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1.  INTRODUCTION

Seagrasses are aquatic flowering plants that form
extensive and diversity-rich coastal habitats (Duarte
et al. 2008), wherein dampened hydrodynamics
facilitate the entrapment of allochthonous material
(Hendriks et al. 2008). Seagrass meadows have high
productivity, which further contributes to carbon se -

questration at amounts considered of global impor-
tance (Duarte et al. 2005, Fourqurean et al. 2012), an
aspect that has recently received increasing atten-
tion (Mazarrasa et al. 2018, Macreadie et al. 2019).
Shallow coastal settings and seagrass meadows are
typically exposed to dynamic flow and wave action
that can induce sediment resuspension (Koch 1999,
Gacia & Duarte 2001, Dahl et al. 2018). Resuspension
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ABSTRACT: Sediment resuspension is a common process in dynamic coastal settings, but its impli-
cations for remineralization and carbon turnover in seagrass meadows are poorly understood.
Here, we assessed eelgrass Zostera marina metabolism in the Baltic Sea (SW Finland) using ben-
thic flume-chambers and aquatic eddy covariance to critically evaluate the drivers of benthic O2

exchange during dynamic flow conditions. During quiescent weather conditions, the 2 methods
resolved similar metabolic rates and net ecosystem autotrophy (±11% of each other). However,
elevated flow speeds and sediment resuspension halfway through the study induced a 5-fold
increase in the O2 uptake rates measured by eddy covariance, whereas chamber fluxes remained
relatively unchanged. Following particle resettlement, instruments were redeployed and the ben-
thic O2 uptake resolved by both techniques was just ~30% of the values measured before resus-
pension. Laboratory investigations revealed sediment resuspension could potentially increase
benthic O2 uptake up to 6-fold, mainly due to the reoxidation of reduced compounds (e.g. FeSx).
This process was fully captured by the eddy O2 fluxes, but not by the chamber incubation. Conse-
quently, the chamber and eddy net ecosystem metabolism amounted to –17 and –824 mmol C m–2,
respectively, throughout the study period. The rapid reoxidation and long-term effects of resus-
pension on benthic O2 dynamics highlight the importance of fully capturing dynamic conditions
when assessing the overall carbon turnover in coastal habitats. Future studies on the biogeochem-
ical functioning of coastal environments should aim to capture the natural frequency and duration
of resuspension events.
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events change the local light availability, facilitate
oxidation of reduced constituents released from the
sediment, stimulate benthic mineralization, and might
relocate deposited organic material and consolidated
sediment (Ståhlberg et al. 2006, Almroth et al. 2009,
Dahl et al. 2018, Forsberg et al. 2018). It is thus cru-
cial to capture the natural effects of sediment resus-
pension to assess mineralization and retention of
organic material in seagrass habitats. However, due
to logistic and technical challenges, assessments on
the biogeochemical functioning of seagrass mead-
ows have overlooked this important aspect.

Sediment−water oxygen (O2) exchange rate (or
benthic O2 flux) is the most widely used proxy for
assessing benthic carbon turnover and metabolic
rates (Canfield 1993, Glud 2008), such as respiration
(R, negative flux), net daytime production (NDP), and
gross primary production (GPP = NDP + |R|). The
approach assumes a night-time respiratory quotient
(RQ; ∑CO2 produced:O2 consumed ratio, where ∑CO2 is total
dissolved inorganic carbon) approaching unity and
a corresponding daytime photosynthetic quotient
(Fenchel & Glud 2000). The rationale for using O2

uptake rate as a measure for total benthic respiration
(or carbon mineralization) is that most reduced
equivalents, such as ferrous iron (Fe[II]) and sulphide
(H2S), produced through anaerobic mineralization,
are ultimately reoxidized by O2. However, reduced
equivalents transiently accumulate in many coastal
sediments (i.e. RQ > 1), as re-oxidation processes are
shifted to periods with reduced mineralization inten-
sity and/or enhanced benthic O2 availability (i.e. RQ
< 1) (Therkildsen & Lomstein 1993). Thus, the ben-
thic O2 consumption rates measured at any one point
throughout the year do not necessarily reflect con-
current mineralization rates, but rather integrate the
microbial activity for longer and undefined periods
(Glud 2008). As such, it is crucial to capture natural
variation in benthic O2 fluxes over appropriate time-
scales to accurately assess benthic carbon turnover of
coastal ecosystems. Particularly, benthic O2 fluxes
tend to exhibit a relatively high day-to-day variabil-
ity in ecosystems exposed to dynamic flow conditions
(Berg et al. 2013, Rheuban et al. 2014, Attard et al.
2015, Gruber et al. 2017), while seasonal variability is
more common in sheltered settings (Glud et al. 2003,
Chipman et al. 2016).

In situ benthic O2 exchange rates are traditionally
estimated by benthic chamber incubations, where
the O2 exchange rate is calculated from changes in
dissolved O2 concentration over time within a small
(typically <0.2 m2) and physically isolated sediment
area. To avoid large build up or depletion of O2, incu-

bations typically only last a few hours, depending on
the enclosed biomass and the volume to surface area
ratio of the applied chamber (Olivé et al. 2016). Daily
rates are subsequently extrapolated from discrete
flux measurements by accounting for the variable in
situ irradiance (e.g. Martin et al. 2005). By excluding
the natural flow conditions, the enclosed water is
generally centrally and gently stirred (e.g. rotating
discs or magnetic bars), thereby imposing artificial
flow dynamics which are markedly different from
natural flow patterns. This influences the resolved
solute exchange rates, particularly in permeable sed-
iments (Booij et al. 1991, Huettel & Gust 1992, Glud
et al. 1996). Compared to conventional rotating stir-
rers, pump diffuser designs induce internal water
flow above the enclosed sediment surface that is
likely to better mimic natural flow conditions (Webb
& Eyre 2004b). Flume-chambers with horizontal flow
and high volume to surface area ratio enable diel flux
measurements even in highly productive seagrass
habitats (Maher & Eyre 2010, 2011, Eyre et al. 2013).
This chamber design, combined with O2 sensor
measurements, can therefore provide continuous
flux measurements at a high temporal resolution for
relatively long incubation times.

Contrary to chamber incubations, open-water
approaches quantify in situ fluxes under natural flow
conditions. The aquatic eddy covariance technique is
a non-invasive method for measuring in situ benthic
O2 exchange rates at a high temporal resolution
(≤1 h) over consecutive days (Berg et al. 2003). Data-
processing protocols for this relatively recent tech-
nique are still evolving (e.g. Berg et al. 2019), but
procedures typically resolve 15 min fluxes from rapid
measurements of vertical flow velocity and O2 con-
centration, providing insight into the benthic O2

dynamics with high temporal resolution. Addition-
ally, this method integrates the benthic activity of a
10−100 m2 large seafloor area located upstream of
the instrument (Berg et al. 2007). The O2 exchange
rates thus integrate patchy and complex benthic
communities and are resolved under natural light
and flow dynamics (Berg et al. 2013, Rheuban & Berg
2013, Attard et al. 2014). Eddy covariance fully cap-
tures the O2 flux dynamics associated with natural in
situ conditions such as tidally driven flow, waves,
storm surges, and sediment resuspension (Berg &
Huettel 2008, McGinnis et al. 2014, Rheuban et al.
2014, Reimers et al. 2016). Sudden increases in flow
velocity are often followed by changes in ambient
water turbidity and light availability. While it can be
challenging to disentangle the main drivers of sea -
floor metabolism based on the habitat-scale eddy
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covariance technique, enclosure approaches such as
chamber incubations can resolve changes in bio -
geochemical processes and O2 utilization pathways
during artificially induced sediment resuspension
(Nie mistö et al. 2018, Niemistö & Lund-Hansen 2019).
Therefore, combining these 2 different methods offers
the potential to resolve true in situ seafloor metabo-
lism, while disentangling the effects of dynamic envi-
ronmental drivers (e.g. light availability and flow
velocity). Despite the importance of seagrass mead-
ows for the biological and geochemical function of
most coastal oceans, to our knowledge there are no
direct assessments of the effects of resuspension on
benthic metabolism.

In this study, we aimed to resolve the effects of sed-
iment resuspension on benthic O2 exchange in a
temperate eelgrass Zostera marina meadow. In order
to critically evaluate the drivers of the O2 exchange
rates, we performed measurements using 2 state-of-
the-art in situ methods: benthic flume-chambers and
aquatic eddy covariance. Both techniques were de -
ployed side-by-side during typical hydrodynamic

conditions for coastal settings, which included quies-
cent and wind-driven resuspension periods. In paral-
lel with these measurements, we performed labora-
tory experiments to investigate potential changes
and drivers of RQ during the in situ deployments.
The comparison enabled us to assess the importance
of resuspension for resolving the net metabolism and
thus the carbon sequestration capacity of seagrass
ecosystems using O2 measurements.

2.  MATERIALS AND METHODS

2.1.  Study site and instrument deployment

Fieldwork was carried out in August 2018 at Hen-
riksberg Bay located near the Hanko Peninsula in the
Gulf of Finland (59° 49.663’ N, 23° 9.267’ E), approxi-
mately 5 km SW of the Tvärminne Zoological Station
(Fig. 1a). At this location, the common eelgrass
Zostera marina forms large meadows at water depths
between ~1.5 and 4.5 m. The meadow mosaics are

Fig. 1. (a) Location of the studied eelgrass
meadow in SW Finland (red cross). (b)
Close-up of the O2 sensors and acoustic
Doppler velocimeter (ADV) mounted on the
eddy instrument with sampling volume at
35 cm above the seafloor. (c) One of the 3
replicate chambers deployed at ~5 m dis-
tance from the eddy instrument. The dashed
arrows show the internal water flow-path
originating from the inlet diffuser bar
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interspersed with sandy silt and functionally imper-
meable sediment, as inferred from laboratory micro-
profiles measured in intact sediment cores under dif-
ferent flow conditions (data not shown). Despite a
small tidal range (±0.01 m), the embayment is largely
exposed within the south-west direction and often
experiences along-shore currents and surface waves.
The study was conducted within a large (~20 m diam-
eter) continuous seagrass meadow at a depth of 3.5 m
that was composed primarily of Z. marina, although
other macrophytes, most notably Myriophyllum sp.,
Potamogeton perfoliatus, Stuckenia pectinata, and
Zannichellia sp., were also present. Benthic O2 fluxes
in the seagrass meadow were quantified in situ by
aquatic eddy covariance (hereafter eddy, Fig. 1b)
and benthic flume-chambers (hereafter chambers,
Fig. 1c). The chambers and eddy instruments were
deployed by SCUBA divers, side-by-side, on 2 occa-
sions in August 2018; the first deployment was from 7
to 12 August, and the second deployment was from 13
to 16 August. During each deployment, 3 chambers
were used for spatial replication and were placed
<2 m from each other, while the eddy instrument was
positioned at the centre of the meadow, ~5 m up -
stream from the chambers. During the time between
the 2 deployments, all instruments were checked and
cleaned, and the batteries were recharged.

2.2.  Benthic chamber incubations

The transparent acrylic chambers enclosed a sedi-
ment area of 0.084 m2 to a sediment depth of 10 cm
and had a rectangular geometry (L × W × H; 70 cm ×
30 cm × 30 cm) (Eyre et al. 2011a). An important fea-
ture of these chambers was the high volume to sur -
face area ratio (52 l:0.084 m2), which minimised arte-
facts typically associated with enclosure techniques in
systems with high flux rates, and allowed ex tended
incubation times (Webb & Eyre 2004a,c, Maher &
Eyre 2011). Additionally, the short sides of the cham-
bers were rounded to allow stirred water to flow later-
ally across the enclosed central square of sediment.
The water was stirred using a closed pump circuit
(Rule IL280P) attached to inlet and outlet diffuser bars
positioned within the rounded sides of the chambers
(Fig. 1c). The pumps were powered by 12 V sub-
mersible batteries (Deep Sea Power & Light) through
a power control (M171 Kemo Electronic) interfaced
with a potentiometer (3296 Bourns) to obtain a con-
stant flow of 4.3 l min−1 across the sediment surface for
up to ~110 h. Based on theoretical calculations and
laboratory tests, this corresponded to a maximum flow

velocity between 2.5 and 3.5 cm s−1 across the sedi-
ment surface. The diffuser bars consisted of acrylic
tubes (internal diameter [I.D.] <1.5 cm) positioned
parallel to the sediment surface, with inlet and outlet
bars each positioned at 28 and 15 cm from the sedi-
ment surface. To optimize the horizontal water flow
across the sediment surface, the inlet bar had 1 mm
diameter holes every 5 mm facing the rounded wall.
The outlet bar had 5 mm diameter holes every 10−
15 mm and was covered by a 1 mm mesh filter (outer
diameter: 4.5 cm) to avoid clogging and to avoid dam-
aging seagrass during the incubation.

For deployment, chambers were carefully pushed
into the sediment by divers and kept open for 0.5− 1 h
(pre-incubation time) with the pumps activated, allow-
ing free exchange of water. Incubation commenced
when the chambers were sealed. The O2 concentration
and temperature in each chamber were recorded with
an O2 optode (Dissolved Oxygen Logger U26− 001,
HOBO) that was mounted onto the outlet bar. The
cross-calibrated optodes were programmed to record
dissolved O2 concentration (accuracy ± 6.25 μmol l−1,
precision 0.63 μmol l−1, 90% response time [T90]
< 2 min) and temperature (accuracy ±0.2°C) at 1 min
intervals. Benthic O2 fluxes were calculated for 15 min
time periods by performing linear regression on 15
consecutive measurement points of O2 concentration
over time, accounting for the enclosed water volume
and sediment surface (Fig. 2a). Subsequently, the
15 min fluxes were binned into 1 h intervals to com-
pare chambers and eddy fluxes (see Section 2.3) on
identical timescales. Approximately half way through
deployment No. 1, the batteries powering the inter-
nal water stirring were recovered and re charged for
5 h, while chambers were opened, and the internal
volume was flushed to re-establish the internal O2

levels in the enclosed chamber water. The missing
fluxes from this 5 h period were gap-filled using
the photosynthesis−irradiance (P−I) relationship (see
Section 2.5). This overall corresponded to 2 chamber
deployments and 3 individual incubations lasting
between 48 and 62 h.

2.3.  Eddy covariance measurements

The eddy instrument consisted of a 6 MHz acoustic
Doppler velocimeter (ADV; Nortek) that was inter-
faced with 2 independent O2 microsensors connected
to submersible amplifiers (McGinnis et al. 2011). We
used fast-response (T90 ≤ 0.3 s) Clark-type O2 micro-
electrodes with low stirring sensitivity of <1% (Revs-
bech 1989, Gundersen et al. 1998). The equipment
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was mounted onto a sturdy tripod frame designed to
minimise hydrodynamic interference (Berg & Huet-
tel 2008). The 2 microsensors were used simultane-
ously for inter-comparison (see below) and were ori-
ented with a 60° angle relative the velocimeter, such
that the microsensor tips (~20 μm diameter) were
located 35 cm above the seafloor (~20 cm above the
seagrass canopy) and 0.5 cm away from the veloci -
meter measuring volume (McGinnis et al. 2011). Pho-
tosynthetically active radiation (PAR) and salinity
were recorded every minute with a PAR sensor (LI-
192, Li-Cor) and a saltwater conductivity sensor
(Salinity Data Logger U24−002-C, HOBO) located on
the eddy frame. In order to monitor the vertical O2

distribution between the eddy microsensors and the
seafloor, 3 cross-calibrated O2 optodes (Dissolved
Oxygen Logger U26−001, HOBO) were mounted in a
vertical array. These optodes were positioned at
35 cm (i.e. at the same height as the eddy microsen-
sors above the canopy), at 15 cm (the canopy edge),
and at 5 cm (inside the canopy) above the seafloor,
re  spectively. The eddy instrument was deployed with
microelectrode tips facing the predominant water
flow direction, and flow velocity and O2 microsensor
output were recorded continuously at 32 Hz. The
instruments were deployed by divers using a lift bag

to carefully lower and position the
instrument onto the seafloor.

The 15 min eddy fluxes were ex -
tracted from the 32 Hz data following
well-established protocols (Lorrai et al.
2010). In short, the 32 Hz data were bin-
averaged to 8 Hz, and for each 15 min
period, the 8 Hz data for vertical veloc-
ity (w) and O2 concentration (C) were
detrended using linear regression, and
their mean and fluctuating components
were determined (Rey nolds decompo-
sition). While Clark-type glass sensors
produce high-quality eddy covariance
data, they are very fragile and subject
to sensor drift, as well as jumps and
spikes produced by collision of particles
with the sensor tip (Berg et al. 2013, At-
tard et al. 2014). In post-processing, the
2 sensor signals were thus evaluated
for their performance throughout each
deployment by (1) cross comparison of
15 min means to optode O2 concentra-
tions, (2) point-to-point noise in the 8 Hz
data streams, and (3) linearity of the in-
stantaneous cumulative fluxes for each
15 min flux period. The sensor showing

the best characteristics was then used for flux extrac-
tion. Eddy fluxes were calculated from the fluctuations
of vertical velocity (w’)  and O2 concentration (C’) as
w’C’ -, where the overbar represents the 15 min time-
averaging window (Fig. 2b). Fluxes were discarded if
large jumps or spikes were present in the 8 Hz data
streams of a given 15 min burst. The 15 min O2 fluxes
were binned into 1 h intervals (mmol O2 m−2 h−1), and
subsequently, fluxes were corrected for the O2

storage beneath the eddy sensors in order to account
for O2 production or consumption that is not captured
in the turbulent eddy flux measurements (Rheuban et
al. 2014). This was done by adding a storage term

to the measured eddy fluxes, where is 

the change in mean O2 concentration over time (in
our case, 1 h) in the water volume between the sea -
floor and the eddy measuring height (h) (Rheuban et
al. 2014). To overcome problems associated with the
typical O2 vertical gradients within dense macro-
phyte canopies (Long et al. 2015, Koopmans et al.
2020), we accurately resolved the storage term using
the optodes at 3 different heights above the seafloor
(i.e. 35, 15, and 5 cm). The 2 O2 sensors located at 15
and 5 cm from the seafloor were used to define the
mean O2 concentration at the ‘inside-canopy’ zone

C
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h
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∫
d
d

0

C
t

d
d

Fig. 2. Example of chamber and eddy fluxes calculation for a 15 min time span
on 8 August. (a) For each time burst, the mean (±SD, n = 3) chamber flux was
calculated from the linear changes in O2 concentration over time (dC/dt) and
the enclosed water volume (V) and sediment area (A). The dashed line shows
the fitted linear function (R2 > 0.998). (b) Eddy covariance fluxes were ob-
tained by integrating consecutive instantaneous fluxes (i.e. cumulative flux,
red line), in turn obtained from the covariation in O2 concentration (C’) and
vertical flow velocity (w’) from the respective running means (see Section 2.3 

for details). UTC: universal time coordinate
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(0−15 cm), whereas the sensor at 35 cm resolved the
‘above-canopy’ O2 variations. Storage terms for each
zone were computed and then summed.

The length, width, and seafloor region of maximum
flux contribution were estimated from the seabed
surface roughness (z0) and the sensor measurement
height (z) using the approach described by (Berg
et al. 2007). The z0 was computed from the high-
 frequency ADV velocity time series as described by
Attard et al. (2015). First, the friction velocity (u*) was
computed for each 15 min flux period from complex
Reynolds stress measurements by decomposing the
3 velocity components into a mean and deviatory
velocity. The u* was calculated as u* = (u’w’ -2 + v’w’ -2)1/4,
from which z0 was calculated assuming law-of-

the-wall scaling as , where k is 

the Kármán constant (0.40), and U is the mean flow
velocity magnitude measured by the ADV (Berg et
al. 2007).

Eddy covariance theory requires co-located meas-
urements of flow velocity and O2 concentration. The
finite re sponse time of the O2 sensor and its distance
to the ADV measurement volume cause misalign-
ments in the 2 datasets that may necessitate a time-
shift correction. We evaluated whether a time shift
correction was required for the data in 2 ways: by
computing cumulative co-spectra (ogives), and by
applying a time-shift correction that seeks the maxi-
mum numerical flux for selected periods of data
without surface wave signals. This latter considera-
tion was important at our site (shallow depth with
short period waves and low flow velocity) because
surface wave signals may yield false correlations
when seeking the maximum numerical flux (Berg et
al. 2015). Indicators of flux dampening (and there-
fore a need to time-shift data) in the ogives are typi-
cally evidenced as a dip in the cospectra at the
high-frequency range caused by fluctuations in veloc-
ity and O2 concentration that are out of phase (Berg
et al. 2016). These features were not evident in our
data. Similarly, shifting for maximum num erical flux
under periods with no surface waves yielded an
increase in the flux magnitude of just 0− 2.5%. A
time-shift correction was therefore not applied to
the data.

2.4.  Hydrodynamics within the 
benthic boundary layer

The high-frequency velocity data obtained from
the ADV were also used to assess the hydrodynamic

conditions within the benthic boundary layer. Mean
flow velocity magnitude (U -) was calculated for each
15 min flux period as the sum of streamwise (u) and
traverse (v) components, as . We also
investigated wave-induced motions, which often
dominate the velocity spectrum over shorter time
periods of ~1−10s of seconds (and thus are not ade-
quately captured in the mean flow velocity measure-
ments described above). To do this, bottom orbital
velocities (ubr) were estimated from the 8 Hz near-
bottom velocity data as 
(Wiberg & Sherwood 2008). Mean velocity was de -
fined as an average velocity over individual wave
periods (typically 2−5 s), and fluctuations were calcu-
lated as the difference be tween measured and mean
velocities.

In addition to the 3-dimensional flow velocity com-
ponents, the velocimeter also records the intensity of
the received reflections (backscattering strength,
units = counts), which is directly proportional to par-
ticle concentration and can thus be used to indicate
elevated sediment loads in the water due to wave-
induced resuspension (Lohrmann 2001, Brand et al.
2010).

2.5.  Data analysis

The hourly binned benthic O2 fluxes for each 24 h
period of deployment were used to calculate hourly
rates of NDP, R, and GPP (all in mmol O2 m−2 h−1)
(Eyre et al. 2011a, Hume et al. 2011). Metabolic rates
were calculated using the eddy-corrected (n = 1) and
the average hourly binned fluxes obtained in each
chamber; thus individual chambers fluxes are reported
with standard deviation (SD) that expresses the spa-
tial variability (n = 3). For both techniques, NDP and
R were calculated by averaging fluxes obtained dur-
ing the daytime (PAR ≥3 μmol m−2 s−1) and nighttime
periods (PAR <3 μmol m−2 s−1), respectively. As PAR
inside the flume-chambers was only 6% lower than
that measured outside the chambers, fluxes from the
2 methodologies were evaluated at the same PAR
values. Assuming light-independent R, the GPP was
then calculated as GPP = NDP + |R|. Daily GPP and R
rates were calculated by multiplying the respective
hourly rates for the hours of light and 24, respec-
tively. The net ecosystem metabolism (NEM, in mmol
O2 m−2 d−1) was calculated by integrating the hourly
O2 fluxes over 24 h (Attard et al. 2019a). The NEM
provides the metabolic status of the benthic commu-
nity, with positive values representative of auto-
trophy (net release of O2).

z z k
U
u( )= × − ×exp
*

0

2 2U u v= +

2( ( ’) ( ’))u var u var vbr = +
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Due to the occurrence of high-wind conditions (wind
observations obtained from the nearest weather sta-
tion in Hanko Russarö, https://en. ilmatieteenlaitos .fi/),
the average metabolic rates were calculated for 3 dis-
tinct periods: (1) the initial, quiescent period (calm);
(2) the following high-wind period, where wind-
 driven hydrodynamics induced sediment resuspen-
sion (resuspension); and (3) the quiescent, post-wind
period (resettling). For each of the calm, resuspen-
sion, and resettling periods, the hourly binned fluxes
were plotted against the PAR data to obtain a P−I
curve, which modelled NDP values using a modified
Jassby & Platt (1976) equation: 

(1)

where Pm is the maximum GPP rate, I is the hourly-
averaged recorded near-bed irradiance, Ik is the light
saturation parameter (both in μmol quanta m−2 s−1),
and R is the respiration parameter. The curve fitting
was obtained by Levenberg-Marquardt iteration set-
ting, with Pm, Ik, and R as varying parameters. The
compensation irradiance (Ic) was then derived from
the P−I curves as the irradiance level at which NDP
is 0. Curve-fitting was performed in OriginPro 7
(OriginLabs).

2.6.  Sediment parameters and biotic sampling

At the end of each deployment, all macrophyte bio-
mass inside each chamber was sampled and trans-
ported to the Tvärminne Zoological Station within 1 h.
After species identification and rinsing in freshwater,
plant dry weight (DW) was measured by drying at
60°C to a constant weight (>48 h). In addition, sedi-
ment samples were taken from just outside the cham-
bers. Triplicate 10 cm height sediment cores (at each
deployment) were sampled using core liners (I.D. ×
height; 5.2 × 30 cm), and benthic chlorophyll a (chl a)
(at the end of deployment No. 1) using cut-off syringes
(I.D. × height; 3.5 × 10 cm). Sediment samples were
either stored in a re-aerated aquarium with in situ
seawater (sediment cores) or frozen at −20°C in dark-
ness (chl a samples). Within 2 wk of sampling, benthic
chl a was analysed by extracting 1 g of the homo -
genised upper 2 cm sediment in 10 ml ethanol (96.1%
v/v) for 12 h in the dark. The chl a concentration was
determined spectrophotometrically (Ordior UV-2501
PC, UV-VIS recording spectrophotometer, Shimadzu)
at 665 and 750 nm before and after acidification with
50 μl of 2 M HCl (Castle et al. 2011). Within 2 d of col-
lection, the sediment permeability was measured in

the intact sediment cores by the constant head method
(Klute & Dirksen 1986). Cores were then sliced in
1 cm layers and weighed before and after subsequent
drying at 105°C and combustion at 520°C until con-
stant weight (≥24 h). The porosity was calculated
from the measured density and water content, and the
content of organic matter was de rived as loss on igni-
tion of dried sediment samples.

2.7.  Laboratory resuspension experiments

To demonstrate the effects of sediment resuspen-
sion on benthic O2 and ∑CO2 dynamics, we per-
formed a series of laboratory experiments to quantify
(1) the oxidized (Fe[III]) and reduced (Fe[II]) particu-
late iron pools in the sediment and (2) the O2 and
∑CO2 flux dynamics associated with resuspension of
different sediment layers down to 2.0 cm depth. All
laboratory experiments were conducted under dark
conditions. Four unvegetated sediment cores (I.D. ×
height; 5.6 × 30 cm) were sampled from the same
area and during the same season. After equipping all
cores with stirring bars (60 rpm) and allowing the
sediment to acclimate for 1 d at in situ temperature,
all cores were incubated to establish their baseline
benthic O2 and ∑CO2 fluxes. At the beginning and at
the end of the incubation, water was extracted from
the overlying water using a gas-tight glass syringe,
transferred into 12 ml exetainers and spiked with
HgCl2 for ∑CO2 determination on a flow injection/
diffusion cell analyser (Hall & Aller 1992). During the
incubation, the O2 concentration was monitored at
~15 min intervals using contactless sensor spots
(OXSP5, PyroScience) fixed on the inner wall of the
lids. The benthic O2 and ∑CO2 fluxes were calculated
from the linear change in concentration data over
time, accounting for the enclosed water volume and
sediment area (calculation as per Fig. 2a). One sedi-
ment core was then sectioned at 3−4 mm intervals for
solid phase Fe determination (n = 2 for each sediment
depth), while the remaining cores were set aside for
the resuspension experiment. Particulate Fe pools
were determined spectrophotometrically at 562 nm
after extraction in 5 ml of 0.5 mol l−1 HCl (Lovley &
Phillips 1987). Fe(II) was analysed by mixing 40 μl of
extractant with 2 ml of 0.02% Ferrozine in 50 mmol l−1

HEPES buffer, while total extractable Fe (Fe[III] +
Fe[II]) was determined by adding the Ferrozine
reagent and 0.2 ml of 1% hydroxylamine− hydro -
chloride (Kristensen et al. 2003). Oxidized Fe(III) was
calculated as the difference between total Fe and
Fe(II). The O2 consumption associated with Fe(II) oxi-

NDP P tanh
I

I
Rm

k
( )= −
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dation (mmol m−2) was calculated accounting for the
measured sediment weight of each sediment layer
and assuming typical reaction stoichiometries of 2.25
O2:1 FeS and 3.5 O2:1 FeS2 (Aller 2014).

For the resuspension experiment, we explored the
O2 and ∑CO2 flux dynamics associated with (1) the re-
suspended sediment in the water and (2) with the
newly exposed sediment surface following resuspen-
sion of the upper layer. To do this, sediment cores
were sliced at approximately 5 mm intervals from the
sediment surface down to a depth of 2.0 cm. After re-
moving each sediment layer, the core was inserted in
a mini-flume aquarium (horizontal flow of 0.2 cm s−1),
and the diffusive O2 uptake rate of the newly exposed
sediment surface was quantified by measuring O2 mi-
croprofiles using a Clark-type micro electrode mounted
on a motorized manipulator (MU-1; PyroScience)
(Revsbech 1989). The sediment diffusive O2 uptake
(DOU) was quantified by measuring O2 microprofiles
over a 1 h period after sectioning (n = 3−6). The DOU
was calculated from the linear change in O2 concentra-
tion within the diffusive boundary layer by applying
Fick’s first law (Rasmussen & Jørgensen 1992). To de-
termine the O2 consumption and ∑CO2 production as-
sociated with the resuspended particles, 1.5 g wet
weight (WW) of sectioned sediment was incubated in
12 ml exetainers filled with site water and mounted on
a rotating plankton wheel (e.g. Glud et al. 2015). To
determine the initial ∑CO2 concentration, the exe-
tainer slurry was shaken and a 3 ml sample was ex-
tracted for ∑CO2 measurement. The extracted water
volume was replaced with artificial seawater. After
sealing, the internal O2 concentration was measured
every 30 min with contactless sensor spots (OXSP5,
PyroScience) located inside each vial. The incubation
was terminated after 6 h when the O2 concentration
had decreased by ~30%. The incubations were killed
using HgCl2 and a final sample was collected for
∑CO2 analysis (see above). O2 and ∑CO2 fluxes were
calculated from the linear change in concentration
over time, accounting for measured weight and den-
sity of incubated sediment. RQ was calculated for each
depth interval of sediment resuspended as the ratio
be tween ∑CO2 production and O2 consumption rates.

The O2 flux, ∑CO2 flux, and RQ dynamics meas-
ured during the sediment resuspension experiments
were compared against the baseline fluxes measured
in intact sediment cores immediately after sampling
acclimation (1-way ANOVA). To calculate the total
O2 uptake promoted by resuspension, the DOU at the
newly exposed sediment surface was summed with
the respective O2 consumption in the resuspended sed-
iment layer. The same procedure was followed to cal-

culate the parallel total ∑CO2 production during re -
suspension, except that the ∑CO2 exchange at the
newly exposed sediment surface was calculated by
multiplying the corresponding DOU and RQ values.
All data were normally distributed and homoscedastic.

3.  RESULTS

3.1.  Site characteristics and deployments

The measured sediment permeability, although
functionally impermeable (see Section 2.1), was 11.5
± 3.5 × 10−12 m2 (n = 6 for all values reported in this
section), and porosity decreased from 0.44 ± 0.03 at
the surface to 0.27 ± 0.05 at 9.5 cm depth. The sedi-
ment organic matter content rapidly decreased from
1.3 ± 0.4% DW at the surface to 0.8 ± 0.3% DW at
1.5 cm depth; thereafter, it gradually decreased to 0.3
± 0.1% DW at 9.5 cm depth. The macrophyte bio-
mass was 45.9 ± 16.9 g DW m−2 (Table 1), of which
34.6 ± 13.6 g DW m−2 (or 76 ± 13%) was the eelgrass
Zostera marina. This corresponded to an eelgrass
density of approximately 233 shoots m−2, as esti-
mated from the average biomass per shoot density at
the study site (Boström et al. 2014). Most of the eel-
grass biomass (26.0 ± 12.6 g DW m−2, or 73 ± 8%) was
allocated to the aboveground biomass, which formed
a canopy with a maximum vertical height of 18−20 cm.

High-quality O2 fluxes were measured for a total of
171 h with the flume-chambers and for 141 h by the
eddy covariance system. This corresponded to 5 full
days (24 h periods) of eddy fluxes and 6 d of chamber
fluxes. Temporal changes in O2 concentration inside
the chambers and at different vertical positions on the
adjacent eddy frame were generally similar during
most of the study (Fig. 3a), thus indicating that the
high volume-to-surface area ratio of the chamber de-
sign ensured natural conditions for the extended in-
cubation time. During quiescent conditions (i.e. flow
<2.9 cm s−1 in Fig. 3b), the O2 recorded at the different
vertical positions of the eddy frame deviated by up to
125 μmol l−1, and both sensors revealed distinct diel
O2 fluctuations in the water above and inside the sea-
grass canopy. The O2 concentration dynamics showed
a distinct response to the hydrodynamic conditions
within the benthic boundary layer. For instance, dur-
ing deployment No. 1, increasing wind speed enhanced
bottom orbital velocities from 5 to >30 cm s−1, while
the flow velocity averaged over 15 min periods reached
maximum values of 9 cm s−1 (Table 1, Fig. 3b). Under
such conditions, the difference in O2 concentration
between the 2 water compartments decreased from
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21 to 7 μmol l−1 (Fig. 3a), reflecting en-
hanced vertical water mixing and
canopy ventilation. The high wind also
induced particle resuspension (visual
observations), which increased the wa-
ter turbidity and reduced the PAR
availability (Fig. 3b,c, Table 1).

3.2.  Oxygen storage corrections of
eddy flux measurements

Storage correction of eddy fluxes
can be neglected if O2 distribution in

Fig. 3. Overview of the environmental con-
ditions during the side-by-side chamber
and eddy deployments in the eelgrass
meadow. (a) O2 fluctuations recorded above
and inside the eelgrass canopy, as well as
inside the benthic chambers (mean ± SD,
n = 3), (b) flow velocity and backscatter (de-
picting turbidity), and (c) light availability
at the seafloor (PAR). Note the dynamic ver-
tical O2 gradient in the water compartments
above and inside the seagrass canopy dur-
ing the quiescent conditions (i.e. flow veloc-
ity <2.9 cm s−1) and the onset of the wind-
driven resuspension when flow velocity and
backscatter values markedly increased on 

the night between 8 and 9 August

                                              Unit                                 Deployment No.1                       Deployment No.2
                                                                              Calm                   Resuspension                Resettling

Sediment
Permeability                    10−12 m2                                     9.0 ± 1.6                                     13.9 ± 3.3  
Porosity                                                                            0.30 ± 0.05                                   0.32 ± 0.05
OM                                       %                                        0.71 ± 0.15                                   0.57 ± 0.22
Chlorophyll a                    μg g−1                                     15.6 ± 2.9                                           nd
Macrophyte                   g DW m−2                                  45.9 ± 20.7                                   45.9 ± 16.8

Environmental
CH recording                       h                               33                               77                                61
EC recording                        h                               33                               48                                60
Photoperiod                          h                               16                               15                                15
Daily PAR               mol quanta m−2 d−1           7.9 ± na                      4.1 ± 0.9                     4.6 ± 0.7
Backscatter                                                     76.3 ± 3.2                108.7 ± 6.7                  82.8 ± 2.8  
Flow velocity                    cm s−1                     1.3 ± 0.2                     5.2 ± 1.5                     1.5 ± 0.3
Wind speed                       m s−1                      6.5 ± 1.3                     9.4 ± 2.5                     3.8 ± 2.0
Temperature                        °C                      17.1 ± 0.7                  19.3 ± 1.9                   14.3 ± 1.6  
Salinity                               PSU                       5.1 ± 0.0                     5.0 ± 0.1                     5.4 ± 0.2

Table 1. Sediment (porosity and organic matter [OM] averaged for the upper 10 cm sediment) and environmental characteris-
tics during the side-by-side flume-chambers (CH) and eddy (EC) deployments. Sediment characteristics are reported as mean
± SD for each deployment, while environmental data are presented as mean ± SD over each period of the deployments, except
the photosynthetically active radiation (PAR) values that show the mean (±SD) daily integrated PAR; nd: not determined; na: not 

applicable
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the water volume underneath the recording position
remains constant (Berg et al. 2003). However, during
our measurements, the mean O2 concentration fol-
lowed a diel pattern, with fluctuations overall rang-
ing between 8 and 30% (i.e. 24− 77 μmol l−1) of the
daily mean O2 concentration. In combination with a
relatively large sensor measurement height of 35 cm,
this translated into storage correction terms that sub-
stantially increased the magnitude of the hourly
fluxes. For example, the storage term typically in -
creased the hourly eddy fluxes by 2-fold during the
calm period (Fig. 4a), whereas the O2 concentrations
were relatively more stable during the resuspension
period, and here the storage correction only changed
the eddy flux by ~10%.

The calculation of the storage term using O2 data
from 3 heights above the seafloor was particularly
relevant during deployment No. 2, where the O2 fluc-
tuations inside the canopy (0−15 cm from the sea -
floor) were up to 20% larger than those observed
20 cm above the canopy (or 35 cm from the seafloor)
(Fig. 3a). Due to such a large vertical O2 gradient
developing in the water column below the eddy sen-

sors, the corrected eddy fluxes were typically 4-fold
higher than the measured turbulent fluxes during the
resettling period (Fig. 4a). Although similar storage
corrections to eddy fluxes have already been pub-
lished (e.g. Rheuban et al. 2014), the remarkably
good agreement between chambers and eddy-cor-
rected fluxes measured under quiescent conditions
provides further confidence in the practice of storage
corrections (Fig. 4b).

3.3.  Temporal flux variations

During quiescent conditions, the 2 approaches
resolved similar benthic O2 fluxes that followed a diel
cycle driven by light availability (Fig. 4b). In the ini-
tial calm period, the eddy-measured diel O2 flux vari-
ations ranged from −13.0 to 15.1 mmol O2 m−2 h−1,
while the concurrent chamber fluxes ranged from
−7.3 ± 0.6 to 10.5 ± 2.3 mmol O2 m−2 h−1 (Fig. 4b).
Throughout this period, the chamber and eddy NDP
differed by 0.9 mmol O2 m−2 h−1 (Table 2), while the
chamber NEM (15.7 mmol O2 m−2 d−1) was 37% lower

than the eddy-derived value (24.7 mmol
O2 m−2 d−1). Both ap proaches, however,
provided near-linear relationships be -
tween light availability and benthic
O2 exchange rates during the calm
period (Fig. 5a, Table 2). Overall, these
small differences be tween the 2 tech-
niques presumably reflect spatial vari-
ability and/or variations in benthic
metabolism driven by complex flow
dynamics.

After the initial calm period, the
wind-driven in crease in flow velocities
and wave action induced sediment re -
suspension. This shift markedly in -
creased the benthic O2 consumption
resolved by the eddy fluxes, which fluc-
tuated between −10.5 and −42.6 mmol
O2 m−2 h−1 without any distinct diel
cycle (Figs. 4b & 5b). By contrast, the
chamber fluxes continued to follow a
diel cycle, but due to a 48 ± 11%
(n = 3) lower light availability in the
turbid ambient water, the daytime
fluxes decreased to an average of 1.4 ±
1.2 mmol O2 m−2 h−1 (n = 40, Fig. 5b,
Table 2). The night-time O2 consump-
tion rates in the chambers remained at
−4.4 ± 1.5 mmol O2 m−2 h−1 (n = 3,
Table 2). After gap-filling 5 h of miss-

Fig. 4. Benthic O2 fluxes measured during 2 side-by-side chamber and eddy
deployments in the eelgrass meadow. (a) Two days of deployment illustrating
the influence of the O2 storage term on the measured and corrected eddy
fluxes, as compared to those concomitantly measured by the chambers (mean
± SD, n = 3). (b) Overview of entire benthic O2 fluxes dataset highlighting the
good agreement between the 2 techniques during quiescent conditions (i.e.
periods with flow <2.9 cm s−1 in Fig. 3b), as well as the stimulated eddy O2

uptake rates during the resuspension
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ing chamber fluxes based on the P−I relationship
(Fig. 5b), the average NEM resolved during the re -
suspension period by the chambers (n = 3) and
eddy (n = 2) amounted to −19.5 ± 20.8 and −506.2 ±
18.5 mmol O2 m−2 d−1 (Table 2), respectively. Both ap -
proaches therefore resolved apparent net hetero -
trophy during resuspension, but the large difference

between the NEM values indicates that the 2 tech-
niques captured very different benthic processes.

As the wind abated, the flow velocities and back -
scatter signal gradually declined, reflecting the re -
settling of suspended material (Fig. 3b, Table 1). To
capture the effect of resettling on a benthic system
that had been exposed to resuspension, all instru-

Fig. 5. Variation in the photosynthesis−irradiance relation (Jassby & Platt 1976) of the eelgrass ecosystem during (a,c) 2 quies-
cent periods (calm and resettling) interrupted by (b) the occurrence of wind-driven resuspension. For each period, chamber 

fluxes are reported as mean ± SD (n = 3)

                    Date              Period                R       NDP     GPP           P−I fitting parameters                              NEM
                   (d/mo)                  (mmol O2 m−2 h−1)         Pm          R                 Ik                  Ic         (mmol O2 m−2 d−1)
                                                                                               (mmol O2 m−2 h−1) (μmol quanta m−2 s−1)                  

Chamber    08/08              Calm              −5.0     3.5       8.5         18.9       −5.4            273.4            80.8                  15.7
                    09/08      Resuspension 1      −5.9     1.0       6.9                                                                                     −37.4  
                    10/08      Resuspension 2      −4.1     2.7       6.7         10.0       −4.3            86.7            39.8                  3.4
                    11/08      Resuspension 3      −3.3     0.4       3.7                                                                                     −24.5  
                    14/08         Resettling 1         −1.7     2.5       4.2         

10.7       −1.9            175.7            31.9
                  21.2

                    15/08         Resettling 2         −1.4     2.5       3.9                                                                                       24.3

Eddy           08/08              Calm              −5.6     4.3     10.0        24.9       −5.7            329.5            76.3                  24.7
                    09/08      Resuspension 1    −24.7  −19.8      4.9             

na
                                           −519.3  

                    10/08      Resuspension 2    −20.7  −20.5      0.3                                                                                    −493.1  
                    14/08         Resettling 1         −1.6     1.8       3.4         

7.2       −1.7            118.2            28.8
                  12.0

                    15/80         Resettling 2         −2.1     2.5       4.5                                                                                     18.0

Table 2. Metabolic rates (net daytime production [NDP], respiration [R], gross primary production [GPP], and net ecosystem
metabolism [NEM]) measured by the chamber and eddy techniques for each full 24 h of deployment. The photosynthesis−
irradiance (P−I) parameters (maximum GPP [Pm], respiration [R], light saturation [Ik], light compensation [Ic]) were obtained 

for each period (calm, resuspension, and resettling) from the fitting curves shown in Fig. 5; na: not applicable
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ments were redeployed immediately after the resus-
pension event (deployment No. 2). During the reset-
tling period, the fluxes measured by both techniques
converged to similar values exhibiting a strong diel
cycle that aligned with the light availability (Fig. 4b).
However, the magnitude of hourly chamber and
eddy O2 fluxes on average decreased by 49 and 59%,
respectively, as compared to the calm period. This
suggests that conditions were different during the 2
quiescent periods, as also reflected by the P−I rela-
tionships (Fig. 5c, Table 2). For example, the Ik and
Pm values were between 2- and 3-fold lower in the
resettling period compared to the calm period
(Table 2). Additionally, R rates dropped by ~70%,
which translated into a ~3-fold lower Ic during re -
settling (Table 2).

The natural resuspension dynamics clearly had a
large impact on the benthic O2 exchange rates re -
solved by the 2 techniques, and thus the derived
NEM (Table 2). For example, the average chamber
NEM for the entire study period amounted to 0.4 ±
25.7 mmol O2 m−2 d−1 (n = 6), while the corresponding
value for the quiescent periods was 20.4 ± 4.4 mmol

O2 m−2 d−1 (n = 3). In contrast, the non-invasive eddy
technique provided an average NEM for the entire
study period of −191.5 ± 287.5 mmol O2 m−2 d−1 (n =
5), whereas the value for the quiescent conditions
was 18.3 ± 6.4 mmol O2 m−2 d−1 (n = 3). Considering
the difference be tween O2 fluxes measured by enclo-
sure and open-water approaches, it is likely that
each methodology captured different effects associ-
ated with the resuspension event.

3.4.  Resuspension experiments

The study area exhibited typical vertical distribu-
tion of the solid phase iron pool in coastal sediments,
highlighting the gradual accumulation of reduced
equivalents such as Fe(II) below the sediment sur-
face (Fig. 6a). Assuming ferrous iron reacted with
H2S and typical reaction stoichiometries (Thamdrup
et al. 1994, Aller 2014), the complete oxidation of iron
sulphide (FeS) and pyrite (FeS2) in the upper 0.5 cm
would correspond to O2 consumption rates of 84.6
and 131.6 mmol O2 m−2, averaging to 108.1 mmol O2

Fig. 6. Effects of sediment resus-
pension on the benthic O2 and
∑CO2 dynamics. (a) Vertical dis-
tribution of solid phase ferric and
ferrous iron pools in the undis-
turbed sediment. (b) Enhance-
ment of benthic O2 uptake (exp +
susp) driven by sediment resus-
pended from different depths,
highlighting the relative contri-
bution of diffusive O2 uptake at
the newly exposed sediment sur-
face (exp). (c) Relative increase in
∑CO2 production measured con-
currently with O2 consumption
associated with suspended sedi-
ment, and (d) the resulting respi-
ratory quotient (RQ) values. The
horizontal dashed lines depict
values of 1.0. All values repre-
sent mean ± SD (n = 2), except for
baseline fluxes measured by
whole-sediment incubations prior
the resuspension experiment
(0.0 cm sediment resuspended; 

n = 4)
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m−2 (i.e. for FeSx oxidation). As a result of the increas-
ing Fe(II) concentration with depth, the full FeSx re -
oxidation in the upper 2 cm of sediment would re -
quire a consumption of 951.4 mmol O2 m−2.

Combining incubation of resuspended sediment
from different depth horizons with microprofile meas-
urements at the newly exposed sediment surface,
revealed that resuspension of the upper 0.5 cm sedi-
ment would translate into a 2-fold increase in benthic
O2 consumption (Fig. 6b). This enhanced O2 con-
sumption was equally driven by the resuspended par-
ticles and the newly exposed sediment surface. Re-
suspension of deeper sediment layers gradually
increased the relative contribution of suspended sedi-
ment to the total enhancement of O2 consumption. Re-
suspension of the upper 2.0 cm overall increased the
O2 consumption by 6.2-fold (F1,11 = 25.373; p < 0.001). In
parallel, the ∑CO2 production rate in creased only when
sediment was resuspended below a depth of 0.5 cm
and overall never exceeded a 2.3-fold enhancement
(F1,11 = 3.575; p > 0.05) (Fig. 6c). Consequently, the RQ
values were consistently be low 0.7 during sediment
resuspension, thus greatly differing from the RQ of
1.5 resolved before inducing any resuspension (F1,11 =
100.849; p < 0.001) (Fig. 6d).

4.  DISCUSSION

4.1.  Insight into benthic O2 fluxes resolved by
different approaches

Since the proof-of-concept study of Berg et al. (2003),
the aquatic eddy covariance has become a well-
established technique and has been applied to a wide
range of benthic habitats (Glud et al. 2010, Reimers
et al. 2012, Long et al. 2013, Attard et al. 2014). Previ-
ous studies have demonstrated that deriving accurate
benthic O2 fluxes in dynamic settings may re quire
accounting for variations in the mean O2 concentra-
tion within the benthic boundary layer by applying a
storage correction term (Rheu ban et al. 2014, Koop-
mans et al. 2020). In this study, the direct chamber−
eddy comparison validated the importance of accu-
rately resolving a storage term accounting for the
relative contribution of O2 stored within and above a
seagrass canopy. Importantly, the NEM rates also
substantially differed depending on the O2 data used
to calculate the storage term (see Table S1 in the
Supplement at www. int-res. com/ articles/ suppl/ m661
p097 _ supp .pdf), thus accounting for multiple positions
in the water column for the O2 storage correction is
essential under similar sampling conditions.

During stable, quiescent conditions, the chambers
and eddy techniques resolved similar O2 fluxes (Figs. 4
& 5), thus providing confidence in both approaches.
Despite the relative long incubation time (up to 62 h),
the high volume to surface area ratio (52 l : 0.084 m2)
of the chambers ensured similar diel O2 variations
inside and outside the flume-chambers even in these
highly productive settings (Fig. 3a). The high tempo-
ral resolution of the O2 measurements and unidirec-
tional, horizontal flow inside the chamber further
contributed to the remarkable degree of agreement
in metabolic rates when considering the different
measurement approaches, which on average dif-
fered only by 8% for GPP and 12% for R and NEM
(11 ± 3% overall). These observations align well with
previous studies showing that chamber incubations
and eddy covariance provide similar fluxes in homo-
geneous habitats (Berg et al. 2003, 2009, Attard et al.
2015). The eddy fluxes integrated an elliptical sea -
floor area of 31.4 m2, as modelled from a 19.7 m long
and 2.0 m wide footprint (i.e. sediment area contri -
buting to 90% of the flux). The region of maximum
contribution to the eddy fluxes was located 0.6 m
upstream of the instrument and within the meadow
boundary, but the location of the eddy footprint oscil-
lated from the eastern to western parts of the
meadow following changes in the flow direction. It
follows that the eddy fluxes integrated a much larger
seafloor area as compared to the chambers, which
may have contributed to the small differences in ben-
thic metabolism resolved by the 2 methodologies
during quiescent conditions.

On the other hand, exchange rates resolved by the
2 approaches typically differ in complex and dy -
namic settings (Reimers et al. 2012, Berg et al. 2013,
McGinnis et al. 2014, Attard et al. 2015). While in -
creasing the number of chamber incubations can, to
some extent, contribute to improve the spatial repli-
cation and accuracy of measurements within hetero-
geneous coastal benthic communities, any enclosure
approach inevitably excludes the effects of natural
flow conditions. This was particularly true in the pres-
ent study, which for the first time resolved the impli-
cations of wind-driven resuspension for in situ O2

flux dynamics in seagrass habitats. The resolved wind-
driven hydrodynamics were consistent with those
reported for the Baltic Sea, where wind-driven resus-
pension is commonly observed at both sheltered and
deeper (60 m) coastal settings (Lund-Hansen et al.
1997, Danielsson et al. 2007, Niemistö & Lund-Hansen
2019). During sediment resuspension, the dark eddy
O2 uptake rates were 5-fold higher than the chamber
fluxes, and the high O2 consumption rates persisted

https://www.int-res.com/articles/suppl/m661p097_supp.pdf
https://www.int-res.com/articles/suppl/m661p097_supp.pdf
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throughout the daytime even when the chambers
measured a net benthic O2 efflux from the seafloor
driven by seagrass production. Such differences are
clearly due to the lack of sediment re suspension
within the enclosure approach, thereby resulting in
chamber O2 fluxes being relatively similar in mag -
nitude and dynamics to the previous calm period
(Fig. 4). Consequently, the main driver of O2 fluxes
resolved by the chamber throughout each day of the
deployments was the PAR availability, whereas this
was the case for the eddy covariance measurements
only during quiescent periods. Consistent with the
laboratory measurements, the eddy fluxes measured
during the re suspension event were largely driven
by reoxidation of reduced constituents in the sus-
pended material and, to a lower extent, in the newly
exposed and reduced sediment layers. Owing to the
lack of well-defined boundaries, we cannot ex clude
the contribution of material resuspended from out-
side the eddy footprint to the elevated O2 uptake
rates resolved during the resuspension period. How-
ever, the low eddy measuring height (35 cm) relative
to the water column (3.5 m), and the complex wave-
induced flow conditions rather than unidirectional
tidal flows, overall suggest that eddy fluxes were
mainly influenced by sediment resuspended within
the integrated footprint area.

Organic carbon mineralization in coastal environ-
ments typically is dominated by sulphate (SO4

2−)
re duction (Canfield 1993, Jørgensen & Kasten 2006,
Marbà et al. 2007), which leads to the accumulation
of H2S, FeS, and FeS2 in anoxic sediment layers.
This is particularly true for seagrass sediment
(Holmer et al. 2001, Eyre et al. 2011b), and thus the
elevated O2 uptake rates resolved by the eddy are
likely ex plained by the oxidation of ferrous iron
(e.g. FeSx). Resuspension highly stimulated O2 con-
sumption associated with particles suspended in
the water column and the newly exposed sediment
surface, which might be partly ascribed to a stimu-
lation of benthic respiration, for example, through
the release of organic material from the anoxic sed-
iment to oxic environments (Hulthe et al. 1998).
However, the en hanced O2 uptake during resus-
pension experiments followed patterns in benthic
Fe(II) distribution and theoretical oxidation, thereby
aligning with the measured RQ values of 0.6 during
resuspension. Compared to the first in situ deploy-
ment, the laboratory experiments were performed
on sediment cores which likely had lower reduced
equivalents due to the absence of seagrass and the
exposure to relatively dynamic flow conditions
prior to sampling.

Despite the different sediment characteristics, the
similar benthic O2 dynamics resolved by laboratory
and in situ eddy measurements overall indicate that
resuspension largely stimulated the reoxidation of
benthic reduced constituents such as FeSx. It follows
that the O2 flux dynamics during resuspension do not
directly relate to concurrent biological activity and
carbon turnover, but rather reflect the imbalance
between mineralization and reoxidation processes in
the sediment prior to the resuspension event. In other
words, the benthic O2 exchange rate during resus-
pension partially reflects the carbon turnover of the
previous, but undefined, quiescent period. A similar
time-lag between benthic O2 dynamics and carbon
turnover is also observed in protected coastal sedi-
ments, although this tends to occur on longer sea-
sonal time scales. Here, reduced compounds accu-
mulating during summer (i.e. RQ > 1) are oxidized in
winter (i.e. RQ < 1) as sedimentation rates decrease
and O2 availability in bottom water increases (Fergu-
son et al. 2007, Glud 2008). The resulting seasonal
variation in the benthic O2 uptake rate is relatively
small compared to the extensive short-term variation
in the carbon mineralization rate (Therkildsen &
Lomstein 1993, Glud et al. 2003), but the annual RQ
value tends toward approximately 1 (Eyre et al.
2011a). In addition to this seasonal pattern, dynamic
coastal environments experience resuspension events
(Danielsson et al. 2007), whereby the oxidation of
reduced benthic consti tuents is enhanced by expos-
ing suspended material and reduced sediment layers
to elevated O2 concentrations (Fig. 7).

For highly permeable sediments, elevated flow
velocities encountered during resuspension can fur-
thermore result in the storage and later consumption
of O2 advected into the sediment (Cook et al. 2007,
McGinnis et al. 2014). This would lead to suppressed
benthic O2 uptake rates in any quiescent period fol-
lowing resuspension, with shifts from anaerobic to
aerobic benthic biogeochemical processes for peri-
ods of days to weeks (Cook et al. 2007). Although
sediment was functionally impermeable, the O2

fluxes resolved during the calm and resettling peri-
ods do not necessarily reflect changes in the meta-
bolic rates of seagrass. For example, accounting for
the change in temperature between these 2 periods
(Table 1) and a Q10 value of 1.8 for a temperate sea-
grass community (Berg et al. 2019), the theoretical
R rate during resettling was estimated to be 2-fold
higher than that actually measured by both tech-
niques. Such biases would propagate into the P−I
relationships derived from the O2 fluxes and thus
should be interpreted with care. The O2 flux dynam-
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ics as resolved by the 2 approaches therefore high-
light the importance of adequately accounting for
natural variation in key drivers to assess long-term
benthic carbon turnover and metabolism at the habi-
tat scale using O2 measurements.

4.2.  Implications of resuspension for carbon
cycling assessments

The metabolic rates resolved during quiescent con-
ditions compare well with those previously measured
by eddy covariance and incubation approaches in
sea  grass meadows (Table S2). The measurements
during the initial calm period suggest that the sea -
grass community was at a quasi-steady state, and
well acclimated to relatively high light availability.
This is inferred by the relatively low Pm/Ik ratio (i.e.
photosynthetic efficiency) and high light saturation
level (Libes 1986, Lee et al. 2007). Indeed, prior to our
measuring campaign, the weather conditions had
been unusually stable for 45 consecutive days of qui-
escent conditions. However, the metabolic rates re -
solved during the period of resuspension clearly
stands out from current global estimates (Middel-
burg et al. 2005, Duarte et al. 2010), implying that
periods of resuspension are poorly represented. This

is presumably due to the technical
challenges of conducting such meas-
urements, but sediment resuspension
is an intrinsic component of healthy
sea grass communities (Koch 1999),
where resuspension contributes to
68−85% of the annual particle deposi-
tion rate (Dauby et al. 1995, Gacia &
Duarte 2001, Paladini de Mendoza et
al. 2018). It is therefore important to
correctly account for the effect of re -
suspension on benthic metabolism and
carbon turnover as derived from O2

fluxes. For example, based on the re -
spective NEM (Table 2) and RQ values
(Fig. 7), the chamber and eddy NEM
amounted to –17 and –824 mmol C m–2,
respectively, over the 6 full days of
measurements. Considering the cap-
tured resuspension event had a dura-
tion of 3 d and followed a prolonged
quiescent period, the upscaled monthly
NEM resolved by the chamber and
eddy approaches amount to 580.0 and
7.7 mmol C m−2, respectively. How-
ever, the effects of resuspension on

benthic O2 and ∑CO2 dynamics (and NEM) likely
depend on the frequency and duration of resuspen-
sion events; therefore, these data cannot be extra -
polated to calculate NEM over long time-scales (e.g.
season) or be used for different locations. Despite this
limitation, it is clear that the best estimates of NEM in
dynamic coastal settings should adequately integrate
the natural frequency and duration of resuspension
events. According to the local weather station (Hanko
Russarö), the conditions observed during the resus-
pension are common in this area, occurring on aver-
age every 9 d, and typically persist for a duration of
2 d in summer (Fig. S1). This highlights the impor-
tance of fully including such dynamic conditions when
assessing coastal biogeochemical functions at set-
tings similar to our study site. This is especially rele-
vant in seagrass meadows, which represent a hotspot
for particle deposition, and where shifts in flow con-
ditions can strongly affect dynamics of suspended
matter concentrations and closely associated biogeo-
chemical processes.

Shifts in benthic metabolic rates are typically re -
lated to complex changes in light availability and
flow velocity, and disentangling the main drivers of
benthic metabolism under in situ conditions remains
challenging. For instance, reduced light availability
during resuspension reduced the seagrass productiv-

Fig. 7. Conceptual diagram of the effects of resuspension on benthic O2 ex-
change in seagrass sediment (oxic sediment is shown in white). During sum-
mertime quiescent periods, O2 consumption is mainly driven by benthic aero-
bic metabolism, while iron sulphide (e.g. FeSx) produced during anaerobic
mineralization accumulates in the anoxic sediment (i.e. RQ = 1.5). Resuspen-
sion events correct this imbalance by fast-tracking reoxidation processes, thus
resulting in benthic O2 consumption temporarily uncoupled from the concur-
rent mineralization rate (i.e. RQ = 0.6). Seagrass illustration from the Integration
and Application Network, University of Maryland Center for Environmental 

Science (ian.umces.edu/imagelibrary/)
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ity inside the chambers (Tables 1 & 2). However,
comparison of the NEM rates resolved by the 2 tech-
niques during resuspension (Table 2) indicate that
the decrease in seagrass productivity only accounted
for 4% of the apparent NEM resolved by the eddy
during resuspension. During summer, the metabolic
balance of the investigated eelgrass community there -
fore oscillated between net autotrophy and hetero -
trophy depending on the occurrence of resuspension.
This is in contrast with previous temporal patterns
resolved for seagrass communities, which mainly
focus on seasonal changes in the metabolic balance
(Rheuban et al. 2014, Attard et al. 2019b, Berg et al.
2019). The present database might overestimate the
actual NEM of seagrass communities, as resuspen-
sion is not sufficiently accounted for. Future studies
should adopt techniques that account for the effects
of resuspension in order to assess the biogeochemi-
cal functioning of seagrass ecosystems. Particularly,
this study highlights the importance of undertaking
O2 flux measurements under appropriate timescales
and in parallel with determination of RQ ratios in
order to evaluate the carbon turnover and sequestra-
tion at the ecosystem scale under dynamic flow
 conditions.
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