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FIGURE 3 | (A) Benthic NCP (blue; mmol O2 m−2 h−1), NCC (red; mmol CaCO3 m−2 h−1), and PAR (shaded yellow; µmol photons m−2 s−1) measured every

10min at site T3. Gray background represents night time. (B) NCP vs. NCC during the day (open gray circles) and night (black circles). Model II regression is shown in

red, with slope = 0.21 ± 0.01 (R2
= 0.48) (C) NCP-Irradiance (blue) and NCC-Irradiance (red) curve for daytime data. Small dots are individual measurements,

whereas larger solid dots represent binned averages (0, 25, 50, then every 50 until 500). Solid lines represent fit.

A positive, linear relationship between NCC and NCP was
observed (Figure 3B), with a slope of 0.21 ± 0.01 (R2 = 0.48).
This slope changed to 0.08 ± 0.01 and 0.33 ± 0.01 when Q
= 0.9 and 1.1, respectively. Both NCC and NCP were strongly
correlated to light, and followed a simple exponential relationship
(Platt et al., 1980; Takeshita et al., 2016):

NCC = 4.23
�
1− e

−0.0584PAR
4.23

�
− 0.347

NCP = 24.7
�
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−0.166PAR
24.7

�
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The metabolic rates were dynamic and sensitive to changes in
PAR, and effects were observed within minutes. For example,
a sharp decrease followed by an increase in both NCC and
NCP occurred concomitantly with changes in PAR associated
with a passing rain-storm around noon on July 27 (Figure 3A).
During this time, net respiration was observed for a brief period,
while NCC decreased to near zero. Diel integrated NCP (6NCP)
and NCC (6NCC) for July 27 and 28 were −123 and 38
mmol O2 m−2 d−1, and 45 and 63 mmol CaCO3 m−2 d−1,
respectively. Both net heterotrophy and autotrophy over the
course of a diel cycle were observed, whereas net calcification
was observed for the duration of both days. The uncertainty for

6NCP and 6NCC is estimated to be ± 13 mmol O2 m−2 d−1

and ± 15 mmol CaCO3 m
−2 d−1, respectively (Takeshita et al.,

2016).

Spatial Surveys
The results for the spatial surveys at Hog Reef are summarized
in Table 3 and Figure 4. In general, temporal variability across
the survey area followed a diel cycle, where on average,
higher nDIC and lower O2 were observed during the morning
(7/27 09:00 and 7/20 10:00) compared to the afternoon (7/27
16:00). Spatial distributions of O2 and DIC were inversely
correlated (R2 = 0.80) whereas correlations between DIC
and TA were less pronounced (R2 = 0.43; Figure 5). The
slope of nTA and nDIC regression was 0.35 ± 0.24, which
equates to a NCC:NCP of 0.21 (Figure 6), the same as the
NCC:NCP ratio of 0.21 determined from BEAMSmeasurements.
Samples taken from deep sites (water depth > 10m; shown as
open circles in Figure 4) were not included in the regression,
because the water column at these sites was stratified at
this time (Figure 2), thus, the benthic reef metabolism would
have small or delayed effects on the water chemistry at the
surface.
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TABLE 3 | Mean ± 1 σ of nDIC [µmol kg−1], nTA [µmol kg−1], pH [total scale],

O2 [µmol kg−1], Temperature [Celsius], and Salinity for the three spatial surveys at

Hog Reef.

Parameter 7/27/2015

09:00

7/27/2015

16:00

7/29/2015

10:00

nDIC 2046 ± 9 2037 ± 4 2044 ± 6

nTA 2347 ± 8 2353 ± 10 2347 ± 5

pH 7.99 ± 0.022 8.01 ± 0.015 7.99 ± 0.009

O2 172 ± 7 182 ± 3 173 ± 6

Temperature 27.4 ± 0.10 27.3 ± 0.12 27.1 ± 0.04

Salinity 36.46 ± 0.05 36.32 ± 0.09 36.5 ± 0.08

DISCUSSION

Temporal Variability
Clear diel cycles in O2 and pH were observed at all sensor sites,
suggesting that organic carbon metabolism was the dominant
driver in chemical variability at Hog Reef. This is supported by
a stronger correlation between O2 and DIC (R2 = 0.80) relative
to TA and DIC (R2 = 0.43) from spatial surveys (Figure 5). The
magnitude of biologically-driven diel variability in chemistry is
a function of the imbalance of NCC and NCP, metabolic rates,
water depth, and residence time. Greater imbalance of NCC
and NCP, higher metabolic rates and longer residence times
lead to larger changes in seawater chemistry, whereas increasing
water depth proportionally reduces the changes, assuming a
well-mixed water column. Qualitatively, the benthic cover at T4
was similar to that at the shallower sites, yet, T4 had a significantly
smaller diel amplitude for both pH and O2 (Figure 2). This is
mainly because T4 was the deepest site, and thus, the chemical
signatures of the metabolic fluxes were diluted over a larger
water column. It is worth noting that chemical variability at T4
was significantly affected by episodic events linked to transient
physical processes (e.g., internal waves) as observed on July 14th
(and July 27th) where O2 and pH decreased by > 30 µmol kg−1

and 0.08, respectively, within an hour coincident with sudden
drops in temperature and salinity (Figure 2). This highlights
the importance of episodic physical processes influencing high
frequency temporal chemical variability over coral reefs.

Projections on how high frequency, diel pH variability at
these sites will be affected in a future high CO2 world are
dependent on a number of factors. First, changes in the relative
proportion of NCC to NCP could either increase or decrease
diel fluctuations in pH, where a lower NCC:NCP would lead to
larger variability (Andersson and Gledhill, 2013). It is commonly
hypothesized that NCC:NCP will decrease in the future due to
shifts from coral to algae-dominated states (Hoegh-Guldberg
et al., 2007; Enochs et al., 2015) and reductions in NCC due
to ocean acidification (Chan and Connolly, 2013; Albright
et al., 2016, 2018). These changes will most likely increase
the difference between the daily extreme values relative to the
mean pH due to increasing dominance by NCP over NCC,
although, nighttime pH could be partially buffered due to
increasing CaCO3 dissolution (Page et al., 2016). Furthermore,

increased CO2 due to ocean acidification will lead to larger
diel cycles in pH due to decreased buffering capacity of
seawater (Jury et al., 2013; Shaw et al., 2013; Takeshita et al.,
2015).

Benthic Metabolic Rates
Short term BEAMS measurements demonstrated that NCC and
NCP were tightly coupled over multiple days (Figure 3B), which
is consistent with previous observations from various coral reefs
(McMahon et al., 2013; Albright et al., 2015; Shaw et al., 2015;
Takeshita et al., 2016). The NCC:NCP based on a model II
regression between the two parameters was 0.21 ± 0.01, though
this ratio calculated fromO2 and pHmeasurements is dependent
on the assumed Q, and varies between 0.08 and 0.33 when
Q is set equal to 0.9 and 1.1, respectively (Figure 3). While
previous studies from reefs worldwide demonstrate that Q is near
1 (Kinsey, 1985; Falter et al., 2012), the assumed Q remains a
source of uncertainty of the calculated NCC from the BEAMS
approach. Simultaneous measurements of pH, O2, and TA in
an enclosure would allow direct observations of Q, however,
properly sealing such enclosures in a natural reef environment
is challenging (Nakamura and Nakamori, 2008), especially on
hard substrate like at Hog Reef. Alternatively, simultaneous
measurements of the pH, O2, and TA gradients in the turbulent
benthic boundary layer would also quantify Q, as chemical
gradients in the turbulent boundary layer are driven by benthic
metabolism. However, autonomous TA sensing technology still
remains in the prototype phase and is not widely available
(Crespo et al., 2012; Spaulding et al., 2014; Briggs et al., 2017).

The 6NCC determined from BEAMS (45 and 63 mmol
CaCO3 m−2 d−1) was scaled up to an annual rate in order
to compare with previously reported NCC rates at Hog Reef
(Courtney et al., 2016). The seasonal variability in NCC was
modeled by assuming that NCC at Hog Reef followed the
standardized seasonal growth rate derived from colonies of D.
labyrinthiformis and P. astreoides at Hog Reef over 2 years
[Equation 1 in (Courtney et al., 2016)]. The standardized growth
rate curve was multiplied by 37.65 mmol CaCO3 m−2 d−1 so
that 6NCC from the growth curve equaled the mean 6NCC
from BEAMS (53.5 ± 15 mmol CaCO3 m

−2 d−1) on July 28th.
The BEAMS-based annual NCC rate was 14.3 ± 4.0mol CaCO3

m−2 year−1 (or 1.43 ± 0.40 kg CaCO3 m−2 year−1), which is
in broad agreement with previously reported annual NCC rates
using census-based (2.35 ± 1.01 kg CaCO3 m−2 year−1) and
chemistry-based (2.23± 1.02 kg CaCO3 m

−2 year−1) approaches
(Courtney et al., 2016). However, given the limited deployment
length of BEAMS during this study and the large variability in
diel, seasonal, and interannual metabolic rates over coral reefs
(Falter et al., 2008, 2012; Yeakel et al., 2015; Takeshita et al., 2016),
caution needs to be exercised in the interpretation of these results.
We suspect that the BEAMS-based annual NCC estimated here
may be skewed low due to heavy rainfall on the first day of
deployment, which depressed daytime NCC (Figure 3). Longer
term deployment of BEAMS over seasonal to annual timescales
would provide a more robust estimate of annual NCC rates,
and the environmental drivers across multiple temporal scales
ranging from hourly to seasonal timescales.
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FIGURE 4 | Spatial contour plots for O2 [µmol kg−1] (A–C), nDIC [µmol kg−1] (D–F), and nTA [µmol kg−1] (G–I) from the morning of July 27 (left column), afternoon

of July 27 (middle column), and morning of July 29 (right column). Contours are 5 µmol kg−1 for all plots. Red indicates where sensors were deployed, and the red

star indicates where BEAMS was deployed.

FIGURE 5 | O2 [µmol kg−1] vs. DIC [µmol kg−1] (left) and TA [µmol kg−1] vs. DIC [µmol kg−1] (right) from spatial survey data around Hog Reef. Solid line represents

model II regression. All samples from the spatial surveys are included.

Spatial Variability
The relationship between TA and DIC has been proposed as an
approach to calculate NCC:NCP over benthic communities, as
NCC and NCP alter TA and DIC in known ratios (Deffeyes,
1965; Suzuki and Kawahata, 2003; Andersson and Gledhill, 2013;
Cyronak et al., 2018b). Consequently, TA-DIC relationships
reflect the relative balance of the inorganic to organic carbon

cycles, which are functions of the community composition
and metabolic rates. Higher slopes in TA vs. DIC indicate a
higher NCC:NCP, and can be calculated using a simple equation
(Koweek et al., 2015). Distinct TA-DIC relationships have been
observed for well-defined communities in mesocosms with larger
slopes for calcifying (e.g., corals, sediments, and calcifying algae)
relative to non-calcifying communities (e.g., fleshy algae), and
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FIGURE 6 | Salinity normalized (36.5) nDIC and nTA at Hog Reef (red circles),

Bailey’s Bay (green circles), and across the Bermuda coral reef platform

between 2007 to 2012 (open black circles), and the resulting seawater pH

(contours; salinity = 36.5, temperature = 27.5◦C). Open red circles represent

data from deep stations, and were not included in the model II regression.

Solid red, green, and black lines represent model II regression for the Hog

Reef, Bailey’s Bay, and the reef platform, respectively.

intermediate slopes for mixed communities of calcifiers and non-
calcifiers (Anthony et al., 2013; Page et al., 2016; Lantz et al.,
2017). However, it is not clear at what spatiotemporal scales
TA and DIC samples should be collected in order to obtain
a robust estimate of NCC:NCP in natural environments. At
Hog Reef, we had an independent estimate of NCC:NCP from
BEAMS, enabling us to assess this approach. When data were
combined from all spatial surveys (spanning several km2 and
multiple days), the derived NCC:NCP from TA-DIC data (0.21)
was in agreement with direct measurements from BEAMS (0.21).
However, linear regressions performed on individual surveys
resulted in inconsistent estimates of the NCC:NCP, ranging
from −2 to 2.1. This is most likely because multiple processes
affect the carbonate chemistry variability on short temporal and
small spatial scales of a few km2, such as local metabolic rates,
advection, and mixing. Furthermore, metabolic rates are highly
dynamic and can change drastically over minutes to hours, as
demonstrated during the storm event on July 27 (Figure 3).
The metabolic rates do not necessarily change at a constant
ratio during these rapid events, as positive NCC and negative
NCP were observed during this storm. One of our spatial
surveys followed this rain-storm, most likely contributing to
the variability observed in the slope of TA to DIC between
individual surveys. Nonetheless, despite this variability from
survey to survey, the slope of TA to DIC was consistent with
the metabolic rates determined from BEAMS when data were
taken over sufficiently large spatial scales and multiple days.
This demonstrates the critical importance of collecting TA-
DIC samples at the appropriate spatiotemporal scales to obtain
accurate estimates of NCC:NCP over a given benthic community.

There are additional considerations when using this approach
to assess NCC:NCP over specific benthic communities. For

example, advection of a different water mass into the survey area
could introduce chemical changes that do not reflect local benthic
metabolism, but rather the signature of upstream communities.
Thus, it is important to characterize the upstream chemical
TA-DIC signature and carefully consider the dominant flow
trajectory and mixing across multiple habitats (Watanabe et al.,
2006). In addition, water depth can also affect the interpretation
of TA-DIC relationship in several ways. First, deeper sites have a
higher potential for stratification, as was observed at Hog Reef
(open circles in Figure 4). When stratified, benthic chemical
fluxes are not represented in surface samples and should not be
included in regression analysis to determine benthic NCC:NCP
of a specific community. Alternatively, samples could be collected
near the bottom to minimize this effect and/or throughout the
water column to characterize the vertical gradients for which
actual fluxes could be approximated in certain environments
(Andersson et al., 2007). Second, the magnitude of variability
(but not the TA-DIC slope) is dependent on water depth and
flow rates, as shallower depth and slower flow rates will allow
for larger accumulation of chemical signatures. This has been
well characterized and observed on reef flat environments (Shaw
et al., 2012; McMahon et al., 2013; Kwiatkowski et al., 2016).
A larger range in TA and DIC will lead to more robust linear
regression results, and thus lower uncertainty in NCC:NCP.
Such considerations are important for choosing appropriate
study sites, defining the spatiotemporal scale of a study, and
in interpreting TA-DIC and NCC:NCP data from various
environments.

Variability of Carbonate Chemistry Over
Multiple Functional Scales
There is a growing recognition of the importance of examining
biogeochemical processes across different functional scales (i.e.,
across time, space, and different benthic communities) on coral
reefs to get a comprehensive understanding of the natural
variability of seawater carbonate chemistry, the metabolic
function of different habitats (e.g., net calcifying vs. net
dissolving), and their ability to alleviate or exacerbate ocean
acidification (Cyronak et al., 2018b). To place the current
results into a broader context, we compared the TA-DIC
relationships from Hog Reef with TA-DIC relationships from
Bailey’s Bay (similar spatiotemporal scales but different benthic
communities) and across the entire Bermuda reef platform.

Spatial surveys were conducted at Hog Reef and Bailey’s
Bay (Cyronak et al., 2018a) over similar spatiotemporal scales
(several days, and 100 s of m2 to several km2), with the major
difference being the benthic community composition. Hog Reef
has a higher abundance of calcifying organisms relative to Bailey’s
Bay, implying there should be a higher NCC:NCP at Hog Reef
(Page et al., 2016; Lantz et al., 2017). As expected, the TA-
DIC slope was higher at Hog reef (0.35; NCC:NCP = 0.21)
relative to Bailey’s Bay (0.20; NCC:NCP = 0.10), most likely
explained by the different benthic communities between the
two sites (Figure 6). These results demonstrate that carbonate
chemistry variability on small spatial scales over diel timescales
follow a TA-DIC relationship that is determined by local benthic
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metabolic processes (red and green line in Figure 6). However,
the magnitude of change along this TA-DIC ratio is driven
by metabolic rates that are strongly dependent on many other
factors including light intensity (Gattuso et al., 1996; Takeshita
et al., 2016), residence time, and water depth (Falter et al., 2013).

When we expand the spatiotemporal scale to the entire
Bermuda reef platform, a different pattern for TA and DIC
emerges (Figure 6). Andersson et al. (2014) presented surface
TA and DIC data that were collected monthly at four time
series stations across the reef platform between 2007 and 2012
(Figure 1), shown as black circles in Figure 6. The residence
time over the Bermuda platform increases closer to shore, and
was on the order of several days to a week near the time
series stations (Venti et al., 2012). The sampling stations were
chosen in locations that were not in the direct vicinity of highly
productive benthic communities to minimize influence from
local benthic fluxes. Therefore, the platform-scale data represent
chemical variability that results from processes integrated over
days to more than a week across multiple habitats around the reef
platform, and thus, TA and DIC depletion is strongly correlated
with residence time (Venti et al., 2012). The slope of the TA-DIC
relationship at the platform-scale was 1.05 ± 0.04 (NCC:NCP
= 1.1), which follows an isoline of pH at constant temperature
and salinity, maintaining relatively constant pH as water traverses
across the reef platform over multiple days. This is in contrast
to both Hog Reef and Bailey’s Bay, where TA-DIC relationships
had a significantly lower slope which intersects pH-isolines,
leading to clear diel cycles in pH (Figure 2). The platform-scale
samples were collected monthly, which is significantly longer
than the residence time of the water, yet a consistent slope
in TA-DIC was observed. This implies that NCC:NCP at this
spatiotemporal scale remains relatively consistent over seasonal
to interannual timescales, although variability associated with
larger scale oceanic and climatic process such as the North
Atlantic Oscillation (NAO) is evident (Yeakel et al., 2015).

The TA-DIC slope on the platform-scale was significantly
higher than at Hog Reef and Bailey’s Bay, consistent with patterns
observed from reefs globally, where TA-DIC slopes were typically
higher when collected over larger spatial scales (Cyronak et al.,
2018b). The larger slope is most likely driven by the longer
residence time of seawater, i.e., the integration length for NCC
and NCP. The metabolic ratios that determine the slope of TA-
DIC are integrated over multiple days on the platform scale,
whereas they represent instantaneous metabolic ratios on diel
timescales over specific benthic habitats at Hog Reef and Bailey’s
Bay. In general, NCC:NCP increases with longer integration time
because the influence of NCC on carbonate chemistry becomes
more important than NCP when integrated over multiple days
(Gattuso et al., 1999; Falter et al., 2013). This is because daytime
organic production is nearly balanced by nighttime respiration
over a diel cycle (i.e., 6NCP ∼0) (Kinsey, 1985; Gattuso et al.,
1999; Falter et al., 2012), whereas NCC remains consistently
positive over a day (6NCC > 0) (Figure 3). Therefore, if the
residence time of the water is > 1 day, the chemical signature
of 6NCC accumulates disproportionately over 6NCP, leading
to a higher slope in TA-DIC. Given that the residence time
for the platform-scale data were several days to a week (Venti
et al., 2012), the TA-DIC slope was higher than those from

smaller spatial surveys representing variability over diel cycles. It
is possible that air-sea CO2 exchange plays a role on the platform
scale, since gas exchange becomes more important with longer
residence time. The effect of gas exchange would be to push the
TA-DIC relationship toward a pCO2 isoline near atmospheric
concentration. However, previous analysis has demonstrated that
gas exchange plays a significantly smaller role than metabolism
in Bermuda (Yeakel et al., 2015) and from reefs worldwide
(Frankignoulle et al., 1996; Watanabe et al., 2006; Falter et al.,
2013), thus it only plays a minor role in driving DIC variability
on the platform scale.

The carbonate chemistry at any given point in time and space
on the reef is determined through a combination of drivers that
simultaneously operate across multiple functional scales. The
platform-scale processes can be thought of as determining the
“upstream” properties for different sections of the reef depending
on location and recirculation patterns, whereas metabolism on
local scales induces additional high frequency variability on
diel timescales determined by benthic community composition,
depth, and residence time. This poses a challenge for predicting
future pH (or any CO2 parameter of interest) on coral
reefs because it requires understanding of how biogeochemical
feedbacks due to changes in benthic metabolism and physical
processes interact across different spatiotemporal scales. For
example, if the platform-scale 6NCC:6NCP decreases, pH
would increase as water travels across the reef platform, leading
to a potential partial offset in ocean acidification on the
platform-scale (Andersson et al., 2014). However, the TA-DIC
relationship at the platform-scale is determined by multiple
processes including the large-scale oceanographic processes such
as the NAO (Yeakel et al., 2015) or Pacific Decadal Oscillation
(PDO) (Pelejero et al., 2005) affecting rates and ratios of benthic
metabolism across multiple habitats (Andersson et al., 2014;
Andersson, 2015), making accurate predictions elusive but not
unattainable. At the local-scale, a decrease in NCC:NCP due
to changes in benthic community composition toward more
algae-dominated states (Hoegh-Guldberg et al., 2007) would
lead to larger diel cycles in pH. Understanding the relative
strengths and interactions of such feedbacks is critical to
project future seawater carbonate chemistry conditions on coral
reefs.

CONCLUSIONS

The main objective of this study was to present carbonate
chemistry variability and the relative importance of NCC:NCP
affecting TA-DIC relationships across multiple functional scales,
which is critical to better understand the implications of future
acidification to coral reefs. At the community-scale [several
km2 over day(s)], TA-DIC relationships were driven by local
metabolism and community composition, where higher slopes
of TA-DIC were observed at Hog Reef (coral reef) relative
to Bailey’s Bay (seagrass bed). The inferred NCC:NCP at
Hog Reef using the TA-DIC data was in agreement with
an independent measurement of benthic metabolism using
a gradient flux approach when averaged over multiple days.
The TA-DIC relationship had a significantly higher slope at
the platform-scale, where the chemical variability reflected
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processes that were integrated over longer periods. This is
most likely because the contribution from NCC on TA-DIC
changes becomes increasingly important over NCP over longer
integration timescales (Falter et al., 2013; Cyronak et al., 2018b).
The results presented here demonstrate that drivers of carbonate
chemistry variability cannot be viewed in isolation, but must be
interpreted in the context of how they interact across overlapping
functional scales.
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