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Abstract Coral reefs are threatened worldwide, and there is a need to develop new approaches to moni-
tor reef health under natural conditions. Because simultaneous measurements of net community produc-
tion (NCP) and net community calcification (NCC) are used as important indicators of reef health, tools are
needed to assess them in situ. Here we present the Benthic Ecosystem and Acidification Measurement Sys-
tem (BEAMS) to provide the first fully autonomous approach capable of sustained, simultaneous measure-
ments of reef NCP and NCC under undisturbed, natural conditions on time scales ranging from tens of
minutes to weeks. BEAMS combines the chemical and velocity gradient in the benthic boundary layer to
quantify flux from the benthos for a variety of parameters to measure NCP and NCC. Here BEAMS was used
to measure these rates from two different sites with different benthic communities on the western reef ter-
race at Palmyra Atoll for 2 weeks in September 2014. Measurements were made every �15 min. The trends
in metabolic rates were consistent with the benthic communities between the two sites with one dominat-
ed by fleshy organisms and the other dominated by calcifiers (degraded and healthy reefs, respectively).
This demonstrates the potential utility of BEAMS as a reef health monitoring tool. NCP and NCC were tightly
coupled on time scales of minutes to days, and light was the primary driver for the variability of daily inte-
grated metabolic rates. No correlation between CO2 levels and daily integrated NCC was observed, indicat-
ing that NCC at these sites were not significantly affected by CO2.

1. Introduction

Coral reefs are threatened worldwide from both local (e.g., overfishing, pollution, and sedimentation) and
global (e.g., sea level rise, temperature, and ocean acidification) stressors. Therefore, there is a need to
develop tools that can readily monitor reef health and ecosystem processes, beyond basic visual assess-
ments, under natural conditions. Net community production (NCP) and net community calcification (NCC)
are fundamental parameters that describe the carbon cycling of a reef. NCP describes the balance of organ-
ic production and respiration, and NCC describes the balance of calcification and dissolution. In particular,
sustained measurements of NCC are of great interest, as this describes whether or not the reef is accreting
biogenically precipitated CaCO3, or if it is exhibiting a net loss of CaCO3 through dissolution over time
(although it does not capture other important processes such as bioerosion and mechanical wave erosion).
Because ocean acidification is expected to cause NCC to decrease in the future [Langdon et al., 2000; Doney
et al., 2009; Andersson and Gledhill, 2013; Shaw et al., 2015], there is a need to gain a better understanding of
current rates and variability across time and space. A recent field manipulation experiment demonstrated
that ocean acidification has already caused a �12% decline in reef NCC since preindustrial times [Albright
et al., 2016]. However, approaches that measure NCC are currently limited to those that require collecting
discrete water samples, which are labor and time intensive, making it difficult to perform sustained observa-
tions. This sampling limitation is problematic, as variability in NCC on seasonal [Bates et al., 2010; Falter et al.,
2012] to interannual [Yeakel et al., 2015] time scales has been observed. Quantifying and understanding the
drivers of this variability is critical to establishing robust relationships between reef NCC and the progression
of ocean acidification.
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The ratio of NCC to NCP has been proposed as a valuable indicator for monitoring reef health [Albright
et al., 2013; Andersson and Gledhill, 2013], as this ratio seems to be driven by the relative proportion of calci-
fying to noncalcifying organisms in the benthic community. For example, significantly higher ratios of NCC
to NCP were observed over a coral and algal dominated reef flat relative to an algal dominated reef flat
[Smith, 1973]. Further, because degradation of benthic reef communities is associated with a shift in domi-
nance from corals to macroalgae [Done, 1992; McCook, 1999; Nystr€om et al., 2000; McManus and Polsenberg,
2004; Hughes et al., 2007] or more broadly from reef-building organisms (e.g., calcifiers) to fleshy organisms
[Smith et al., 2016], the ratio of NCC to NCP could provide valuable insight into the functioning of these dif-
ferent communities. As most assessments of reef health focus on abundance estimates and descriptions of
community structure, we do not have a good understanding of how variable these rates are across space
and over time within and among communities. An approach that simultaneously and autonomously mea-
sures these two parameters would be a useful tool for monitoring reef health to inform management.

Autonomous measurements of net community production on coral reefs under in situ conditions have
been achieved using three techniques: (1) control volume, (2) eddy covariance, and (3) gradient flux. The
control volume is a modified Eularian approach which is capable of measuring subhourly metabolic rates
over large patches of reef. Continuous measurements of NCP over weeks in Kaneohe Bay, O’ahu, Hawaii,
documented large variability in daily production rates, ranging from net autotrophy to net heterotrophy
[Falter et al., 2008]. Such dynamic variability could only be observed through sustained observations for
multiple days. This same approach was used to measure NCC on an Australian fringing reef [Falter et al.,
2012], however, discrete samples for total alkalinity (TA) were collected manually because autonomous sen-
sors for TA are not currently available. Attempts have been made to pump water from the corners of the
control volume and use bench-top instruments on a raft to measure dissolved inorganic carbon (DIC) and
TA to overcome this limitation, yet the smaller dimensions required for this approach made it difficult to cal-
culate robust metabolic rates [Teneva et al., 2013; Koweek et al., 2015].

The eddy covariance approach has been used in terrestrial environments for over half a century [Montgom-
ery, 1948; Swinbank, 1951], and was introduced to the marine environment about a decade ago to measure
benthic oxygen fluxes [Berg et al., 2003]. Since its introduction, it has been utilized to measure O2 fluxes in a
variety of ecosystems including on ice edges [Long et al., 2012b], in seagrass beds [Long et al., 2015b], and
on coral reefs [Long et al., 2013]. However, due to stringent limitations on sensor performance, applications
have thus far been largely limited to O2 fluxes, though successful implementation for other parameters
such as nitrate and pH have been reported [Johnson et al., 2011; Long et al., 2015a].

The gradient flux approach measures the mean gradient in momentum and chemical properties of interest
in the benthic boundary layer (BBL) to calculate the bottom flux. This approach has been successfully
applied in reef environments to quantify momentum [Reidenbach et al., 2006], phytoplankton [Genin et al.,
2002], and O2 fluxes (thus NCP) [McGillis et al., 2011; Turk et al., 2015]. The NCP rates based on this approach
have been shown to agree well with estimates based upon closed in situ benthic enclosures [Yates and Hal-
ley, 2003, 2006; Yates et al., 2007]. However, the enclosure approach can require significant maintenance
and multiple large-scale deployments. Enclosures also can become depleted of oxygen and nutrients if
resupply is not managed. Here we propose that the gradient flux approach could be adopted to quantify
benthic NCC, if gradients in TA could be observed or approximated.

Simultaneous measurements of pH and O2 can be utilized to quantify perturbations to the carbonate sys-
tem (i.e., TA and DIC) due to aerobic metabolism (photosynthesis and respiration) and other processes (e.g.,
anaerobic metabolism and/or calcification) [Long et al., 2015a]. In a coral reef community, the latter process
can be assumed to be dominated by net calcification [Barnes, 1983; Barnes and Devereux, 1984]. Therefore,
simultaneous pH and O2 gradients in the BBL in a coral reef can be used to calculate a gradient in TA, thus
NCC. Because autonomous sensing technology for O2 and pH (the SeapHOx) are readily available for the
oceanographic community [Bresnahan et al., 2014], these measurements can be easily made in situ.

To obtain accurate measurements of reef metabolism, it is important to conduct studies under natural flow
fields. Reef metabolism is heavily influenced by flow, as it has been demonstrated that reef production is
mass-transport limited [Atkinson, 1992; Baird and Atkinson, 1997; Atkinson et al., 2001; Falter et al., 2004].
Higher flow leads to a smaller diffusive boundary layer, promoting the transport of key constituents such as
nutrients, carbon, and O2 to and from the organism. Reduced flow under slack tide can lead to significantly
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lower NCC [Shaw et al., 2014]. Flume experiments have demonstrated that flow can have significant impacts
on how reef calcificers respond to ocean acidification [Anthony et al., 2011; Comeau et al., 2014].

Here we present the Benthic Ecosystem and Acidification Measurement System (BEAMS), an approach that
is capable of simultaneously measuring benthic NCP and NCC at 10 minute intervals under natural flow con-
ditions. BEAMS uses autonomous sensors to quantify mean gradients of pH and O2 and the current velocity
profile in the BBL to calculate benthic fluxes of O2 (NCP) and TA (NCC). A 2 week time series of subhourly, in
situ benthic NCP and NCC is presented from two sites with differing benthic communities on the reef ter-
race at the remote central Pacific Palmyra Atoll. We expected higher NCC rates at the site with the higher
abundance of calcifying benthic taxa. The potential utility for BEAMS as a reef health monitoring tool is
assessed by comparing metabolic rates under natural conditions simultaneously between two sites with
vastly different benthic communities. Coupling between NCP and NCC on time scales of hours to days is
discussed.

2. Methods

2.1. Study Site and Benthic Community Composition Analysis
All research was conducted on the coral reefs of Palmyra Atoll located in the northern Line Islands, central
Pacific, approximately 58N, 1508W (Figure 1). Palmyra is a National Fish and Wildlife Refuge and part of the
recently established Pacific Remote Island Areas National Marine Monument. Thus, all of Palmyra’s natural
resources are protected under federal law. Aside from military occupation of the atoll during the 1950s, Pal-
myra’s ecosystems have not been exposed to local human impacts such as fishing or pollution. As such Pal-
myra’s reefs are among some of the healthiest reefs in the United States with coral and crustose coralline
algal cover exceeding as much as 50% of the benthos [Smith et al., 2016]. While most of the forereef habi-
tats on Palmyra are highly exposed, making biogeochemical research challenging, the shallow reef terrace

Figure 1. (a) Map of Palmyra. RT4 and LL is shown in blue and red, respectively. (b) Benthic community composition at RT4 and LL. (c) Pic-
ture of BEAMS at (left) RT4 and (right) LL. The vastly different benthic composition is clearly seen.
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is more protected making it an ideal location to conduct biogeochemical cycling and feedback studies.
Much of the reef terrace habitat is dominated by reef-building corals (>60% cover) [Hamilton et al., 2014]
aside from an area adjacent to a former shipwreck site (that was removed in 2013 after 22 years) that is cur-
rently dominated by an invasive corallimorph (noncalcifying cnidarian) [Work et al., 2008].

Two BEAMS were deployed on 7–23 September 2014 on the western terrace at sites less than 1 km apart
but with vastly different benthic communities (Figure 1a). Given the proximity between the two sites, similar
environmental conditions were expected (see section 3 for details). Therefore, the differences in metabolic
rates between the two sites were assumed to be driven by the benthic community. At each location, a 10 3

10 m square was mapped with BEAMS at its centroid. Each side of the square ran along north-south or east-
west axes and we used photoquadrats (0.9 m 3 0.7 m) every 2 m along the perimeter to quantify benthic
community structure. In addition, one 10 m transect was run midway through the square (north to south)
at 5 m marks and photoquadrats were taken every 2 m. All benthic images were collected using a Cannon
G15 camera. The photographs were analyzed using the image analysis software Photogrid 1.0, following
protocols from Smith et al. [2016]. Briefly, 100 stratified random points were distributed across each photo
and the benthic organism underneath each point was identified to the finest taxonomic resolution possible.
After identification, percent cover data were separated into the following functional groups: hard coral, cal-
cified macroalgae, crustose coralline algae (CCA), turf algae, and corallimorph (Figure 1b). The reef terrace
site (RT4; 5.8778N 162.1198W) was on average �7 m deep and hosted a benthic community with an abun-
dant population of calcifying organisms, consisting of 53% coral, 10% CCA, 7% calcifying macroalgae (Hali-
meda and Galaxaura), and 25% fleshy macro and turf algae. The Longliner wreck site (LL; 5.8838N
162.1228W) was on average �6 m deep and was dominated by a large population of the corallimorph Rho-
dactis howesii (43%), 5% coral, 13% CCA, 12% calcifying macroalgae, and 28% fleshy macro and turf algae.
The ship wreck was removed from the reef in 2013, a year prior to this deployment. Given the vastly differ-
ent benthic communities at these two sites in terms of abundance of calcifying versus fleshy taxa, we
expected higher NCC rates at RT4. However, as corallimorphs have symbiotic zooxanthellae for photosyn-
thesis, comparable NCP rates were expected. Measurements were made at both sites for 14 days. A large
swell event occurred on 12–13 September and mixed the water column thoroughly, thus metabolic rates
were not calculated during this time. Three BEAMS were deployed on a single frame at RT4 for 24 h
between 23 and 24 September to assess the reproducibility of this approach.

2.2. BEAMS Approach and Apparatus
BEAMS is based on the gradient flux approach, where vertical gradients in velocity and chemical constitu-
ents in the benthic boundary layer (BBL) are used to calculate chemical fluxes from the benthos [McGillis
et al., 2011]. Gradients of O2 are directly measured, whereas the gradient in TA is calculated using simulta-
neous measurements of pH and O2. The flux of O2 and TA from the benthos is directly proportional to ben-
thic NCP and NCC, respectively, assuming negligible productivity in the BBL and no horizontal advective
fluxes. The flux from the benthos (J) is equal to the product of the eddy diffusivity (Kz) and the vertical gra-
dient of the chemical constituent C (i.e., O2 or TA):

J52Kz
@C
@z

(1)

In a turbulent boundary layer, Kz 5 ju�z, where u� is the friction velocity (m s21), j is the K�arm�an constant
(0.41), and z is the height above the benthos (m). Integrating equation (1) and rearranging gives:

C zð Þ52
J

u�j
ln

z
d

� �
1C1 (2)

where d is the displacement height, and C1 is the constant from integration. Measurements of the current
profile in the BBL were used to quantify u� , and three parameters (J, d, and C1) were adjusted to fit the
observations of the chemical constituents in the BBL using a nonlinear least squares approach (Matlab,
lsqcurvefit). Net metabolic rates were calculated from the fluxes as NCP 5 JO2, and NCC 5 20.5JTA, where
the subscripts refer to the respective chemicals. NCP and NCC are reported in mmol O2 m22 h21 and mmol
CaCO3 m22 h21, respectively. Daily integrated NCP (mmol O2 m22 d21) and NCC (CaCO3 m22 d21) will be
noted as RNCP and RNCC, respectively.
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The chemical gradient in the BBL was measured using a SeapHOx [Bresnahan et al., 2014]. Gradients were
measured using a single sensor by sequentially pumping water from different heights above the benthos
through the SeapHOx. Separate pumps (Seabird SBE5P or Rule 25D bilge pumps) were used for the different
heights, and a one-way valve was attached at each inlet. Water was pumped continuously from each height
for 15 min before switching to the next height. The SeapHOx made measurements every 45 s. A single sen-
sor approach is advantageous over multiple sensors when monitoring small chemical gradients, as the
measurements rely on the precision of one instrument. Using this approach, we largely alleviate complica-
tions that arise when using multiple sensors, namely intra sensor offset or bias. The short-term precision of
pH and O2 is 0.0005 [Martz et al., 2010; Takeshita et al., 2014] and 0.1 mmol kg21, respectively. Data from the
first 2 minutes after switching intakes were discarded to ensure full flushing of the sample volume, and
remaining data were averaged to obtain the mean chemical gradient over the sampling period (n 5 18).
The pH measurements were calibrated based on discrete samples for DIC and TA taken alongside the sen-
sor throughout the deployment (n� 12 for each sensor), and the accuracy of the sensor pH is estimated to
be 0.01 based on this comparison. pH at in situ conditions was calculated using CO2SYS with equilibrium
constants based on measurements by Mehrbach et al. [1973] and refit by Lueker et al. [2000]. All pH is
reported at in situ conditions, on the total scale.

The gradient in TA (DTA 5 TAz2 2 TAz1) was estimated using pH and O2 data [Barnes, 1983]:

2DTA5
DO23Q1 Kz12Kz2ð ÞTAz22Kz1 Bz11OHz1ð Þ1Kz2 Bz21OHz2ð Þð Þ

Kz120:5ð Þ (3)

where DO2 5 O2,z2 2 O2,z1, Q describes the change in DIC per change in O2 due to net production (DDIC/
DO2), K is the ratio of carbonate alkalinity to DIC, B is the borate concentration (mmol kg21), and OH is the
hydroxide concentration, and the subscript denotes the height above the benthos (z1 5 0.3 m and
z2 5 1.1 m). Borate concentration was calculated from salinity [Uppstrom, 1974] and equilibrium constants
from Dickson [1990], OH was calculated using pH and Kw [Millero, 1995], and K was calculated from tempera-
ture, salinity, and pH [Barnes, 1983]. Note that Q is the inverse of the photosynthetic quotient. TAz2 was
assumed to be 2205 mmol kg21 (mean of discrete TA samples; n 5 35), since the calculations are relatively
insensitive to the choice in this value. In fact, changing TAz2 by 6100 mmol kg21 (larger than the range
observed from discrete samples) resulted on average a difference of DTA of 60.3 mmol kg21. This propagat-
ed out to an uncertainty of 0.5–2 mmol CaCO3 m22 h21 (up to 14% of the mean daily maximum NCC at
RT4) depending on the flow; error is higher at higher flow. Here we assumed a Q of 1 (see section 4.1 for
details).

The velocity profile of the BBL with a vertical resolution of 3 cm was measured using a Nortek 2 MHz HR
Aquadopp at 1 Hz. Assuming a no-slip boundary condition and a law of the wall relationship, the velocity
profile can be expressed as

U zð Þ5 u�
j

ln
z2d

zo

� �
(4)

where U is the current velocity, d is the displacement height, and zo is the roughness scale. The friction
velocity, u� , was obtained by fitting equation (4) to the observed current profile by adjusting u�, d, and
zo using nonlinear least squares (MATALB function lsqcurvefit); mean velocity profiles over 5 min were
used for this fit. Due to instrumentation limitation, the current profile was not continuously measured at
both sites. Alternatively, velocity at 1.3 m (U0) was measured at 0.1 Hz using a Sontek Acoustic Doppler
Velocimeter (LL) and a Nobska MAVS (RT4), and u� was calculated based on a linear relationship
between U0 and u� (R2> 0.96 for both sites). The drag coefficient (Cd) was calculated for each site. All
regression analysis was performed using MATLAB, using lsqfitma and regress functions for model II and
least squares regressions, respectively. The footprint, or the benthic area that is responsible for fluxes
calculated by BEAMS can be represented by u�=z 5U zð Þ=L, where L is the footprint length [McGillis
et al., 2011].

A diel composite plot for hourly NCC and NCP was created by averaging hourly binned metabolic rates over
the deployment. NCC, NCP, and daily integrated PAR (RPAR) were calculated on days where data from the
entire 24 h were available (n 5 7 and n 5 8 for LL and RT4, respectively). Gross primary production (GPP)
was calculated following the approach outlined in Falter et al. [2012].
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Photosynthetically active radiation (PAR) was estimated by measuring irradiance at each site using an Onset
HOBO irradiance logger. A LICOR 4-p quantum sensor that measured PAR was deployed alongside each of
the HOBO loggers for >1 day, and irradiance (lumen) was converted to PAR (mmol photons m22 s21) using
an exponential function (R2> 0.86 for both sites) [Long et al., 2012a]. The surfaces of the irradiance loggers
were cleaned every day by wiping with a neoprene glove.

2.3. Discrete Samples for DIC and TA
Discrete samples for DIC and TA were collected using both diver deployed Niskin bottles and autosamplers.
Samples from Niskin bottles were collected and analyzed following standard protocols [Dickson et al., 2007].
Autosamplers were custom built, and consisted of a peristaltic pump that filled a 350 mL prepoisoned intra-
venous bag resistant to gas exchange (Tedlar, Zefon EconoGrabTM) over 15–20 min. The bags were collect-
ed daily and siphoned into 300 mL borosilicate bottles. The autosamplers were programmed to collect
samples at either 1 or 11 A.M. each day, local time. Duplicate samples using the autosamplers agreed to bet-
ter than 2.5 lmol kg21 for both TA and DIC (n 5 4). The samples were analyzed in the Dickson lab at Scripps
Institution of Oceanography, and the precision and accuracy for DIC and TA are estimated to be 1 and 2
lmol kg21, respectively. A total of 23 and 12 samples were collected at RT4 and LL, respectively. The satura-
tion state with respect to aragonite (X) was estimated from sensor data based on a pH-X relationship estab-
lished using the discrete samples (second-order polynomial; R2 5 0.999). X estimates are accurate to 0.01.

3. Results

The two sites exhibited similar environmental conditions over the course of the deployment (Figure 2) as
they were located �1 km apart. Mean temperature was 29.68C, and varied by <18C, except for during a sig-
nificant swell event occurring during 12–13 September, when temperatures decreased to 28.58C. Clear diel

Figure 2. Time series of O2 (mmol kg21) pH, temperature (8C), current velocity (U0; cm s21), and PAR (mmol photons m22 s21) from RT4
(blue) and LL (red). Data are from 1.1 m above the benthos. Gaps in data are due to sensor maintenance.
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cycles of O2 and pH were observed at both sites, and the daily range was approximately 70 mmol kg21 and
0.1 for O2 and pH, respectively. The current velocity showed similar general patterns between the two sites,
however, short-term variability was greater at LL, which was dominated by fleshy organisms, compared to
RT4 that is dominated by calcifiers. The drag coefficient, Cd, for each site was 0.019 6 0.02 (R2> 0.96 for
both sites), based on U0 and u� determined from the current profile. These values are similar to those
reported by McGillis et al. [2011], but slightly higher than Reidenbach et al. [2006]. The footprint length, L,
was 10.1 m for both sites. Sunrise and sunset occurred during this deployment around 6:30 A.M. and 7:00
P.M., respectively.

A consistent, repeatable diel pattern in DO2, DpH, and DTA was observed reflecting cycles of reef metabo-
lism (Figure 3). Negative and positive DO2 were observed during the day and at night, respectively; negative
DO2 means the O2 closer to the benthos is higher, signifying positive NCP, and vice versa. DpH followed a
very similar pattern to DO2, indicating that the pH gradient is dominantly driven by NCP. Clear gradients in
TA reflecting NCC were observed at RT4 (i.e., positive DTA for positive NCC), whereas no clear diel pattern in
DTA was observed at LL (Figure 3), likely because this site is dominated by noncalcifying benthic organisms.
An exception to this pattern was observed on 12–13 September, when no significant chemical gradient was
observed throughout the day. This was most likely due to low PAR associated with the storm event, and
very large swells and breaking waves on the reef terrace, inducing high mixing that led to a well-mixed
water column and a small BBL; NCC and NCP could not be calculated for those days.

A total of 1144 and 1018 NCC and NCP rates were calculated at RT4 and LL using equation (2) over 2 weeks,
respectively (Figure 3). Gaps in the benthic flux time series were due to unfavorable conditions (e.g., 12–13
September), when the BBL was stratified, or during instrument maintenance to replace batteries. A diel
composite of the metabolic rates showed consistent diel patterns of positive NCP during the day and nega-
tive NCP during the night at both sites (Figure 4). A clear diel cycle for NCC was observed at RT4, where
NCC was positive during the day, and remained near zero during the night (Figure 4). However, at LL where

Figure 3. Time series of hourly binned DO2 (mmol kg21) DpH, DTA (mmol kg21), NCP (mmol O2 m22 h21), and NCC (mmol CaCO3 m22 h21)
from RT4 (blue) and LL (red). Gaps in data are due to sensor maintenance or unfavorable flow conditions.
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noncalcifying organisms dominate, this pattern was far less pronounced (Figure 4). On average, the diel
maximum NCP was similar at both sites (�23 mmol O2 m22 h21), whereas the average daily maximum NCC
rate was twice as high at RT4 (14 mmol CaCO3 m22 h21) than at LL (6 mmol CaCO3 m22 h21). Based on the
integral of this diel composite plot, the average RNCP was 234 mmol O2 m22 d21 (RT4) and 22 mmol O2

m22 d21 (LL), and the average RNCC was 95 mmol CaCO3 m22 d21 (RT4) and 26 mmol CaCO3 m22 d21

(LL). However, large variability in RNCP and RNCC was observed at both sites (Table 1). Both sites exhibited
net autotrophy and net heterotrophy over the course of a day; RNCP ranged between 2169 and 94 mmol
O2 m22 d21 at RT4, and ranged between 2217 and 318 mmol O2 m22 d21 at LL. Over a diel cycle, RT4 was
always net calcifying (RNCC ranging between 50 and 159 mmol CaCO3 m22 d21), whereas net dissolution
was observed 1 day at LL, most likely due to low light levels that day.

Both NCP and NCC were correlated with PAR (Figure 5). A community-level Photosynthesis-Irradiance (P-I)
curve was determined using a simple exponential equation, assuming no photoinhibition [Platt et al., 1980]

NCP5Pmax 12e
2aP 3PAR

Pmax

� �
2CP (5)

where aP is the photosynthetic efficiency, Pmax is the maximum NCP, and CP is a constant. Both aP and Pmax

were very similar between the two sites (Table 2). NCC had a similar response to light, thus the same form
of equation was used to fit the data to create a Calcification-Irradiance curve (Figure 5). Both the initial slope
(aG) and maximum (Gmax) were higher at RT4 compared to LL (Table 2). Both NCP and NCC responded to
changes in PAR on time scales faster than the sampling interval of �15 min. For example, a cloud-induced
decrease in PAR around noon on 15 September led to rapid and dramatic decreases in both NCP and NCC
(Figure 6). In fact, negative NCP was briefly observed during the middle of the day, demonstrating the need
for high-frequency measurements to capture the dynamic variability of reef metabolism.

Figure 4. Diel composite plot of hourly NCP (blue; mmol O2 m22 h21) and NCC (red; mmol CaCO3 m22 h21) for RT4 and LL. Error bars are
1 SD; note that the error bars reflect day-to-day variability.

Table 1. RNCP (mmol O2 m22 d21), RNCC (mmol CaCO3 m22 d21), RPAR (mol photons m22 d21), and Mean Daily Average X

Day in September

RNCP RNCC RPAR X

RT4 LL RT4 LL RT4 LL RT4 LL

8 2118 101 8.5 3.49
9 2169 2217 76 236 7.4 9.1 3.20 3.46
10 318 32 36.8 3.17
11 41 120 25.4 3.60
14 118 42 26.2 3.58
15 94 79 219 8 21.1 27.8 3.58 3.59
18 33 114 29.9 3.59
19 2101 15 117 58 19.6 19.5 3.47 3.21
20 66 23 92 28 23.3 25.5 3.44 3.46
22 22 237 106 39 24.3 28.7 2.82 3.05
Averagea 216 43 118 18 19.9 24.8 3.29 3.36
SD 98 162 43 27 8.0 8.6 0.26 0.21

aThe average for RNCP and RNCC was computed as the integral from the curve in Figure 4.
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A tight relationship between NCP and NCC was observed during the day (defined as PAR> 100 mmol pho-
tons m22 s21) at both sites (Figure 7). The ratio of NCC to NCP was significantly higher (t test; p< 0.001) at
RT4 (0.50 6 0.02) relative to LL (0.27 6 0.01), and this ratio remained consistent throughout the deployment.
This correlation existed between daily integrated rates as well (Figure 8), but the ratio of RNCC to RNCP
was lower (0.37 6 0.08 at RT4 and 0.21 6 0.08 at LL) compared to patterns shown in Figure 7. RNCP and
RNCC were also correlated to RPAR, however, no clear relationship between RNCC and the daily average X
was observed (Figure 8).

4. Discussion

4.1. BEAMS Approach and Assessment
The footprint length, L, of the reef that influences the observations at each site was estimated to be approx-
imately 10 m, thus the metabolic fluxes should reflect the benthic community near each system. At RT4,
>70% of the benthos is covered by calcifying photoautotrophs (e.g., corals and calcifying algae), whereas at
LL, the benthos is dominated by R. howesii (a noncalcifying photosymbiotic corallimorph) and fleshy turf
algae, and calcifiers composed only 30% of the community. Accordingly, the ratio of NCC to NCP at RT4
(0.50 6 0.02) was greater than at LL (0.27 6 0.01) (Figure 7), indicating higher calcification rates at RT4;
RNCC was approximately 3.5 times larger at RT4 (Table 1). These data demonstrate that BEAMS captured
metabolic patterns that are consistent with visual assessments of the composition of the underlying benthic
community.

NCC at RT4 was generally within the range of previously reported values over the western reef terrace using
a Lagrangian approach, which ranged between 250 and 100 mmol CaCO3 m22 h21 [Koweek et al., 2015].
Measurements in Koweek et al. [2015] were performed during the same time of year, and the environmental
conditions (e.g., PAR and temperature) were similar to those observed during this study. However, this
could be due to the large uncertainties associated with Lagrangian measurements. Koweek et al. [2015] also
measured NCC using a Eularian approach for the southwestern portion of the reef terrace several kilometers
from RT4, and reported rates significantly higher than our study. For example, NCC was on average larger

by about 15–20 mmol CaCO3 m22 h21, with RNCC of
>650 mmol CaCO3 m22 d21, over 5 times greater than
our estimates. The discrepancy could be driven by different
benthic communities, spatial variability in reef metabolic
rates, or different flow regimes. Although reef terraces are
very distinct from reef flats, for a global context, we note
that the NCC at RT4 (3.6 kg CaCO3 m22 yr21) is about 90%
of the average NCC (�4 kg CaCO3 m22 yr21) for reef flats
in the Indo-Pacific [Kinsey, 1985; Falter et al., 2013]. The ratio

Figure 5. PAR (lmol photons m22 s21) versus NCP (black; mmol O2 m22 h21) and NCC (red; mmol CaCO3 m22 h21) at (left) RT4 and (right)
LL. R2 for NCP and NCC at RT4 was 0.57 and 0.35, respectively, and R2 for NCP and NCC at LL was 0.61 and 0.45, respectively. Individual
BEAMS measurements and binned averages are shown in shaded and solid circles, respectively. The solid lines represent the best fit line,
and the dashed line represents zero. Both NCP and NCC follow an exponential relationship to PAR.

Table 2. Coefficients for P-I and C-I Curve for Both
Sites

Coefficients RT4 LL

aP 0.107 0.113
Pmax 36.8 38.1
CP 210.1 11.8
aG 0.045 0.024
Gmax 14.4 11.1
CG 1.89 21.61
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of NCC to NCP (0.50) is one of the high-
est reported in the literature, although
this number varies depending on the
assumption of Q.

The accuracy of the gradient flux
approach is dependent on the ability
to quantify the chemical gradients in
the BBL, which are typically smaller
than 3 mmol kg21 O2 and 0.005 pH. To
achieve this level of resolution, there
are several considerations that need to
be taken into account. First, measure-
ment precision must be significantly
smaller than the expected gradient,
indicating that high-precision autono-
mous sensors are necessary. We rec-
ommend using a single sensor
approach to eliminate measurement
uncertainty resulting from intersensor
accuracy (e.g., calibration errors and

sensor drift). Our attempts at collecting discrete samples to quantify the chemical gradient have not been
successful, as the sampling uncertainties were too large. Second, the gradient flux approach requires that
the mean chemical conditions are measured at each height. In a turbulent boundary layer, eddies transport
water parcels vertically on time scales ranging from fractions of seconds to multiple seconds [Berg et al.,
2003], resulting in natural variability at a fixed height. For example, the average standard deviation of O2

and pH at each height over the course of 15 min was 0.6 mmol kg21and 0.001, respectively. While part of
this variability stems from instrument precision, it largely reflects the turbulent processes in the BBL. There-
fore, it is critical that a sufficient number of measurements are averaged to remove the high-frequency vari-
ability. For more recent deployments, we have started averaging measurements for 10 min at each height.

The random error associated with the calculation of DTA was assessed. The error associated with Q was not
included in this analysis because this represents a systematic bias, but is discussed in detail below. The sour-
ces of random error that were considered are summarized in Table 3. The contribution of each source of
error was determined using a Monte Carlo approach, and is reported as the standard deviation of 1000 sim-

ulations. Errors were introduced into the simulation
by assuming a random distribution. The three main
sources of uncertainty were the instrumental preci-
sion in O2 (60.2 mmol kg21) and pH (60.6 mmol
kg21), and the assumption in TAz2 (60.3 mmol kg21),
with a total random error of 60.86 mmol kg21. This
corresponds to a random error in NCC of 1.5 to 6
mmol CaCO3 m22 h21 (up to 45% of mean daily
maximum NCC at RT4) depending on the current
velocity. The uncertainty due to the assumption of
TAz2 can be greatly reduced by simultaneously
deploying an autonomous sensor for another car-
bonate parameter (e.g., pCO2). However, combining
pH and pCO2 sensors to measure the TA gradient in
the BBL is not recommended. The random error in
the calculated DTA if pH and pCO2 were used is
64.5 mmol kg21, assuming a sensor precision of
0.0005 and 1 matm, 278C, and salinity of 33.5. As this
error is larger than most of the gradients in TA we
observed, we do not believe that robust NCC rates

Figure 7. Daytime NCP (mmol O2 m22 h21) versus NCC (mmol
CaCO3 m22 h21) at RT4 (blue) and LL (red). Solid lines represent
model II regression results. Slope at RT4 and LL were 0.50 6 0.02
(R2 5 0.66) and 0.27 6 0.01 (R2 5 0.54), respectively, demonstrat-
ing higher calcification rates at the healthy reef site RT4, and a
consistent NCP to NCC ratio at both sites.

Figure 6. Daytime NCP (blue; mmol O2 m22 h21) and NCC (red; mmol CaCO3 m22

h21) on 15 September at RT4. PAR (mmol photons m22 s21) is shown as a solid
pink line, demonstrating the coupling between PAR and reef metabolism on time
scales of tens of minutes.
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can be obtained with this sensor combination. It is unlikely that the precision of pH and O2 sensors will sig-
nificantly improve, as they are comparable to standard bench-top systems.

The theoretical random error propagation of BEAMS was assessed by simultaneously deploying three sys-
tems on the same frame for 24 h on 22–23 September. The discrepancy between the three systems should
reflect the random error of BEAMS in the field. On average, the NCP and NCC from the three systems agreed
to 2.4 and 3.2 mmol C m22 h21, computed as the standard deviation of the three metabolic fluxes from the

different systems (Figure 9). The field observa-
tions are in general agreement with the calculat-
ed random error in NCC of 1.5–6 mmol CaCO3

m22 h21. This random error is significantly
smaller than the metabolic fluxes observed dur-
ing our study, thus robust estimates of metabolic
fluxes were possible. Taking the reproducibility
for hourly rates and propagating them to daily
integrated metabolism rates leads to an approxi-
mate uncertainty in RNCP and RNCC of 613
mmol O2 m22 d21 and 15 mmol CaCO3 m22

d21, respectively. The scatter between the sys-
tems was almost entirely due to the differences
in the captured chemical gradients. The agree-
ment between the current sensors was

Figure 8. Relationship between RNCP (mmol O2 m22 d21), RNCC (mmol CaCO3 m22 d21), RPAR (mol photons m22 d21), and daily aver-
age X at both sites. Data from RT4 and LL are shown in blue and red, respectively. Error bars represent uncertainty in the daily integrated
metabolic rates. Solid lines represent model II regression results where the slope was significant at the 0.05 level. Dashed lines indicate a
nonsignificant slope.

Table 3. Summary of the Sources and Magnitude of Random Error
for DTAa

Source of Error Magnitude
Propagated
Error in DTA

O2 precision (mmol kg21) 0.1 0.20
pH precision 0.0005 0.58
Salinity precision 0.005 0.08
Temperature precision (8C) 0.005 0.09
pH accuracy 0.01 0.02
Salinity accuracy 0.005 0.00
Temperature accuracy (8C) 0.1 0.00
TAz2 (mmol kg21) 100 0.26
K1 1.92E-8 0.01
K2 2.88E-11 0.01
Total 0.86

aAssumption in Q is not included in this table, as it is not ran-
dom error.
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0.2 6 0.4 cm s21 and did not introduce significant uncertainty to the calculated metabolic fluxes. In the
future, this error could potentially be improved by implementing different pumping flow rates or adjusting
the number and frequency of measurements made at each height.

Another source of error to this approach is the assumption made for Q in equation (3). Unlike the sources of
error considered earlier, the assumptions in Q manifest as a systematic error. In this study, we assumed
Q 5 1 because a review of reefs worldwide revealed that the photosynthetic quotient falls into a narrow
range near unity [Kinsey, 1985], but ranges between 0.8 and 1.15. More recent studies have also shown that
Q in reef environments was not significantly different than one [Falter et al., 2012]. We assessed how this
assumption affects NCC at RT4 by altering Q between 0.9 and 1.1 (Figure 10). Lower Q increases nighttime
NCC and decreases daytime NCC; the opposite occurs when Q is increased. Peak day time NCC at RT4
ranged between 13.3 (Q 5 0.9) and 18.5 (Q 5 1.1) mmol CaCO3 m22 h21, representing a �20% systematic
error. Since NCP is unaffected by the assumption in Q, this leads to a different ratio of NCC to NCP, in this
case, between 0.38 6 0.02 (Q 5 0.9) and 0.58 6 0.02 (Q 5 1.1). It is clear that better constraining Q will lead
to more accurate estimates of NCC, and should be a priority in future deployments. The daily integrated val-
ue is relatively insensitive to the choice in Q, and only varied by 65 CaCO3 m22 d21. This is because the
effects of Q during night and day (or more strictly negative and positive DO2) are opposite, and work to
counteract each other. This demonstrates that although hourly NCC may be sensitive to the choice in Q, the
daily integrated NCC derived from BEAMS is robust. However, on higher-latitude reefs where the length of
day and night are less balanced than low-latitude reefs, the daily integrated NCC may also be sensitive to Q,
but has yet to be confirmed.

4.2. Drivers for NCC
4.2.1. Light
An exponential relationship between PAR and NCP is well established [Platt et al., 1980; Gattuso et al., 1996;
Long et al., 2013; Turk et al., 2015], though there is less consensus on the shape of the relationship between
PAR and NCC. Examples for linear [Barnes and Devereux, 1984; Gattuso et al., 1996; Falter et al., 2012; Albright
et al., 2013] and exponential [Gattuso et al., 1996; Boucher et al., 1998; Cuet et al., 2011] relationships have
been reported. Because NCC and NCP were tightly correlated at both RT4 and LL (Figure 7), it is logical to
expect that the relationship between NCC and PAR would follow a similar shape as that of NCP and PAR
(i.e., exponential; Figure 5), although some studies have hypothesized different sensitivities to PAR for NCP
and NCC [Shamberger et al., 2011]. The different patterns in the literature could reflect different ecosystem
behavior between reefs, or the spatial discrepancies between the different approaches. Most nonenclosure
approaches to measure NCC (e.g., Lagrangian, Eularian, and control volume) integrate metabolic rates over
wider areas than BEAMS. Alternatively, approaches that rely on discrete samples usually have sampling
intervals of an hour to several hours, making it difficult to capture reef metabolic rates with sufficient tem-
poral resolution to accurately capture the curvature at low PAR levels when light levels are rapidly changing
(i.e., right after sunrise and before sunset). The BEAMS approach does not have this restriction, and is

Figure 9. NCP and NCC calculated from three separate SeapHOx sensors simultaneously deployed at RT4. The mean 6 SD of the three sen-
sors are shown in red, whereas the individual measurements are shown in closed circles. Different colors indicate different BEAMS. The
mean standard deviation for NCP and NCC was 2.4 mmol O2 m22 h21 and 3.2 mmol CaCO3 m22 h21.
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capable of detecting changes in metabolic rates on
similar time scales as the changes in environmental
conditions (Figure 6). Deployment of BEAMS in vary-
ing benthic communities and reef environments
would shed light on this issue.

A decoupling between PAR and NCC has been
observed in the laboratory for mixotrophic corals,
where organisms followed a natural diel cycle inde-
pendent of light [Al-Horani et al., 2007]. Similar obser-
vations have been made in the field. For example,
Falter et al. [2012] observed rates of NCC that were
higher than expected based on empirical light rela-
tionships on two anomalously low light days. They
argued that this was due to the reef flat exhibiting a
diurnal rhythm independent of diurnal change in
light. Our observations do not support a circadian
rhythm for reef NCC. The reef community responded
rapidly to changes in incident light (Figure 6), and

the total daily net calcification seems to be driven by the total amount of light for each day, as evidenced
by the correlation between RPAR and RNCC (Figure 8). If reefs followed a circadian rhythm, no significant
relationship should be observed between RPAR and RNCC. Alternatively, this may indicate a reef’s relative
dependence on autotrophic versus heterotrophic processes to build carbonate skeletons.

The ratio of RNCC to RNCP at RT4 (0.37 6 0.07) and LL (0.20 6 0.08) were similar to that obtained based on
daytime data (Figure 6), suggesting that daily integrated metabolic rates are largely driven by day time pro-
duction and calcification dynamics. This is further supported by the correlation between RNCC and RPAR,
and RNCP and RPAR (Figure 8), as light has a strong control over day time metabolism. Therefore, the day-
to-day variability in RNCC and RNCP are, on the first order, driven by the available light during that day.
The observed variability in RNCC was large and it differed by threefold throughout the deployment at RT4.
This highlights the importance of simultaneously reporting PAR with NCC rates for future reef calcification
studies, especially if results are to be interpreted to detect temporal trends. For example, the natural vari-
ability in RNCC due to light levels is of similar or greater magnitude than the expected changes in NCC due
to ocean acidification [Langdon et al., 2000; Pandolfi et al., 2011; Chan and Connolly, 2013; Shaw et al., 2015].
Therefore, any anthropogenically forced changes may become extremely difficult to detect because they
may get lost in the noise of natural variability. Incorporation of PAR in the interpretation will become critical
if meaningful changes are to be described or comparisons to be made within and among sites. It is impor-
tant to note that seasonal changes in the response of RNCC to RPAR have been observed [Falter et al.,
2012], making thorough characterization of each site critical. Although not included in this discussion, tem-
perature also has an important control over NCC [Silverman et al., 2009]. Since our deployment sites did not
experience a large temperature change (<18C), we did not attempt to address the effects of temperature
with our data. However, deployment of BEAMS in environments with large temperature variability or over
multiple seasons will allow us to examine temperature effects on NCC.
4.2.2. Net Community Production
A strong correlation between NCC and NCP in reef environments is well documented [Gattuso et al., 1996;
Shaw et al., 2012, 2015; McMahon et al., 2013; Albright et al., 2015], and was observed at both sites in this
study (Figure 6). NCC was more strongly correlated to NCP (R2 5 0.66) than PAR (R2 5 0.40), further support-
ing the hypothesis that calcification is strongly driven by production [Gattuso et al., 1999]. The ratio was sig-
nificantly higher at RT4, a ‘‘healthy’’ reef site with high abundance of coral and calcifying organisms,
compared to LL, a degraded site dominated by invasive noncalcifying photosynthetic corallimorphs and fle-
shy turf algae (Figure 7). The difference in benthic community composition between these two sites is anal-
ogous to a reef transitioning from a coral to algal dominated state through various stressors. The large
differences in the ratio of NCC to NCP observed across the two sites indicate that monitoring this ratio could
be a powerful tool for monitoring reef health, as has been previously suggested [Albright et al., 2013; Ander-
sson and Gledhill, 2013].

Figure 10. Diel composite of NCC (mmol CaCO3 m22 h21) for
RT4 assuming a Q of 0.9 (red), 1.0 (blue), and 1.1 (green).
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Previous studies have demonstrated that daily integrated gross primary production (RGPP) is significantly
correlated to RNCC, however, RNCP and RNCC are not [Kinsey, 1985; Gattuso et al., 1999; Shamberger et al.,
2011; Falter et al., 2013]. This is contrary to our results, where a correlation between both RGPP and RNCC
(R2 5 0.63 at RT4; data not shown), and RNCP and RNCC (R2 5 0.76) existed (Figure 8). In fact, RNCC was
more strongly correlated to RNCP than RGPP. One reason this relationship has not been shown in the past
could be that continuous measurements of both NCP and NCC for multiple days must be made. Further-
more, the deployment should span a wide range of light levels to obtain robust regression analysis results.
Such datasets are scarce [Shamberger et al., 2011]. Alternatively, this discrepancy could result from the exclu-
sion of water column processes in NCP measured by the BEAMS approach. Previous approaches for quanti-
fying reef metabolism using bulk seawater chemistry measure integrated metabolic rate of the benthos and
water column. Water column processes, which are typically considered to be small or negligible in many
reef systems, could introduce enough variance to convolute the relationship between the diel integrated
metabolic rates.
4.2.3. X
No correlation was observed between daily average X and NCC (Figure 8), suggesting that X does not sig-
nificantly affect NCC at these sites, or that the effects of X were too small to detect. This is contrary to a
tight correlation between daily average X and RNCC that was previously reported from Kaneohe Bay
[Shamberger et al., 2011], indicating that perhaps different reefs may be more sensitive to changes in X.
However, such relationships must be interpreted with caution, as they could be an artifact of the feedback
of reef metabolism to the bulk seawater chemistry [Andersson and Gledhill, 2013]. For example, higher NCP
leads to higher NCC (Figure 7) and higher X through drawdown of CO2 due to production, resulting in a
positive correlation between NCC and X. The effects are more pronounced with longer residence time of
the water, and lower NCC to NCP ratios as this leads to a greater range in X. On the reef terrace in Palmyra,
the residence time is short (on the order of hours) [Koweek et al., 2015], and the ratio of NCC to NCP is high,
further minimizing the magnitude of the feedback from benthic metabolism to bulk seawater chemistry.
Therefore, the relationship observed between daily average X and RNCC in this study is likely to represent
more realistic effects of CO2 on reef NCC rates.

5. Conclusions

Here we describe the implementation of BEAMS, a rigorous system to monitor coral reef calcification
dynamics using a boundary layer gradient flux approach using pH and O2 measurements. This approach
represents the first fully autonomous system to measure reef NCC in undisturbed, natural conditions on
time scales of minutes. BEAMS provides a new powerful tool to observe coral reef calcification dynamics, as
it is easy to deploy and operates autonomously thus providing near-continuous measurements for extend-
ed durations. Two BEAMS were successfully deployed on the western reef terrace at Palmyra Atoll in Sep-
tember, 2014 producing two simultaneous 2 week time series data sets of NCC and NCP rates from vastly
different benthic communities. Individual deployment length was limited to 4–5 days, due to the battery
capacity to operate the pumps. Use of more energy efficient pumps, lowering the supply voltage, or utiliz-
ing larger battery packs can readily extend the deployment capacity. The pH and O2 measurements from
the SeapHOx have been demonstrated to be stable for months to years [Bresnahan et al., 2014], making
long-term deployment of BEAMS feasible. These traits make BEAMS a strong candidate to establish sus-
tained, long-term observations for reef metabolism. Such a system would significantly improve our under-
standing of the environmental drivers for reef metabolism, and how they will be affected by a changing
climate. As BEAMS only monitors a small region of the reef (tens of square meter), it is ideal for examining
the spatial variability that may exist across different benthic communities. Coupling this system with other
approaches that have a wider footprint (e.g., control volume over hundreds of square meter) would be use-
ful to add a spatial context to our understanding.

A strong relationship between NCC and NCP was observed at both sites throughout the deployment. The
ratio of NCC to NCP was significantly lower at the site dominated by an invasive noncalcifying corallimorph
in contrast to the coral dominated site, further suggesting that this ratio could be a helpful tool for monitor-
ing and managing reef health. The correlation between NCC and NCP was observed on hourly and daily
time scales and was largely driven by the available light. Large variability in RNCC was observed, and
ranged between 50 and 159 mmol CaCO3 m22 d21. This variability seemed to be driven by the total
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available light in a given day. As this natural variability could be as large, or larger than the expected decline
in NCC due to global and local anthropogenic stressors, we recommend that PAR and NCC should be simul-
taneously reported in future studies to enable interpretation of observed calcification rates in context of
environmental variability. Such relationships were possible to observe because BEAMS provides sustained,
continuous observations of NCC and NCP for multiple days.

Currently, there are only two other approaches that are capable of making fully autonomous, sustained reef
metabolism observations with sub hourly resolution: control volume [Falter et al., 2008, 2012] and eddy
covariance [Berg et al., 2003; Long et al., 2013]. However, both approaches are currently limited to NCP
measurements due to a lack of an appropriate sensor (e.g., TA or calcium). NCC has been measured using a
control volume approach, but discrete bottle samples for TA were used for the calculation and as a result
observations were sparse [Falter et al., 2012]. As autonomous sensing technology for TA matures [Crespo
et al., 2012; Spaulding et al., 2014], the control volume will become a powerful tool to monitor calcification
dynamics on reefs. It is unlikely that a sensor for TA will be developed that is capable for an eddy covariance
approach, as it requires measurements to be made at high frequencies (>1 Hz). Alternatively, an eddy
covariance system that simultaneously measures pH and O2 can be utilized to monitor reef NCC. Such a sys-
tem has been used to monitor aerobic and anaerobic metabolism over muddy sediments [Long et al.,
2015a], but has not yet been deployed on reefs. However, the microelectrodes utilized in eddy covariance
studies are usually fragile and have a life time on the order of a few days to a week, which limits their
deployment longevity and robustness for more exposed reef environments. Such traits make this approach
more difficult to measure sustained reef metabolism rates for long periods of time. Development of
robust, long lasting electrodes for both O2 and pH would greatly expand the capabilities of eddy covari-
ance for long-term reef monitoring applications. Codeployments of the gradient flux and eddy covariance
approaches would be very useful to confirm that these two independent approaches using the same
boundary layer theory provide the same fluxes, as has been shown for momentum [Reidenbach et al.,
2006].
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