millepora alcicornis, Porites astreoides, Siderastrea 

siderea, and Porites porites increased in relative contributions to CCC across the Main Hawaiian 

Islands, Florida Keys, and St. John (Montipora spp. also increased in Mo’orea; Fig. 6.3, Table 

6.1) suggesting they are becoming increasingly important reef builders in the 21st century. 

Conversely, Porites compressa, Acropora palmata, Montastraea cavernosa, and Orbicella 

annularis complex (Acropora spp. decreased in Mo’orea; Fig. 6.3, Table 6.1) decreased in mean 

contributions to CCC across the focal regions over the time series in this study and are likely to 

make diminishing contributions to future reef building.  
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Dominant calcifying corals were classified by life history strategies to test whether 

hypothesized expected decreases in competitive corals and increases in weedy, stress-tolerant, 

and generalist corals following disturbances (Darling et al. 2012, 2013) could explain the 

changes in CCC observed in this study (Fig. 6.2, Table 6.1). Following the major coral 

bleaching, crown-of-thorns, and disease disturbance events across the focal regions in this study, 

all of the competitive Acropora spp. corals decreased and the weedy Millepora alcicornis, 

Porites astreoides, and Porites porites corals increased in all locations except for St. John 

(Porites astreoides CCC increased 0.29±0.15 % CCC yr–1 in St. John, but this change was 

marginally statistically significant at p=0.054), which is congruent with Darling et al. (2012) 

expectations for competitive and weedy corals under elevated thermal stress. The 

generalist/stress-tolerant Orbicella annularis complex corals decreased in mean CCC 

contributions throughout the time series across both the Florida Keys and St. John focal regions, 

which would agree with potential outcomes for generalist but not for stress-tolerant life history 

strategies under thermal stress. It is important to note however that O. annularis complex was 

disproportionally affected by white plague disease in St. John (Miller et al. 2009), highlighting 

the importance of considering disease susceptibility in the framework of shifting coral 

communities and life history strategies. Lastly, mean CCC by stress-tolerant Montastraea 

cavernosa decreased and Siderastrea siderea increased across the Florida Keys (Siderastrea 

siderea CCC decreased –0.18 ±0.16 albeit not significantly at p = 0.269 in St. John), which 

respectively contradicts and agrees with hypothesized stress-tolerant life history expectations 

under thermal stress for these corals (Darling et al. 2012). Thus, while the changes in 

competitive and weedy corals in this study appear to agree well with hypothesized life history 

expectations for thermal stress, the responses of generalist and stress-tolerant corals to CCC are 
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somewhat less consistent. Some of these discrepancies could in part be due to the widespread 

coral disease in St. John and/or other more localized drivers of coral community shifts and 

warrants further investigation to improve future projections of coral reef community structures 

and CCC. 

The declines in contributions to CCC by competitive corals following disturbances in this 

study imply future projected decreases in overall CCC under predicted increasing coral bleaching 

and disease disturbance frequencies and intensities (Donner et al. 2005; Randall & van Woesik 

2015, 2017; Van Hooidonk et al. 2016). These findings agree with previously observed declines 

in Acropora corals owing to coral bleaching and disease in recent decades (e.g., Aronson & 

Precht 2001; Hughes et al. 2018; Loya et al. 2001; Perry & Morgan 2017). The relative 

contribution to CCC by weedy corals may continue to increase as has been observed by the 

current dominance of non-framework building coral calcification in the Western Atlantic (Perry 

et al. 2015). However, observed fluctuations in weedy coral cover following disturbance events 

(Brown & Edmunds 2013; Darling et al. 2013) could drive corresponding interannual 

fluctuations in CCC. This suggests reefs with increased weedy CCC may therefore maintain less 

stable CCC through time (Alvarez-Filip et al. 2013), but, nevertheless, reefs with a veneer of 

weedy corals can reduce physical loss of CaCO3 by rendering the reef framework less accessible 

to destructive grazing (Kuffner & Toth 2016; Toth et al. 2018). Additionally, the observed 

increase in contributions of some of the stress-tolerant corals in this study to CCC will likely 

decrease CCC for a given coral cover due to their generally slower calcification rates, but the 

greater bleaching resistance hypothesized for many of these stress-tolerant corals (e.g., Darling et 

al. 2013; Loya et al. 2001; McClanahan & Maina 2003; McClanahan et al. 2008; Van Woesik et 

al. 2011) may act to stabilize CCC under increased thermal stress (e.g., Ryan et al. 2019). 
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Further research should therefore also be conducted to rigorously quantify coral and reef-scale 

bleaching/disease resistance and recovery rates to better predict future bleaching-induced 

changes in CCC and coral reef CaCO3 structures (e.g., Courtney et al. 2018; Gouezo et al. 2019; 

Mizerek et al. 2018, Ortiz et al. 2018; Swain et al. 2016; van woesik et al. 2018). 

The observations of higher overall mean CCC and slightly greater mean calcification 

rates for surveyed taxa in the Pacific focal regions relative to the Western Atlantic focal regions 

(Figs. 6.1, 6.2) are congruent with the suggestion of greater functional redundancy of 

competitive coral life history traits in the Pacific relative to the Western Atlantic (Kuffner & 

Toth 2016; McWilliam et al. 2018). Fast-growing corals Acropora cervicornis and Acropora 

palmata were once widespread, dominant calcifiers in the Western Atlantic, but declined in the 

late 1970s and 1980s primarily due to white band disease and hurricanes (Aronson & Precht 

2001; Kuffner & Toth 2016; Toth et al. 2019) and are no longer major CaCO3 producers in this 

region (Perry et al. 2015). Thus, coral bleaching and disease appear to be the widespread drivers 

of declining CCC across the time series for the Western Atlantic focal regions, whereas coral 

bleaching and crown-of-thorns appeared to be the dominant drivers of declines in CCC in the 

Pacific focal region of Mo’orea. However, mean CCC in Mo’orea showed signs of recovery 

following these disturbance-induced CCC declines (Fig. 6.1C). The absence of significant and 

widespread recorded pulse disturbances (e.g., the 2002 and 2004 bleaching events were minor 

and the reefs recovered [Bahr et al. 2017]) and the large interannual CCC variability with 

overlapping 95% confidence intervals preclude any similar conclusions about CCC and 

disturbance events in the main Hawaiian Islands; however, widespread bleaching in Hawai’i was 

recorded in 2014 and 2015 at the conclusion of the time series in this study (Bahr et al. 2017; 
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Rodgers et al. 2017), with reduced reef-scale calcification observed for at least one reef system 

in the main Hawaiian Islands (Courtney et al. 2018). 

As many coral reefs around the world continue to decline in coral cover and shift in coral 

species compositions under increasing frequencies of coral bleaching and other disturbances 

(Bruno & Selig 2007; Donner et al. 2005; Gardner et al. 2003; Hughes et al. 2018; Jackson et al. 

2014; Van Hooidonk et al. 2016), metrics that evaluate historical reef condition from coral 

community data such as CCC may prove useful for understanding previous changes and 

projecting future coral reef CaCO3 structures and functions. Likewise, evaluation of the 

ecological drivers of CCC in the context of coral life-history strategies and coral-reef 

disturbances could easily expand reef monitoring programs to include estimates and projections 

of CaCO3 production. Nonetheless, the future of CCC for any given reef site relies on the 

reduction of the magnitude and frequency of coral reef disturbances through both global (i.e., 

reduction of greenhouse gas emissions that drive ocean warming and acidification) and local 

(e.g., reduction of land-based pollution, overfishing, and habitat destruction) efforts.  
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Figure 6.1: Mean annual coral calcification capacity (CCC) over time partitioned by the 
dominant calcifiers relative to recorded disturbance events. Mean (±95% confidence interval) 
annual CCC (kg CaCO3 m-2 yr-1) is reported for scleractinian coral and hydrozoan species 
contributing ≥5% CCC across all reef sites within a focal region for at least one year of the time 
series with all remaining species pooled into the “Other” category. Disturbances and icons in the 
legend refer to Bleaching = Severe coral bleaching event, Disease = Coral disease event, COTS 
= Crown-of-thorns sea star outbreak, Cold = Coldwater mortality event, and Hurricane = n 
number of recorded hurricanes/cyclones for the given year. Icons are courtesy of the Integration 
and Application Network, University of Maryland Center for Environmental Science 
(ian.umces.edu/symbols/). 
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Figure 6.2: Coral calcification capacity (CCC) vs. percent coral cover for the Pacific and 
Western Atlantic focal regions. Panels show CCC versus percent coral cover for each year 
surveyed for all sites within each of the four focal regions. Colored lines represent the slope of 
calcification owing to coral cover ranging from 0–100% for each dominant coral genus within 
the focal region.  
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Figure 6.3: Mean percent change in CCC by dominant calcifying corals in each focal region. 
Each data point describes the coral-specific change in % contribution to CCC over time (by year) 
as derived from linear mixed effects models within each focal region, indicating the slope 
(colored by life history strategy from Table 1: red = competitive, green = weedy, blue = stress-
tolerant, gray = generalist, white = more than two life history strategies), standard error (wide 
gray lines), and 95% confidence intervals (narrow black lines). Positive slopes ±95% above the 
dashed zero line indicate increases in % of CCC vs. year for the respective genus, slopes ±95% 
overlapping the dashed zero line indicate no change in % of CCC vs. year for the respective 
genus, and negative slopes ±95% below the dashed zero line indicate decreases in % of CCC vs. 
year for the respective coral. 
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CHAPTER 7 

Conclusion 

Travis A. Courtney 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 101 

7.1 Summary of dissertation 

 Monitoring the impacts of local and global environmental change on the capacity for 

coral reefs to build and maintain their calcium carbonate structures is essential for understanding 

potential changes to the ecosystem services coral reefs provide to humanity in the Anthropocene. 

Because coral and reef-scale calcification depend on a combination of ecological and 

environmental controls, accurate assessments of these key processes require an interdisciplinary 

research perspective aided by relatively recent advancements in methodologies and 

instrumentation. This dissertation leverages these advancements through a combination of 

ecological, physiological, and biogeochemical perspectives to elucidate how the rates of coral 

reef calcification and the mechanisms driving these rates vary across space and time. The 

findings summarized here contribute directly to the growing need for effective evidence-based 

management of coral reef structures to assist in the resilience and capacity-building of human 

populations dependent on these rapidly changing ecosystems in the Anthropocene. 

 In Chapter 2 of this dissertation, a literature review of previous chemistry-based NEC 

studies showed that NEC positively correlated with percent calcifier cover in mesocosms, but not 

for studies conducted in the field (Courtney and Andersson 2019). Accurately constraining 

seawater hydrodynamics concurrently with alkalinity anomalies is a challenging task and here a 

biogeochemical modeling approach was utilized to show that uncertainties in constraining 

seawater depth and residence time have the capacity to mask any potential real correlation 

between NEC and calcifier cover in the field (Courtney and Andersson 2019). Further insights 

were gained from leveraging in situ coral growth literature and census-based reef growth 

methods to show that in addition to constraining seawater physics, coral reef structural 

complexity may similarly be masking any potential correlation between NEC and calcifier cover 
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in the field by increasing the amount of reef substrate available to calcifiers (Courtney and 

Andersson 2019). 

These chemistry and census-based NEC methods were more formally compared at Hog 

Reef, Bermuda in Chapter 3 finding that the two methods agreed within relatively large but 

nonetheless overlapping uncertainties (Courtney et al. 2016). Chemistry-based methods provided 

greater confidence in capturing the net sum of all calcification and CaCO3 dissolution occurring 

on a reef environment and the sub-annual variability and environmental drivers of NEC through 

space and time, but were limited by the aforementioned challenges in quantifying seawater depth 

and residence time discussed in Chapter 2 (Courtney et al. 2016). The environmental drivers of 

chemistry-based NEC were explored in Chapter 4 of this dissertation (see subsequent section). 

Conversely, the census-based approaches rapidly estimated a reef-scale net calcification budget 

from benthic cover data, but were primarily limited by the availability and applicability of 

literature-derived calcification/dissolution rates (Courtney et al. 2016). Census-based NEC 

nonetheless revealed that the majority of CaCO3 dissolution at Hog Reef was likely due to 

microborers and the majority of calcification at Hog Reef was likely due to just four taxa: 

Diploria labyrinthiformis, Pseudodiploria strigosa, Orbicella franksi, and Millepora alcicornis 

(Courtney et al. 2016). These first two chapters suggest that either chemistry or census-based 

methods can be used to estimate reef-scale calcification, but that ideally multiple perspectives 

can be used to increase confidence in measured reef-scale calcification rates (Courtney et al. 

2016; Courtney and Andersson 2019). 

 Chapter 4 built upon the rates of coral and reef-scale calcification at Hog Reef with 

additional coral calcification rates for a mid-platform reef site, Crescent Reef, and environmental 

drivers for both reef sites including seawater temperature, carbonate chemistry (i.e., seawater 
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pHsw, saturation state with respect to aragonite ΩA, pCO2, TA, DIC), light, nutrients, 

chlorophyll–α (i.e., as a proxy for food availability), and salinity (Courtney et al. 2017). Over the 

two-year study period, the environmental drivers of coral and reef-scale calcification were 

assessed using a structural equation modeling approach (Courtney et al. 2017). This analysis 

showed that temperature yielded the greatest changes in calcification rates out of any of the other 

environmental parameters and was the only statistically significant environmental driver for reef-

scale calcification and both coral species at both reef sites (Courtney et al. 2017). Furthermore, a 

manipulative mesocosm experiment conducted alongside the field-based calcification 

measurements showed that coral calcification was not significantly altered by reduced seawater 

pH conditions when food was present (Courtney et al. 2017). As a result, future calcification 

rates of D. labyrinthiformis and P. astreoides in Bermuda are likely to be primarily controlled by 

changes in temperature and have the potential to be maintained under the warming provided by 

the Paris Agreement, but are likely to be inhibited by regular, intense coral bleaching under 

business-as-usual climate scenarios (Courtney et al. 2017). 

 Coral bleaching events can also affect reef-scale calcification as explored in Chapter 5, 

where reef-scale calcification measurements were conducted using chemistry-based NEC 

methods in the Kāne'ohe Bay reef flat during and after the 2015 coral bleaching event (Courtney 

et al. 2018). Zero NEC was observed during the coral bleaching event and rapidly recovered 

along with the recovery of the bleached corals by the subsequent summer to pre-bleaching NEC 

rates (Courtney et al. 2018). However, the question remains as to how much the resilience of 

reef-scale calcification can be depended on as coral reef bleaching events are predicted to 

increase in frequency and magnitude in the coming decades (Courtney et al. 2018).  



 104 

Chapter 6 further explored the effects of coral bleaching and other disturbance events on 

reef-scale calcification through analyses of 20 years of coral calcification capacity (CCC) time 

series data from 1996 to 2015 for Mo'orea, St. John, Florida Keys Reef Tract, and the main 

Hawaiian Islands (Courtney et al. in review). This study revealed a multi-year recovery of 

Mo'orea coral calcification capacity following a crown-of-thorns outbreak, coral bleaching event, 

and cyclone (Courtney et al. in review). Conversely, prolonged reduced CCC was observed in St. 

John and across the Florida Keys Reef Tract under continued disturbance events while no major 

reductions in CCC were observed in the absence of major disturbances for the main Hawaiian 

Islands (Courtney et al. in review). CCC across Mo'orea, St. John, Florida Keys Reef Tract, and 

the main Hawaiian Islands was further accompanied by disturbance-driven increases in the 

contributions of non-framework building ‘weedy’ corals at the expense of framework building 

‘competitive’ corals over the time series (Courtney et al. in review). The integration of CCC with 

expectations for coral life history strategies can therefore provide useful tools for retroactive 

analysis of historical coral community data to improve projections for how coral bleaching and 

other disturbance events are likely to alter reef-scale calcification in the future (Courtney et al. in 

review). 

In summation, the key findings were: 

§ Uncertainties in chemistry-based NEC measurements can be large enough to prevent a 

more functional understanding of the rates and drivers of coral reef calcification, but may 

be improved by leveraging multiple methods to calculate NEC 

§ Chemistry and census-based NEC measurements agreed within uncertainties suggesting 

that either method, but ideally both methods, can be useful for monitoring the growth and 

maintenance of coral reef structures 
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§ Coral and reef-scale calcification in Bermuda were primarily driven by increases in 

temperature and were relatively insensitive to decreases in seawater pH suggesting future 

calcification can be maintained under reduced carbon dioxide emissions pathways 

§ NEC was reduced to zero in Kāne'ohe Bay, Hawai'i during a coral bleaching event, but 

recovered to pre-bleaching NEC rates less than a year later showing that reef-scale 

calcification can exhibit a high degree of resilience to coral bleaching events 

§ Pantropical coral taxa shuffled their relative contributions to CCC over time suggesting 

that shifting coral communities may increase the capacity for reef-scale calcification to 

adapt to the environmental change of the Anthropocene 

 Collectively, this dissertation discusses the strengths and weaknesses of various methods 

for measuring or approximating reef-scale calcification through chemistry and census-based 

NEC methods. By leveraging multiple approaches and insights, the chapters herein highlight the 

benefits of using interdisciplinary perspectives to reduce uncertainties and better constrain reef-

scale calcification measurements. Furthermore, the capacity for environmental conditions and 

coral reef disturbances has been shown to drive reef-scale calcification rates directly through 

modification of coral and reef-scale calcification rates and indirectly through shifts in benthic 

communities. The magnitude and frequency of disturbances further affect the capacity for coral 

reefs to either recover to pre-disturbance reef-scale calcification rates or potentially remain at 

reduced rates of reef-scale calcification. Complete reef-scale calcification estimates or even 

simplified approaches such as CCC therefore have the capacity to improve our understanding of 

coral reef growth processes and will likely prove to be valuable assets for understanding how 

coral reef structures and the ecosystem services they provide may be affected by the current 

interval of local and global environmental change. 
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