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Abstract

Aquatic eddy covariance (AEC) is increasingly being used to study benthic
oxygen (O2) flux dynamics, organic carbon cycling, and ecosystem health
in marine and freshwater environments. Because it is a noninvasive tech-
nique, has a high temporal resolution (∼15 min), and integrates over a large
area of the seafloor (typically 10–100 m2), it has provided new insights on
the functioning of aquatic ecosystems under naturally varying in situ condi-
tions and has given us more accurate assessments of their metabolism. In this
review, we summarize biogeochemical, ecological, and biological insights
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gained from AEC studies of marine ecosystems. A general finding for all substrates is that benthic
O2 exchange is far more dynamic than earlier recognized, and thus accurate mean values can only
be obtained frommeasurements that integrate over all timescales that affect the local O2 exchange.
Finally,we highlight new developments of the technique, includingmeasurements of air–water gas
exchange and long-term deployments.

1. OXYGEN FLUXES: A ROBUST PROXY FOR CARBON
TRANSFORMATIONS

In terrestrial and aquatic ecosystems, there is usually a near-1:1match between rates of biologically
driven photosynthetic carbon fixation and coupled oxygen (O2) production and between respira-
tory carbon oxidation and O2 consumption.This stochiometric equivalence and the fact that O2 is
relatively easy tomeasure havemadeO2 fluxes themost used proxy for studying inorganic–organic
carbon (C) transformations in aquatic systems.

Marine sediments cover approximately 70% of Earth’s solid surface and are critically impor-
tant sites for the deposition and respiration of organic carbon (org-C) originating from marine
and terrestrial plants.Typically, aerobic respiration dominates in deep-sea settings,whereas coastal
sediments host significant levels of anaerobic respiration (Canfield et al. 1993, Jørgensen 1982,
Thamdrup 2000). Although the 1:1 O2:C stochiometric equivalence usually holds for both direct
aerobic org-C respiration and indirect aerobic reoxidation of reduced compounds from anaer-
obic org-C respiration (Glud 2008), different O2:C exchange ratios are found in some settings,
including sites with high nitrification levels, substantial burial of reduced products of anaerobic
mineralization, and considerable denitrification that releases reduced nitrogen as dinitrogen to
the water column. In addition, sediments exposed to significant seasonal deposition dynamics or
hypoxia may temporarily accumulate reduced compounds and induce a time lag between ongoing
benthic org-C mineralization and the associated benthic O2 uptake. This temporal misalignment,
or O2 debt (Pamatmat 1971), diminishes when the O2 uptake is integrated over time. Finally, in
light-exposed substrates hosting photosynthetic C fixation, processes like photorespiration and
light inhibition can skew the 1:1 equivalence some. In summary, however, the usually tight 1:1
relationship between rates of benthic respiration and photosynthetic production and the parallel
uptake or release of O2 enable us to determine the net effects of these two fundamental processes
by measuring benthic O2 exchange rates.

For decades, benthic O2 fluxes have been measured in recovered sediment cores incubated
in controlled environments mimicking in situ conditions (Hayes & MacAulay 1959, Mortimer
1941) and in in situ chambers that isolate only a small area of the sediment surface (Odum 1957,
Pamatmat & Fenton 1968). Limitations of these still widely used flux methods include that they
disturb the substrate and exclude or seriously alter the natural ecosystem-scale drivers of O2 flux
(e.g., flow, light, and org-C and nutrient exchange with the water column). They are, additionally,
challenging to implement for a number of substrates, including highly permeable sands, hard
substrates, and seagrass beds.

This review describes how aquatic eddy covariance (AEC) has been developed and applied
to overcome these challenges and how AEC studies have provided new insights on the biogeo-
chemical functioning of numerous aquatic substrates. AEC is a general, direct, and noninvasive
underwater flux method that is applicable to any scalar quantity that can be measured at a point
and at a rate fast enough to capture turbulent fluctuations. We have, however, limited this review
to focusing on O2 exchange in marine ecosystems.
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2. AQUATIC EDDY COVARIANCE

2.1. Historical Background

The theoretical foundation for eddy covariance was formulated by Reynolds (1895) decades be-
fore the required instrumentation was developed. According to Baldocchi (2003), the very first
measurements were made in the atmosphere by Scrase (1930), who determined the transport of
momentum (Reynolds stress) using simple analog instrumentation and strip-chart data record-
ing. Years later, groundbreaking inventions in fast-responding hot-wire anemometry (Priestley &
Swinbank 1947, Swinbank 1951) kick-started the development of eddy covariance in air (Baldocchi
2013), which is today by far the most used flux method for measuring the atmospheric exchange
of many constituents with terrestrial substrates.

Underwater, the first uses of AEC measured water column salt fluxes in an estuary (Partch &
Smith 1978) and heat fluxes under sea ice (McPhee 1992). Later, Berg et al. (2003) showed that
O2 fluxes between benthic substrates and the water column above can be measured consistently
by AEC. Due to the already widespread use of benthic O2 exchange rates in marine ecology and a
demand for better approaches, this study motivated others to adapt and further develop the AEC
technique.

2.2. Basic Principles

Dissolved O2 can be transported in water by advection and molecular diffusion. The universal
expression for the instantaneous vertical O2 flux yields

flux = wC −D
dC
dz

, 1.

where w is the vertical flow velocity, C the O2 concentration, D the molecular diffusivity of O2

in water, and z the vertical coordinate. Away from millimeter-scale diffusive boundary layers that
overlay impermeable surfaces, and outside environments with extreme density gradients, the dif-
fusive term,D(dC/dz), can be neglected.

In his famous paper, Reynolds (1895) proposed that an observed value in a turbulent flow (e.g.,
w or C; Equation 1) can be expressed as a mean plus a turbulent fluctuation away from the mean
(e.g.,w = w̄ + w′ orC = C̄ +C′). This separation is referred to as Reynolds decomposition, and
using it for both w and C in Equation 1 gives an expression for the averaged flux of

flux = w̄C̄ + w̄C′ + w′C̄ + w′C′ . 2.

Assuming that the averaging time is long enough for the averages of the fluctuating components,
w′ and C′, to equal zero, and that the coordinate system is perpendicular to the flow streamlines
so that w̄ equals zero, gives

flux = w′C′. 3.

This is the fundamental expression in AEC, stating that the so-called eddy flux—the averaged
vertical O2 flux in the water column down toward or up from a benthic substrate—can be derived
from direct, fast point measurements of w and C (Figure 1).

2.3. Field Measurements and Instrumentation

The eddy flux (Equation 3) determined for a fixed point above a benthic surface is usually an ac-
curate representation of the benthic flux between the seafloor and the water above. One condition
for this equivalence is that the consumption and photosynthetic production of O2 in the water
column between the seafloor and the measuring point must be insignificant compared with the
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Figure 1

An AEC system (lower left) collecting data over a light-exposed seafloor that releases O2 due to photosynthesizing benthic microalgae
(lower right). The seafloor area producing the eddy flux signal is referred to as the footprint and is located upstream from the system (red
shading). Three graphs (upper left) show 1 min of fast measurements (8 Hz) of the fluctuating O2 concentration (C, top), the fluctuating
vertical velocity (w,middle), and the cumulation of the instantaneous flux (bottom). During periods marked with yellow, the vertical
velocity is directed down, and the O2 concentration is below average. During periods marked with blue, the velocity is directed up, and
the O2 concentration is above average. This highly dynamic but persistent turbulent pattern will, when averaged over time, give a net
transport of O2 up from the benthic substrate. The linear trend of the cumulative O2 flux indicates a strong flux signal in the data.
Abbreviation: AEC, aquatic eddy covariance. AEC system drawing by Luke Cole, University of Virginia.

benthic flux. Also, rapid changes in mean current velocity or mean water column O2 concentra-
tion can skew this equivalence for short periods (Holtappels et al. 2013). Such effects diminish
if the integration time is extended, and biases due to both effects are minimized if the measur-
ing point is located close to the seafloor. However, the measuring point must be positioned high
enough above the benthic surface to ensure that the turbulence and the eddy flux signal represent
the substrate as a whole and not just a few larger objects on the seafloor (Rheuban & Berg 2013).
The best compromise between these diverging factors depends on the environment and substrate
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Figure 2

Example of AEC data and their processing. The data cover 2.7 days and were measured in a seagrass meadow. (a) Three-dimensional
velocity data (w is vertical) at 8 Hz through 1 h. (b) Matching O2 concentrations recorded with a Clark-type microelectrode and an
independent optode. Attached debris temporarily disturbed the microelectrode signal at the end of the data sequence. (c) Extracted
cumulative O2 fluxes for 15-min time intervals. (d) Matching 15-min fluxes (negative fluxes represent an uptake). Data shown in gray
include the disturbed microelectrode signal. Such compromised data can result in significant errors in flux extraction and are removed
when data are processed. (e) Hourly averages of 15-min O2 fluxes, light (PAR), and current velocity. Error bars represent standard
errors. A tight modulation of the O2 flux by light during daytime is evident, while significant stimulation of seagrass meadow uptake by
current velocity is seen at nighttime. ( f ) Normalized cumulative cospectrum of the O2 flux signal for 1 h of data. The spectrum reveals
that the entire eddy flux signal was associated with frequencies of <0.8 Hz and that wave motions (0.5–0.8 Hz) here facilitated only a
small fraction of the total O2 flux. Abbreviations: AEC, aquatic eddy covariance; PAR, photosynthetically active radiation. Panel e
adapted from Berger et al. (2020).

roughness, but most studies to date have used measuring heights between 5 and 30 cm (Berg et al.
2017).

Usually 15 min of data are adequate to produce one statistically sound flux estimate (Berg et al.
2003). Sometimes derived fluxes are further averaged to hourly exchange rates before further
analysis (Hume et al. 2011) (Figure 2).

The universally used instrument formeasuringwater velocities for AEC is the acousticDoppler
velocimeter (ADV) named the Vector (Nortek, Norway). This instrument measures the three-
dimensional velocity field at frequencies up to 64 Hz and can additionally record two external
signals on its internal data logger. Using this feature to record the O2 sensor signal ensures that
all data are aligned perfectly in time (Berg et al. 2015, Lorrai et al. 2010). An 8-Hz data resolution
is usually sufficient to describe all fluctuations contributing to the eddy flux, but a higher recording
frequency (e.g., 32 or 64 Hz) is often used to allow noise reduction by down-averaging (Berg et al.
2009).

Early AEC studies measured theO2 concentration exclusively with Clark-typemicroelectrodes
(Revsbech 1989) that are fast-responding (90% response time of 0.2–0.4 s) and typically have a
thin tip (10–50 µm). This sensor, however, is fragile and breaks easily if floating debris or fauna
collide with the tip. Although thicker and sturdier Clark-type microelectrodes can be produced
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for AECmeasurements, alternatives have been developed and tested, including more robust fiber-
optical O2 sensors (Chipman et al. 2012) that have comparable response times, a tip diameter of
100–500µm, and deployment lifetimes that usually exceed those of microelectrodes (Huettel et al.
2020). Another alternative is a dual O2–temperature sensor specially developed for parallel AEC
measurements of O2 and heat fluxes (Berg et al. 2016). Its large tip (8 mm) consists of a miniature
planar O2 optode and a microthermistor, and it is the most robust commercially available AEC
sensor. The sensor is best suited for settings where it can be oriented relative to a predictable flow
direction because its large tip can distort the velocity measurements if it is positioned directly
upstream from the ADV (Berg et al. 2016, Huettel et al. 2020). An alternative specialized sensor
setup relies on pumpingwater through a thin sample line into a flow-through cell that contains one
or two fast-responding sensors (Long 2021, Long et al. 2015c). An advantage of this design is that
it ensures uniform working conditions for the sensors with respect to flow and light interference,
but it adds to the response time of the concentration readings and is susceptible to clogging in
some environments.

The ADV and the O2 sensor are typically mounted at a fixed point above the seafloor on a
light, thin-legged frame to minimize disturbances of flow and light (Attard et al. 2020, Berg &
Huettel 2008, Huettel et al. 2020). Heavier frames have been used in shelf environments with
high-energy flows to ensure platform stability (Reimers et al. 2012). A more complex precursor to
these fixed frames was designed to detect the current direction from ADV readings and, driven by
a computer-controlled motor, to rotate in the horizontal plane every 15 min to orient the sensors
facing up into the current. The design was abandoned, however, because the frame itself would
corrupt the flow measurements where orbital wave motions would reverse the horizontal flow in
each wave cycle.

Knowing the size, shape, and location of the footprint (Figure 1) is not necessary for calculat-
ing the O2 flux from Equation 3, but for an ecological interpretation of the flux and what drives
it, this information is warranted. Through modeling, Berg et al. (2007) showed that the footprint
for widely used deployment parameters has a long oval shape and typically covers an area of 10–
100 m2 upstream from the AEC system (Figure 1), that the footprint gets larger with increas-
ing measuring height, and that a greater hydraulic roughness results in a smaller footprint. The
study also showed that the footprint size for typically encountered environmental conditions is
not affected by the magnitude of the current (Berg et al. 2007). Another modeling study showed
that due to the size of the footprint, AEC integrates well over typical sediment surface patchiness
(Rheuban & Berg 2013). An in situ study in a seagrass meadow by Berger et al. (2020) supported
this by measuring comparable hourly fluxes with two systems placed side by side without overlap-
ping footprints.

2.4. Data Treatment

Many steps in AEC data processing have been adapted from standard protocols used in atmo-
spheric flux studies (Aubinet et al. 2012, Burba 2013, Lee et al. 2004). These steps include de-
trending, which refers to the definition of the w̄ and C̄ used to calculate w′ and C′ (Figure 1).
Two common approaches are linear detrending, where linear fits to w and C, typically for 15-min
time intervals, are used to define w̄ and C̄ (Berg et al. 2009, Glud et al. 2016, Huettel et al. 2020),
and dynamic filtering, where w̄ and C̄ are defined, for example, as running means (Attard et al.
2020, Berg et al. 2013, Lorrai et al. 2010) or through a low-frequency filter (McCann-Grosvenor
et al. 2014, Reimers et al. 2012). Another adapted data-processing step is coordinate rotation of
the measured three-dimensional velocity field to ensure that the vertical mean velocity, w̄, equals
zero, as assumed in Equation 3 (Lorrai et al. 2010), or is minimized if a large amount of data is
available for given flow directions (Lorke et al. 2013). Sometimes a time lag correction is applied
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to remove the small, but always present, temporal misalignment between the measured velocity
and O2 data by repeating the flux calculation while shifting the O2 data in time until the numer-
ically largest flux is found (Attard et al. 2014, Berg et al. 2016, McGinnis et al. 2008). Finally,
substrates such as seagrass meadows require relatively large measuring heights to ensure that data
are recorded above the canopy. Because seagrass beds also often drive large diurnal variations in
the water column O2 concentration, a storage correction for the change in O2 stored between the
sediment surface and the measuring point can improve the flux extraction (Rheuban et al. 2014a).

A few field conditions are unique to aquatic applications of the eddy covariance technique,
including the presence of oscillatory motions generated by surface waves, and may require more
elaborate processing. For example, the traditional time lag corrections described above should not
be used in the presence of short-period waves and little current, as doing so can result in substan-
tial flux biases (Berg et al. 2015, Volaric et al. 2018). Alternative time lag corrections have been
developed for such conditions that rely on aligning the wave signal in the O2 concentration with
the wave signal in the velocity data, but they are not trivial to apply (Berg et al. 2015, Reimers
et al. 2016a). By examining different substrates (seagrasses, coral reefs, and sands), Long (2021)
found small so-called wave biases (Trowbridge 1998) of up to 4% for O2 fluxes and recommended
using larger measuring heights to obtain a spectral gap between current-driven turbulence and
wave oscillation frequencies. While this would shift the flux signal toward larger and slower ed-
dies and facilitate removing short-period wave contributions, it could introduce other, possibly
larger errors by moving the measuring point away from the surface for which the flux is sought. It
would, for example, amplify transient biases from O2 concentration and current velocity changes
(Holtappels et al. 2013). As none of these approaches to diminish different kinds of biases associ-
ated with waves are universal solutions, more work is needed to improve measurements and flux
extractions under this rather common field situation. In that pursuit, it should be recognized that
wave motions can contribute to the real total O2 flux, in addition to the current-driven turbulence,
and thus should not be categorically removed from the flux record in ecological studies of benthic
substrates (Berg et al. 2015, Long et al. 2015a, Reimers & Fogaren 2021).

Data analysis in the frequency domain—for example, by calculating the cumulative cospec-
trum of the vertical velocity and O2 concentration (Figure 2f )—can give additional valuable in-
formation on which frequencies are carrying the flux signal and whether a particular O2 sensor is
sufficiently fast to capture it (Berg et al. 2013, Chipman et al. 2012, Reimers et al. 2012).

The AEC technique has been validated in many studies, primarily in comparisons with parallel
in situ chamber deployments. Some of these studies are referenced below.

3. KEY FINDINGS FROM DIFFERENT ENVIRONMENTS

AEC studies have produced new quantitative and conceptual knowledge on O2 dynamics,
metabolic rates, and their controls for different benthic substrates. These insights have emerged
because AEC includes the full dynamic effects of variable currents, wave action, sediment resus-
pension, fauna activity, and nutrient and org-C inputs to bottom surfaces. Below, we review some
of these findings.

3.1. Cohesive Muddy Sediments

Cohesive, fine-grained muddy sediments (permeability < 10−12 m2) extend from the coastline to
the greatest ocean depths and are globally important for org-C cycling and sequestration. Shallow-
water cohesive sediments may exhibit diel cycles of benthic primary production and respiration.
In deeper settings, respiration dominates, and it is widely accepted that to avoid artifacts, benthic
O2 fluxes should be measured in situ (Glud et al. 1994, Reimers et al. 1986). The existing database
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of in situ measurements with traditional flux methods reveals that benthic O2 consumption di-
minishes by two orders of magnitude with depth, from approximately −20 to −40 mmol m−2 d−1

in coastal waters to approximately −0.2 to −0.4 mmol m−2 d−1 at abyssal depths (Glud 2008).
AEC measurements confirm that trend. For example, at water depths of 22, 65, 300, 1,450, and
2,500 m, the O2 uptake has been measured at −23, −13, −3.6, −1.6, and −0.9 mmol m−2 d−1,
respectively (Amo-Seco et al. 2021, Glud et al. 2016, Cathalot et al. 2015, Berg et al. 2009, and
Donis et al. 2016, respectively).

In situ chambers are perceived as giving accurate flux measurements in cohesive muds with
low macrofauna densities. For that reason, they were used to validate the AEC technique for O2

flux measurements when it was first developed.Deployments of both approaches in two nearshore
sediments gave ratios of 0.72 and 0.87 between chamber and AEC fluxes (Berg et al. 2003). Other
comparative studies gave a ratio of 1.02 for deep-ocean muddy sediment (Berg et al. 2009) and
a ratio of 0.88 for a 65-m-deep sedimentary basin (Glud et al. 2016). A study in estuarine mud
resulted in an AEC flux of −31 mmol m−2 d−1, while parallel deployments of a large chamber
(diameter of 80 cm) gave a flux of −40 mmol m−2 d−1 (Amo-Seco et al. 2021). Bottle incubations
of water sampled inside the chamber revealed a significant respiration of −10 mmol m−2 d−1 and
suggested that the difference was driven by a fluff layer that was resuspended when the chamber
was installed.

A common perception is that aphotic muddy sediments exhibit only small dynamic changes in
O2 uptake compared with other benthic substrates. AEC measurements have shown that this is
not true, and we here give examples of physical, chemical, and biological processes that can give
rise to highly dynamic fluxes—processes that are important to appreciate if we are to understand
the biogeochemical function of cohesive muds.

Current- and wave-driven motions in the bottom water compress diffusive boundary layers
atop intact cohesive sediment surfaces and reduce the total resistance to diffusive O2 transport
into the sediment (Glud et al. 2007, Jørgensen & Des Marais 1990). This reduction is typically
substantial in nearshore sediments with high metabolic activity and small O2 penetration depths
(<1–2mm) and can temporarily stimulate the benthicO2 flux significantly.Combining AECfluxes
andO2 microprofiles measured in a sedimentary basin,Glud et al. (2016) estimated that alterations
of the diffusive boundary layer by current flow could explain up to 30% of the measured variation
in O2 uptake (Figure 3b).

Fauna activity and behavior are controlled by environmental conditions, and fauna often have
distinct tidal and circadian variations in activity level and feeding mode (Naylor 1996, Tessmar-
Raible et al. 2011, Wenzhofer & Glud 2004). The effects of these processes were reflected in en-
hanced rates of benthic O2 uptake documented using AEC by Glud et al. (2016), who also showed
how periods of enhanced tidally driven flow and the resulting elevated near-bed particle density
coincided with higher irrigation and filtration activity by brittle stars (Figure 3b). Vacated burrow
structures ventilated with bottom water by pressure differences arising from current flow, wave
action, and bottom-water density changes can similarly stimulate O2 uptake in two major ways: by
elevating O2 levels in and around burrow structures and by oxidizing reduced compounds from
burrow interiors (Huettel & Gust 1992, Munksby et al. 2002, Ray & Aller 1985). AEC measure-
ments do integrate these effects, but no study has yet investigated how these processes contribute
individually to the total flux.

The deep ocean (>200 m) covers 64% of Earth and is vastly underexplored. Despite its rela-
tively lowmineralization rates, the vast abyssal plains contribute significantly to the global benthic
mineralization (Glud 2008, Stratmann et al. 2019). To date, only a few AEC studies have focused
on deep-ocean settings. At a 1,450-m-deep site with fine-grained, fauna-poor mud in Sagami Bay,
Japan, Berg et al. (2009) measured AEC O2 fluxes that averaged −1.6 mmol m−2 d−1. Parallel
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Figure 3

(a) In situ image (approximately 13 × 19 cm) of a muddy sediment at 65-m depth with a dense population of brittle stars (Amphiura
filiformis, ∼1,100 m−2). Arms of the brittle stars are extending up from the surface. (b) AEC-measured O2 uptake derived for 15-min
time intervals and corresponding current velocity. The data yielded an average O2 uptake of −15.0 mmol m−2 d−1 and a mean current
velocity of 3.9 cm s−1. The strong relationship between the O2 flux and current velocity was caused by alterations of the diffusive
boundary-layer thickness, the elevated near-bed particle density enhancing the irrigation and filtration activity of the brittle stars, and
the stars’ increased respiration. Abbreviation: AEC, aquatic eddy covariance. Panel b adapted from Glud et al. (2016).

in situ chamber deployments and O2 microprofile interpretations gave comparable results within
12%. Another comparison at 2,500-m depth in the oligotrophic Fram Strait gave a mean O2 flux
of −0.9 mmol m−2 d−1 and similarly good agreement among the three approaches (Donis et al.
2016). These studies demonstrate that the benthic metabolic activity and near-bed turbulence
levels, even at considerable depths and at low current velocities (in the range of 1–3 cm s−1), are
sufficient to enable reliable AEC flux measurements with standard commercially available instru-
mentation. The study by Donis et al. (2016) represents the deepest AEC measurements to date,
although commercial instrumentation is available for depths down to 4,000 m.

The ability of flow to stimulate benthic O2 uptake by cohesive aphotic sediments via different
mechanisms has been in focus in this section, partly because chamber approaches exclude natural
bottom-water hydrodynamics. It is, however, important to appreciate that such flow effects are
temporary by nature and that,when integrated over long timescales,O2 uptake by sediment closely
reflects its input of reactive org-C. Sustained flow-driven increases in O2 uptake can only occur if
elevated flow also enhances org-C inputs to the sediment. Consequently, flow stimulations of the
O2 uptake for intact cohesive sediments should in most cases be seen as temporary non-steady-
state situations manifested over various timescales. AEC measurements should thus be employed
over long periods (e.g., days or weeks) when seeking to determine representative average fluxes
under in situ conditions (Attard et al. 2016, Berg et al. 2003, Glud et al. 2016). As shown below,
this observation applies equally to other substrates as well.

3.2. Permeable Sediments

Permeable sediments (permeability > 10−12 m2; Huettel et al. 2014) are found globally along
shorelines and on continental shelves and consist largely of silicates in cold and temperate waters
and carbonates in tropical settings (Dagg et al. 2004, Eyre et al. 2018). Although they cover less
than 10% of the ocean floor, shelf sediments receive approximately 40% of the global benthic
org-C input (Muller-Karger et al. 2005). Of this, a large fraction is mineralized in the permeable
sediments and thus accounts for a major part of the global benthic org-C cycling (Huettel et al.
2014).

Permeable sediments allow various forms of advective exchange with the water column
(Figure 4).Deflection of the currents and orbital wavemotions by ripples and other topographical
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Figure 4

(a) An AEC system deployed at 10-m water depth over rippled, permeable carbonate sand. (b) The
stimulation of carbon cycling via filtration of O2-rich water and organic carbon through the surface layers of
permeable sand, which enhances both aerobic microbial mineralization and reoxidation of reduced
compounds formed by anaerobic decay. The top sand thus resembles an effective catalytic matrix. These
complex processes are difficult to mimic in enclosure approaches for all naturally occurring intensities of
current flow and wave action. Abbreviation: AEC, aquatic eddy covariance.

features can drive O2 and other solutes deep into a permeable sediment (Packman & Brooks 2001,
Precht et al. 2004, Thibodeaux & Boyle 1987) and at the same time filter out particulate matter,
including org-C (Rusch &Huettel 2000, Rusch et al. 2000, Preziosi-Ribero et al. 2020). This cre-
ates an effective catalytic matrix for rapid and sustainably enhanced org-C mineralization while
also stimulating reoxidation of reduced compounds formed by anaerobic decay. Permeable sedi-
ments, including sandy tidal flats, can host dense faunal communities, creating sediment mounds,
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depressions, and three-dimensional burrow structures that, when flushed, enhance exchange with
the water column (Meysman et al. 2006). Some permeable sediments are also home to ground-
water seepage that can supply nutrients and reduced compounds to benthic surface layers (Moore
& Wilson 2005, Moore et al. 2008). These complex mechanisms and feedbacks involving perme-
able sediments are reflected in their O2 fluxes, which are often more dynamic and substantial than
those of cohesive sediments. O2 fluxes in permeable sediments are thus best measured by AEC to
include effects of all driving environmental variables (Berg et al. 2013,Huettel et al. 2014,Reimers
et al. 2012).

Early proof-of-concept tests of AEC for O2 flux measurements revealed the magnitude of
the catalytic effects of permeable sediments by showing a substantial and sustained O2 uptake of
−210 mmol m−2 d−1 for a sandy riverbed, which was five times as large as fluxes measured at two
hypereutrophic estuaries with cohesive muds (Berg et al. 2003). Later, Kuwae et al. (2006) mea-
sured nighttimeO2 fluxes of up to−350mmolm−2 d−1 over an intertidal sand flat. A detailed AEC
study, including 13 field campaigns, at a shallow-water subtropical site in the Gulf of Mexico with
coarse silicate sand (permeability ∼40 × 10−12 m2) gave an annual average nighttime uptake of
−191 mmol m−2 d−1 (Chipman et al. 2016). In addition, Huettel et al. (2020) reported substantial
average daytime and nighttimeO2 fluxes of 96 and−84mmolm−2 d−1, respectively, for a subtropi-
cal∼10-m-deep oligotrophic reef sand in the Florida Keys.These results illustrate that permeable
sediments can be highly active sites for both primary production and mineralization processes.

Advection chambers, which have adjustable flow settings to mimic the natural pore-water ex-
change for permeable sediments ( Janssen et al. 2005a,b), have been compared with parallel AEC
deployments a number of times. For a shallow-water sand (permeability ∼17 × 10−12 m2), Attard
et al. (2015) found agreement between the nighttime O2 fluxes measured by the two approaches
with ratios of 0.9–1.3. Another comparison, performed in the Florida Keys over permeable car-
bonate sand (permeability ∼30 × 10−12 m2), showed statistically, with one exception, the same
fluxes from the two approaches for multiple daytime and nighttime measurements (Huettel et al.
2020). These studies were done under low- to moderate-flow conditions; diverging results were
found under more energetic flows forced by strong currents and waves. For example, Berg et al.
(2015)measured a nighttime uptake ofO2 by a shallow-water permeable sand (permeability∼13×
10−12 m2) exposed to current- and wind-driven waves that was 1.9 times larger when quantified
by AEC than it was when measured in advection chambers. An extreme difference between the
two approaches equaling a factor of 4.1 was found for a highly permeable riverbed composed
of sand and gravel (permeability ∼230 × 10−12 m2) and exposed to a strong flow of 31 cm s−1.
Large ocean swells, producing strong, water-depth-dependent oscillatory velocities over Oregon
shelf sands (permeability ∼30 × 10−12 m2), have similarly been documented to elevate AEC O2

fluxes (Reimers & Fogaren 2021, Reimers et al. 2016b). These comparative studies indicate that
AEC measurements may be the only approach that yields uncompromised fluxes in permeable
substrates under the naturally occurring wide range of current flows and wave action.

To document the dynamic nature of O2 fluxes for permeable sediments under natural in situ
conditions, Berg et al. (2013) determined relationships between flow velocities and AECO2 fluxes
for coastal permeable sand (permeability ∼18 × 10−12 m2) exposed to a repetitive tidally driven
current. Regression analysis revealed that an increase in tidal current velocity from ∼0 to 20 cm
s−1 gave an almost fourfold increase in O2 uptake after short-lived transient effects were removed
by averaging. This study additionally documented a tight advective coupling between the water
column and the upper sand layer using O2 fiber optodes buried 1 cm below the surface. Anoxic
conditions weremeasured in the sand at slack tide,while∼65%of the water columnO2 concentra-
tion was recorded at ebb and flood. Such short-term increases in O2 penetration alone translated
to an interim sediment O2 uptake of up to −50 mmol m−2 d−1 (Berg et al. 2013).
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Other AEC studies of permeable sediments, including shallow-water coarse silicate sands
(Chipman et al. 2016), have shown similar profound relationships between O2 uptake and flow. In
addition to reflecting an immediate enhanced aerobic org-C respiration, these relationships in-
clude other mechanisms, such as aerobic reoxidation of reduced compounds (e.g., Fe+, H2S, and
Mn2+) from earlier anaerobic org-C respiration, replacement of anoxic pore water with oxic wa-
ter column water as O2 penetration increases, and likely immediate respiration of flow-induced,
highly labile dissolved and particulate org-C. As discussed above, some of these mechanisms can
also affect cohesive sediments, but they are more pronounced for permeable sediments because
they allow various forms of advective exchange with the water column. As a result, flow-enhanced
flushing of the upper layer of a permeable sediment (Figure 4) will increase the supply of highly
labile dissolved org-C and filter out or trap particulate org-C, thus supporting sustained elevated
O2 uptake.

The net effect of all these mechanisms was illustrated convincingly in an AEC study of a ho-
mogeneous sand at 74 m in the North Sea by McGinnis et al. (2014). Specifically, a 45-h-long
data record showed periodic fluctuations in O2 uptake between ∼0 and −25 mmol m−2 d−1 that
were closely driven by a repetitive, near-perfect sinusoidal oscillation in tidal flow. Thus, as for
cohesive sediments, representative mean values for O2 uptake by permeable sediments must rely
on measurements integrated over a long period of time; in this case, a full tidal cycle is the bare
minimum.

3.3. Dense Phototrophic Substrates

Benthic primary producers range from microscopic algae and bacteria to towering kelp and con-
stitute a large proportion of ocean photosynthetic biomass (Smith 1981). Although they can per-
sist under extremely low light levels, down to water depths of hundreds of meters, dense pho-
totrophic habitats such as seagrass meadows andmacroalgal canopies are largely restricted to shal-
lower settings (<40 m) (Gattuso et al. 2006).Whole-system O2 fluxes and derived daily metabolic
rates of respiration (R), gross primary production (GPP), and net ecosystem metabolism (NEM)
are cornerstone variables when evaluating the health of shallow-water phototrophic ecosystems,
trophic status, and contribution to blue C retention.Reliable O2 fluxes are key for estimating these
parameters.

3.3.1. Seagrass meadows. Seagrass meadows are found on all continents except Antarctica, and
although they only cover a minute fraction of the ocean floor, they are estimated to account for
10–18% of the global oceanic org-C burial (Fourqurean et al. 2012). Even in comparison with
other shallow-water ecosystems, seagrasses are metabolic hot spots, often with manyfold-higher
metabolic rates, as documented by parallel AEC measurements over dense seagrass beds and ad-
jacent substrates. During peak seagrass growing season, Hume et al. (2011) and Rheuban et al.
(2014a) found by integrating hourly O2 fluxes for many consecutive days that R and GPP were
approximately 10–25 times higher for a temperate Zostera marina meadow than for adjacent bare
sediment.Koopmans et al. (2020) reported comparable differences between a subtropical Posidonia
oceanica meadow and nearby bare sand. O2 fluxes from these studies ranged from approximately
−300 mmol m−2 d−1 at night to 600 mmol m−2 d−1 during the day for the temperate meadow and
from approximately −100 to 250 mmol m−2 d−1 for the subtropical site.

During daytime, available light [photosynthetically active radiation (PAR)] at a seagrass canopy
exerts major control on the size and direction of the O2 flux, and the temporal response to changes
in PAR—for example, caused by drifting clouds—is immediate on the 15-min timescale resolv-
able by AEC (Long et al. 2015b, Rheuban et al. 2014b). Also, photosynthesis–irradiance curves
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generated from AEC data represent the natural whole-ecosystem response to light, integrated
horizontally over many plants and vertically through the entire canopy, and often show different
trends. For example, in coastal bays in Virginia, Rheuban et al. (2014a) found a young (5 years old)
restored seagrass meadow to be light saturated, whereas an older (11 years old), denser adjacent
meadow showed no signs of light saturation. This lack of light saturation in dense seagrass mead-
ows can likely be ascribed to self-shading preventing the lower canopy from reaching its maximum
photosynthetic production (Binzer et al. 2006, Short 1980).

AEC studies have repeatedly found that current velocity stimulates seagrass meadow respira-
tion at night two- to fourfold for velocity increases in the range of 5–10 cm s−1 (Hume et al. 2011,
Long et al. 2015b, Rheuban et al. 2014b). Even though daytime stimulation of respiration and
photosynthetic production may counteract one another with respect to the resulting O2 flux, a
study by Hume et al. (2011) indicated that current velocity has a positive effect on production as
well. These dependencies during both day and night are likely attributable to several factors, in-
cluding compression of diffusive boundary layers on seagrass leaves through which gas exchange
occurs (Fonseca & Kenworthy 1987, Koch 1994).

Tidal currents and wave action can affect sedimentation and resuspension in seagrass beds
(Hansen & Reidenbach 2012) and have a profound impact on benthic O2 fluxes. For a Z.marina
meadow underlain by sandy silt, a fivefold increase in O2 uptake was measured by AEC during en-
hanced wave action. Supplemental laboratory experiments with sediment from the site attributed
this increase to enhanced oxidation of reduced compounds exposed at the sediment surface and
to mineralization of particulate org-C brought into suspension (Camillini et al. 2021). After such
events, as calmer weather returned, the O2 uptake amounted to only ∼30% of what it was before.

Laboratory and mesocosm CO2 enrichment studies have shown equivocal results with re-
spect to stimulation of seagrass production (Borum et al. 2016, Collier et al. 2018, Palacios &
Zimmerman 2007). In a field study, Berg et al. (2019) examined this relationship during the peak
growing season of a dense Z. marina meadow by combining AEC measurements and water col-
umn recordings of CO2 and O2. The study also included elevated O2 levels because they can
inhibit photosynthesis (Buapet et al. 2013,Mass et al. 2010, Raven & Larkum 2007). The 4.5-fold
variation in water column pCO2, the 2.2-fold variation in O2 concentration, and the concurrent
daytime O2 fluxes did not show any sign of seagrass photosynthesis being stimulated at high CO2

levels or inhibited at high O2 levels (Berg et al. 2019). These results were obtained even though
CO2 levels reached those used in the IPCC’s 2013 ocean acidification scenarios, and thus do not
support the notion that seagrass will be winners in future more acidic oceans with elevated CO2

concentrations and more frequent temperature extremes.
The largest database of hourly AEC O2 fluxes for a specific seagrass meadow includes numer-

ous deployments distributed throughout the year and covers 115 full diel cycles for a restored Z.
marina meadow on the eastern shore of Virginia (Berger et al. 2020). Pairs of daily R and GPP
extracted from this record fall remarkably close to the 1:1 line (Figure 5b) and reflect a pho-
totropic system that has rapid internal org-C cycling and is in overall metabolic balance, despite
some day-to-day variability between autotrophy and heterotrophy.

Another surprising trend in this long-term record is the variability in paired daily R and GPP
on a short timescale. For example, during the month of June (Figure 5c), this variability is almost
as pronounced as it is for the entire year (Figure 5b). This result, obtained under naturally varying
in situ conditions, raises issues with the view that benthic metabolism for phototrophic systems
follows a somewhat smooth seasonal pattern. In fact, just a few cloudy, poor-weather summer
days can reduce seagrass metabolism to below the winter average value (Berger et al. 2020). The
highly dynamic nature of seagrass metabolism emphasizes the importance of relying on numerous
daylong measurements to correctly determine the trophic status of a seagrass meadow.
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Figure 5

(a) Two AEC systems at low tide deployed ∼10 m apart over a dense seagrass meadow without overlapping footprint. (b) Daily R versus
GPP values, which are distributed close to a 1:1 line (dotted line). The values cover all seasons. (c) Daily R versus GPP values for June,
which exhibited almost the same manyfold variations as seen in the full record. Abbreviations: AEC, aquatic eddy covariance; GPP,
gross primary production; R, respiration. Panels b and c adapted from Berger et al. (2020).

3.3.2. Fucoid canopies. Macroalgal canopies are often found on rocky shores, where org-C
burial is negligible. As a result, they export a large proportion of their net primary production
to nourish surrounding habitats, and studies have suggested that a fraction of their production is
sequestered in deeper waters and represents a sink of atmospheric CO2 (Duarte & Cebrian 1996,
Krause-Jensen & Duarte 2016).

An AEC study performed through different seasons in the Baltic Sea over the brown alga
Fucus vesiculosus documented substantial daily NEM values of up to 166 mmol m−2 d−1 (Attard
et al. 2019). It also estimated via a simple regression model that the canopy was autotrophic for
two-thirds of the year and highly autotrophic (NEM > 100 mmol m−2 d−1) for 150 days.

F. vesiculosus has numerous vesicles (air bladders) that provide buoyancy, facilitate spore dis-
persal, and accumulate considerable amounts of O2 when exposed to light (Sorrell & Dromgoole
1986). Attard et al. (2019) showed that positive O2 fluxes measured repeatedly by AEC from a
dense F. vesiculosus canopy up into the water column after dusk were likely related to an O2 release
from these vesicles. Additional light and dark microsensor measurements of O2 stored inside the
vesicles supported this explanation.

3.3.3. Invasive Gracilaria vermiculophylla on intertidal flats. Native to Japan, the macroalga
Gracilaria vermiculophylla has invaded coastal waters in the United States and Europe (Gulbransen
et al. 2012, Thomsen et al. 2006). Because the alga often colonizes previously bare tidal flats and
forms dense canopies, it typically represents a substrate with enhanced org-C cycling. Specifically,
night- and daytime O2 fluxes for a relatively dense G. vermiculophylla mat (∼60% areal cover)
measured by AEC averaged −178 and 139 mmol m−2 d−1, respectively (Volaric et al. 2019). For
reference, an adjacent site with low alga density (∼5% areal cover) had negative O2 fluxes (up-
take) during both night and day, with averages of −50 and −25 mmol m−2 d−1, respectively. The
denser mat was submerged only ∼75% of the time, prohibiting typical estimations of daily R,
GPP, and NEM.However, by combining succeeding deployments, Volaric et al. (2019) were able
to construct a composite of 24 hourly O2 fluxes during summer peak algal coverage. These AEC
fluxes compared surprisingly well with independent chamber flux measurements of emergent

444 Berg et al.

A
nn

u.
 R

ev
. M

ar
. S

ci
. 2

02
2.

14
:4

31
-4

55
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lre

vi
ew

s.o
rg

 b
y 

pb
8n

@
vi

rg
in

ia
.e

du
 o

n 
01

/0
4/

22
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 



G. vermiculophylla mats (Davoult et al. 2017) and thus allowed a first-order estimate of daily R,
GPP, and NEM values of −178, 169, and −9 mmol m−2 d−1, respectively (Volaric et al. 2019).

3.4. Hard Substrates

Hard substrates have been well described from a community ecological perspective but are partic-
ularly challenging habitats for metabolic studies. Uneven hard surfaces combined with dense and
often diverse populations of plants and animals can prohibit traditional flux studies. AEC may be
the best or only option in such settings (Berg et al. 2017).

3.4.1. Coral reefs. Coral reefs are among the most complex and diverse ecosystems in the
ocean. Their extreme surface rugosity increases the areas where biogeochemical processes may
occur, including photosynthesis; per square meter of horizontally projected area, this makes them
metabolic supersites.

The first AEC study of shallow-water coral reefs in the Florida Keys found record-high
metabolic activities, with average middayO2 releases approaching 2,000mmol m−2 d−1 and night-
time uptake near−1,000 mmol m−2 d−1 (Long et al. 2013). Integrated over many diel cycles, these
subtropical summer fluxes gave R, GPP, and NEM values of −570, 940, and 380 mmol m−2 d−1,
respectively, reflecting strong autotrophic conditions. By combining published ex situ coral pro-
duction rates with in situ AEC fluxes, Long et al. (2013) estimated to the first order that the active
O2-producing reef surface was at least seven times larger than the projected planar area—a re-
sult that explains why no clear light inhibition was seen at PAR levels near 2,000 µmol m−2 s−1.
Also, likely affected by the uneven and porous structure of the reefs, nighttime respiration doubled
when the current velocity increased from approximately 2 to 15 cm s−1 (Long et al. 2013).

Cold-water coral reefs, found globally in deeper aphotic waters, have manyfold-lower
metabolic activity levels than their shallow-water tropical counterparts, yet their metabolism is
still several factors higher than that of adjacent bare sediments. This pattern was found in three
studies that relied on deep-sea landers and remotely operated vehicles to access reefs in North
Atlantic waters at depths ranging from 130 to 750 m (Cathalot et al. 2015, de Froe et al. 2019,
Rovelli et al. 2015). Methodological challenges working at these depths limited the deployment
times in some of these studies and may explain the large range in measured O2 fluxes, from −12 to
−260 mmol m−2 d−1. Given the substantial variation in O2 fluxes found by AEC for other benthic
substrates under naturally varying in situ conditions, it is not surprising that cold-water coral reefs
exhibit similar kinds of dynamics, emphasizing again that long deployment times are needed to
obtain representative mean values.

3.4.2. Mussel reefs. Mussel filtration activity is affected by diel and lunar cycles as well as short-
term and seasonal changes in temperature, salinity, bottom-water turbulence, and phytoplankton
concentration (Kittner & Riisgård 2005, Riisgård et al. 2013). This reinforces, as in other benthic
environments, that the full picture of mussel reef biotic functioning must be obtained under in
situ conditions and by approaches that integrate these many relationships.

In an AEC study covering different seasons at a 5-m-deep Mytilus trossulus reef in the Baltic
Sea with an impressive mussel density of ∼50,000 m−2, Attard et al. (2020) measured midday O2

releases of up to 450 mmol m−2 d−1 and nighttime uptakes of similar magnitude.When integrated
over days within seasons, these O2 fluxes gave mean R values between −64 and −112 mmol m−2

d−1 and GPP values between 5 and 70 mmol m−2 d−1, indicating strong heterotrophic conditions
and underlining the important roles of mussel filtration in supplying org-C to the reef.
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Figure 6

(a) An AEC system deployed on an intertidal Crassostrea virginica oyster reef. (b) Nighttime O2 uptake for three reefs with different
oyster densities (244, 175, and 106 m−2 for reefs A, B, and C, respectively) and an adjacent mudflat. (c) Daytime O2 uptake for the same
reefs and mudflat. The uptake was reduced substantially relative to the nighttime uptake because of photosynthetic production.
Abbreviation: AEC, aquatic eddy covariance. Panels b and c adapted with permission from Volaric et al. (2018).

3.4.3. Intertidal oyster reefs. Over the last century, oyster reefs have been globally depleted
by ∼85% (Beck et al. 2011),mainly due to overharvesting ( Jackson et al. 2001) and disease (Oliver
et al. 1998). This has triggered substantial restoration efforts in North America and Europe and
more focus on defining newways to assess their health—for example, by using AECmeasurements
(Reidenbach et al. 2013; Volaric et al. 2018, 2020).

Extensive summer AEC measurements over intertidal Crassostrea virginica oyster reefs on
the coast of Virginia documented that one natural and two restored reefs had manyfold-higher
metabolic activities than those in adjacent bare, muddy sediments (Figure 6). Furthermore, these
measurements revealed that all reefs were strongly heterotrophic and had surprisingly similar R
rates when normalized by density (between −1.8 and −2.3 mmol m−2 d−1 oyster−1) (Volaric et al.
2018). In a parallel long-termmonitoring study covering four years of AECmeasurements,Volaric
et al. (2020) showed substantial seasonal and interannual variations in oyster reef metabolism, the
latter of which included a significant oyster die-off. The seasonal variation amounted to a three-
to fourfold-higher summer metabolic activity relative to fall and spring levels, likely related to
temperature effects on oyster filtering (Haure et al. 1998, Shumway & Koehn 1982), microalgae
abundance, andmicrobial activity (Apple et al. 2006).A tight relationship between reef metabolism
and oyster density for the entire four-year period suggests that AEC measurements may be used
to monitor oyster health.

3.4.4. Vertical rock walls and exposed bedrock. At 18-m water depth in a Greenlandic fjord,
Glud et al. (2010) deployed an AEC system on an ∼80 × 10 m vertical rock surface with high
densities of the suspension-feeding sea cucumber Psolus fabricii. The average nighttime O2 uptake
of −29 mmol m−2 d−1 was surprisingly large, and was comparable to rates measured in the same
study at four nearby horizontal benthic substrates (−17 to −48 mmol m−2 d−1), including diatom-
covered muds and consolidated muddy sand with shell debris. This result, measured during the
Arctic spring, suggests that epifauna attached to vertical walls can feed efficiently on pelagic pro-
duction and scale with horizontal benthic systems. For reference, a parallel seasonal study of a
near-horizontal rocky surface in the same fjord with interstices between rocks filled with coarse
gravels and relict shells measured average nighttime spring, summer, and fall O2 fluxes between
−1.9 and −41 mmol m−2 d−1 (Attard et al. 2014). These studies show that fairly high metabolic
activities can be reached by communities covering rock surfaces, regardless of slope, in cold polar
oligotrophic settings.
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3.4.5. Sea ice. Submerged sea ice interfaces represent another complex ecosystem where AEC
studies have clear advantages. During an early spring period when the ice–water O2 exchange was
dominated by biological processes as opposed to physical freeze–melt processes, Long et al. (2012)
measured a nighttime O2 uptake below 0.7-m-thick sea ice in southwest Greenland of between
−1.5 and −2.5 mmol m−2 d−1. During daytime, at light levels of 12–18 µmol photons m−2 s−1

below the sea ice, respiration was counterbalanced by an equally sized photosynthetic ice algal
production. The study documented that the algal community was well adapted to minute light
levels, as also reflected by indications of light saturation at approximately 4 µmol photons m−2

s−1. During times with substantial ice melt, measured AEC O2 fluxes should be interpreted with
caution because they, in addition to biologically mediated exchange, can comprise significant con-
tributions from O2-depleted meltwater released over the ice–water interface (Attard et al. 2018,
Glud et al. 2014).

4. NEW APPLICATIONS

4.1. Air–Water Gas Exchange

Air–water gas exchange is viewed as the primary source of uncertainty in many common whole-
system metabolic estimates (Raymond & Cole 2001). A new promising application of the AEC
technique can reduce this uncertainty and improve quantifications of greenhouse gas exchange
over the air–water interface.

By orienting AEC sensors to measure right below the air–water interface, O2 fluxes across the
interface can be determined accurately and with high temporal resolution (Berg & Pace 2017,
Berg et al. 2017, Long & Nicholson 2018). Moreover, by combining such air–water O2 fluxes
with concurrently measured bulk O2 concentrations in the surface water, standard gas exchange
coefficients (k600) can be derived and translated into coefficients for any gas of interest (Berg et al.
2020). If concentrations of greenhouse gases such as CO2, CH4, and N2O are also measured or
calculated for each side of the air–water interface, emissions of these gases can then be determined.

Fast-responding O2 sensors are inherently sensitive to temperature changes (Gundersen et al.
1998). A sensor placed in a constant molar O2 concentration will show a signal increase if the tem-
perature increases. Because heat fluxes at the air–water interface are usually substantial compared
with those in benthic environments, O2 sensors used for air–water flux measurements should be
corrected using high-speed temperature recordings made at the same point where the O2 con-
centrations are measured (Berg & Pace 2017); otherwise, turbulent temperature fluctuations as-
sociated with the heat eddy flux will mistakenly be recorded as O2 fluctuations and bias the O2

eddy flux calculation. Dual O2–temperature sensors (Berg et al. 2016) are thus an optimal choice
for air–water gas exchange measurements.

Air–water gas exchange can also be measured from a moving platform in near-stagnant waters
(Berg et al. 2020). Further evaluations of such mobile measurements under different in situ con-
ditions are needed to fully evaluate this new approach. As a spin-off, mobile measurements may
have a future in benthic environments: By mounting AEC sensors on an autonomous underwater
vehicle that moves at a controlled speed over a benthic surface, accurate fluxes along transects
can likely be measured. Similar flyover measurements have been performed for decades in the
atmospheric boundary layer (Crawford et al. 1996).

4.2. Long-Term Ocean Observatory Measurements

As AEC has become established as an approach for measuring benthic O2 fluxes, so have
ocean observing networks providing long-term data records that enhance our knowledge of
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fundamental ocean phenomena. Because available AEC hardware is readily hardwired to exter-
nal power sources and technologies exist to stream data to shore, including AEC measurements
in ocean observatories is an achievable goal.

Reimers et al. (2020) demonstrated that such a setup is feasible and determined O2 and heat
fluxes over 222 days at a seafloor observatory at 100-m water depth. If several problems are
solved—most notably associated with biofouling and sensor longevity or replacement—then the
path will be open toward long-term underwater AEC flux networks.

5. SYNTHESIS AND CONCLUDING REMARKS

During the last two decades, AEC has proven to be a highly versatile noninvasive technique for
measuring O2 fluxes at aquatic interfaces. Most applications have focused on benthic surfaces,
but the approach has also been used beneath sea ice and air–water interfaces. AEC studies have
produced benthic O2 fluxes that span more than three orders of magnitude, with end members
being subtropical coral reefs and deep, cold abyssal plains. The obtained fluxes have informed us
about org-C cycling, ecosystem health, trophic status, and blue C contributions for many aquatic
substrates and revealed physical, chemical, and biological drivers of their O2 exchange. This body
of work has additionally demonstrated that quantitative and conceptual knowledge ofO2 exchange
dynamics is best obtained frommeasurements taken in situ, under naturally varying environmental
conditions, and, importantly, that representative mean values for a given period must integrate
over all timescales that affect the local O2 exchange within that period.

While some findings reviewed here are substrate specific, others appear to be universal across
all aquatic interfaces. The latter include a strong stimulating effect that even moderate current
flows have intermittently on O2 fluxes. For example, sediments (such as aphotic cohesive muds)
have been generally viewed as having near-static O2 exchange rates, at least on short timescales,
but AEC measurements have shown that they typically have profound flow-driven O2 exchange
dynamics, even on an hourly timescale. Also, for permeable substrates, such as sands, significant
flow effects were predicted years ago by laboratory and model studies, but they have now been
confirmed by direct in situ AEC measurements. Strong links between O2 flux and current flow
have, to our knowledge, been found in all AEC measurements substantial enough to allow sys-
tematic regression analysis.

Another universal finding is that light-exposed substrates, regardless of what kind of photosyn-
thesizing organism they host, add another complex layer to O2 flux dynamics. AEC studies have
shown repeatedly that light-driven dynamics have multiple timescales—from as short as near-
immediate minute-scale responses during days with drifting clouds to as long as weeks. The latter
include, for example, highly productive phototrophic substrates that enter a hibernation stage with
highly reduced O2 fluxes, both in the day and at night, during persistent periods with dark, over-
cast weather. AEC studies have documented that this pattern can be as pronounced as differences
between peak summer and winter fluxes and that, ecologically, it reflects a benthic ecosystem with
rapid internal C cycling.

For fauna-populated substrates, AEC measurements have shown a tight coupling between O2

fluxes and faunal density and activity, the latter of which are often controlled by available food in
the bottom water. These patterns have been found consistently for substrates such as fauna-rich
muddy sediments, mussel reefs, and intertidal oyster reefs, and they represent another important
natural response that is hard to study with other approaches.

We are acutely aware that aquatic environments across the globe are undergoing adverse
changes due to factors such as agricultural runoff, land use changes, and, most importantly, green-
house gas emissions triggering global warming, ocean acidification, and sea level rise. Future AEC

448 Berg et al.

A
nn

u.
 R

ev
. M

ar
. S

ci
. 2

02
2.

14
:4

31
-4

55
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lre

vi
ew

s.o
rg

 b
y 

pb
8n

@
vi

rg
in

ia
.e

du
 o

n 
01

/0
4/

22
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 



studies, along with many other means of noninvasive in situ environmental assessments, can reveal
impacts of these drivers and point to remediating measures to mitigate adverse changes.

SUMMARY POINTS

1. The aquatic eddy covariance (AEC) technique measures underwater O2 fluxes without
disturbing the natural environment. This is a key advantage, as aquatic O2 exchange
processes are controlled largely by dynamic environmental conditions.

2. AEC has a high temporal resolution (∼15 min) that captures short-term natural vari-
ability and averages over a large surface area (typically 10–100 m2) that integrates across
the patchiness typical of aquatic habitats.

3. AEChas been usedmostly tomeasureO2 fluxes between benthic substrates and thewater
above, but it has also been applied to measure fluxes at submerged vertical cliff walls and
below sea ice–water and air–water interfaces. It has been applied from stationary and
mobile platforms and integrated in ocean observatories.

4. AECO2 fluxes have provided novel insights about in situ organic matter cycling, ecosys-
tem health and services, trophic status, and blue carbon contributions for many aquatic
substrates.

5. AEC measurements have revealed physical, chemical, and biological drivers of O2 ex-
change for numerous aquatic substrates. The most important short-term drivers include
flow, light, and animal activity.

6. AEC measurements have demonstrated that underwater O2 fluxes are highly dynamic
and that representative mean values for a given period must integrate over all timescales
that affect the forcing of the O2 exchange within that period.

7. Given its noninvasive nature, the AEC technique is poised for wider use, analogous to the
development that occurred in atmospheric boundary-layer research, where the equiva-
lent approach has become the standard method in assessments of land–air fluxes.
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