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ABSTRACT: Oyster reef restoration is pursued at numerous places worldwide, yet little is known
about how ecosystem function changes as these reefs develop. In this study, we used the noninvasive aquatic eddy covariance technique to measure the in situ oxygen flux of 4 intertidal sites
on the Virginia (USA) coast: a natural oyster reef, 2 restoration reefs, and a mudflat. Oyster densities of the 3 reefs were 350, 295, and 186 oysters m−2. Mean summer values of nighttime oxygen
flux (FluxDARK) were −488, −428, −300, and −56 mmol m−2 d−1 over the natural reef, 2 restoration
reefs, and mudflat, respectively. All 4 sites had smaller daytime vs. nighttime oxygen uptake, with
mean summer differences between FluxDARK and FluxLIGHT of 360, 250, 239, and 27 mmol m−2 d−1.
Light was an important short-term driver of daytime reef oxygen flux due to its effect on microalgal photosynthesis. All 3 oyster reefs were significantly heterotrophic, with summer net ecosystem metabolism values ranging from −157 to −298 mmol m−2 d−1. FluxDARK values were similar
across the 3 reefs when normalized by density, with values between −1.8 and −2.3 mmol m−2 d−1
oyster−1. This study represents the most detailed measurements to date of in situ oyster reef oxygen flux, and shows that benthic microalgae can significantly impact reef oxygen dynamics.
FluxDARK values scale with oyster density, and consequently can be used as a metric for reef restoration success.
KEY WORDS: Crassostrea virginica · Oxygen flux · Net ecosystem metabolism · Production ·
Hydrodynamics · Benthic microalgae
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Oysters are key ecosystem engineers that inhabit
many coastal waters and form high-relief, 3-dimensional reef systems. These reefs act as habitat for a
variety of benthic infauna, forming complex reef
communities. Oyster reefs perform a wide range of
ecosystem services, including filtering organic and
inorganic particulate matter from the water column
(Newell 1988, Nelson et al. 2004), mitigating the negative effects of plankton blooms/die-offs, and preventing erosion of salt marshes (Coen et al. 2007). In
performing all of these services, oyster reefs improve
overall water quality (Coen et al. 2007).
Global oyster populations have been significantly
depleted, as oyster reef habitat has declined world-

wide by approximately 85% over the past 130 yr
(Lotze et al. 2006, Beck et al. 2011). This decline has
affected multiple oyster species (Kirby 2004) and is
due primarily to overharvesting (Jackson et al. 2001).
Populations of the eastern oyster Crassostrea virginica, which form reefs along the US eastern and
gulf coasts, have additionally been devastated by the
diseases MSX (Haplosporidium nelson) and Dermo
(Perkinsus marinus) (Rothschild et al. 1994, Oliver et
al. 1998), resulting in a decline in reef extent of
90−99% across this region (Kemp et al. 2005, Beck et
al. 2011).
In order to combat this decline, many efforts have
been made to restore oyster reefs, and there have
been successful restorations in both North America
and Europe (Beck et al. 2011). Along Virginia’s East-
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ern Shore, The Nature Conservancy (TNC), in partnership with state and federal agencies, has been
conducting large-scale efforts to restore C. virginica
reefs. TNC has attempted a wide variety of strategies
to restore oyster reefs, including the use of piled C.
virginica shell, piled Busycotypus canaliculatus
whelk shell, and oyster castles. The goal of these
efforts is to create hard elevated structural habitat
that serves as suitable settlement sites for oyster larvae (Whitman & Reidenbach 2012). The vertical
extent of these oyster reefs is of great importance, as
it helps prevent sedimentation of the reef (Schulte et
al. 2009) and provides suitable water column flow
and turbulence conditions that can attract and retain
pelagic oyster larvae (Fuchs & Reidenbach 2013,
Hubbard & Reidenbach 2015, Fuchs et al. 2015).
Oyster reefs are diverse communities that contain
numerous benthic infauna such as xanthid crabs,
polychaete worms, and amphipods (Rodney & Paynter 2006), as well as various micro- and macroalgae
(Thomsen & McGlathery 2006). Given the complex
nature of these ecosystems, it can be difficult to
derive parameters that describe the entire reef community. Oxygen flux represents one such attribute,
as it can be used as a proxy for the integrated carbon
metabolism of the system (Glud 2008). Measurements of oxygen flux give insight into the health and
function of oyster reefs, and allow for the identification of environmental drivers that stimulate reef
functioning. They also inform how oyster reefs alter
water column chemistry. For example, oxygen uptake by oyster reefs is positively correlated to denitrification (Kellogg et al. 2013, Humphries et al. 2016,
Smyth et al. 2016).
Past studies of oxygen flux over oyster reefs have
shown that these are strongly heterotrophic systems
that have a large oxygen demand, with uptake values as high as 3000 mmol m−2 d−1 (Dame et al. 1992)
and 932 mmol m−2 d−1 (Kellogg et al. 2013). However,
these experiments either used flow chambers, which
isolate the oysters from the surrounding environment
to create a distinct control volume, or chamber incubations conducted ex situ in a laboratory setting. As a
result, previous studies to quantify changes in dissolved oxygen levels have interfered with the flow
environment and light conditions, and have been
unable to identify key drivers of oyster reef oxygen
flux under natural conditions. Eddy covariance has
long been the preferred methodology for quantifying
scalar fluxes in the atmosphere (e.g. Priestley & Swinbank 1947), and has more recently been adapted for
measuring benthic oxygen fluxes (Berg et al. 2003).
This technique has several advantages over other

flux methods, including its non-invasive nature (Lorrai et al. 2010), ability to integrate over a large benthic surface (Berg et al. 2007), and high temporal resolution (Rheuban & Berg 2013). These advantages
allow for the quantification of oxygen uptake values
of the reef community in combination with simultaneous measurements of environmental parameters
such as flow speed and light, enabling the identification of key environmental drivers of oyster reef oxygen fluxes which cannot be accomplished via other
techniques. Aquatic eddy covariance has been successfully used to quantify oxygen fluxes and their
controls under natural conditions over a large variety
of complex benthic ecosystems, including hard bottom substrates (Glud et al. 2010), seagrass meadows
(Hume et al. 2011, Rheuban et al. 2014a,b, Long et al.
2015), coral reefs (Long et al. 2013, Rovelli et al.
2015), and coralline algal beds (Attard et al. 2015).
As young restoration reefs grow, there should be
an increase in benthic oxygen demand that scales
with the total biomass of the reef community. Additionally, as reefs accrete new individuals, an increase
in 3-dimensional structure allows for a greater surface area for benthic micro- and macroalgae to
attach, so reefs of different size and complexity may
have different quantities of primary producers which
release oxygen. To date, only one previous study of
oxygen flux over an oyster reef using aquatic eddy
covariance has been conducted, but this was a proofof-concept study confined to a single reef during
1 wk in the summer (Reidenbach et al. 2013). Our
study built upon these findings by comparing seasonal flux measurements and integrated benthic
metabolism over a natural oyster reef, 2 restoration
oyster reefs of different age and oyster density, and
an adjacent intertidal mudflat. The goals of this study
were to use aquatic eddy covariance measurements
to (1) describe how oyster reef metabolism changes
as reefs mature, (2) identify the environmental controls of oyster reef oxygen flux, and (3) quantify the
relative success of 2 oyster reef restorations.

MATERIALS AND METHODS
Study sites
The study sites were located within the Hillcrest
Oyster Sanctuary, a network of intertidal oyster reefs
monitored by TNC in the shallow coastal bays of Virginia’s Eastern Shore (Fig. 1). This sanctuary is
within the Virginia Coast Reserve (VCR), part of the
National Science Foundation’s Long Term Ecological
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Fig. 1. (A) Location of Hillcrest Oyster Sanctuary off the coast
of the Delmarva Peninsula, Virginia, USA. (B) Different colors denote different reefs restored by The Nature Conservancy (TNC), with blue representing natural reefs that
existed prior to any restoration efforts. The red line shows
the boundary of the sanctuary (image provided by TNC)
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Research (LTER) network. Four sites were chosen for
comparative analyses: 3 oyster reefs of various age
and density, and 1 intertidal mudflat (Fig. 2). Reef A
is one of several oyster reefs at the VCR that were
originally established by local watermen in the 1950s
and 1960s but have not been actively managed since.
Having existed prior to any restoration efforts by
TNC, it is considered by TNC to be a natural oyster
reef. It measures 240 m2 in size (22.5 m long × 10.5 m
wide), and has a mean ± SE oyster density of 350 ±
62 oysters m−2 (n = 4). Reef B is a restoration oyster
reef established by TNC in 2010 using piled oyster
shell. It was identified by TNC as being their most
successful restoration in the sanctuary reef network,
which is why it was chosen for this study. Reef B
measures 430 m2 in size (27 m long × 16 m wide). It
had a slightly lower but not significantly different
oyster density than Reef A, with a mean density of
295 ± 35 oysters m−2 (n = 4). Reef C was established in

Fig. 2. Four sites were chosen for the study: (A) a natural oyster reef, (B,C) 2 reefs restored by The Nature Conservancy (TNC),
and (D) an intertidal mudflat. Reef A existed prior to any restoration efforts by TNC at Hillcrest, and had a density of 350 ±
62 oysters m−2 (mean ± SE, n = 4 samples). Reef B was established by TNC in 2010 using piled oyster shell, and had a mean
density of 295 ± 35 oysters m−2 (n = 4). Reef C was established by TNC in 2008 using piled oyster shell, and had a mean density
of 186 ± 66 oysters m 2 (n = 7)
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2008 by TNC also using piled oyster shell. It measures 3450 m2 in size (77.5 m long × 44.5 m wide), and
has a density of 186 ± 66 oysters m−2 (n = 7). All density counts were made for individuals > 70 mm in
length using 0.25 m × 0.25 m quadrats placed randomly on the reef. Reef A also had a ribbed mussel
Geukensia demissa density of 65 ± 14 mussels m−2
(n = 4), while there were no mussels present on Reef
B or Reef C. The mudflat consists of an area of bare
sediments on the same tidal flat as the oyster reefs,
and is located approximately 75 m east of Reef A
(Fig. 1B). There were no oysters or mussels on the
mudflat.
Sediment organic matter content was measured
(loss on ignition; 6 h at 500°C) as 3.09 ± 0.14% (mean
± SE, n = 9) on Reef A, 3.82 ± 0.14% (n = 9) on Reef B,
2.2 ± 0.12% (n = 9) on Reef C, and 1.45 ± 0.07% on
the mudflat (n = 9). The tidal range at all sites is
approximately 1.5 m.

Equipment and observational setup
The eddy covariance system consists of a Nortek
AS Vector© acoustic Doppler velocimeter (ADV) connected to a fast-response (90% response time ≤0.4 s)
Unisense AS Clark-type oxygen microelectrode (stirring sensitivity <1% according to the manufacturer)
via a high-resolution custom-made picoamp amplifier (Berg & Huettel 2008). The ADV makes 3-dimensional high-frequency velocity measurements within
a cylindrical measurement volume that is 14 mm in
diameter and 14 mm in height. A specialized alignment tool attached to the ADV prior to deployment
was used to locate this measurement volume, and the
electrode was placed 0.5 cm from its edge so as not to
interfere with ADV data collection. These instruments were then mounted on a stainless steel frame
designed to minimize hydrodynamic interference
(Fig. 3A), and together measured the velocity and
oxygen concentration (Fig. 3B) at either 32 or 64 Hz
over 15 min bursts for each deployment. Each burst
consisted of a 14.5 min interval of data collection followed by a 30 s pause. The ADV and amplifier were
powered by the same external battery, and the
ADV’s internal recorder was capable of storing up to
~60 h of 32 Hz data logging both velocity and oxygen
data. The measuring height was set using a ruler during low tide reef exposure to ~10 cm from the benthos (as defined by the tops of oyster shells) for all
sites. This distance was chosen to balance the
smoothing of heterogeneity effects (Rheuban & Berg
2013) against the need to minimize the oxygen stor-

Fig. 3. (A) Eddy covariance system deployed over Reef A at
low tide. (B) The eddy covariance system consists of an
acoustic Doppler velocimeter (ADV) connected to an oxygen
microelectrode, and samples velocity and oxygen within the
same volume of water at either 32 or 64 Hz

age capacity of the water between the reefs and the
measurement volume (e.g. Rheuban et al. 2014a).
PME miniDOT© oxygen optodes were placed close
to the eddy systems in order to calibrate the raw electrical signal measured by the microelectrodes. Photosynthetically active radiation (PAR) measurements
were made using Odyssey PAR loggers, and calibrated as described by Long et al. (2012). Small wave
activity was seen throughout the majority of data collection, as identified by sinusoidal patterns in the
ADV velocity data. Significant wave height, defined
as the average height of the highest one-third of
waves, was calculated as 4σp, where σp is the standard deviation of the pressure using data collected
by the ADV (Wiberg & Sherwood 2008). Using this
methodology, the mean significant wave height at all
sites for all deployments was < 0.06 m. Likewise, 99%
of the sampling interval had significant wave height
< 0.1 m.
A total of 4 primary data collection campaigns were
performed. Two eddy covariance systems were used
for each campaign, with one placed at the center of
Reef A and the other positioned at the center of either
Reef B, Reef C, or the mudflat. The 2 sites were then
sampled concurrently in order to account for environmental fluctuations. The sampling dates were as
follows: 17−24 June 2015 (Reef A and mudflat),
1−7 August 2015 (Reef A and Reef B), 23−30 September 2015 (Reef A and Reef B), and 21 June to 8 July
2016 (Reef A and Reef C). Data were only used when
the Vector and oxygen microelectrode were both
submerged, which given the elevation of the sites
occurred approximately 4−6 h per tidal cycle or
8−12 h d−1. These data records additionally contained
some gaps due to sensor breakage or malfunction. In
total, nearly 300 h of high-quality eddy covariance
data were collected and used for further analysis.
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Eddy covariance and data analysis
Following data extraction from the ADV, the 32 or
64 Hz data were averaged down to 8 Hz in order to
reduce unbiased noise (Berg et al. 2009). Total oxygen flux between the oyster reef and the water column (JO2) was calculated as:
J O = w'C'
2

(1)

where the overbars indicate time averaging, and w’
and C ’ represent the instantaneous fluctuations away
from the mean of the vertical velocity and oxygen
concentration, respectively (Berg et al. 2003). This
calculation was made using the software package
EddyFluxVer3.00 (P. Berg unpubl.). For nearly all
bursts (~95%), the velocity and oxygen concentration
means were determined using a least-squares linear
fit of the 8 Hz data over each 15 min burst (Lee et al.
2004, Berg et al. 2009). Previous statistical examinations have found that this 15 min length of time
balances the inclusion of large-scale turbulent fluctuations with changes in oxygen concentration and
velocity caused by tidal flow (Berg et al. 2003). Each
burst was then examined for sensor malfunction due
to interference with debris in the water, which is typically identified by data spikes, excessive signal
noise, or variation from the optode oxygen signal
(Lorrai et al. 2010, Berg et al. 2013). All data that
showed signs of these anomalies were removed. Due
to the presence of small waves throughout most of
our data collection, no time-shift was applied to the
oxygen data when calculating the flux. The bias that
results from time-shifting these data in wavy conditions can be greater in magnitude and/or in the opposite direction of the true flux (Berg et al. 2015). Additionally, the presence of waves can result in ‘stirring
sensitive’ effects on microelectrodes (Holtappels et
al. 2015; described below), which can exacerbate the
errors associated with a time-shift under these conditions (Reimers et al. 2016).
A small fraction of the bursts (< 5%) showed signs
of large-scale fluctuations in oxygen concentration,
presumably due to horizontal advection of water
masses of different concentrations, that were not
attributable to turbulent eddies or tidal flow. In these
cases, the velocity and oxygen concentration means
were defined using a running average (Lee et al.
2004, Lorrai et al. 2010). In order to determine the
time interval necessary to calculate an appropriate
running average, we chose a 6 h representative
selection of data and compared the mean flux given
by a range of running average intervals to the mean
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flux calculated using linear detrending. The shortest
averaging interval in which the running average was
within 2% of the linear average was 90 s, which we
chose as the running average interval (Fig. 4).
Following data quality control, 15 min intervals of
data for each deployment were separated into daytime and nighttime bursts based on PAR, and all further analysis was conducted using these data. Nighttime bursts were defined as 15 min intervals in which
PAR was ≤1% of maximum PAR for each campaign,
while daytime bursts were defined as the remaining
data. FluxDARK and FluxLIGHT were defined as the
mean of all nighttime and daytime oxygen fluxes for
each deployment, respectively. Due to the interplay
between the diurnal and tidal cycles, data could not
be collected throughout all times of the day for each
deployment. Rather, high tide (and thus data collection) times were centered around midnight and noon
during June 2015, August 2015, and June/July 2016
deployments, and in the morning and evening during September 2015. High tide periods around mid-

Fig. 4. Effect of averaging window on oxygen flux calculated
using a running average. Most 15 min fluxes in this study
were measured using means calculated via a least-squares
fit to the data over a 15 min interval (linear average). However, in some cases oxygen fluctuations not due to turbulence can occur within a 15 min interval, so detrending over
a shorter averaging interval (running average) should be
used. Mean fluxes calculated using a running average are
less than mean fluxes calculated using a linear average, but
will approach the linear average at longer averaging intervals. In this case 90 s (encircled data points) was chosen as a
suitable time period to calculate the running average, as it
was the shortest interval in which the mean flux was within
2% of the mean flux calculated using linear averaging
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night and noon were the preferred tidal cycles for
measurements, as it allowed us to quantify peak
FluxDARK and FluxLIGHT values.
Typically when using aquatic eddy covariance
measurements covering a 24 h period, daily gross
primary production (GPP) is defined as the total oxygen released over a full day (Hume et al. 2011). However, due to the intertidal nature of our measurements, combined with several possible confounding
factors (described in detail in the Discussion), there is
no straightforward way to calculate GPP for our sites.
We instead simply calculated the difference between
FluxDARK and FluxLIGHT values. Likewise, net ecosystem metabolism (NEM) is typically defined as the
mean oxygen flux over a 24 h period (Hume et al.
2011). Because our sites were intertidal and did not
have continuous 24 h data collection periods, we
instead defined NEM as the weighted average
between FluxLIGHT and FluxDARK values based on the
mean length of light and dark intervals for each
deployment.
Clark-type microelectrodes have been shown to
exhibit ‘stirring sensitivity,’ whereby the instantaneous water velocity at the tip of the electrode may
affect the amount of oxygen consumed by the sensor,
and thus, its reading (Holtappels et al. 2015). We analyzed the potential impact of this effect on a representative nighttime dataset taken over Reef A, assuming the stirring sensitivity of the microelectrode
could be described by the fitting function and parameter values (Ssen = 0.7%, n = 0.65, and B = 30) presented by Holtappels et al. (2015). These specific
parameters describe a case in which the electrode is
pointing directly into the mean current, which is the
orientation that results in maximum stirring sensitivity (Holtappels et al. 2015). We applied this function
to correct our oxygen data given concurrent values of
horizontal velocity and recalculated the fluxes. Overall, the difference between corrected and uncorrected
fluxes was < 4%; therefore, we assert that stirring
sensitivity was negligible in our data.

tively, and can be calculated using the ADV data from
eddy covariance measurements. In order to remove
data with poorly defined inertial sublayers, bursts
with velocity < 2 cm s−1 were not included in this or
any subsequent calculations involving u*. Velocity
profiles over different oyster reefs on this same tidal
flat have been shown to exhibit a classic logarithmic
profile (Whitman & Reidenbach 2012, Reidenbach
et al. 2013), so a log profile was assumed for these
sites. Following the determination of u* we calculated the sediment surface roughness parameter (z0)
as (Schlichting & Gersten 2000, Berg et al. 2007):
z0 =

h
⎛ ux κ ⎞
exp ⎜
⎟
⎝ u* ⎠

(3)

where h is the measuring height, κ is von Karman’s
constant equal to 0.41, and u
3x is the mean horizontal
flow velocity at the measuring height. After determining both u* and u
3x, we were able to calculate the
drag coefficient (CD) using the equation (Schlichting
& Gersten 2000):
CD =

u*2
ux 2

(4)

Eddy flux measurements spatially integrate over a
measurement ‘footprint,’ defined as the smallest
benthic surface area that contributes 90% of the
flux recorded by the eddy system (Berg et al. 2007).
The footprint is approximately elliptical in shape, is
located directly upstream of the eddy system, and is
dependent on the measuring height, water depth,
and z0 (Berg et al. 2007). For each site, we calculated both the size of the footprint, as well as the
upstream horizontal distance to the location of the
maximum flux contribution, as described by Berg et
al. (2007).

RESULTS
Oxygen demand

Hydrodynamics
For each of the 4 sites, we calculated the friction
velocity (u*) from the Reynolds stress using the equation (Dade et al. 2001, Berg et al. 2007):
u* = (u'w' + v'w'
2

)

2 1/4

(2)

where u’, v ’, and w ’ are the fluctuating components
of horizontal, transverse, and vertical velocity, respec-

Mean water-column oxygen concentrations (± SE)
at the sites ranged from 180 ± 1.0 to 214 ± 0.5 μmol l−1
(n = 192 and 136), and tended to increase with water
velocity. Current velocity magnitude (flow speed)
ranged from 0 to 33 cm s−1 over the mudflat, 0 to
26 cm s−1 over Reef A, 0 to 29 cm s−1 Reef B, and 0 to
22 cm s−1 over Reef C. Data over one tidal cycle, including water velocity, oxygen concentration, oxygen
flux, PAR, and water depth, are shown in Fig. 5. It is a
representative example of the data that were col-
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lected at all 4 sites, and shows how measurements of
flux were correlated to different environmental parameters. For all oxygen fluxes, a negative flux indicates an uptake of oxygen, while a positive flux indicates a release. In this example, oxygen flux was
much smaller during day than night and was occasionally positive during the hours of 13:00−14:30 h, as
daylight (Fig. 5E) likely stimulated microalgal primary production. As PAR decreased, both due to an
increase in water depth (Fig. 5E) and the diminishing
daylight, algal photosynthesis declined and there was
substantial oxygen flux towards the benthos.
Mean oxygen flux, flow speed, PAR, and temperature for both night and day at each site are shown in
Fig. 6. All of the means, with the exception of temperature, represent the average of all 15 min bursts for
each campaign. FluxDARK (± SE) was significantly
higher over Reef A than the mudflat (−512 ± 21 vs.
−56.3 ± 10 mmol m−2 d−1, n = 115 and 93, t = 23.6, p <
0.01) in June 2015. FluxDARK was slightly higher but
not significantly different over Reef A than over Reef
B in both August 2015 (−461 ± 33 vs. −428 ± 16 mmol
m−2 d−1, n = 53 and 129, t = 1.01, p = 0.32) and September 2015 (−167 ± 14 vs. −159 ± 10 mmol m−2 d−1,
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n = 77 and 36, t = 0.41, p = 0.68). FluxDARK was significantly higher over Reef A than Reef C (−475 ± 19 vs.
−300 ± 10 mmol m−2 d−1, n = 97 and 101, t = 8.05, p <
0.01) in June and July 2016.
FluxLIGHT (± SE) was significantly higher over Reef
A than the mudflat (−164 ± 20 vs. −29.4 ± 6.6 mmol
m−2 d−1, n = 74 and 66, t = 6.05, p < 0.01) in June 2015.
FluxLIGHT was slightly lower but not significantly different over Reef A than over Reef B in August 2015
(−158 ± 22 vs. −178 ± 14 mmol m−2 d−1, n = 39 and 63,
t = 0.81, p = 0.42) and roughly equal in September
2015 (−117 ± 23 vs. −116 ± 20 mmol m−2 d−1, n = 59
and 27, t = 0.04, p = 0.97). FluxLIGHT was slightly lower
but not significantly different over Reef A than Reef
C (−51.1 ± 14 vs. −61.1 ± 15 mmol m−2 d−1, n = 62 and
75, t = 0.49, p = 0.63) in June and July 2016.

Tidal effects and controls of oxygen exchange
All 4 study sites were in the intertidal zone, and
thus had different locations of the measurement footprint as determined by the direction of the flood and
ebb tides. At all 3 oyster reefs, both flow speed and

Fig. 5. Example eddy covariance data from Reef A showing (A) velocity, (B) oxygen concentration recorded by the Clark
microelectrode and optode, (C) 15 min cumulative oxygen flux, (D) total oxygen flux, and (E) depth and photosynthetically
active radiation (PAR). These data were taken during the afternoon and evening of 23 September 2015. Note that oxygen flux
to the benthos is greater at lower PAR levels. This effect is attributed largely to microalgal primary production
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Fig. 6. Average (A,E) oxygen flux, (B, F) flow speed, (C,G) photosynthetically active radiation (PAR), and (D,H) temperature at
each site for both nighttime and daytime deployments. Error bars represent standard errors, and n values are number of 15
min bursts used to calculate each average. Average nighttime (A) and daytime (E) oxygen flux are equivalent to FluxDARK and
FluxLIGHT, respectively

nighttime oxygen uptake were significantly higher
for ebb conditions than flood conditions. Flow speed
has been shown to be a major driver of nighttime
oxygen uptake over oyster reefs (Reidenbach et al.
2013). In order to test the effect of tidal direction on
nighttime oxygen uptake, we compared the average
nighttime uptake between flood and ebb tides for
data in which flow speed was below a certain threshold. This threshold needed to give similar mean values of flow speed for both flood and ebb tides while
including as many data as possible. Balancing these
2 considerations, we chose a cutoff of 8 cm s−1 for the

oyster reefs and 14 cm s−1 for the mudflat. Only summer data were used for this analysis to remove the
potential impact of seasonality.
When accounting for flow speed, both Reef A and
Reef C had significantly greater nighttime oxygen flux
during ebb conditions than flood conditions (mean ±
SE) (Reef A: −600 ± 43 vs. −410 ± 22 mmol m−2 d−1, n = 38
and 71, t = 4.35, p < 0.01; Reef C: −341 ± 27 vs. −240 ±
24 mmol m−2 d−1, n = 13 and 19, t = 2.74, p = 0.01). Reef B
and the mudflat both had slightly greater but not significantly different nighttime oxygen flux during ebb
conditions than flood conditions (Reef B: −380 ± 36
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vs. −350 ± 27 mmol m−2 d−1, n = 22 and 51, t = 0.64, p =
0.52; mudflat: −54.2 ± 11 vs. −44.7 ± 7.0 mmol m−2 d−1,
n = 21 and 27, t = 0.75, p = 0.46). These results, along
with mean velocities and oxygen concentrations over
the same data, are summarized in Fig. 7.
As there were no tidal direction effects at either
Reef B or the mudflat, we were able to test the effect
of flow speed on oxygen uptake at these 2 sites. At
both Reef B and the mudflat, flow speed had a significant (p < 0.05) impact on oxygen flux (Fig. 8). For
these analyses, only nighttime data were used to
remove the impact of oxygen production due to photosynthesis by algae located on the reef. The few positive fluxes at low flow speed seen in Fig. 8 were
attributed to measurement bias caused by horizontal
advection of oxygen across the study sites (Holtappels et al. 2013). This bias occurs randomly in both
directions, and evens out when averaging across all
data. There was no effect of velocity on oxygen flux
at either Reef A or Reef C once tidal direction was
accounted for (Fig. 7). The reason for this lack of
effect is unclear, and requires further investigation.
PAR had a significant effect on daytime oxygen
flux over Reef A and Reef C in June and July 2016
(p < 0.01; Fig. 9). Although fluxes were rarely positive, they were less negative at higher PAR levels
due to microalgal photosynthetic response to light.
These 2 deployments were chosen as representative
for PAR analysis because PAR levels were not consistent over Reef A and Reef B in August 2015, and
were considerably lower in September 2015 (Fig. 6).
Based on Fig. 9, Reef A had a light compensation
point (x-intercept) of 2200 μmol photons m−2 s−1, and
Reef C had a light compensation point of 1250 μmol
photons m−2 s−1. The light compensation point for
Reef A was above the maximum PAR viewed over
this reef, whereas PAR levels were above the light
compensation point at Reef C approximately 15% of
the time.
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Fig. 7. Difference in mean (± SE) (A) oxygen flux, (B) flow
speed, and (C) oxygen concentration between flood and ebb
tide for all bursts where velocity was < 8 cm s−1 for oyster
reefs and <14 cm s−1 for mudflat. At all 4 sites, mean ebb flux
was greater than mean flood flux when accounting for
velocity differences, although this effect was only significant
over Reef A and Reef C. Only summer nighttime bursts were
used for this analysis

m−2 d−1; mean ± SE). NEM was roughly equal between Reef A and Reef B, and was greater for Reef A
than Reef C (Fig. 10).

Day/night differences in flux and NEM
For all sites, FluxDARK was greater in magnitude
than FluxLIGHT (Fig. 6). The difference between
FluxDARK and FluxLIGHT for June 2015 was more than
12× greater over Reef A than over the mudflat (348 ±
29 vs. 27 ± 8 mmol m−2 d−1; mean ± SE), and was consistently greater over Reef A than over Reef B or
Reef C (Fig. 10).
NEM values showed all systems to be significantly
heterotrophic, and were more than 7× greater for
Reef A than the mudflat (−298 ± 15 vs. −40 ± 4 mmol

Hydrodynamics
The values for u , z0, CD, footprint length, and dis*
tance to maximum flux contribution are presented in
Table 1. Values of CD generally agreed with past
measurements of drag over oyster reefs (Whitman &
Reidenbach 2012, Styles 2015) and bare mud (Gross
& Nowell 1983). At all 3 oyster sites, the size of the
footprint indicates that the reefs contributed ≥80% of
the measured oxygen flux (Table 1).
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Fig. 8. Nighttime oxygen flux vs. flow speed over (A) Reef B and (B) mudflat. The data include both flood and ebb tides. Best
fit and R2 values describe binned data, n and p values describe unbinned data. There was no effect of velocity on oxygen flux
at either Reef A or Reef C once tidal direction was accounted for. The reason for this lack of effect is unclear, and requires
further investigation

Fig. 9. Daytime oxygen flux vs. photosynthetically active radiation (PAR) at (A) Reef A and (B) Reef C. The decrease in uptake
with increasing light levels is attributed to enhanced microalgal photosynthetic release of oxygen. These data were taken during the daytime in June and July 2016. These 2 deployments were chosen because PAR was not consistent over Reef A and
Reef B in August 2015, and was much lower in September 2015. Each data point represents one 15 min burst. Best fit and R2
values describe binned data, n and p values describe unbinned data

Normalized data
In order to better facilitate comparisons across all
4 sites, oyster density, FluxDARK, and day/night flux differences were normalized against values for the natural Reef A. These results show similar trends across all
3 variables (Fig. 11) and also emphasize the high metabolic activity of the oyster reefs relative to the mudflat.
Finally, we examined oxygen demand per oyster.
Reef A had a slightly smaller FluxDARK per oyster than
Reef B and Reef C; however, values were similar at all
3 sites. Reef A had an oxygen demand (mean ± SE) of
−1.75 ± 0.50 mmol m−2 d−1 per oyster, Reef B had a demand of −2.31 ± 0.34 mmol m−2 d−1 per oyster, and
Reef C had a demand of −2.30 ± 1.05 mmol m−2 d−1
per oyster. It should be noted that the 0.25 m × 0.25 m
quadrats used to determine reef oyster density were
placed randomly on the different reefs. It is thus pos-

sible that the density closer to the eddy systems
differs from the mean density of the reefs as a whole,
which would affect these per oyster flux results.

DISCUSSION
Nighttime oxygen uptake
FluxDARK values over the oyster reefs ranged from a
low of −300 mmol m−2 d−1 over Reef C in June and
July 2016 to a high of −512 mmol m−2 d−1 over Reef A
in June 2015 (Fig. 6). These results fall into the range
of nighttime fluxes (−100 to −600 mmol m−2 d−1) measured using aquatic eddy covariance over a nearby
natural oyster reef by Reidenbach et al. (2013), but
were lower than values measured using chamber incubations by Kellogg et al. (2013; −932 mmol m−2 d−1),
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Fig. 10. (A) Summer differences between the absolute values of FluxDARK and FluxLIGHT and (B) net ecosystem metabolism
(NEM) at all sites, with error bars representing accumulated standard error. Mean photosynthetically active radiation (PAR)
values for each deployment are also shown for context. The difference between FluxDARK and FluxLIGHT is often used as an estimate of gross primary production, but this methodology may not be appropriate for this study (described in the ‘Discussion’).
NEM was calculated as the weighted average between FluxLIGHT and FluxDARK based on mean day length. NEM values show
that oyster reefs are strongly heterotrophic systems, meaning they require external input of organic material. The source of
this material is presumably phytoplankton filtered by the oysters

Fig. 11. (A) Oyster density, (B) FluxDARK, and (C) |FluxDARK| − |FluxLIGHT| normalized against Reef A. As oyster density
decreases, both FluxDARK and differences between nighttime and daytime fluxes decrease as well. For all sites, the data were
normalized by Reef A data taken from the same deployment, and only August 2015 data were used to normalize Reef B. Note
that FluxDARK values are negative, indicating a net uptake of oxygen. Error bars represent accumulated standard errors
Table 1. Hydrodynamic and footprint characteristics of oyster reefs. The mature Reef A had the greatest benthic roughness, as
shown by its relatively high values of the drag coefficient (CD) and sediment surface roughness parameter (z0). The size of the
footprint is defined as the benthic surface area that contributes 90% of the measured flux. The size of the 80% contribution is
approximately half this size (Berg et al. 2007), so over all reefs, more than 80% of the measured oxygen flux came from the
reefs. Data from 18 June 2015 were used for the mudflat and Reef A, data from 27 September 2015 were used for Reef B, and
data from 6 July 2016 were used for Reef C. All values represent means ± SE. Bursts with velocity < 2 cm s−1 were removed
from this analysis, as were any negative values for footprint length or distance to maximum flux contribution
Site

Reef A
Reef B
Reef C
Mudflat

Density
Length
(oysters m−2) (n)
(m)
350 ± 62 (4)
295 ± 35 (4)
186 ± 66 (7)
–

22.5
27.0
77.5
–

Width
(m)

n

u*
(cm s−1)

z0
(cm)

CD

10.5
16.0
44.5
–

38
51
45
56

1.78 ± 0.09
1.42 ± 0.08
1.44 ± 0.08
1.13 ± 0.06

1.30 ± 0.19
0.64 ± 0.04
0.54 ± 0.10
0.07 ± 0.03

0.054 ± 0.01
0.022 ± 0.00
0.023 ± 0.01
0.006 ± 0.001

Footprint Max contrilength (m) bution (m)
24 ± 3
18 ± 1
32 ± 2
56 ± 3

0.35 ± 0.05
0.34 ± 0.02
0.47 ± 0.02
0.33 ± 0.13
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Kellogg et al. (2014; −703 mmol m−2 d−1), and
Humphries et al. (2016; −677 mmol m−2 d−1). Besides
possible differences in oyster density, there are a few
reasons why past incubation fluxes might have been
greater than eddy covariance measurements. These
incubations were not performed under true in situ
conditions, either because they were conducted ex
situ in a laboratory (Kellogg et al. 2013, 2014), or because the presence of chambers altered natural flow
conditions (Humphries et al. 2016). Ex situ incubations involve removing a column of sediment from the
natural environment, a process that can expose labile
organic material that was previously buried (Hulthe
et al. 1998) as well as release previously reduced inorganic compounds (Almroth et al. 2009). Both of
these impacts may result in enhanced oxygen uptake
relative to natural values.
Seasonal differences in FluxDARK values generally
agreed with past incubation studies (Kellogg et al.
2013, Humphries et al. 2016). Reef A and Reef B were
the only sites that were sampled in both the summer
and the fall, and for both sites, FluxDARK fell by
63% from August 2015 to September 2015 (−461 to
−167 mmol m−2 d−1 for Reef A, −428 to −158 mmol m−2
d−1 for Reef B; Fig. 6). This seasonal decline matches
those given by Kellogg et al. (2013), who recorded a
67% decline from June to November, and Humphries et al. (2016), who reported a 66% decrease
from summer to fall. These declines in oxygen uptake are possibly attributable to lower temperature
suppressing oyster activity, as mean temperature for
our study was ~6°C lower in September 2015 (22°C)
than August 2015 (28°C; Fig. 6).
Oyster FluxDARK values were comparable to nighttime eddy covariance measurements recorded over a
nearby Zostera marina seagrass meadow (Rheuban
et al. 2014a). Maximum seasonal respiration (equivalent to FluxDARK) of this meadow was −440 mmol m−2
d−1 (Rheuban et al. 2014a), within the range of values
measured over the reefs (Fig. 6). Despite similar values of nighttime oxygen uptake, seagrass meadows
have a fundamentally different community structure
than oyster reefs, as they are founded on a significant phototrophic rather than heterotrophic biomass.
These differences are reflected in NEM values.
Seagrass meadows range from slight heterotrophy to
net autotrophy in summer months (Rheuban et al.
2014a), whereas all of our sites were strongly heterotrophic (Fig. 10). While the organic material necessary for summer meadow metabolism is primarily
fixed by the seagrasses, oyster reefs require significant sources of exogenous carbon. These imports
most likely come from phytoplankton advected

through the water column, which represent the oysters’ primary food source.
Mudflat metabolism was comparable to past eddy
covariance measurements of unvegetated muddy
subtidal sediments located near this same seagrass
meadow (Hume et al. 2011, Rheuban et al. 2014b).
Hume et al. (2011) reported a mean respiration for
these sediments of −53 mmol m−2 d−1, similar to our
mudflat FluxDARK value of −56 mmol m−2 d−1. Likewise, mean NEM was −35 mmol m−2 d−1 (Hume et al.
2011), close to our mudflat value of −40 mmol m−2 d−1.
Sediments on the reefs can also contribute to the
flux signal, as they may contain decomposing organic material and a build-up of reduced products
from anaerobic decay processes, both of which can
enhance FluxDARK values. Although we could not
separate out the effects of oxygen uptake due to sediments on the reefs vs. that due to respiration by reef
infauna and algae, these sediments likely contribute
to the oxygen flux at a rate similar to that measured
at the mudflat. FluxDARK values at Reef A and the
mudflat were −512 and −56 mmol m−2 d−1, respectively, in June 2015 (Fig. 6). The difference between
these 2 values (−456 mmol m−2 d−1) can likely be
attributed to reef biota, and shows that respiration of
reef organisms is approximately 8× greater than that
of the surrounding sediment.

Controls of oxygen exchange and tidal effects
One strength of aquatic eddy covariance is a high
temporal resolution of flux measurements (Rheuban
& Berg 2013), which allows for the real-time correlation of oxygen flux with in situ environmental variables. In this study, we averaged fluxes over 15 min
intervals, enabling us to identify short-term environmental drivers of oxygen exchange. In most benthic
systems, the 2 main drivers of oxygen flux over these
short time scales are light and flow speed (e.g. Hume
et al. 2011, Berg et al. 2013, Long et al. 2013), and
both of these were also found to impact oyster reef
oxygen flux in this study.
PAR had a significant effect on daytime oxygen
flux over the oyster reefs, with diminished oxygen
uptake occurring at higher light levels. This effect
was particularly present over Reef A and Reef C in
June and July 2016 (Fig. 9), and is attributed to the
stimulation of microalgal photosynthesis by PAR.
Enhanced photosynthetic oxygen release by the
algae counteracts uptake by the reef community,
resulting in a decreasing net uptake of oxygen with
increasing light levels.
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Flow speed had a clear, significant effect on flux at
2 of the 4 sites in this study (Fig. 8), a relationship that
has been shown in the past for oyster reefs (Reidenbach et al. 2013). Flow speed can stimulate oxygen
uptake in benthic systems by several mechanisms,
including by replenishing oxygen to anoxic permeable sediments (Huettel & Gust 1992) and by decreasing the thickness of the diffusive boundary
layer for cohesive substrates (Bryant et al. 2010).
However, due to the reefs’ muddy sediments and
complex vertical structure, the impact of these effects
is expected to be relatively minor. Of possibly greater
importance in these systems is the impact of flow
speed on sediment deposition and resuspension. Reidenbach et al. (2013) showed that sediment flux over
a nearby oyster reef was highly dependent on flow
speed, with deposition stimulated by flow at lower
(0−10 cm s−1) speeds and net resuspension occurring
at higher (> 25 cm s−1) speeds. Both sediment deposition (Glud 2008) as well as sediment resuspension
(Glud 2008, Almroth et al. 2009) have been shown to
stimulate oxygen consumption in marine systems, so
the complex sediment dynamics of oyster reefs may
drive much of the velocity effects seen here.
Given the intertidal nature of the sites, tides affect
much of the functioning of these systems, including
both light and flow velocity. PAR can be rapidly
attenuated with depth in coastal waters (Babin et al.
2003), so at greater depths associated with high tide
there will be greater net oxygen uptake due to lower
PAR reaching the benthos. Flow speeds at all sites
were also much higher during ebb tide than flood
tide, which may have contributed to higher uptake
during ebb conditions vs. flood conditions. At 2 of the
4 sites sampled (Reef A and Reef C) there were significant differences in nighttime oxygen uptake between flood and ebb tides which were not attributable to possible flow speed effects (Fig. 7). This tidal
effect may be partially attributed to heterogeneity on
the reefs, with greater densities of oysters in the ebb
tide footprint vs. the flood tide footprint of both reefs.
It could also be due to enhanced sediment resuspension that occurs during ebb conditions when flow
drains from the shallow mudflats to the deeper tidal
channels (Reidenbach et al. 2013).

Diurnal patterns in oxygen flux
All sites in this study showed significant differences between FluxDARK and FluxLIGHT, ranging from
27 mmol m−2 d−1 over the mudflat to 239−424 mmol
m−2 d−1 over the oyster reefs (Fig. 10). Studies per-
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formed using ex situ sediment incubations often define these differences between dark and light flux as
the gross primary production (GPP) (e.g. Welsh et al.
2000, Kellogg et al. 2014), and applying this approach to the mudflat results in a comparable GPP to
the mean value previously reported over muddy subtidal sediments in a nearby lagoon (18 mmol m−2 d−1;
Hume et al. 2011). Applying this methodology to the
oyster reefs, however, results in substantial GPP values that are comparable to summer values reported
over a nearby densely vegetated seagrass meadow
(~200−475 mmol m−2 d−1; Rheuban et al. 2014a).
While algal photosynthesis on the reefs likely accounts for much of the considerable differences
between daytime and nighttime uptake, other factors
including our sampling methodology and possible
diurnal rhythms in oyster respiration (described
below) may also inflate these day/night differences
above the true reef GPP.
Algal photosynthesis is an important driver of day/
night differences (Fig. 5), evidenced by significant
decreases in uptake that occurred at higher light levels (Fig. 9). Dame et al. (1992) found large levels of
primary production over oyster reefs during months
when there were large quantities of benthic macroalgae, but daily to semi-daily visual inspections of the
reefs sampled here showed minimal amounts of
macroalgae with the exception of Reef C. Therefore,
production at our sites is attributed primarily to high
densities and/or photosynthetic rates of benthic
microalgae on the oyster reefs. Benthic microalgal
production can be substantial in shallow coastal
environments (e.g. Varela & Penas 1985, Rysgaard et
al. 1995, Eyre & Ferguson 2002), and there are several possible ways by which it may be further enhanced by the presence of oyster reefs. These systems are highly rugose and vertically complex, which
greatly increases the total vs. planar surface area and
allows the reefs to host greater quantities of benthic
algae than flatter surfaces such as bare sediments. A
similar increase in 3-dimensionality has been shown
to enhance coral reef oxygen production, resulting in
averaged GPP as high as ~950 mmol m−2 d−1 (Long et
al. 2013). Additionally, nutrients and carbon dioxide
released by oysters can possibly enhance rates of
microalgal photosynthesis, as benthic microalgae
have been shown to take up nitrogen compounds released by oysters (Kellogg et al. 2014). Both of these
factors would explain why day/night differences in
uptake scaled with oyster density (Fig. 11). Kellogg
et al. (2014) found increases in primary production
that scaled with oyster biomass, which they attributed to oyster nutrient efflux stimulating algal photo-
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synthesis. In our study, Reef A had the highest oyster
density and day/night differences (Fig. 11), as well as
the largest values of z0 and CD (Table 1). These
results agree with visual inspections of the reefs, and
imply that Reef A had the greatest vertical complexity and thus the highest surface area for algae to
grow.
The sampling protocol used in this study may also
account for part of the large differences between
FluxDARK and FluxLIGHT. Summer daytime data collection intervals were centered around noon (described
in the ‘Materials and methods’), meaning FluxLIGHT
values likely indicate near-minimum oxygen uptake,
and differences between FluxDARK and FluxLIGHT may
represent near-maximum production by the reef
community. Our results are therefore perhaps more
comparable to maximum oxygen production values
reported in other systems. For example, Rheuban et
al. (2014a) reported mid-day seagrass oxygen production exceeding 1000 mmol m−2 d−1, values which
are far greater than both their reported GPP and
the day/night differences presented here. Additionally, for all of our sites, mean flow speed was higher
during the night than during the day for summer
measurements (Fig. 6). Flow speed can stimulate reef
oxygen consumption through several mechanisms,
including by impacting the reef sediment flux (described above), so part of these diurnal differences in
flux may also be attributed to higher flow speeds
stimulating greater nighttime vs. daytime oxygen
uptake.
In order to use differences between FluxDARK and
FluxLIGHT to estimate GPP, it is necessary to assume
that the gross amount of oxygen consumed by the
reefs (by both biological and chemical processes) is
constant across the diurnal cycle, and that any difference in net oxygen uptake between day and night is
attributed solely to daytime oxygen release by primary producers. This is a standard assumption for
most flux studies conducted in phototrophic systems,
such as seagrass meadows or algal beds (e.g. Hume
et al. 2011, Rheuban et al. 2014a,b, Attard et al.
2015). However, previous research into the circadian
rhythms of bivalve species has shown that feeding
activity (and thus respiration) may in fact vary diurnally. In situ measurements of blue mussels Mytilus
edulis have shown that they increase both the extent
and frequency of valve opening at night vs. in the
daytime, with the extent of valve opening being negatively correlated to light intensity (Wilson et al.
2005). These results imply that respiration for M.
edulis beds may be greater at night than during the
day. Similar behavior in oysters would partially

explain the large differences measured between
daytime and nighttime oxygen uptake. However, this
pattern is not consistent across all bivalve species
(e.g. Mat et al. 2014), and further research into the
circadian rhythmicity of Crassostrea virginica is
needed.

Implications for reef restoration
Our results suggest that FluxDARK scales closely
with oyster population density (Fig. 11), with summer values ranging from −1.8 to −2.3 mmol m−2 d−1
oyster−1. Similar values were found by Boucher &
Boucher-Rodoni (1988), who measured the oxygen
uptake of transplanted C. gigas oysters via in situ
dark enclosure incubations and recorded a mean
June flux of around −2.6 mmol m−2 d−1 oyster−1.
These results also agree with Kellogg et al. (2014),
who found an increase in oxygen uptake with oyster
biomass.
It is important to note that oyster densities in this
study were determined using quadrats placed randomly on the different reefs. Although the eddy
covariance flux integrates over a large benthic surface area (18−56 m in length; Table 1), the location of
the greatest contribution to the measured flux is relatively close to the eddy system (Berg et al. 2007). For
our reefs, this location was approximately 0.3 to 0.5 m
upstream of the eddy system (Table 1). It is therefore
possible that the density within the immediate vicinity of the eddy system differed from the average density of the reef as a whole, which would affect our per
oyster flux estimates. Additionally, we did not conduct measurements of biomass and/or shell lengths
of oysters, which are often reported in the literature
(e.g. Dame et al. 1992, Kellogg et al. 2013, 2014).
Quantifying oyster biomass and shell length values,
as well as sampling oyster densities closer to the
eddy systems, may have allowed us to better constrain our results and to more accurately compare
them with past studies.
The vertical extent of oyster reefs is an important
goal of reef restoration, as it helps prevent sedimentation of the reef (Schulte et al. 2009) as well as
attract pelagic oyster larvae necessary for reef accretion (Fuchs & Reidenbach 2013, Fuchs et al. 2015).
However, our results indicate it has little effect on
ecosystem metabolism. Although Reef A had far
greater values of z0 and CD than Reef B (Table 1),
these 2 sites had similar values of NEM (Fig. 10) and
FluxDARK (Fig. 11). Likewise, despite having approximately equal z0 and CD (Table 1), Reef B had much
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higher NEM (Fig. 10) and FluxDARK (Fig. 11) values
than Reef C. Thus the restoration of oxygen metabolism and ecosystem functioning as reefs mature is
spurred primarily by an increase in oyster density,
and not by the vertical structure of the reef itself.
Oxygen uptake by oyster reefs is positively correlated with denitrification (Kellogg et al. 2013,
Humphries et al. 2016, Smyth et al. 2016). Humphries
et al. (2016) even suggested that resource managers
may want to measure oxygen flux as a proxy for the
removal of nitrogen from the water column, although
this requires further investigation. Due to the fact
that FluxDARK scaled with oyster density (despite possible uncertainties in our density measurements), it is
also a possible measure of restoration success. By
using Reef A, a fully developed natural reef, as a
baseline and the mudflat as a control, we can quantify the relative success of restoring benthic exchange to restoration Reefs B and C. If we assume
that these reefs are in a relatively healthy condition
(i.e. minimal dead and decomposing oysters, which
were not observed on the reefs), then Reef B, which
was constructed in 2010, appears to be nearly as
functional as the natural Reef A. Reef C, established
in 2008, has been less successful, as it showed only
~60% of the oxygen demand and ~50% of the oyster
density of Reef A (Fig. 11). Our results suggest that
true in situ measurements of oxygen fluxes can give
key insight into the functioning, health, and state of
restoration of oyster reef communities. When possible, such measurements can be a beneficial part of
oyster reef monitoring programs.
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