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Abstract

Community structure and assembly are determined in part by environmental heterogeneity. While reefbuilding corals respond
negatively to warming (i.e. bleaching events) and ocean acidification (OA), the extent of presentday natural variability in pH on
shallow reefs and ecological consequences for benthic assemblages is unknown. We documented high resolution temporal
patterns in temperature and pH from three reefs in the central Pacific and examined how these data relate to community
development and net accretion rates of early successional benthic organisms. These reefs experienced substantial diel fluctuations
in temperature (0.78°C) and pH (>0.2) similar to the magnitude of ‘warming’ and ‘acidification’ expected over the next century.
Where daily pH within the benthic boundary layer failed to exceed pelagic climatological seasonal lows, net accretion was slower
and fleshy, noncalcifying benthic organisms dominated space. Thus, key aspects of coral reef ecosystem structure and function
are presently related to natural diurnal variability in pH.
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Introduction

Awareness of the potential threat of ocean acidification (OA) to marine organisms has risen sharply over the past decade [1]. The
ability for calcifying organisms to form skeletons will likely be reduced and many species and communities will experience net loss
of CaCO3 [2], [3], [4] when pH and saturation states (Ω aragonite or calcite) fall to predicted levels over the next 100 years [5], [6].
Coral reefs are among the marine ecosystems most vulnerable to declining pH and Ω as the corals and crustose coralline algae
(CCA), which deposit CaCO3 and build structurally complex habitats, support extraordinary levels of biodiversity [7], [8]. Thus not
only could corals and other calcifying organisms suffer directly from OA but the cascading consequences of reef loss to the flora,
fauna and human societies dependent on these systems are likely to be substantial [9].
To date, most studies examining the biological consequences of OA have focused on how reduced pH and/or increased pCO2
affect the physiological response of single organisms in controlled mesocosms [but see 10]. In general, calcifying species respond
negatively to these controlled, static treatment conditions and experience reduced survival, calcification, and growth [1]; severity of
response may be related to the polymorph of CaCO3 precipitated [11]. However, forecasting ecosystem consequences to projected
future acidification based upon hypothesized tolerance limits for particular species is risky for several reasons. First, the shallow
coastal species used in each of these laboratory studies inhabit naturally variable nearshore environs. Without a clear
understanding of the range of ambient variability in pH and carbonate chemistry across reefs, it is difficult to anticipate relevant
biological tolerance ranges or to look for evidence of populations acclimatized and/or adapted to extreme conditions. Further, few
studies examine how ecological processes (e.g. community development, species interactions, or shifts in relative abundances and
species assemblages) relate to reduced pH, particularly on coral reefs.
Of the few ecologically relevant OA studies that exist for reefs, all indicate that reefbuilders have reduced recruitment rates in acid
addition or CO2 enrichment experiments [CCA: 10,12,corals: 13,14]. Further, a fleshy seaweed has been shown to outcompete an
adult coral under increased pCO2 conditions [15]. Because recruitment and survival of reefbuilding corals and reefcementing CCA
are critical to the resilience of a reef ecosystem in the face of global change, it is imperative that we gain a better understanding of
the responses and interactions among multiple taxa to OA [16]. The data that exist to date suggest that commonly reported phase
shifts from dominance by coral to macroalgae may be exacerbated by OA. But without placing the results of these studies within
the context of natural environmental heterogeneity of carbonate chemistry it is difficult to predict the outcomes of these interactions
and ultimately, the ability for reefs to be resilient.
More informed ‘ocean warming’ experiments have incorporated natural diurnal or seasonal variability recorded in situ into treatment
conditions. There are significant ecophysiological consequences of rising and variable temperatures to corals [17] and bivalves [18]
not otherwise observed under constantly elevated temperatures. Unlike temperature, ecologically relevant high frequency temporal
variability in carbonate chemistry and pH in situ, especially on coral reefs, has been difficult to document until recently [19], thereby
limiting our capacity to design more appropriate experiments.

Most OA monitoring efforts on coral reefs have measured total alkalinity (AT) and total dissolved inorganic carbon (CT) of discrete
water samples to constrain the suite of carbonate chemistry parameters. While discrete samples are accurate and precise, they
necessarily have low temporal and spatial resolution; consequently, biogeochemical cycling studies have generally been restricted
to shallow reef flats or highly impacted, low diversity reefs and sampled over short time scales [e.g. 24–48 hrs; 20,21]. Moored
pCO2 systems can reveal seasonal patterns of airsea gas exchange, but have not historically sampled from the reef floor [22], thus
disregarding potential feedbacks from reef metabolism and calcification, so relationships between community structure and
dynamics and marine chemistry are difficult to elucidate. Despite these limitations, fluctuations in pH, carbonate ion concentration,
and saturation state on a highlatitude reef dominated by noncalcifiers have been described with coarse temporal sampling [23].
Peaks in productivity and calcification potentially underlie variability in reef chemistry, but little is known about cumulative effects of
high frequency fluctuations in pH on community development and recruitment of early successional reefbuilding species.
Lack of sufficient temporal and spatial resolution of ambient fluctuations in pH and carbonate chemistry on the benthos creates a
critical gap for our understanding of how present day environmental heterogeneity relates to coral reef ecology. Evidence of diel,
seasonal and interannual fluctuations in pH make adopting approaches currently used to define temperature anomalies associated
with coral bleaching events  e.g. thermal stress anomalies [24] or weekly sea surface temperature anomalies [25]  appealing for
monitoring gradual ‘acidification’ that may reduce reef accretion [26]. But given that shortterm variability may be as substantial as
decadal shifts on reefs, it is unclear if comparable stress anomalies exist for pH, how they should be defined, or if high frequency
variability in pH is even relevant to reef accretion and community development. The potential for diel fluctuations, placed within the
context of offshore climatological chemical oceanography, to relate to community assembly and calcification rates on the benthos
is considerable, but unknown.
We used autonomous sensors [SeaFETs; 27] to record temperature and pH with high temporal (hourly observations; 7 months of
sampling) resolution on the reef benthos (5–10 m depth) at several islands (Kingman, Palmyra and Jarvis) within the newly
designated Pacific Remote Island Areas Marine National Monument (PRIMNM) in the central Pacific (Table S1); these islands are
uninhabited and lack potentially confounding local impacts (e.g. pollution and overfishing). Although pH and temperature are
insufficient to fully constrain the CO2 system, they provide previously unavailable insight to ambient environmental variability on
remote reefs. Benthic pH values were compared with those from surrounding openocean seawater using the only other data
available for the region [CO2: 28,AT: 29], (temperature, salinity, phosphate, and silicate). These climatological data, based on
monthly open ocean sampling, represent seawater chemistry values far removed from potential feedbacks from the reef and
allowed us to designate regional means and ranges in key parameters based on seasonal amplitude. Each SeaFET sensor was co
located with replicate Calcification/Accretion Units (CAUs) designed to quantify relative species abundances of early successional
benthic organisms and net community CaCO3 deposition rates (Fig. S1) so we could determine which, if any, metrics of natural
variability in benthic pH and temperature were related to community development and reef accretion rates on these remote reefs.
Materials and Methods

Study Area

The study was conducted in three of the northern Line Islands that span 7 degrees of latitude crossing the equator and were
designated a Marine National Monument in 2009. Kingman Reef and Jarvis Island are uninhabited and although Palmyra Atoll
hosts a small research station operated by The Nature Conservancy (<25 people) for part of the year, the level of present day
human disturbance is minimal. During WWII, the US Navy used Palmyra as a naval air station and dredged part of the lagoon to
join many of the islets with a causeway; these topographical alterations to the atoll are still apparent today. In stark contrast,
Kingman Reef has an open exposed lagoon and Jarvis does not have a lagoon. The reefs at all of these locations are considered
healthy and lack any present day direct local impacts that plague many other reefs around the world [30]; see percent cover data in
Table S1. Sites were selected on the exposed forereef slope (10 m depth) of all 3 islands and additionally, on the shallow, protected
western reef terrace of Palmyra (5 m depth). Tidal exchange is highest at −0.15 to 0.8 m and averages >0.9 m and <0.3 m over
spring and neap tides, respectively. Instruments and experiments were deployed and retrieved by SCUBA divers from April
−October 2010 (Table S1).
Autonomous and Discrete Observations of pH and Temperature on a Reef Benthos

SeaFET pH and temperature sensors, autonomous data loggers based on the Honeywell Durafet® pH sensor [27], were affixed to
the substrate with cable ties wrapped around the housing and through holes in the reef. In total, 6 SeaFETs were deployed at 3
islands for eight months (Table S1; Fig. 1 see inset maps). Immediately prior to deployment the sensors were calibrated to a
discrete sample in a common vessel. The sensors were set to record pH and temperature at 1 hr intervals.

Figure 1. Site locations and continuously logged data (1 hr interval) using the SeaFET sensors.

Data are lowpass filtered (period = 2 hrs). The solid black lines in the pH and temperature plots represent a regional
climatological mean (e.g. pHcm), generated by combining the World Ocean Atlas 2009 (WOA09) data, the Takahashi pCO2
climatology [28], and the AT climatology of Lee et al. [29]. In the pH plots, the dashed lines are the pHcsl values at the
climatological seasonal low. FR = forereef, RT = reef terrace.
doi:10.1371/journal.pone.0043843.g001
Water samples for total alkalinity (AT) and total dissolved inorganic carbon (CT) were collected in 500 mL Corning brand pyrex
sample bottles and fixed with 200 µL saturated HgCl2 solution (1% headspace). To confirm sensor stability and further constrain the
carbonate chemistry on the reef, water samples were also taken periodically near the sensors in the field (more frequent sampling
was prohibited due to the remoteness of the sites). Water samples were collected adjacent to the pH sensors in Niskin bottles by
SCUBA divers and transferred to 500 mL Corning brand pyrex sample bottles, fixed with 200 µL saturated HgCl2 solution (1%
headspace), and sealed with glass stopper and grease immediately after the divers surfaced. CT and AT were determined in the
Dickson lab at Scripps Institution of Oceanography following standard protocols [31] and salinity was estimated from density
measured using a Mettler Toledo Model DE45.
Carbon dioxide equilibrium and mineral solubility calculations were performed using CO2SYS (version 14) [32] with constants
recommend by Dickson et al. [31]. Analyses were conducted on discrete water samples taken for sensor calibration and on data
reported from previous research in the area [33]; pH reported throughout this work is reported on the seawater scale (Tables S2–
Table S3, Table S4).
Net Reef Calcification and Community Structure

To estimate site specific net CaCO3 accretion rates and to relate calcification/dissolution to natural variability in pH, the SeaFET
sensors were colocated with Calcification/Accretion Units (CAUs) (Fig. S1). A CAU consisted of a pair of roughly sanded PVC
plates (10×10 cm) stacked 1 cm apart and plate pairs (N = 5 per site) were affixed to reef pavement at each site (>0.5 m apart and
10 cm above the substrate) using stainless steel rods and marine epoxy. Immediately after collection, all four surfaces of each CAU
were photographed to determine earlysuccessional community structure using the image analysis software PhotoGrid 1.0 (25
stratified random points analyzed per surface); organisms were sorted into ecological functional groups to look for patterns
structuring the communities on the benthos and on the CAUs. Plates were then preserved in 8% formalin for subsequent measures
of calcification rates.
To quantify the mass of CaCO3 accumulated on a CAU, the plates were dried to a constant weight at 60°C and then weighed.
Subsequently, CAUs were submerged in 5% HCl for 48 hrs or until all CaCO3 had dissolved. The remaining fleshy tissue was
scraped onto preweighed 11 µm cellulose filter paper, vacuum filtered, dried, and weighed to determine the difference in calcified
to fleshy biomass on CAU surfaces. Finally, the acidified, scraped, and dried CAU plates were weighed. Calcimass was determined
by subtracting the weight of the fleshy tissue and PVC plates from the total mass of the CAU. For all taxa recruiting to CAUs, the
polymorph of CaCO3 deposited is known. Thus, the relative net accretion for each polymorph (calcite, aragonite, high Mg calcite)
was calculated by multiplying the net calcification rate by the relative abundance of each calcifying taxa of known mineralogy.
pH Metrics

Temperature and pH dependent calibration coefficients for the SeaFETs were established as described in Martz et al. [27]. Diurnal
periodicity was presumed to be the predominant temporal cycling process in the data set, which was too short to resolve annual
trends and episodic events. After spectral analysis confirmed this assumption, each time series of pH and temperature was passed
through a 2 hr low pass filter to smooth the data, followed by a 32 hr high pass filter to remove low amplitude trends and episodic
events before using a 24 hr moving window to calculate daily values for mean and amplitude (as the observed maximum –
minimum values for each 24 hr window). The time step in all analyses was 1 hr, corresponding to the sampling interval. To place the
nearshore benthic diurnal variability in a regional context, we also found a pelagic climatological mean (pHcm) and a climatological
seasonal low pH (pHcsl = pHcm – seasonal amplitude) that were each estimated for the surrounding offshore seawater of each
island (or atoll). The sensor and climatological data were combined into a single pH metric that summed the hourly magnitude of pH
above (or below) the seasonal minimum each day (e.g. ∑ pH·hrs above pHcsl).
The pH climatology used to define a regional offshore pHcm (and seasonal amplitude) was generated by combining the World
Ocean Atlas 2009 (WOA09) data for sea surface temperature, salinity, phosphate, and silicate (NODC,http://www.nodc.noaa.gov)
with the Takahashi pCO2 climatology [28] (CDIAC, http://cdiac.ornl.gov) and the total alkalinity climatology of Lee et al. [29] as
reported by CDIAC. The monthly climatology data were regridded onto a common 4°×5° (latitude × longitude) map, corresponding
to the resolution of the pCO2 climatology, and regional pHcsl were calculated for each island (or atoll; Table S3). The pCO2
climatology for the reference year 2000 was corrected to 2010 using the global average rise of 1.5 µatm yr−1 [28].
A BrayCurtis similarity matrix, with a dummy variable to account for partly denuded assemblages in some replicates [34], was used
to look for differences in the spatial distribution of early successional functional groups across sites using CAUs as replicates.
Percent cover data were subjected to a dispersionweighting pretreatment transformation (functional groups were differentially
weighted on the basis of their observed variability in replicate samples). Nonmetric Multidimensional Scaling (nMDS) [35] and
Canononical Analysis of Principal Coordinates (CAP analyses) [36], [37] showed the same pattern, suggesting the maximum
variability calculated by nMDS was due to the influence of our a priori defined factor (site). Thus, CAP analyses and allocation
successes are reported; CAP was based on 10,000 permutations [38]. Benthic community patterns were formally tested across
sites using PERMANOVA [39], [40] based on unrestricted permutations of the raw data and site as a fixed factor. Linear
combinations of the biological (e.g. functional group assemblages on CAUs) and environmental parameters (e.g. temperature and
pH metrics) were run to maximize correlations among the canonical coordinate scores.
Community assemblages, percent cover of calcifiers (subcategorized by polymorph precipitated), and calcification rates of early
successional species on CAUs were related to the suite of aforementioned pH metrics. Multivariate regression between pH (or
temperature) metrics and calcification rates was not possible because the metrics for pH are not independent (R >0.92) and site
replication was low. Instead, we used Pearson’s correlations to look for relationships between each pH metric and the mean
polymorphspecific calcification data per site (based on N = 5 per site, across 6 sites), which were normally distributed (Shapiro
Wilk, P = 0.73).
Results

The SeaFET data show consistent periodicity in pH associated predominantly with diurnal cycles at each site (Fig. 1), although at
least one site also shows evidence of tidally driven semidiurnal cycle and episodic processes (Fig. S2). The daily amplitude, mean
pH, and duration × magnitude above (∑ pH·hrs above pHcsl) or below the islandspecific climatological seasonal low offshore pH
was strongly dependent on site (Table S2). Deeper (10 m) fore reef sites experienced significantly less variability in daily pH than

the shallow (5 m) reef terrace habitats (t = 6.362, df = 5, P = 0.0055) where pH changed by more than 0.1 units daily (maximum daily
range recorded = 0.244). While continuous sampling of total alkalinity (AT) and total dissolved inorganic carbon (CT) was not
possible, periodic discrete sampling confirms that carbonate chemistry on the benthos is highly variable (Table S4).
We recovered a subset of CAUs at the midpoint of deployment (3 months), but found that, on average, more than 20% of the
surface remained uncolonized for each CAU. At the final recovery point (7 months), >96% of each CAU hosted biological material.
Benthic species assemblages on the CAUs were differentiated by the presence of calcifying and fleshy taxa (CAP analysis, mean
allocation success 80%, δ2 = 0.886, P = <0.001). Community composition differed significantly among sites (PERMANOVA, Pseudo
F5,21 = 9.5113, P<0.0001) and was strongly associated with the pH metrics. Calcifying organisms that dominated CAU surfaces
were largely crustose coralline algae (CCA; 36%) and bryozoans (33%), both of which precipitate the more soluble high Mg calcite
(MgCO3 content 4–40%; Table S6). Percent cover of calcifying organisms increased with the magnitude of ∑ pH·hrs above pHcsl.
Conversely, noncalcified benthic organisms (e.g. fleshy macroalgae, turf algae, sponges, and tunicates; Fig. 2) were more
abundant at sites where daily pH was beneath climatological seasonal lows.

Figure 2. Results of image analyses on Calcification Acidification Units (CAUs).

a) Percent cover of the various ecological functional groups. Green bands = ‘fleshy’ invertebrate and algae species. The
mineralogy for calcifying species is indicated in the figure legend. b) Original variable vectors of the CAP analysis overlaid as
a biplot (Spearman Rank correlations >0.5) for both the biological and physiochemical data from each site. The biological
vector colors correspond to functional groups listed in (a).
doi:10.1371/journal.pone.0043843.g002
Net CaCO3 accretion rates of early successional species on CAUs varied within and among islands and were comparable with reef
calcification rates measured from the Pacific and Caribbean using chemistrybased approaches (Table S5). Net accretion among
sites was positively related to daily ∑ pH·hrs above pHcsl (F5,1 = 7.778, R = 0.813, P = 0.044).
When net accretion rates are combined with the percent cover of benthic groups of known mineralogy, we could determine the
effect of pH variability on calcification rates for each CaCO3 polymorph. We found a strong positive relationship between ∑ pH·hrs
above pHcsl and the percent cover (F5,1 = 12.747, R = 0.872, P = 0.0234) and accretion rate (F5,1 = 12.256, R = 0.868, P = 0.0249) of
organisms precipitating high Mg calcite (Fig 3, Table S7), but a negative relationship with percent cover of calcitic organisms (F5,1 =
8.161, R = 0.820, P = 0.0461). Leverage tests were conducted by calculating Cook’s distances for each point, which were each
greater than the fiftieth percentile of the F distribution, indicating that no site had disproportionate influence on the observed
relationship.

Figure 3. Relationship between net calcification or percent cover analyses on CAUs and relevant pH metrics.

a) Means (± SE) of net reef calcification for total CaCO3 and each polymorph of CaCO3 against mean (± SE) daily ∑ pH·hrs
above pHcsl. Both total net accretion (Y = 6.86x +0.96; F = 7.78, R = 0.813, P = 0.0444) and high Mg calcite calcification rate (Y
= 7.75x +0.47; F = 12.26, R = 0.868, P = 0.0249) are related to mean daily ∑ pH·hrs above pHcsl. b) Percent cover of all
calcifiers and for each polymorph of CaCO3 against mean (± SE) daily ∑ pH·hrs above pHcsl. Only the percent cover of high
Mg calcite is positively related to ∑ pH·hrs above pHcsl (Y = 83.81x +48.52; F = 12.747, R = 0.872, P = 0.0234). Percent cover of
calcitic organisms is negatively related to ∑ pH·hrs above pHcsl (Y = 14.85–29.21x; F = 17.502, R = −0.902, P = 0.0139).
doi:10.1371/journal.pone.0043843.g003

Discussion

Ambient variability in both temperature and particularly pH were substantial in the Northern Line islands and oscillated over a
diurnal cycle. The observed range in daily pH on reefs encompasses maximums reported from the last century [8.104 in the early
evening; 41] to minimums approaching IPCC projected global levels within the next 100 yrs [7.824; 42], values frequently used to
represent different treatment levels in experimental manipulations. The daily amplitude in pH measured at Palmyra was similar to
that estimated from hourly discrete samples reported there in 1997 [33], but the mean values have dropped by ∼ 0.04 units in the
past thirteen years (Table S3). This rate is somewhat higher (∼2×) than predicted by incorporating a global average rise of 1.5 µatm
CO2 yr−1, and may be due to sparse climatological coverage near Palmyra and/or seasonal sampling bias.
Dynamics of pH and seawater chemistry in any coastal ecosystem are driven by covarying processes, including biological activity,
gas exchange, and physical forcing over various time scales (diurnal, seasonal, interannual). Reef metabolism directly affects the
CO2 system within hydrodynamic boundary layers [43], [44], [45], or just offshore, as stated in the ‘Coral Reef Ecosystem
Feedback’ hypothesis, articulated by Bates et al. [23] for seasonalscale dynamics. Thus species composition and abundance likely
also contributed to the spatial variability in the magnitude of benthic diurnal oscillations in pH. However, biogeochemical dissolution
and remineralization processes [46], tidal flushing, regional upwelling [47], and oceanographic circulation patterns [48] can dampen,
enhance, or swamp biologically driven diurnal fluctuations in pH. Causality cannot be assigned to the spatial patterns in pH
variability reported here due to lack of a quantitative hydrodynamic data for these islands. However, it is clear that these remote,
uninhabited coral reefs experience highly dynamic fluctuations in nearshore pH that are largely below climatological means
estimated from open ocean sampling (Fig. 1, Table S2).
The ecological consequences of OA on coral reefs are as of yet unknown, but natural variation in benthic pH offers a unique
opportunity to study scenarios of likely future ocean chemistry. In this study, the relative abundance of competitive fleshy algae and
invertebrates increased over that of early successional calcifiers and reefbuilders (CCA and bryozoans, respectively) on CAUs
across sites that had reduced pH (Fig. 2). This pattern of shifting from dominance by calcifiers to a greater abundance of fleshy
species at locations experiencing reduced pH has been observed elsewhere. For instance, benthic communities acclimatized to
reduced pH resulting from natural CO2 vents host higher bioeroder and fleshy species densities than on adjacent unaffected
benthos [26], [49]. Wootton et al. [50] also found calcareous species performed poorly in a temperate tidal pool during ‘low pH
years’, and changes in the calcareous nannofossil assemblage during the PaleoceneEocene thermal maximum [the closest analog
in geologic history to current OA; 51] have been attributed to shifts in competitive dominance [52], although the exact mechanisms
of how reduced pH altered community structure in either case was unclear. Our data further suggest that community development
on these remote uninhabited reefs is strongly related to natural variability in pH, particularly to cumulative and integrative effects of
natural diel cycling.
The data presented here from tropical reefs identify daily pH maxima as an important control on calcification. Net accretion among
sites was positively related to the magnitude and duration of pH above the climatological seasonal low, despite myriad other
ecological (e.g. local supply, species interactions, etc.) and physical oceanographic (e.g. temperature, current magnitude and
direction, wave strength, latitudinal gradients, etc.) drivers. In general, accretion rates were higher at sites that experienced a
greater number of hours at high pH values each day.

The strength and direction of the relationship between net accretion and naturally varying pH depended upon the polymorph of
CaCO3 precipitated, despite lack of consistent evidence for this pattern in mesocosm studies [1]. Organisms precipitating more
soluble mineral forms of CaCO3 are presumed to be less resilient to OA than those precipitating less soluble forms [high Mg calcite
vs. calcite and aragonite; 11]. Because the relative content of Mg in shells/skeletons is also positively related to rising temperature
[53], these organisms may be particularly susceptible to global change effects including OA [54]. In the Northern Line Islands,
where the daily ∑ pH·hrs did not consistently exceed the pHcsl, the net accretion rate and percent cover of early successional
organisms precipitating Mg calcite (i.e. CCA and bryozoans) was lower. A reduction in calcification/growth rates for organisms
precipitating Mg calcite may have created space for the calcitic, aragonitic, and noncalcifying species to become competitively
dominant. CCA, which precipitate high Mg calcite (>4%), are among the most important reef cementers in the tropics and facilitate
coral recruitment. Thus, our results suggest that even small changes in pH could have profound residual and indirect impacts on
reef integrity and accretion.
Climatological averaging from discrete offshore sampling may mask potentially important shortterm variation in carbonate
chemistry and pH in coastal environments, but can provide context for nearshore temporal patterns. Here we show that benthic reef
communities are exposed to a wider, and often lower, range of pH values over the diel cycle than predicted by regional seasonal
climatology. These novel observations raise the question: what are the relevant metrics of pH to relate to ecological processes
expected to be threatened by OA? In the remote central Pacific, the duration and magnitude of benthic pH values above the
climatological seasonal low pH correlated strongly with calcification and community structure. Indeed, the more frequently used
mean pH, or even the daily maxima or minima, may not be relevant to tolerance limits of organisms or for predicting the ultimate
biological impacts of OA. Assigning ecologically relevant tipping points, thresholds, or anomalies for management of OA based
solely on open ocean climatological data, as has been done for SST [25], will not be useful without also understanding current
relative benthic carbonate chemistry dynamics.
In this study, coral reef communities on remote uninhabited islands in the central Pacific experienced high natural daily variability in
pH which corresponded to key differences in net calcification and community development. However, given only six data points and
variable physical oceanographic features among islands, this is an initial exploratory, hypothesis generating study, with minimal
ability to identify causality. Despite these limitations, these data represent some of the longest and highest resolution fieldbased
observations of natural variability in pH and the associated biological consequences on coral reefs to date. Carbonate chemistry
and pH on coral reefs can be highly dynamic and vary significantly within and among sites and islands, which should be considered
in future OA mesocosm studies. Finally, our data suggest that as coral reef communities begin experiencing a greater daily duration
of low pH values as a result of OA, the abundance of calcified organisms and the structural services they provide will likely be
compromised in the foreseeable future.
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Figure S1.

Design of Calcification/Acidification Unit (CAU) (photo and figure credit: Daniel Merritt, Coral Reef Ecosystem Division,
NOAA).
doi:10.1371/journal.pone.0043843.s001
(TIFF)
Figure S2.

Spectral analyses of time series pH data collected from the SeaFETs. Each plot corresponds to a particular site.
doi:10.1371/journal.pone.0043843.s002
(TIF)
Table S1.

Deployment metadata for CAUs and SeaFETs in the Northern Line Islands including GPS coordinates, duration of
deployment, depths, and mean percent cover (SE) of biological functional groups on the benthos determined from 10
photoquads (analyzed in PhotoGrid.1) taken every 5 m along a randomly placed 50 m transect that follows the pre
designated depth isocline.
doi:10.1371/journal.pone.0043843.s003
(DOCX)
Table S2.

Mean daily pH metrics (± SE) calculated from the SeaFETs after low pass filtering (period = 2 hrs). Climatological means
(pHcm) and seasonal lows (pHcsl) are region specific (see pH metrics [SOM]). Climatological seasonal lows were calculated
as: pHcsl = pHcm –seasonal amplitude).
doi:10.1371/journal.pone.0043843.s004
(DOCX)
Table S3.

Decadal variation in pH and temperature on the south shore of Palmyra. Comparison of daily values in 2010 on Palmyra
recorded on SeaFETs with discrete water samples taken hourly for 24 hrs in 1997 [33]. Data are means ± SD.
doi:10.1371/journal.pone.0043843.s005
(DOCX)
Table S4.

A summary of seawater (SW) chemistry at 20°C: salinity, total alkalinity (AT), pHSW, Ω calcite (Ca) and aragonite (Ar), and
inorganic carbon content in the discrete bottle samples collected as calibration points for the SeaFETs during
deployment. The values for pHSW, pCO2, CO2, HCO3−, CO32−, Ω Ca, and Ω Ar were calculated from measured values of total
carbon (CT) and total alkalinity (AT) by the computer program CO2SYS (version 14). Data are means (SE) if triplicate bottles were
taken.
doi:10.1371/journal.pone.0043843.s006
(DOCX)
Table S5.

Comparison of reef net calcification rates across the Central Pacific from this and other published studies (field estimates
using either control volume or total alkalinity anomaly method).

doi:10.1371/journal.pone.0043843.s007
(DOCX)
Table S6.

Mean (± SE) percent cover of functional groups present on CAUs at each study site. For each functional group, the
polymorph of CaCO3 precipitated is also reported.
doi:10.1371/journal.pone.0043843.s008
(DOCX)
Table S7.

Pearson correlation coefficients between CaCO3 polymorph calcification rates or percent cover measured on CAUs
versus six pH metrics and four temperature metrics measured with SeaFETs at the all reef sites.
doi:10.1371/journal.pone.0043843.s009
(DOCX)
Acknowledgments

We thank A. Dickson and S. Sandin for editorial comments. We also are grateful to J. Gove, S. Hamilton, L. Lewis, D. Merritt, A.
Meyer, C. Richards, P. Vroom, C. Young and B. Zgliczynski for field assistance and logistical support. G. Emanuele, J. Peacock,
and J. Tran, assisted with lab analyses and B. Peterson built the sensor packages. This is contribution number PARC0084 of the
Palmyra Atoll Research Consortium.
Author Contributions

Conceived and designed the experiments: NNP REB JES. Performed the experiments: NNP REB JES. Analyzed the data: NNP
TRM. Contributed reagents/materials/analysis tools: TRM. Wrote the paper: NNP TRM REB JES.
References

1. Kroeker KJ, Kordas RL, Crim RN, Singh GG (2010) Metaanalysis reveals negative yet variable effects of ocean acidification on marine organisms.
Ecology Letters 13: 1419–1434. doi: 10.1111/j.14610248.2010.01518.x
View Article
PubMed/NCBI
Google Scholar
2. Silverman J, Lazar B, Cao L, Caldeira K, Erez J (2009) Coral reefs may start dissolving when atmospheric CO2 doubles. Geophysical Research Letters
36.
3. Andersson AJ, Kuffner IB, Mackenzie FT, Jokiel PL, Rodgers KS, et al. (2009) Net loss of CaCO3 from a subtropical calcifying community due to
seawater acidification: mesocosmscale experimental evidence. Biogeosciences 6: 1811–1823. doi: 10.5194/bg618112009
View Article
PubMed/NCBI
Google Scholar
4. De’ath G, Lough JM, Fabricius KE (2009) Declining coral calcification on the Great Barrier Reef. Science 323: 116–119. doi: 10.1126/science.1165283
View Article
PubMed/NCBI
Google Scholar
5. Fussel HM (2009) An updated assessment of the risks from climate change based on research published since the IPCC Fourth Assessment Report.
Climatic Change 97: 469–482. doi: 10.1007/s1058400996485
View Article
PubMed/NCBI
Google Scholar
6. IPCC (2007) IPCC Fourth Assessment Report: Climate Change 2007.
7. HoeghGuldberg O, Mumby PJ, Hooten AJ, Steneck RS, Greenfield P, et al. (2007) Coral reefs under rapid climate change and ocean acidification.
Science 318: 1737–1742. doi: 10.1126/science.1152509
View Article
PubMed/NCBI
Google Scholar
8. Kleypas JA, Yates KK (2009) Coral reefs and ccean acidification. Oceanography 22: 108–117. doi: 10.5670/oceanog.2009.101
View Article
PubMed/NCBI
Google Scholar
9. Cooley SR, Doney SC (2009) Anticipating ocean acidification’s economic consequences for commercial fisheries. Environmental Research Letters 4.
10. Kuffner IB, Andersson AJ, Jokiel PL, Rodgers KS, Mackenzie FT (2008) Decreased abundance of crustose coralline algae due to ocean acidification.
Nature Geoscience 1: 114–117. doi: 10.1038/ngeo100
View Article
PubMed/NCBI
Google Scholar
11. Morse JW, Arvidson RS, Luttge A (2007) Calcium carbonate formation and dissolution. Chemical Reviews 107: 342–381. doi: 10.1021/cr050358j
View Article
PubMed/NCBI
Google Scholar
12. Albright R, Langdon C (2011) Ocean acidification impacts multiple early life history processes of the Caribbean coral Porites astreoides. Global Change
Biology 17: 2478–2487. doi: 10.1111/j.13652486.2011.02404.x
View Article
PubMed/NCBI
Google Scholar

13. Albright R, Mason B, Miller M, Langdon C (2010) Ocean acidification compromises recruitment success of the threatened Caribbean coral Acropora
palmata. Proceedings of the National Academy of Sciences of the United States of America 107: 20400–20404. doi: 10.1073/pnas.1007273107
View Article
PubMed/NCBI
Google Scholar
14. de Putron SJ, McCorkle DC, Cohen AL, Dillon AB (2011) The impact of seawater saturation state and bicarbonate ion concentration on calcification by

new recruits of two Atlantic corals. Coral Reefs 30: 321–328. doi: 10.1007/s003380100697z
View Article
PubMed/NCBI
Google Scholar
15. DiazPulido G, Gouezo M, Tilbrook B, Dove S, Anthony KRN (2011) High CO2 enhances the competitive strength of seaweeds over corals. Ecology
Letters 14: 156–162. doi: 10.1111/j.14610248.2010.01565.x
View Article
PubMed/NCBI
Google Scholar
16. Hughes TP, Graham NAJ, Jackson JBC, Mumby PJ, Steneck RS (2010) Rising to the challenge of sustaining coral reef resilience. Trends in Ecology &
Evolution 25: 633–642. doi: 10.1016/j.tree.2010.07.011
View Article
PubMed/NCBI
Google Scholar
17. Putnam HM, Edmunds PJ (2011) The physiological response of reef corals to diel fluctuations in seawater temperature. Journal of Experimental Marine
Biology and Ecology 396: 216–223. doi: 10.1016/j.jembe.2010.10.026
View Article
PubMed/NCBI
Google Scholar
18. Buckley BA, Owen ME, Hofmann GE (2001) Adjusting the thermostat: the threshold induction temperature for the heatshock response in intertidal
mussels (genus Mytilus) changes as a function of thermal history. Journal of Experimental Biology 204: 3571–3579.
View Article
PubMed/NCBI
Google Scholar
19. Hofmann GE, Smith JE, Johnson KS, Send U, Levin LA, et al. (2011) Highfrequency dynamics of ocean pH: A multiecosystem comparison. Plos One.
20. Shamberger KEF, Feely RA, Sabine CL, Atkinson MJ, DeCarlo EH, et al. (2011) Calcification and organic production on a Hawaiian coral reef. Marine
Chemistry.
21. Gattuso JP, Pichon M, Jaubert J, Marchioretti M, Frankignoulle M (1996) Primary production, calcification and airsea CO2 fluxes in coral reefs:
Organism, ecosystem and global scales. Bulletin de l’Institut Oceanographique (Monaco) 0: 39–46.
View Article
PubMed/NCBI
Google Scholar
22. Bates NR (2002) Seasonal variability of the effect of coral reefs on seawater CO2 and airsea CO2 exchange. Limnology and Oceanography 47: 43–52.
doi: 10.4319/lo.2002.47.1.0043
View Article
PubMed/NCBI
Google Scholar
23. Bates NR, Amat A, Andersson AJ (2010) Feedbacks and responses of coral calcification on the Bermuda reef system to seasonal changes in biological
processes and ocean acidification. Biogeosciences 7: 2509–2530. doi: 10.5194/bg725092010
View Article
PubMed/NCBI
Google Scholar
24. Glynn P (1993) Coral reef bleaching: ecological perspectives. Coral Reefs 12: 1–17. doi: 10.1007/bf00303779
View Article
PubMed/NCBI
Google Scholar
25. Selig ER, Casey KS, Bruno JF (2010) New insights into global patterns of ocean temperature anomalies: implications for coral reef health and
management. Global Ecology and Biogeography 19: 397–411. doi: 10.1111/j.14668238.2009.00522.x
View Article
PubMed/NCBI
Google Scholar
26. Fabricius KE, Langdon C, Uthicke S, Humphrey C, Noonan S, et al. (2011) Losers and winners in coral reefs acclimatized to elevated carbon dioxide
concentrations. Nature Clim Change 1: 165–169. doi: 10.1038/nclimate1122
View Article
PubMed/NCBI
Google Scholar
27. Martz TR, Connery JG, Johnson KS (2010) Testing the Honeywell Durafet (R) for seawater pH applications. Limnology and OceanographyMethods 8:
172–184. doi: 10.4319/lom.2010.8.172
View Article
PubMed/NCBI
Google Scholar
28. Takahashi T, Sutherland SC, Wanninkhof R, Sweeney C, Feely RA, et al. (2009) Climatological mean and decadal change in surface ocean pCO2, and
net seaair CO2 flux over the global oceans. DeepSea Research Part IiTopical Studies in Oceanography 56: 554–577. doi: 10.1016/j.dsr2.2008.12.009
View Article
PubMed/NCBI
Google Scholar
29. Lee K, Tong LT, Millero FJ, Sabine CL, Dickson AG, et al. (2006) Global relationships of total alkalinity with salinity and temperature in surface waters of
the world’s oceans. Geophysical Research Letters 33.
30. Sandin SA, Smith JE, DeMartini EE, Dinsdale EA, Donner SD, et al. (2008) Baselines and Degradation of Coral Reefs in the Northern Line Islands. Plos
One 3.
31. Dickson AG, Sabine CL, Christian JR (2007) Guide to best practices for ocean CO2 measurements, PICES Special Publication 3 IOCCP Report No. 8:
191.
View Article
PubMed/NCBI
Google Scholar
32. Pierrot D, Lewis E, Wallace DWR (2006) MS Excel Program Developed for CO2 System Calculations. ORNL/CDIAC105a. Department of Energy, Oak
Ridge, Tennessee. Carbon Dioxide Information Analysis Center, Oak Ridge National Laboratory, U.S.
33. Cobb K (2002) Coral records of the El NinoSouthern Ocscillation and tropical Pacific climate over the last millenium: University of California, San Diego.
162 p.
34. Clarke KR, Somerfield PJ, Chapman MG (2006) On resemblance measures for ecological studies, including taxonomic dissimilarities and a zero
adjusted BrayCurtis coefficient for denuded assemblages. Journal of Experimental Marine Biology and Ecology 330: 55–80. doi:

10.1016/j.jembe.2005.12.017
View Article
PubMed/NCBI

Google Scholar

35. Clarke KR (1993) Nonparametric multivariate analyses of changes in community structure. Australian Journal of Ecology 18: 117–143. doi:
10.1111/j.14429993.1993.tb00438.x
View Article
PubMed/NCBI
Google Scholar
36. Anderson MJ, Robinson J (2003) Generalised discriminant analysis based on distances. Australian and New Zealand Journal of Statistics 45: 301–318.
doi: 10.1111/1467842x.00285
View Article
PubMed/NCBI
Google Scholar
37. Anderson MJ, Willis TJ (2003) Canonical analysis of principal coordinates: A useful method of constrained ordination for ecology. Ecology 84: 511–525.
doi: 10.1890/00129658(2003)084[0511:caopca]2.0.co;2
View Article
PubMed/NCBI
Google Scholar
38. Clarke KR, Chapman MG, Somerfield PJ, Needham HR (2006) Dispersionbased weighting of species counts in assemblage analyses. Marine Ecology
Progress Series 320: 11–27. doi: 10.3354/meps320011
View Article
PubMed/NCBI
Google Scholar
39. Anderson MJ (2001) A new method for nonparametric multivariate analysis of variance. Austral Ecology 26: 32–46. doi: 10.1111/j.1442
9993.2001.01070.pp.x
View Article
PubMed/NCBI
Google Scholar
40. McArdle BH, Anderson MJ (2001) Fitting multivariate models to community data: A comment on distancebased redundancy analysis. Ecology 82: 290–
297. doi: 10.2307/2680104
View Article
PubMed/NCBI
Google Scholar
41. Key RM, Kozyr A, Sabine CL, Lee K, Wanninkhof R, et al. (2004) A global ocean carbon climatology: Results from Global Data Analysis Project
(GLODAP). Global Biogeochemical Cycles 18.
42. Orr JC, Fabry VJ, Aumont O, Bopp L, Doney SC, et al. (2005) Anthropogenic ocean acidification over the twentyfirst century and its impact on
calcifying organisms. Nature 437: 681–686. doi: 10.1038/nature04095
View Article
PubMed/NCBI
Google Scholar
43. Zeebe RE, WolfGladrow DA, Jansen H (1999) On the time required to establish chemical and isotopic equilibrium in the carbon dioxide system in
seawater. Marine Chemistry 65: 135–153. doi: 10.1016/s03044203(98)000929
View Article
PubMed/NCBI
Google Scholar
44. Hurd CL, Cornwall CE, Currie K, Hepburn CD, McGraw CM, et al. (2011) Metabolically induced pH fluctuations by some coastal calcifiers exceed
projected 22nd century ocean acidification: a mechanism for differential susceptibility? Global Change Biology 17: 3254–3262. doi: 10.1111/j.1365
2486.2011.02473.x
View Article
PubMed/NCBI
Google Scholar
45. Kleypas JA, Anthony KRN, Gattuso JP (2011) Coral reefs modify their seawater carbon chemistry – case study from a barrier reef (Moorea, French
Polynesia). Global Change Biology 17: 3667–3678. doi: 10.1111/j.13652486.2011.02530.x
View Article
PubMed/NCBI
Google Scholar
46. Santos IR, Glud RN, Maher D, Erler D, Eyre BD (2011) Diel coral reef acidification driven by porewater advection in permeable carbonate sands, Heron
Island, Great Barrier Reef. Geophysical Research Letters 38.
47. Leichter JJ, Stewart HL, Miller SL (2003) Episodic nutrient transport to Florida coral reefs. Limnology and Oceanography 48: 1394–1407. doi:
10.4319/lo.2003.48.4.1394
View Article
PubMed/NCBI
Google Scholar
48. Jiang LQ, Cai WJ, Feely RA, Wang YC, Guo XH, et al. (2010) Carbonate mineral saturation states along the US East Coast. Limnology and
Oceanography 55: 2424–2432. doi: 10.4319/lo.2010.55.6.2424
View Article
PubMed/NCBI
Google Scholar
49. Kroeker KJ, Micheli F, Gambi MC, Martz TR (2011) Divergent ecosystem responses within a benthic marine community to ocean acidification.
Proceedings of the National Academy of Sciences of the United States of America 108: 14515–14520. doi: 10.1073/pnas.1107789108
View Article
PubMed/NCBI
Google Scholar
50. Wootton JT, Pfister CA, Forester JD (2008) Dynamic patterns and ecological impacts of declining ocean pH in a highresolution multiyear dataset.
Proceedings of the National Academy of Sciences of the United States of America 105: 18848–18853. doi: 10.1073/pnas.0810079105
View Article
PubMed/NCBI
Google Scholar
51. Zachos JC, Rohl U, Schellenberg SA, Sluijs A, Hodell DA, et al. (2005) Rapid acidification of the ocean during the PaleoceneEocene thermal maximum.
Science 308: 1611–1615. doi: 10.1126/science.1109004
View Article
PubMed/NCBI
Google Scholar
52. Tremolada F, Bralower TJ (2004) Nannofossil assemblage fluctuations during the PaleoceneEocene Thermal Maximum at Sites 213 (Indian Ocean) and
401 (North Atlantic Ocean): palaeoceanographic implications. Marine Micropaleontology 52: 107–116. doi: 10.1016/j.marmicro.2004.04.002

View Article

PubMed/NCBI

Google Scholar

53. Agegian CR (1985) Biogeochemical ecology of Porolithon gardineri (Foslie). Mānoa: University of Hawai‘i at Mānoa.
54. Lombardi C, RodolfoMetalpa R, Cocito S, Gambi MC, Taylor PD (2010) Structural and geochemical alterations in the Mg calcite bryozoan Myriapora
truncata under elevated seawater pCO2 simulating ocean acidification. Marine Ecology.
55. Yates KK, Halley RB (2003) Measuring coral reef community metabolism using new benthic chamber technology. Coral Reefs 22: 247–255. doi:
10.1007/s0033800303145
View Article
PubMed/NCBI
Google Scholar
56. Yates KK, Halley RB (2006) CO32− concentration and pCO2 thresholds for calcification and dissolution on the Molokai reef flat, Hawaii. Biogeosciences
3: 357–369. doi: 10.5194/bg33572006
View Article
PubMed/NCBI
Google Scholar
57. Smith SV, Pesret F (1974) Processes of carbon dioxide flux in Fanning Island lagoon. Pacific Science 28: 225–245.
View Article
PubMed/NCBI
Google Scholar
58. Kinsey DW (1977) Seasonality and zonation in coral reef productivity and calcification. In: Taylor DL, editor. Proceedings: Third International Coral Reef
Symposium. Miami: University of Miami.
59. Kinsey DW, Davies PJ (1979) Carbon turnover, calcification, and growth in coral reefs. In: Trudinger PA, Swaine DJ, editors. Biogeochemical Cycling of
MineralForming Elements. Amsterdam: Elsevier Scientific Publishing Company. 131–162.
60. Webb MD (1979) Pathways of CO2, O2, CO, and CH4 in water flowing over a coral reef, Kaneohe Bay, Oahu: University of Hawaii. 107 p.
61. Smith SV, Jokiel PL (1978) Water composition and biogeochemical gradients in the Canton Atoll lagoon. Atoll Research Bulletin 221: 15–53.
View Article
PubMed/NCBI
Google Scholar
62. Kinsey DW (1979) Carbon turnover and accumulation by coral reefs: University of Hawaii. 248 p.
63. Smith SV, Harrison JT (1977) Calcium carbonate production of mare incognitum, the upper windward reef slope, at Enewetak AToll. Science 197: 556–
559. doi: 10.1126/science.197.4303.556a
View Article
PubMed/NCBI
Google Scholar
64. Silverman J, Lazar B, Erez J (2007) Community metabolism of a coral reef exposed to naturally varying dissolved inorganic nutrient loads.
Biogeochemistry 84: 67–82. doi: 10.1007/s1053300790755
View Article
PubMed/NCBI
Google Scholar
65. Ohde S, van Woesik R (1999) Carbon dioxide flux and metabolic processes of a coral reef, Okinawa. Bulletin of Marine Science 65: 559–576.
View Article
PubMed/NCBI
Google Scholar
66. Mallela J (2007) Coral reef encruster communities and carbonate production in cryptic and exposed coral reef habitats along a gradient of terrestrial
disturbance. Coral Reefs 26: 775–785. doi: 10.1007/s0033800702608
View Article
PubMed/NCBI
Google Scholar
67. Arp G, Reimer A, Reitner J (2003) Microbialite formation in seawater of increased alkalinity, Satonda crater lake, Indonesia. Journal of Sedimentary
Research 73: 105–127. doi: 10.1306/071002730105
View Article
PubMed/NCBI
Google Scholar

