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Executive Summary
Changes in ocean chemistry in response to rising levels of atmospheric carbon dioxide, termed
ocean acidification (OA), has emerged as a topic of considerable concern to scientist, policy
makers, and resource managers. Over the next century changes in carbon dioxide could impart
significant, albeit poorly understood, impacts to marine resources. The NOAA Coral Reef
Conservation Program (CRCP) Ocean Acidification Science Plan is intended to guide NOAA
funded coral reef ecosystem OA research for 2012-2016, including research conducted through
extramural partners, grants and contracts. The plan covers all shallow coral reef ecosystems
under the jurisdiction of the United States (U.S.) and Pacific Freely Associated States (PFAS),
and outlines national research needed to address the many management challenges for
reducing threats, reversing declines and promoting the resilience of coral reef ecosystems. The
priority areas detailed in the plan are responsive to numerous legislative requirements
including the Federal Ocean Acidification Research and Monitoring Act of 2009 (Public Law
111-11) and the National Ocean Policy Executive Order (July 2010), and align with broader
NOAA strategic documents including the NOAA Ocean and Great Lakes Acidification Research
Plan and the NOAA Next Generation Strategic Plan.
The research priorities identified in the plan are designed to address the following three
questions.
•
•
•

What recent past declines in coral reef ecosystems health can be attributed to OA?
What present aspects of contemporary coral reef ecosystems are most susceptible to
OA?
What are the future effects of OA together with other global and local threats in this
century on coral reef ecosystems?
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Introduction
Coral reef ecosystems provide a wide range of biological, ecological, cultural, and economic
resources valued worldwide at approximately $30 billion annually (Cesar et al., 2003). The
goods and services provided by coral reef ecosystems include renewable and non-renewable
resources, coastline protection, increased property values, tourism, habitat for important
fisheries species, cultural value, and marine natural products. Coral reef ecosystems have
undergone significant declines in overall condition in recent decades and are considered under
threat from a multitude of natural and anthropogenic stressors including unsustainable fishing
practices, land-based sources of pollution, and a changing climate.
Atmospheric carbon dioxide concentrations, driven in large part by human activities (i.e.,
carbon energy demands and changes in land use), have now
reached levels greater than, and are increasing at a rate
faster than experienced for 55 million years (Pearson and
Palmer, 2000). The global oceans act as the largest natural
reservoir for this excess carbon dioxide, currently absorbing
about a third of that associated with human activities each
year. As carbon dioxide reacts with seawater it
fundamentally changes the chemical environment through
a process termed “ocean acidification”. These changes
include not only reducing pH (hence the term
Figure 1. A primary driver of ocean
“acidification”), but also change the availability of a range of
acidification is societies continued rising
chemical carbon compounds that are tightly linked with
demand for carbon-based energy sources
biological processes including productivity, respiration, and
where the unmitigated byproduct (carbon
calcification. These changes will likely alter biological
dioxide) transfers carbon from the
geologic reservoirs into the atmospheric.
processes and fundamentally change the composition of
carbonate marine sediments and substrates that are
composed of calcium carbonate minerals and serve as important building blocks for coral reef
ecosystems.
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Purpose
Global change related stressors to coral reef ecosystems do not always rank as key priorities
with local management given the perceived limited influence in mitigating the effects at local
levels. However, central to NOAA’s mission is a requirement to evaluate, monitor and forecast
the effects of large scale processes on the Nation’s marine resources. To achieve this mission
requirement, the CRCP intends to establish OA relevant national status and trends and devise
local, regional, and national management strategies.
The CRCP Ocean Acidification Science Plan outlines priorities to understand the potential
consequences of OA on coral reef ecosystems and to facilitate management of the coral reef
ecosystems under the jurisdictions of the U.S. and PFAS. The priorities in the plan are
comprised of a broad range of research, status and trends monitoring, modeling, and decision
support tools. The plan is intended to align with the CRCP Goals and Objectives 2010-2015 and
other NOAA Research and Strategic Plans to minimize duplicative investments, and where
appropriate promote the development of complimentary activities with NOAA programs and
external partners.
NOAA exhibits the capacity to provide for sustained long-term monitoring, process
investigations, manipulative experiments, and diagnostic and forecast modeling, but also relies
on external research partners to complement and augment these capabilities. While this plan
is intended to primarily address research priorities in the short-term 2012–2016, it also sets the
stage for mid to long-term efforts that require sustained observations to allow for rigorously
quantifying changes and understanding the processes and rates of OA impacts to coral reef
ecosystems.
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Authorities and Policy Drivers
The authorities and policy drivers (e.g., legal mandates, executive orders, and treaties) for
conducting the activities detailed in this plan are as follows:
AUTHORITIES
Primary
• Coral Reef Conservation Act (16 U.S.C. 6401 et seq.)
• Executive Order 13089: Coral Reef Protection (1998)
• Federal Ocean Acidification Research and Monitoring Act of 2009 (Public Law 111-11)
• Magnuson-Stevens Fishery Conservation and Management Act (16 U.S.C. 1801 et seq.)
as amended by the 2006 Magnuson-Stevens Reauthorization Act (Public Law 109-479)
• U.S. National Ocean Policy Executive Order (July 2010)
• Endangered Species Act (16 U.S.C. 460 et seq.)
Secondary
• Coastal Zone Management Act (16 U.S.C. 1451 et seq.)
• Government Result and Performance Act of 1993 (31 U.S.C. 1115 et seq.)
• Marine Mammal Protection Act (16 U.S.C. 1361 et seq.)
• National Environmental Policy Act (42 U.S.C. 4321 et seq.)
• National Marine Sanctuaries Act (16 U.S.C. 1431 et seq.)
• NOAA Undersea Research Program Act of 2009 (Public Law 111-11)
• Presidential Proclamation 8031: Establishment of the Northwestern Hawaiian Islands
Marine National Monument (2006)
• Presidential Proclamations 8335, 8337, and 8336: Establishment of the Marianas
Trench, Pacific Remote Islands, and Rose Atoll Marine National Monuments (2009)
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POLICY DRIVERS
NOAA’s Mission is to understand and anticipate changes in climate, weather, oceans, and
coasts; share that knowledge and information with others; and to conserve and manage marine
resources. NOAA generates tremendous value for the nation – and the world – through its
longstanding mission of science, service, and stewardship by advancing our understanding of
and anticipating changes in the Earth’s environment; by improving society’s ability to make
scientifically informed decisions; and by conserving and managing ocean and coastal resources.
The priority research needs of this Plan are directly related to the following NOAA drivers:
NOAA’s Next Generation Strategic Plan (NGSP) Climate Adaptation and Mitigation Goal:
•

A key objective towards achieving NOAA’s long-term goal of an informed society that
anticipates and responds to climate and its impacts is acquiring an improved scientific
understanding of the changing climate system and its impacts.

NOAA’s NGSP Healthy Oceans Goal:
•

The goal is marine fisheries, habitats, and biodiversity sustained within healthy and
productive ecosystems. It identifies the need for an improved understanding of how OA
will alter habitats and the relative abundance and distribution of species, as well as the
productivity of coastal and marine ecosystems, affecting recreational, economic and
conservation activities.

NOAA’s NGSP Resilient Coastal Communities and Economies Goal:
•

This goal recognizes that the interdependence of ecosystems and economies makes
coastal communities increasingly vulnerable to impacts of climate change and other
hazards. Strategies to improve coastal resilience to these hazards include equipping
coastal decision makers with science-based information, tools and technologies and
management strategies related to adaptation, risk communication, hazard response and
recovery and resource conservation to effectively reduce climate change impacts to
communities and their economies.

NOAA’s NGSP Enterprise Objective - holistic understanding of the earth system through
research:
•

Progress towards this objective includes understanding and characterizing the role of
the oceans in climate change and variability; and the effects of climate change on the
ocean and coasts, including biological, chemical, and geophysical effects (e.g., sea level
rise, OA, and living marine resources).
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NOAA’s Ocean and Great Lakes Acidification Research Plan (NOAA OA National Plan):
•

The Plan details NOAA requirements to characterize the biogeochemical changes across
a range of environments, evaluating the response of key aquatic organisms and
ecosystems, and identifying the range of vulnerabilities in order to inform adaptive
management strategies.

NOAA’s CRCP Goals and Objectives: 2010-2015
•

The CRCP goals to address climate change and ocean acidification include to identify,
understand, and communicate risks and vulnerabilities confronting U.S. coral reef
ecosystems, ecosystem services, and dependent human communities associated with
climate change and OA, and to foster and understand coral reef ecosystems through
improved and applied understanding, forecasting, and projecting of climate change and
OA impacts.
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Why is ocean acidification a concern for coral reef ecosystems?
Coral reef-building organisms construct vital habitat for associated biota in addition to
providing protection to coastal human populations through dissipation of wave energy (LugoFernandez et al., 1998; Gratwicke and Spieght, 2005). Any decline in net calcification by coral
reef organisms could compromise long-term persistence of many coral reef ecosystems
because growth of healthy, undisturbed coral reefs are known to only slightly outpace rates of
loss due to physical and biological erosion (Glynn, 1997).
The ability of coral reefs to maintain adequate calcification under increased OA remains a
primary concern since a number of laboratory studies have measured reduced rates of
calcification for many species of reef building coral under expected OA conditions (Gattuso et
al., 1998; Marubini et al., 2001, 2002; Marshall and Clode, 2002; Ohde and Hossain, 2004;
Borowitzka, 1981; Gao et al., 1993; Langdon et al., 2000, 2003; Langdon and Atkinson, 2005;
Leclercq et al.,2000, 2002; Anthony et al., 2008). Still, others have shown a more subdued and
complex response (Ries et al., 2010; Reynaud et al., 2003; Ries et al., 2009; Jury et al., 2009;
Cohen et al., 2009; Rodolfo-Metalpa et al., 2010; Holcomb et al., 2010) precluding any simple
narrative to how OA will impact coral calcification rates.

Saturation State (Ω): For corals, the
carbonate mineral which comprises
much of the skeletal structures is
often aragonite. The degree to
which seawater is supersaturated
with respect to argonite is reported
as the ‘saturation state’ denoted as
Ωarg. Based on purely physical
chemistry, where Ωarg is greater
than 1, precipitation is favored and
dissolution can occur when Ωarg is
less than 1.

While the precise mechanism remains a matter of considerable debate, studies where the
reduction in calcification rates were observed have typically been interpreted as a response to
variations in the degree to which seawater is supersaturated with the carbonate minerals that
comprise many marine organisms skeletal and shell structures. Such responses suggest
calcification rates have likely declined since the pre-industrial period given the reduction in
carbonate minerals that has transpired. Some recent coral growth studies have suggested that
coral calcification and extension rates have declined 14-24% on the Great Barrier Reef, the Red
Sea, and in southern Thailand since approximately 1990, in part due to rising sea surface
7

temperatures. However, the contributing influence of OA still remains ill defined (Cooper et al.,
2008; Lough, 2008; De'ath et al., 2009; Tanzil et al., 2009; Cantin et al. 2010). Significant
declines in growth rates of Caribbean corals have also been documented (Edmunds, 2007; Bak
et al., 2009), but clearly result from a combination of local and global changes and the specific
effects of OA are difficult to discern. In fact, while a recent study of Montastraea faveolata
from the Florida Keys did find a decrease in density over the period 1937 and 1996, no such
decline was apparent in extension or calcification (Helmle et al., 2011). This may suggest some
species exhibit a natural tolerance or local environmental conditions can compensate for global
OA effects.
Beyond the potential direct effects for coral calcification, OA poses additional concerns for coral
reef ecosystems. This includes dissolution of coral reef sediments which often contain
appreciable amounts of more soluble carbonate minerals (Morse et al., 2006). Sediment
dissolution may outpace carbonate production on many coral reefs by 2030 (Yates and Halley,
2006). OA may compromise coral reef framework integrity and resilience in the face of other
acute threats such as coral bleaching, diseases, increases in storm intensity, and rising sea level
(Silverman et al., 2009). Indeed, in carbon dioxide enriched waters off the Galapagos Islands,
coral reef structures were completely eroded to rubble and sand in less than 10 years following
the acute warming disturbance of the 1982-1983 El Niño event (Manzello, 2009).
Other expected impacts of OA include a potential lowering of the thermal thresholds for
bleaching (Anthony et al., 2008), impairment on early life stages of corals such as reduced
fertilization success, reduced larval settlement, and reduced growth and survival rates of newly
settled corals (Albright et al., 2008; Cohen and Holcomb, 2009; Albright et al., 2010, Morita et
al., 2010; Suwa et al., 2010). These species level impacts are particularly relevant given the
potential extension of Endangered Species Act protection for additional scleractinian coral reef
species. The Act grants conservation actions for species at risk of extinction.
Direct impacts of OA on coral growth and fitness, in combination with largely unknown
potential impacts on non-calcareous competing functional groups, may profoundly affect the
basic ecological interactions that structure coral reef ecosystems. This may provide even
greater challenges for local management strategies aimed at retaining or regaining coral reefs.
A recent meta-analysis of available experimental data suggests that such “phase shifts” might
increase in response to OA. Specifically, as calcification is reduced, algae (non-calcifying) and
sea grass may benefit (Hendriks et al., 2010). The affects of OA on some non-calcifying
organisms may indeed be just as serious as the affects to calcifiers, but are largely unexplored.
It is known that OA can impair the olfactory senses in larval clownfish that are used by juveniles
to locate suitable habitat (Munday et al. 2009). It is also important to note, that other species
of fish, as well as certain corals, may be less sensitive to OA (Ries et al. 2009; Munday et al.
2011). Given the paucity of experimental manipulations, field studies, and understanding
regarding the fundamental carbonate chemistry dynamics and species sensitivities to OA, it is
premature to suggest a broad consensus conclusion regarding the ultimate fate of coral reef
ecosystems in response to OA.
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Finally, while coral reef ecosystems are considered the most biologically diverse of all marine
ecosystems, the diversity varies greatly across spatial and environmental gradients. How this
variation influences coral reef ecosystem resilience and adaptation to climate change and OA is
poorly understood. Much of the biomass and biodiversity of coral reef ecosystems lies in the
complex architecture of the coral reef matrix (Ginsburg, 1983; Small et al., 1998; Sala and
Knowlton, 2006; Knowlton et al., 2010). The potential impacts of OA on this community of
organisms, collectively known as the cryptobiota (Macintyre et al., 1982), remains largely
unknown. In addition, predictions of coral reef ecosystem responses to OA are further
complicated due to the fact that coral reef organisms secrete species speciﬁc types of calcium
carbonate mineralogies (i.e., aragonite, calcite, and magnesium calcite) which exhibit a range of
solubilities. Understanding the biodiversity and community structure of coral reef ecosystems
is therefore a necessary step to recognize and predict shifts in ecosystem structure due to OA
impacts.
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Priority Research Activities

The Plan’s priority research activities are intended to identify and integrate with management
needs to facilitate stewardship of coral reef ecosystems under the jurisdictions of the U.S. and
PFAS. Research activities gaps include establishing a historical context of OA impacts,
understanding coral reef ecosystem susceptibility to OA and forecasting the effects of OA in the
future. Outcomes of these activities are an important step for developing local management
actions to foster enhanced resilience for coral reef ecosystems under a changing climate and
ocean chemistry.
Inferring the past: establishing a historical context of ocean acidification impacts
Description of the Problem:
While the rate of OA is currently accelerating in most regions
of the ocean, it is not a new phenomenon. Anthropogenically
driven OA has occurred since at least the industrial revolution
albeit at a slower rate than present. The changes that have
occurred in coral reef ecosystem conditions over the past 100
years need to be re-evaluated to better account for our
understanding of their sensitivity to changes from OA.
Additional information is needed to construct past events and
develop historical baselines that can serve to track future
changes and identify specific regions and/or organisms naturally
resilient to OA.

Figure 2. Changes in surface ocean
aragonite saturation state from the Ocean
Acidification Product Suite v0.3 model in
the Greater Caribbean Region should have
yielded a 15% decline in coral calcification
rates based upon laboratory estimates
(Gledhill et al., 2010).

Task 1.1: What are the past rates and magnitude of ocean acidification?
Approach: Improved constraint on the rates and magnitude of ocean acidification at both
regional and local-scales.
For more than a decade, direct measurements of ocean chemistry via ship surveys, long-term
time series stations, and autonomous moored and underway platforms have been used to track
changes in ocean chemistry. There remains a requirement to synthesize these historical
measurements aided by the application of satellite remote sensing and synoptic models to
provide for regionally specific characterization of changes in ocean chemistry extending back
several decades. While this approach is valuable to provide a regional context to the changes
from OA, the products developed in most cases will be limited because the information cannot
necessary reveal the local chemical changes occurring in coral reef ecosystems. Instead, new
techniques such as geochemical techniques should be explored (e.g., boron-based pH
estimates) to aid in establishing past chemical changes in coral reef ecosystems. Geochemical
techniques are still largely in the development phase and careful calibration and validation
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studies should commence prior to incorporating geochemical techniques for operational
monitoring.
Task 1.2: How have coral reef ecosystems historically responded to ocean acidification?
Approach: Quantify past ocean acidification changes in coral calcification rates.
There are a broad range of changes that may have
transpired from historical OA including changes in larval
recruitment, biodiversity, bioerosion rates, and
calcification rates and many of these changes are
difficult to quantify in hindcast. However, corals do
provide a unique recorder of growth rates by means of
depositing calcium carbonate (aragonite) skeletons in
distinct growth bands and can grow for several hundred
years. Similar in approach to counting the rings of a
tree to assess growth patterns, cyclic variations in
skeletal porosity produce annual density bands that
provide a record of coral growth rates. Through the
application of coral sclerochronology, historical growth
records can be gathered from some species of
branching and massive coral reef building scleractinians.
X-radiograph densitometry techniques can be applied
using x-ray imaging of sectioned coral cores (Figure 3) to
examine the growth rates and calcification rates (Helmle
et al., 2011).

Figure3. Shows an x-ray imaged coral core.
The left image in black and white shows a
positive print with annual density bands
(dark bands = high density and light bands =
low density). The right image is a
photograph of the coral slab (Helmle and
Dodge, 2011).

Also, a range of other techniques are currently available
including the use of CAT scan images to determine the
three-dimensional internal structure and annual banding
(Cohen et al., 2009; Saenger et al., 2009) of both cores from massive corals and samples of
branching corals. Studies using these techniques can provide valuable insight into the history of
a coral’s growth rate (e.g., skeletal linear extension, bulk density, and calcification) and the
associated response to long-term environmental changes such as OA particularly when
conducting in tandem with Task 1.1. The information collected from the growth rate records
can then be compared against regional and local changes in carbonate chemistry to evaluate if
past changes in coral growth are consistent with the expected OA responses demonstrated in
laboratory based experiments and whether certain coral reef locations exhibit increased
susceptibility or resilience.
Priority Research Locations:

Develop regionally specific synthesis products that describe the historical changes in surface
ocean chemistry for Pacific and Atlantic U.S. coral reef ecosystems. NOAA laboratories (Pacific
11

Marine Environmental Laboratory (PMEL), and Atlantic Oceanographic and Meteorological
Laboratory (AOML)) have acquired surface ocean carbon data for more than a decade in both
the Pacific and Atlantic Ocean basins and marginal seas as part of ongoing efforts to monitor
the uptake of anthropogenic carbon dioxide by the oceans. Regional carbon monitoring efforts
relevant to U.S. coral reef ecosystems in the Greater Caribbean region have benefited from
volunteer observing ships outfitted with systems that measure the partial pressure of carbon
dioxide in seawater deployed by NOAA. The datasets serve as the basis for the development of
the NOAA Coral Reef Watch Experimental Ocean Acidification Product Suite (OAPS) which uses
satellite and synoptic environmental datasets to scale up these observations to produce
monthly estimates of surface ocean carbonate chemistry.

Figure 4. A subset of historical ship tracks obtained from Carbon Dioxide Information Analysis Center where surface carbonate chemistry is
collected as part of ongoing survey efforts in both ocean basins by NOAA and international partners.

Additional datasets can be obtained from the Carbon Dioxide Information Analysis Center and
tailored to develop regionally specific products similar to OAPS described above for the Pacific
and Atlantic Ocean basins.
While the Pacific surface waters are naturally less saturated with carbonate minerals, the
Atlantic/Caribbean waters have likely experienced a greater rate and magnitude of change
historically. This implies a need to characterize historical changes in coral growth and near reef
carbonate chemistry in order to understand the impacts of OA over the industrial period.
Where possible, efforts should work in conjunction with established ongoing monitoring and
process investigations studies such as the Atlantic OA Test-bed locations (e.g., La Parguera,
Puerto Rico and the Cheeca Rocks Complex in the Florida Keys National Marine Sanctuary). This
does not preclude the need for efforts to catalog growth rates in the Pacific and indeed there
are ongoing efforts to measure historical growth rates in the remote Pacific islands. While the
12

remote Pacific Islands ecosystems may not have experienced as significant a change in response
to OA thus far, they do represent ecosystems where global environmental change (e.g., OA and
temperature) may have been the dominant agent of stress historically, thereby making it more
readily discernable relative to the highly impacted Atlantic systems.
Expected Outcome:

Efforts will develop a historical baseline of OA in each of the basins for U.S. coral reef
ecosystems. Regional synthesis products should focus on detailing the historical trends and
dynamics of OA and provide assessments of coral extension, density, and calcification over the
last several hundred years to identify potential historical impacts of OA prior to and following
the industrial revolution. The assessments of both changing ocean chemistry and historical
growth rates should reveal a range of sensitivities of different coral reef ecosystems to global
environmental change and will assist in identifying areas of concern.
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Observing the Present: Understanding contemporary coral reef ecosystems susceptibility to
ocean acidification
Description of the Problem:
Coral reefs comprise a mosaic of habitats dominated by
different substrate types (i.e., coral-dominated, coralline
algae-dominated, macroalgae dominated, reef rubble, reef
sediments, bare rock, seagrass beds, and sand flats), that
are likely to respond different to OA. Within tropical
surface ocean (non-coastal) waters, the annual changes in
regional ocean chemistry due to OA can be roughly
estimated from the assumption that surface water carbon
dioxide tracks atmospheric concentrations on an annual
basis (Orr et al., 2005; Bates, 2007). However, at finer
Figure 5. The Atlantic Ocean Acidification Testbed unites a number of observing capabilities
scales other processes including changes in temperature
with process investigations.
and salinity (Gledhill et al., 2008), upwelling (Manzello et
al., 2008, Feely et al., 2008), physiological processes (e.g.,
photosynthesis, respiration, and calcification) (Salisbury et al., 2008, Keul et al., 2010), and
carbonate production (Balch et al., 2009), play important roles on regulating the carbonate
chemistry. All of these factors can potentially influence the rates and magnitude of chemical
change in coral reef ecosystem waters. Understanding the complexity of local carbonate
chemistry dynamics across multiple temporal and spatial scales is a critical need. This
complexity is likely to yield a range of coral reef susceptibilities to OA which, if adequately
modeled, can be employed in the development of cumulative impacts models (Selkoe et al.,
2008) and inform long-term management strategies.
Task 2.1: What is the natural variability in coral reef carbonate chemistry and how is it
changing?
Approach: Establish coral reef ocean acidification observing capabilities.
A coordinated and targeted series of field observations, moored autonomous deployments and
modeling efforts are needed to document the dynamics of OA in coral reef ecosystems. The
observing and monitoring capabilities should incorporate processes studies, promote model
development, and leverage other federal and academic investments when possible. One
strategy the CRCP is developing as part of its National Coral Reef Monitoring Plan will couple
discrete water chemistry collections to moored observatories (see insert). This carbonate
chemistry monitoring strategy includes broadly distributed spatial water sampling surveys
complemented by a more limited number of moored instruments rotated among a small subset
of representative sites in both the Atlantic/Caribbean and Pacific regions.

14

National Coral Reef Ecosystem Monitoring Plan
NOAA’s CRCP is developing a long-term National Coral Reef Monitoring Plan (NCRMP) that will focus on
four core variables (coral/benthos, fish, climate, and human dimensions) to measure long-term across coral
reef ecosystems in CRCP priority geographic areas, and integrated to assess status and trends in a periodic
national level report. While the overall strategic planning for monitoring is ongoing, the NCRMP climate
strategy identified the need to monitor physio-chemical status and trends for U.S. coral reef ecosystems and
includes the following aspects:

Discrete Sampling: Activities will include discrete water sampling for carbonate chemistry measurements
to characterize the spatial heterogeneity of carbonate chemistry across a diverse set of coral reef
ecosystems. The sampling will provide insight into the spatial dynamics of local carbonate chemistry
interpreted in the context of the broader regional changes. At a select subset of locations, this short-term
variability will be further refined through repeated sampling across diel cycles aided by autonomous water
samplers.
Autonomous Time-Series: A limited number of moored instruments will be deployed at select sites in the
Atlantic/Caribbean and Pacific basins. At a minimum, these moored instruments will provide sustained
autonomous measurements of temperature, salinity, and carbon dioxide partial pressure and be co-located
with other CRCP biological and climate status and trends monitoring activities. The sites with instruments
will provide process level monitoring to determine the primary controls on local carbonate chemistry
dynamics (Gattuso et al., 1997; Anthony et al., 2011) and monitor community response to OA impacts.

Task 2.2: How do coral reef communities differ amongst the natural variability in carbonate
chemistry and how are they changing in response to ocean acidification?
Approach: Characterize and track changes to the natural distribution of coral reef biodiversity
and key functional processes likely to be impacted by ocean acidification.
An anticipated impact of OA to coral reef ecosystems is a change in the net carbonate budget
(e.g., building versus loss). Yet few methods exist to routinely monitor broad scale changes in
overall coral reef budgets. Development of methods that couple both satellite remote sensing
(e.g., hyperspectral habitat characterizations) and in situ monitoring tied to process
investigations have been proposed that might capture shifts in carbonate budgets over longterm time-scales. However, achieving this in the near term by 2016 is likely unrealistic given
fiscal and logistical constraints. In the near term, low cost approaches can be employed that at
least help establish comparative baselines of new accretion by coral reef ecosystems. A
number of techniques to measure net community calcification have been reported in the
literature (Smith, S. V. and Key, G. S. 1975; Gattuso et al., 1999) and efforts are underway to
refine modifications of these techniques for CRCP monitoring activities.
15

In addition, a key indicator of change in response to OA may be a reduction in the recruitment
and viability of some forms of calcareous algae (CCA). Efforts are currently underway to
evaluate the influence of local ambient carbonate chemistry on CCA abundance and accretion
rates. In this approach, accretion plates are distributed along spatial gradients in carbonate
chemistry to provide information on the relative rates of new accretion. The deployment,
recovery, processing, and analysis of these accretion plates could be replicated at intermittent
intervals to monitor changes over time to evaluate if trends may evolve that mimic
expectations base upon laboratory results indicating a strong OA impact on CCA.
Furthermore, there are many sources of calcium carbonate
production that contribute to coral reef building. Some
calcium carbonate production contributes to the coral reef
framework (e.g., reef-building corals), some to coral reef
sediments (e.g., detrital skeletal material and CCA
(Halimeda)), and some to binding coral reef materials (e.g.,
encrusting coralline algae and marine cements). Early
marine cementation is thought to be a key factor that
promotes rigidity and stability of coral reef framework
materials. Little is known about the influence of OA on
coral reef cementation and whether changes in
cementation rates will impact coral reef resistance to
erosion. Quantification of cement abundance and
mineralogy could offer an additional ecological indicator
which should be evaluated and tracked over time. Indeed,
recent studies (Manzello et al., 2008) that coral reefs in the
Eastern Tropical Pacific (ETP) where modern day carbonate
chemistry is analogous to future conditions exhibit
anonymously low cement abundance.

Figure 6. Eastern Tropical Pacific reefs
represent a real world example of coral
reef growth in low saturation state waters
that provide insights into how the
biological-geological interface of coral
reef ecosystems will change in a high
carbon dioxide world (Manzello et al.,
2008).

Research Priorities Locations:

When considering the placement of long-term diagnostic monitoring for OA, it is important to
consider the geographic distribution of surface carbonate chemistry. In general, higher
latitudes exhibit lower aragonite saturation states, but greater seasonality primarily due to
changes in temperatures. Surface waters tend to be increasingly supersaturated with respect
to carbonate mineral phases closer to the equator. In fact, carbonate mineral saturation state
has been cited as a first-order determinant governing the distribution of prominent coral reef
ecosystems in latitudes less than 30 degrees (Kleypas et al., 1999). As OA progresses over the
next century the latitudinal extent of coral reef ecosystems is expected to contract towards the
equator. Based upon this global distribution pattern, monitoring strategies should be
distributed broadly along latitudinal transects in both the Atlantic/Caribbean and Pacific Ocean
basins. However, while nearly all high latitude coral reef ecosystems exhibit relatively low
carbonate mineral saturation states, this does not necessary imply the inverse is true for low
16

Figure 7. A model depicting the distribution of aragonite saturation state in the surface oceans and the projected changes during this
century under business as usual emission scenarios and readapted for Oceanus (Feely et al., 2009).

latitude systems. In the Pacific, as a consequence of equatorial upwelling, locations like Jarvis
Island can experience quite low values as well. Thus, care must be given to establishing
latitudinal transects in each basin to maximize observations over chemical gradients.
Another important consideration is the amount of coastal influence a site receives. Monitoring
sites need to track changes in chemistry on the order of only 3% per decade. This becomes
increasingly difficult to resolve in ecosystems where coastal biogeochemical processes can
induce significant short-term and complex variability. Many of the remote Pacific Islands
exhibit limited coastal interference (e.g., Kingman Atoll is nearly completely submerged) which
can be advantageous when seeking to track changes explicitly attributed to global
environmental change. Such ecosystems are far less available in the Atlantic/Caribbean region
with perhaps the notable exception of the Flower Garden Banks in the Gulf of Mexico.
Expected Outcomes:

The outcomes of these efforts will provide a diagnostic monitoring capability for the rate and
magnitude of OA in coral reef ecosystems, as well as the ecological response to those changes.
As an increasing number of studies demonstrate potentially significant consequences for coral
reef ecosystems structure and function in response to OA, it is imperative that in situ
monitoring efforts are designed to test the laboratory based assumptions.
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Predicting the Future: Forecasting the effects of ocean acidification over the next century
Description of the Problem:
The most significant impacts of OA to marine ecosystems will likely transpire over the next
several decades as the rates and magnitude of chemical changes continue to accelerate relative
to pre-industrial levels. Thus far, surface ocean pH has declined by about 0.1 units since the
pre-industrial period as a consequence of OA. However, estimates based on the
Intergovernmental Panel on Climate Change business as usual emission scenarios suggest that
atmospheric carbon dioxide levels could approach 800 parts per million near the end of the
century corresponding to a surface water pH change of 0.3 pH units. This change will represent
an increase in the ocean’s acidity of about 150% (Feely et al., 2009). Such projections in the
open ocean are reasonably certain. However in shallow water coral reef ecosystems where
local processes can dominate, such projections become more uncertain.
Improving modeling capabilities to better capture the complexity of coral reef ecosystems will
allow for evaluating whether areas are more or less resilient to the impacts of OA and serve as
the primary tool to inform management with intervention and adaption strategies. The
development of these model projections will need to anticipate not only the rates and
magnitude of change in near coral reef carbonate chemistry, but will need to also predict the
ecosystem response in terms of the impacts to structure, function and biodiversity. This will
require the development and integration of climate, carbon, and ecological models informed by
manipulative experiments and targeted field process studies.
Task 3.1: What are the chemical consequences of continued ocean acidification in near coral
reef waters under different atmospheric carbon dioxide concentrations and are there
important geochemical thresholds which could be exceeded?
Approach: Investigate coral reef ecosystems currently exposed to analogous future conditions
and develop geochemical models to yield more accurate projections of ocean acidification in
coral reef ecosystems.
In order to better discern when OA thresholds might be crossed in future decades, it will be
important to advance the development of coupled climate and carbon cycling models that
assimilate the observations and findings of the process investigations and monitoring under the
preceding tasks. The models will need to account for the local biogeochemical processes that
could alter the rates of OA and serve as a prerequisite for developing realistic ecological
response projections to OA. Currently, most models adopt a simplified assumption that
carbonate chemistry at coral reefs equates to the neighboring oceanic waters. However, this is
now known to be a false assumption under most cases and new models are needed to focus on
resolving the local complexity in the carbonate chemistry in coral reef ecosystems.
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Task 3.2: How will coral reef ecosystems respond to ocean acidification in the future and
which ecosystems might prove most resilient?
Approach: Conduct ocean acidification manipulative laboratory and field experiments to
develop improved coral ecosystem models.
Controlled exposure laboratory experiments and comparative field studies that examine coral
reef ecosystem response across natural carbonate chemistry are needed. These experiments
will need to consider the interactions between the effects of OA and other variables such as
temperature, nutrients, light, and trace metals, as well as the impacts of realistic changes in
reduced carbonate saturation states on all life stages including survival, growth, reproduction
and development. The studies should be conducted across a variety of vulnerable organisms
with particular emphasis placed on those species that are ecologically or economically
important. Processes currently known to be affected by OA (e.g., calcification, dissolution and
nitrogen fixation) are ripe for investigation at the ecosystem level, either in mesocosms or in
small scale field experiments, and should be the focus for near-term research.
Additionally, genomic approaches should be coordinated with experiments as appropriate to
provide insights into the mechanisms that show organism resilience to OA changes. Global
gene expression profiling with microarrays has been successfully used to explore the effects of
OA on the physiology and distribution of calcifying marine organisms (Hofmann et al., 2008;
O’Donnell et al., 2009) and is rapidly becoming an established tool in marine ecology (Dupont et
al., 2008).
Task 3.3: What are the cumulative impacts of multiple stressors acting in conjunction or
synergistically with ocean acidification?
Approach: Develop cumulative impact models that account for the effects of ocean
acidification.
OA does not occur in isolation and it is important to understand its effects on thermal stress,
sea-level rise, stratification and nutrient availability, and storm intensity in a changing climate.
The resulting cumulative effects are likely non-linear and the non-equilibrium state of marine
ecosystems can limit the applicability of simple empirical and statistical based predictions.
Cumulative impact models are needed to incorporate the effects of OA with the most up to
date scientific information. However, empirical models are limited (Silverman et al., 2009,
Kleypas et al., 1999) and not readily tailored to meet regional management needs. A key
recommendation from the joint agency St. Petersburg report (Kleypas et al., 2006) was to
conduct a census of existing ecological models that can be adapted to incorporate carbon cycle
modeling. There is a need to identify and adapt ecological models that incorporate the
observational and experimental outputs of the preceding research and monitoring activities
described in this plan.
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Research Priorities Locations:

A number of natural laboratories exist whereby existing carbonate chemistry more or less
mimics conditions anticipated over this century and beyond. This includes areas where natural
upwelling drives carbon dioxide enriched waters to the surface causing them to exhibit rather
low pH and carbonate mineral saturation states. As previously mentioned, the ETP is one such
location where considerable research has been conducted and could be further extended. The
westernmost edge of Jarvis Island also experiences similarly low carbonate mineral saturation
states perhaps intermittently with El Niño/La Niña Southern Oscillation cycles which drive
upwelling. Other natural laboratories include locations where marine volcanic carbon dioxide
vents can alter local ocean chemistry (Hall-Spencer et al., 2008).
A number of NOAA laboratories and science centers (e.g., Alaska Fisheries Science Center,
Northwest Fisheries Science Center, and Northeast Fisheries Science Center) are currently
equipped and actively engaged in conducting carbon dioxide manipulation experiments on a
range of organisms at different life stages. While most of these experiments involve shellfish,
finfish and planktonic species, the facilities and expertise could be adapted to accommodate
coral reef related species. Furthermore, NOAA (e.g., AOML and the Southeast Fisheries Science
Center) together with academic partners have historically been engaged in similar efforts
specific to coral reef organisms.
Cumulative impact model development is likely best advanced through external research grants
and/or directed studies through NOAA’s Cooperative Institutes.
Expected Outcome:

The outcome of these efforts will provide ecological forecast capabilities at the jurisdictional
and regional level. The ecological forecast will provide an important decision support tool to
inform policy discussions on the specific consequences of different carbon emission scenarios.
It will also provide insights into discerning specific areas which might serve as refugia from OA
impacts and therefore could be used to guide coral reef management.
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Management and Decision Support
Description of the Problem:
As OA impacts to coral reef ecosystems are better understood, it will be important to deliver
pertinent information and decision support tools to managers so that they can better
understand the vulnerability of their managed ecosystems and develop appropriate
management actions. Currently, the only strategy for coping with the additional stress of
climate change and OA is to increase overall coral reef resilience. Traditionally protected areas,
especially those established in the past, have been designed without taking resilience principles
under consideration. As was recently observed (Graham et al., 2008), in the case of no-take
areas, the effects of climate scale processes on coral reef ecosystems appear spatially variable
at multiple scales, with impacts and vulnerability affected by geography, but not management
regime. While existing no-take marine protected areas still support high biomass of fish, these
areas have no positive effect on the ecosystem response to large scale disturbances such as
climate change. It was not the purpose for which they were designed. Graham suggests “a
need for future conservation and management efforts to identify and protect regional refugia
integrated into existing management frameworks and combined with policies to improve
system wide resilience to climate variation and change”. Before an area of refugia can be
identified and protected, what constitutes an area of refugia in terms of OA (e.g., chemical and
community setting) must first be defined based on the preceding research and monitoring
efforts.
Task 4.1: What local management actions will foster the greatest resilience to ocean
acidification?
Approach: Identify strategies to foster local carbon uptake with coral reef ecosystems.
The near coral reef carbonate chemistry is a reflection not only of the prevailing ocean state,
but also the net influence of a number of physical and biological processes including mineral
precipitation and dissolution, photosynthesis, respiration, and calcification. Generally, the ratio
of photosynthesis to respiration is about one to one within a coral reef, whereby the carbon
dioxide added to the surrounding coral reef waters by respiration at night tends to be balanced
by that taken up due to photosynthesis during the day. However, this simple balance can be
compromised by the addition of local organic carbon sources and nutrients (e.g., coastal runoff) which can result in elevated levels of carbon dioxide and hence depressed aragonite
saturation state by enhancing respiration over photosynthesis. While our knowledge of the
carbon budget and cycling among coral reefs is still limited, it is apparent that there are
differences in the mode of carbon cycling among coral reefs (Suzuki and Kawahata, 1999 and
2003). A system level net organic to inorganic carbon production ratio is a master parameter
for controlling how much a coral reef ecosystem serves to alter its ambient chemical
environment. The extent to which local management actions can maintain a well balanced
productivity to respiration rate through fostering healthy associated seagrass beds and limiting
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local pollution inputs should be an area for intense investigation to develop local mitigation
strategies.
Task 4.2: How can ocean acidification be incorporated into fishery models?
Approach: Develop ecosystem based fishery models that account for the impact of ocean
acidification.
Given the complexity of the challenges resource managers’ face, effective management is
based on the proper understanding of coral reefs as ecosystems and of the complex and often
synergistic impacts of different stressors, including OA. Ecosystem based fisheries models
represent a potentially powerful decision support tool that can visualize outcomes of
ecosystem impacts of various OA scenarios on fish communities and production under any
given management strategy (Holmes and Johnstone, 2010; Melbourne-Thomas et al., 2011).
Efforts are needed to develop models that incorporate the observational and experimental
outputs of the preceding research and monitoring activities. These models can then be
provided to regional and local managers to inform management action.
An example of such an ecosystem based fisheries modeling framework that accounts for OA
and other stressors to corals and coral reef ecosystems is the Atlantis Ecosystem Model (Fulton,
2001) for temperate marine ecosystems. Atlantis is an ecosystem box model (Fulton et al.,
2004a) intended for use in management strategy evaluation (De la Mare, 1996; Sainsbury et al.,
2000) and has been applied to multiple marine ecosystems in Australia and the U.S. to identify
food web interactions with OA impacts. The model tracks the nutrient flows through the main
biological groups found in the marine ecosystem of interest with a fisheries and management
submodel simulating monitoring and assessment.
Task 4.3: What tools are available to assist managers in applying the best available science to
inform management action?
Approach: Contribute to the development of tools and a climate change adaption guide for
resource managers.
Guidelines for incorporating OA into fisheries and coastal resource management and
methodologies for climate change and OA vulnerability assessments for coastal and marine
natural resources are needed. The development of Adapting to Climate Change: A Guide for
Coral Reef Managers is planned to expand on A Reef Manager’s Guide to Coral Bleaching
(Marshall and Schuttenberg, 2006) through a long-term partnership with the Great Barrier Reef
Marine Park Authority, the International Union for Conservation of Nature and others. The
intent is to incorporate these guidelines and meet three critical needs of resource managers:
increased knowledge of climate change, OA and associated risks for coral reefs; accessible and
relevant resources to support vulnerability assessments and communication about climate
change issues for coral reefs; and identification and explanation of strategies that can be
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integrated into planning processes to enhance coral reef resilience and help coral reef
dependent communities and industries adapt to climate change. While multiple recent efforts
provide critical general and theoretical underpinnings for adaptation planning, a synthesis of
more specific guidance for coral reefs is needed to support appropriate adaptation actions for
these highly sensitive ecosystems. Coral reef managers need a systematic approach for
connecting the theoretical to the practical given the specific management context and scales in
which they work and the complexity of weighing and prioritizing among sometimes conflicting
management actions.
Research Priorities Locations:

Jurisdictions where nutrient loading and coastal runoff are identified as important drivers of the
water chemistry and where local management actions can facilitate change will be priority
areas. Ecosystem based fishery models are needed in all U.S. jurisdictions and local resource
managers and priority international geographies should have access to decision support tools
based on the best available OA science.
Expected Outcomes:

Ultimately while the primary control on OA impacts lies with international policy decisions
governing net carbon emissions, an informed resource management community will be better
prepared to adapt to changes and in some instances may help to delay the onset of OA impacts.
Resource managers receive tools based on the best available science to incorporate ecological
forecasts and develop guidelines for management activities.
Engagement and Outreach
OA is an emerging environmental topic that is generating increased interest amongst a growing
section of the public (e.g., students, educators and policy makers). It is also a topic that is not
easily grasped by a lay audience. As an emerging topic, there are relatively few complete and
innovative resources for the public to understand OA, especially when compared to educational
products for other long established environmental issues. NOAA and partners are uniquely
positioned to take a lead role in guiding the development of OA educational and
communication products that are scientifically accurate, and utilize the best education and
communication practices to familiarize the public with this issue, capacitate educators to teach
OA effectively in the classroom and support student engagement in the topic. To understand
the CRCP’s approach for coral reef ecosystems, please refer to the CRCP National
Communication, Education and Outreach Strategy. The strategy provides overarching guidance
to better focus, integrate, and synchronize activities in formal and informal education
programs, strategic communication activities, social marketing campaigns and outreach
activities.
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