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Abstract
Seagrass meadows play an important role in “blue carbon” sequestration and storage, but their dynamic

metabolism is not fully understood. In a dense Zostera marina meadow, we measured benthic O2 fluxes by
aquatic eddy covariance, water column concentrations of O2, and partial pressures of CO2 (pCO2) over 21 full days
during peak growing season in April and June. Seagrass metabolism, derived from the O2 flux, varied markedly
between the 2 months as biomass accumulated and water temperature increased from 16�C to 28�C, triggering a
twofold increase in respiration and a trophic shift of the seagrass meadow from being a carbon sink to a carbon
source. Seagrass metabolism was the major driver of diurnal fluctuations in water column O2 concentration and
pCO2, ranging from 173 to 377 μmol L−1 and 193 to 859 ppmv, respectively. This 4.5-fold variation in pCO2 was
observed despite buffering by the carbonate system. Hysteresis in diurnal water column pCO2 vs. O2 concentra-
tion was attributed to storage of O2 and CO2 in seagrass tissue, air–water exchange of O2 and CO2, and CO2 stor-
age in surface sediment. There was a ~ 1:1 mol-to-mol stoichiometric relationship between diurnal fluctuations in
concentrations of O2 and dissolved inorganic carbon. Our measurements showed no stimulation of photosynthe-
sis at high CO2 and low O2 concentrations, even though CO2 reached levels used in IPCC ocean acidification
scenarios. This field study does not support the notion that seagrass meadows may be “winners” in future oceans
with elevated CO2 concentrations and more frequent temperature extremes.

Seagrass meadows are metabolic hotspots in shallow coastal
waters. It has long been known that their high rates of pri-
mary production and respiration accelerate nutrient cycling
and support diverse consumer communities (Costanza et al.
1997; Beck et al. 2001; McGlathery et al. 2007). As such,
seagrass meadows are valued for their role as a nutrient filter
that improves water quality and as a nursery ground for many
commercially important fisheries. More recently, seagrass
meadows, and other coastal vegetated systems such as salt
marshes and mangroves, have been recognized for their impor-
tance in “blue carbon” sequestration and storage (Duarte et al.
2005; Mcleod et al. 2011; Greiner et al. 2013). This has spurred
substantial international research to understand the role of
coastal vegetated habitats in carbon retention on regional and
global scales (Johannessen and Macdonald 2016; Macreadie
et al. 2018; Oreska et al. 2018). This framework is currently

used to develop strategies to mitigate and adapt to climate
change through conservation and restoration of coastal vegeta-
tion (Murray et al. 2011; Hejnowicz et al. 2015).

O2 and CO2 concentrations in the water column of seagrass
meadows are generally strongly correlated, despite the buffer-
ing capacity of the carbonate system, and are driven primarily
by plant metabolism (Semesi et al. 2009; Hendriks et al. 2014;
Pacella et al. 2018). For Zostera marina, discrete (Buapet et al.
2013) and continuous (Ruesink et al. 2015) measurements have
shown that the most significant variability in O2 concentrations
and partial pressures of CO2 (pCO2) in the water column of
seagrass meadows occur at diel and tidal time scales overlaid with
seasonal variations (Duarte et al. 2013a; Waldbusser and Salisbury
2014). It has been suggested that in some seagrass systems, espe-
cially in the tropics, calcium carbonate (CaCO3) precipitation and
dissolution also can affect CO2 concentrations and fluxes
(Mazarrasa et al. 2015; Howard et al. 2018; Saderne et al. 2019).
Calcium carbonate precipitation is a net source of CO2 (depleting

CO2−
3 and reducing total alkalinity (TA) will increase pCO2),

whereas carbonate dissolution contributes to the CO2 sink, at
the time scales often used for estimating seagrass metabolism
(Macreadie et al. 2017). However, there is a wide range of
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values reported in the literature (Mazarrasa et al. 2015;
Saderne et al. 2019), and much uncertainty about the role
inorganic carbon processing plays in carbon sequestration of
blue carbon systems (Macreadie et al. 2017). A recent global
assessment of inorganic carbon burial rates concluded that
this burial is mainly supported by inputs from adjacent eco-
systems such as salt marshes and mangrove forests (Saderne
et al. 2019). In some seagrass ecosystems, O2 and CO2 concen-
trations may also be influenced by external inputs from rivers
(Aufdenkampe et al. 2011; Ruesink et al. 2015), from coastal
upwelling (Feely et al. 2008; Saderne et al. 2013), or from ben-
thic systems adjacent to seagrass meadows (Wang and Cai
2004; Guo et al. 2009) or mangroves (Bouillon et al. 2007;
Yates et al. 2007). This can result in supersaturation of both
O2 and pCO2 simultaneously in the water column of seagrass
meadows (Ruesink et al. 2015).

Two main climate-related drivers, temperature and ocean
acidification, affect seagrass metabolism. However, there is some
debate about whether, and where, seagrass meadows will be win-
ners or losers in future oceans. It has long been known that tem-
peratures exceeding tolerance thresholds of seagrass species
result in localized dieback events (Moore and Jarvis 2008; Marba
and Duarte 2010; Thomson et al. 2015), and recent studies have
documented the potential impact of marine heat waves on
seagrass sediment carbon stores (Arias-Ortiz et al. 2018). Loss of
seagrass biomass and oxidation of sediment carbon can result in
seagrass meadows shifting from a sink to a source of carbon. The
effect of ocean acidification from increasing CO2 concentrations
is more equivocal. Laboratory studies with leaf fragments have
typically shown a positive short-term (hours) response to CO2

enrichment (Zimmerman et al. 1997; Borum et al. 2016). This is
predicted based on HCO−

3 use by seagrass species and the lower
energetic costs of switching to direct CO2 uptake (Koch et al.
2013). However, mesocosm incubations done with transplanted
individual shoots have shown mixed results, with only some
species showing increases in productivity with higher water
column CO2 concentrations (Palacios and Zimmerman 2007;
Collier et al. 2018). Field studies taking advantage of natural
gradients in CO2 concentrations also have shown no consis-
tent positive response to elevated CO2 (Ruesink et al. 2015;
Takahashi et al. 2015; Koopmans et al. 2018). These appar-
ently conflicting findings highlight the importance of assessing
seagrass responses in natural communities under in situ condi-
tions that reflect the complex interacting factors of inorganic
carbon sources, light, flow, and temperature (Koch et al. 2013;
Pedersen et al. 2013; Takahashi et al. 2015).

This study explores the relationship between whole-system
benthic metabolism and concurrent water column concentrations
of O2 and pCO2 for a temperate Z. marina seagrass meadow. The
work was done exclusively in situ and relied on state-of-the-art
approaches. The site used is located on the coast of Virginia, U.S.A.,
and is part of the Virginia Coast Reserve Long-Term Ecological
Research domain. It has been a designated area for landscape-scale

seagrass restoration by seeding and general seagrass research for
nearly two decades (e.g. Orth et al. 2006; McGlathery et al. 2012).
In the present study, we quantified shifts in carbon source-sink
relationships driven by changes in seagrass metabolism during a
period when temperatures nearly doubled from spring to sum-
mer. We also used our in situ measurements to investigate
whether naturally elevated CO2 and reduced O2 concentrations
in the water column stimulated seagrass photosynthesis when
light was not a limiting factor. Combined, our high-resolution in
situ data provided new insights on temperate seagrass metabo-
lism and its controls that may also be used to forecast climate
impacts on these ecosystems.

A critical challenge to assessing whole-system seagrass
metabolism has been limited by our ability to accurately quan-
tify rates of production and respiration as well as their dynam-
ics over multiple time scales (Hume et al. 2011; Rheuban et al.
2014b; Long et al. 2012). With conventional methods, includ-
ing in situ chamber measurements and laboratory or mesocosm
incubations of either vegetated sediment cores or individual
plant segments, it is difficult, if not impossible, to mimic natu-
ral dynamic field conditions of water column concentrations,
light, flow, and temperature (Pedersen et al. 2013). In this
study, we relied on the aquatic eddy covariance technique
(Berg et al. 2003a) that largely circumvents these challenges
due to its noninvasive nature (Lorrai et al. 2010), high temporal
resolution (Rheuban and Berg 2013), and its ability to integrate
over a large benthic surface (Berg et al. 2007). The aquatic eddy
covariance technique provides the best estimate of whole-
system seagrass metabolism under true field conditions that
can be produced today.

Methods
Study site

The study site is located in South Bay (37�15043.635600N,
75�48054.54700W; Fig. 1) on the coast of Virginia, U.S.A., and
has been a designated area for a landscape-scale seagrass resto-
ration project initiated in the early 2000s (Orth et al. 2006,
2010; Orth and McGlathery 2012).

The study reported here is connected to a larger effort
focused on understanding the state change that has occurred
over the last two decades from bare sediment to seagrass domi-
nance in the shallow coastal lagoons as part of the Virginia
Coast Reserve Long-Term Ecological Research (VCR LTER) pro-
ject (Hansen and Reidenbach 2012; McGlathery et al. 2012;
Greiner et al. 2013; Reynolds et al. 2013; Carr et al. 2016;
Oreska et al. 2017). Since 2007, an important component of
this work has been aquatic eddy covariance measurements of
benthic O2 fluxes from which seagrass metabolism and its con-
trols have been quantified (Hume et al. 2011; Rheuban et al.
2014a,b; Berg et al. 2017).

South Bay is a shallow coastal lagoon bound by tidal chan-
nels in between barrier islands and salt marshes. It has no riv-
erine inputs as indicated by a near-constant salinity (Table 1),
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and it has high water quality due to low watershed nutrient
inputs (McGlathery et al. 2012). The study site is located
behind the ~ 5 km long Wreck Island and is protected from
ocean swells while still allowing water exchange with the
Atlantic Ocean (Fig. 1). Water depth at the site is 1.15 m at
mean sea level with an average ~ 1 m tidal range (Table 1),
and sediments consist primarily of siliciclastic sand and silt-
size particles with low carbonate content (Wiberg et al. 2015).
The site is located in the center of a dense Z. marina meadow
(Fig. 1; Table 1) covering approximately 7 km2 as of 2015.

Aquatic eddy covariance measurements
Data were collected during 12 d in late April and early May

2015, and 14 d in late June 2015. For simplicity, we refer to these
two sampling periods below as “April” and “June.”

Benthic O2 fluxes were measured with two aquatic eddy
covariance systems (Berg et al. 2003a, 2017; Berg and Huettel
2008) deployed simultaneously less than 10 m apart (Fig. 1).
The systems were lined up relative to the dominant tidal cur-
rent direction so that they did not interfere with one another.
This duplication ensured a good deployment success rate.

Each system consisted of an acoustic Doppler velocimeter
(a Vector from Nortek-AS) coupled to a fast responding (90%
response time t90% < 0.4 s) Clark-type O2 microelectrode
(Unisense), via a submersible pico-amplifier (McGinnis et al.
2011). The sensors were mounted on a light stainless steel frame
designed to minimize disturbances of the natural flow (Berg and
Huettel 2008). Data were recorded continuously at 32 Hz at a
point at the average seagrass canopy height at slack tide,
corresponding to 30 cm above the sediment surface. At this

Fig. 1. (a) Location of the study site in South Bay on the Atlantic side of the Delmarva Peninsula, Virginia, U.S.A. (b) Aerial map of the ~ 7 km2 large
Z. marina meadow in South Bay behind Wreck Island with the study side located in its center. (c) Site picture taken at low tide of the two deployed
aquatic eddy covariance systems (left), and a third frame (right) holding the pCO2, pH, salinity, and turbidity sensors at canopy height.
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measuring height, O2 fluxes originated from a relative large area
(> 100 m2; Berg et al. 2007) and thus were well integrated over
the typical patchiness of the seagrassmeadow (Rheuban and Berg
2013). To avoid damaging the microsensors at slack tide when
seagrass leaves extend vertically, the canopy was cut in a 0.25 m2

area directly below the sensors (Hume et al. 2011; Rheuban et al.
2014b). Continuous 48-h long deployments were performed in
succession during each sampling period, separated by 2–3 h
downtime while data were downloaded, batteries replaced, and
the O2 microelectrode checked, cleaned, or replaced as needed.
For each deployment, care was taken to ensure that the instru-
ment frames were as level as possible tominimize postprocessing
rotations of the velocity field to correct for sensor tilt. Overall, a
total of 21 full days of high-quality aquatic eddy covariance data
were recorded for April and June, and from them, first eddy fluxes
and thenmetabolic numberswere extracted as described below.

O2 measurements
Mean O2 concentration and temperature were measured

concurrently in the water column at canopy height (30 cm)
once per minute using autonomous submersible O2 optodes
(miniDOT, PME). This stable (minimum drift) type of optode
has a response time of approximately t90% ~ 30 s, and was
used to characterize the water column and to calibrate the O2

microelectrodes used in the aquatic eddy covariance systems.
The O2 optodes were inspected or replaced after each ~ 48 h
deployment. If the latter, the sensors were brought back to the
lab and cleaned for any visible biofouling.

pCO2 measurements
Partial pressures of CO2 (pCO2) were similarly measured in

the water column at canopy height using an autonomous
pCO2 underwater sensor well suited for long-term shallow-
water applications (Mini-Pro CO2 Pro; Oceanus System). It uses

a tubular interface that combines three means of biofouling
resistance, and it has an oil resistant semipermeable membrane
that allows rapid diffusion of gas from the water to a non-
dispersive infrared detector. The output is corrected for pressure
and temperature variations. The measurement range is
0–2000 ppmv with a resolution of 1 ppmv, an absolute accu-
racy of 40 ppmv, and a response time (t63%) of ~ 3 min. Values
of pCO2 were recorded using a continuous mode with a sam-
pling frequency of 0.5 Hz. The probe was calibrated by the
manufacturer prior to the study, and the internal zeroing base-
line correction ensured minimum drift. More information on
the sensor is given by Schar et al. (2010), Wanninkhof et al.
(2013), and Ge et al. (2014).

pH measurements
Values of pH were measured during three 48-h deploy-

ments in the water column just above the canopy next to the
pCO2 sensor with two digital combination pH probes that
had a gel-filled reference and a built-in temperature sensor
(IntelliCAL™ PHC10105, Hach Systems). Values of pH were
recorded every 15 min by a data logger (Hach Systems) con-
nected via 5 m cables to the sensors and positioned in a
waterproof housing above the water (Fig. 1). The pH probes
were calibrated on site immediately before and after each
deployment using three standards (pH 4.01, pH 7.00, and
pH 10.01) as outlined by the National Institute of Standards
and Technology.

Light measurements
Photosynthetically active radiation (PAR) at the canopy

height was measured every 15 min with autonomous submers-
ible planar 2π Odyssey PAR sensors (Dataflow Systems), and
then calibrated to a LI-193SA (LI-COR Biosciences) scalar 4π
PAR sensor as described by Long et al. (2012). The PAR sensors

Table 1. Means, minima, and maxima for hourly temperature, salinity, water depth, PAR, O2 concentration, pCO2, and pH, followed
by shoot density, shoot length, and above and below ground biomass for the two sampling periods.

Apr Jun

Mean Min Max n Mean Min Max n

Temperature (�C) 16.0 12.5 21.4 208 27.6 24.0 30.9 299

Salinity (ppt) 31.8 31.4 32.4 207 31.9 30.3 32.9 297

Turbidity (NTU) 33 0 698 207 214 2 658 298

Water depth (m) 1.14 0.64 2.00 201 1.16 0.64 1.92 260

PAR (μmol m−2 s−1) 435 0 2280 214 342 0 2290 312

O2 (μmol L−1) 279 189 377 214 236 173 346 299

pCO2 (ppmv) 425 193 731 207 490 256 859 297

pH (0–14) N.A. 8.09 7.80 8.26 136

Shoot density (m−2) 316 256 384 8 230 192 288 8

Shoot length (cm) 23 20 29 5 34 24 42 6

Aboveground biomass (g core−1) 0.63 0.06 1.01 5 0.92 0.09 1.80 6

Belowground biomass (g core−1) 0.81 0.12 1.33 5 1.00 0.38 1.60 6
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were inspected and cleaned for biofouling as described for the
O2 optodes.

Salinity and turbidity measurements
A submersible multiparameter probe (YSI-6600 V2) was

mounted on the same frame holding the pCO2 and pH sen-
sors (Fig. 1) to record salinity and turbidity every 5 min at the
canopy height. Before each deployment, salinity and turbidity
sensors were calibrated with 10 mS cm−1 and 50 mS cm−1

solutions and with 0 and 100 NTU solutions, respectively.
Other environmental variables were calculated from data

collected with the acoustic Doppler velocimeter. They included
mean current velocity, current direction, significant wave
height, and water depth (from water pressure readings).

Shoot density, and aboveground and belowground
biomass

Seagrass characteristics were measured at the end of each
sampling period. Shoot density was determined by counting
individual shoots in eight quadrats (each 0.25 m2) thrown
randomly within 15 m of the instruments. Care was taken to
stay outside the footprint of the aquatic eddy covariance mea-
surements. Following a similar approach, six sediment cores
(15.2 cm inner diameter) were randomly collected. The plant
material was washed above a 1 mm sieve and the live parts
were divided into aboveground and belowground biomass and
weighed after drying at 60�C. The number of shoots per core
was counted and the canopy height was determined as the
average height of the three tallest leaves.

Data analysis
Eddy flux extractions

Benthic O2 fluxes were derived from the 32 Hz measured
data following the protocol described below.

O2 concentrations measured with the fast-responding
microelectrode were calibrated against a predeployment
“zero sample” reading in a sodium ascorbate solution and a
concentration recorded during deployment with the auton-
omous O2 optode (miniDOT). All 32 Hz data were subse-
quently averaged in groups of four to produce 8 Hz data,
which reduces noise while providing sufficient resolution to
contain the entire frequency spectrum carrying the flux sig-
nal (Berg et al. 2009). The continuous data were then
divided in 15 min segments, and from each a flux was
extracted using the software package EddyFlux version 2.0
(P. Berg unpubl.). Due to the relative large measuring height
used (30 cm) and the substantial diurnal variations in O2

concentration in the water column below the measuring
point, a correction for O2 stored in this volume improves
the flux calculation (Rheuban et al. 2014b). The correction
implicitly assumes that concentration changes in the bot-
tom water below the measuring point is driven primarily by
benthic activity (see “Discussion” section). The correction is

included in the EddyFlux software and the benthic flux is
calculated as:

BenthicO2 flux = �w’C’+
ðh
0

dC
dt

dz ð1Þ

where the overbar denotes averaging over the 15 min data seg-
ment, w0 and C0 the fluctuating components of the vertical
velocity and the O2 concentration, h the measuring height,
and dC

dt the O2 concentration change in time. The fluctuating

components, w0 and C0, were determined as w− �w and C− �C,
respectively, where w and C are the measured values (8 Hz),
and �w and �C are linear fits to w and C within each 15min time
interval. This approach for isolating w0 and C0 is commonly
referred to as linear detrending (Lee et al. 2004; Berg et al.
2009). The constant slope of �C was additionally used as an
approximation of dC

dt in the storage term in Eq. 1.
A thorough systematic data quality check was performed

for each deployment after fluxes were calculated. This step is
necessary as the microelectrodes are easily affected by floating
debris that collides with the sensor tip, either destroying (break-
ing) it, or producing erroneous readings that can distort the
flux calculation. For each 15 min time segment, the O2 concen-
tration and the cumulative flux were screened carefully for any
abnormalities in the form of sudden jumps or changes that are
distinguishable from natural turbulent fluctuations. Only O2

fluxes that passed this quality check were used for further calcu-
lations. For more information on this process, see, for example,
Berg et al. (2013). The 15-min fluxes were averaged to produce
hourly fluxes (Hume et al. 2011).

Fluxes were extracted from both rotated and unrotated
velocity data to examine if the instrument frames and the sen-
sors were tilted relative to horizontal. Larger differences arising
from the two data treatments were only found for a few hours
where the water movements were dominated by wave motions.
Because rotation of the velocity field can bias the flux if surface
waves motions are present (Reimers et al. 2012) or if the current
velocity is insignificant, the fluxes based on unrotated velocity
data were used.

Due to the distance between the velocity and the O2 sensors
(~ 0.5 cm), and the limited response time of the O2 sensors
(t90% < 0.4 s), velocity and O2 data are not aligned perfectly in
time. In situations with well-defined current, flux estimates can
often be improved by applying a time shift correction of the O2

data relative to the velocity data (Fan et al. 1990; McGinnis et al.
2008; Lorrai et al. 2010). Conversely, in the presence of waves,
this correction can introduce substantial biases in the flux esti-
mate (Berg et al. 2015). Combined with a generally insignificant
flux bias due to temporal sensor signal misalignment found in
cospectral analysis of the vertical velocity and the O2 concentra-
tion for selected deployments (Berg et al. 2013), this prompted
us not to apply any time shift correction.
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Temperature effects on pCO2

The variation in pCO2 due to changes in water temperature
(TpCO2) was calculated according to Takahashi et al. (2002) as:

TpCO2 =pCO2meane
0:0423 T −Tmeanð Þ ð2Þ

where pCO2mean is the mean pCO2 value within each sampling
period (April and June), T is the varying temperature reading,
and Tmean is the mean temperature for each sampling period.
TpCO2 represents the pCO2 variations around its mean due to
temperature fluctuations alone.

Averaging to hourly values
All supporting variables including concentrations of O2 and

pCO2, TpCO2, temperature, PAR, pH, current velocity, salinity,
and water depth were similarly averaged to hourly values to
match the derived benthic O2 fluxes. Gaps in the data (~ 10%)
due to sensor malfunction or data download were filled by
interpolation. A selection of these hourly values is shown in
Figs. 2–3 for each of April and June.

Metabolic characteristics
For each full day of data (9 d in April and 12 d in June), the

hourly fluxes were separated into daytime and night-time
values using a PAR threshold of 10 μmol m−2 s−1, equivalent
to ~ 1% of a clear-day maximum. The daytime and night-time
hourly values were then used to calculate averaged daily respi-
ration (R), gross primary production (GPP), and net ecosystem
metabolism (NEM) as outlined by Hume et al. (2011):

R =
1
24

X
fluxdark +

P
fluxdark

hdark
hlight

� �
ð3Þ

and

GPP=
1
24

X
fluxlight +

P
fluxdarkj j
hdark

hlight

� �
ð4Þ

and

NEM=
1
24

X
fluxlight +

X
fluxdark

� �
ð5Þ

where fluxdark and fluxlight are the respective night-time and
daytime hourly fluxes within each day (separated by the PAR
threshold of 10 μmol m−2 s−1), and hdark and hlight are the
number of night-time and daytime hours (hdark + hlight = 24).
Averages of these metabolic numbers for each of April and
June are shown in Fig. 4.

Diel cycle and hysteresis
To evaluate the typical or average diel cycle, hourly values

were binned by the hour of day for each of the 2 months. The

data are shown in Fig. 5. Similarly, the 24 hourly binned water
column pCO2 values for each month were plotted as a func-
tion of the concurrent O2 concentrations (in percent of satura-
tion) in Fig. 6a,b. Relying on the same unit, Fig. 6c,d shows a
more direct presentation of the relationship between dissolved
inorganic carbon (DIC) and O2 water column concentrations.
The O2 concentrations were measured directly (Figs. 2–3),
while the DIC concentrations were estimated from measured
hourly pCO2, temperature, and salinity data (Figs. 2–3; Table 1).
In the absence of riverine inputs as indicated by a near-
constant salinity (Table 1) and low watershed nutrient inputs
to South Bay (McGlathery et al. 2007), TA required for this
calculation was taken from regional surface-water data mea-
sured and fitted for the Mid-Atlantic Bight by Cai et al.
(2010) as TA = 670.6 + 46.6 S μmol kg−1, where S is the salin-
ity in ppt. DIC concentrations were then calculated using the
CO2SYS MATLAB 1.1 package (Lewis et al. 1998; Van Heuven
et al. 2011; Orr et al. 2015), and the Mehrbach carbonic acid
and bicarbonate dissociation coefficients as refitted by
Dickson and Millero (1987). Seawater density was used in
unit conversions of DIC and alkalinity. Water column silicate
and phosphate concentrations were assumed to be low (VCR
LTER water-quality database; www.vcrlter.virginia.edu), and
thus not affecting this calculation.

Photosynthesis-irradiance curves
Measured hourly daytime O2 fluxes for each of the 2 months

were used to determine photosynthesis-irradiance (P-I) relation-
ships for the seagrass meadow using the standard P-I func-
tion proposed by Jassby and Platt (1976) and modified to also
account for respiration:

BenthicO2 flux =Pmax tanh
I
IS

−RI ð6Þ

where Pmax is the maximum photosynthetic rate, I the mea-
sured light (PAR) at canopy height, Is the light saturation con-
stant, and RI is the respiration. The functions for April and
June for fitted values of Pmax, Is, and RI are shown in Fig. 7.

Effects of CO2 and O2 concentrations on photosynthesis
The 4.5-fold variation in water column pCO2 (193–859 ppmv)

and the 2.2-fold variation of the O2 concentration (172–
377 μmol L−1) encountered during the peak growing season,
and the concurrent daytime O2 fluxes, were used to examine if
in situ seagrass photosynthetic production was stimulated at
high CO2 levels (Zimmerman et al. 1997; Borum et al. 2016),
inhibited at high O2 levels (Raven and Larkum 2007; Mass et al.
2010; Buapet et al. 2013), or both. Because CO2 stimulation
would be most pronounced at high light intensities where
light limitation diminishes (Palacios and Zimmerman 2007;
Alexandre et al. 2012), only data above the 50% light saturation
line (Fig. 7) were included in the analysis. Using the ratio
between hourly pCO2 values and O2 concentrations (pCO2:O2)
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to distinguish between favorable and unfavorable conditions for
seagrass photosynthesis, the data were separated into 25th per-
centiles. The upper and the lower percentiles of the hourly
pCO2:O2 ratios, and the corresponding values of the pCO2 and
O2 concentrations, PAR, and benthic O2 flux for April and June
are shown in Fig. 8.

Results
Site characteristics

Variations in environmental parameters and seagrass char-
acteristics during the study period (Table 1) were consistent

with long-term measurements (VCR LTER water-quality data-
base; www.vcrlter.virginia.edu). Specifically, salinity was near
constant with a maximum variation between −0.4 and 0.6 ppt
from a mean of 31.9 ppt for April and between −1.6 and
1.0 ppt from a mean of 30.3 ppt for June. Water temperature
varied from 12.5�C to 21.4�C in April and from 24.0�C to
30.9�C in June. The larger variation in April was explained by
an increase through the measurement period that overlaid the
diel variations (Fig. 2c). Water depth was similar for the
2 months with a mean of ~ 1.15 m overlaid by a tidal variation
of similar magnitude. Average light (PAR) reaching the seagrass
canopy was 21% less in June than in April, presumably due to
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substantially higher turbidity in June (214 vs. 33 NTU; Table 1).
Water column concentrations of O2 and pCO2 over the diel cycle
exhibited similar variations in each of the 2 months.

Between April and June, aboveground biomass and seagrass
shoot length increased by almost 50%, while shoot density
declined by 27% (Table 1). This implies that new shoot forma-
tion decreased while existing shoots grew from April to June,
possibly in response to higher mean temperatures (16.0�C
vs. 27.6�C). Belowground biomass increased by 23% as
expected as the growing season progressed.

Benthic O2 fluxes and water column characteristics
The derived hourly O2 fluxes (Figs. 2a, 3a) showed a clear

diel pattern throughout both measurement periods. Specifi-
cally, the hourly O2 flux varied from −188 to 408 mmol m−2 d−1

in April and −267 to 359 mmol m−2 d−1 in June, with negative
values representing benthic uptake. It was also evident that
days with high PAR levels at the seagrass canopy height
(Figs. 2a, 3a) triggered larger positive benthic fluxes relative to
days with less light. Variations in water column concentrations
of O2 and pCO2 exhibited a similarly distinct diel pattern with
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24 h oscillations of the two constituents being out of phase.
Variations in water temperature had a clear, but relatively
small, diel imprint with an average fluctuation of ~ 3�C. Varia-
tion in the intermittent pH measurements in June (Fig. 3c)
exhibited diel variations of 0.2–0.4, with lowest pH values
occurring near dawn following night-time net respiration. Mea-
sured pH was inversely related to pCO2 variations consistent
with the expected relationship from seawater CO2 system ther-
modynamics (data not shown).

Metabolism
Averages of the daily metabolic rates for April and June

(Fig. 4) reflect substantial changes through the growing sea-
son. NEM switched from being positive in April to negative in
June (p = 0.03) while R increased twofold. No significant dif-
ference was found between GPP for the 2 months (p = 0.34).
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months) and indicates a trophic shift from autotrophy to heterotrophy.
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Binned O2 fluxes and water column characteristics
The distinct diel variation in the benthic O2 fluxes and water

column concentrations becomes even more evident when the
hourly data for the 9 and 12 full days in April and June, respec-
tively, (Figs. 2–3) are binned by the hour of day (Fig. 5). The
binned O2 flux and PAR data (Fig. 5a,b) for the 2 months
exhibited a near-perfect distribution around mid-day with PAR
being 21% smaller in June likely due to the substantially higher
turbidity (Table 1). Daytime O2 fluxes for April and June were
similar, while night-time fluxes were substantially larger in June
as also reflected in the averaged metabolic numbers (Fig. 5a,b).

The averaged diel variations in water column temperature were
small, ranging between 14.7�Cand 17.3�C inApril and 25.9�Cand
28.9�C in June (Fig. 5e,f). The binned water depth varied within
16.5% and 11.0% from the means for the 2 months, respectively,
indicating that our data were distributed relatively evenly over the

tidal cycle. Water column concentrations of O2 and pCO2

described near-perfect sinusoidal variations that were out of
phase by almost 180� (Fig. 5c,d). An offset from an exact 180�

phase shift becomes evident when plotting the hourly binned
pCO2 values as a function of their corresponding O2 concentra-
tions (Fig. 6a,b). A clear hysteresis was identified for each month,
and was similarly present when depicturing estimated DIC con-
centrations vs. O2 concentrations using the same unit (Fig. 6c,d).
Type II linear regressions of the data gave regression lines with
slopes of 1.19 and 0.93 for April and June, respectively (Fig. 6c,d).

P-I relationships and CO2 and O2 limitation of
photosynthesis

The P-I curves defined by Eq. 6 and fitted to the hourly day-
time O2 fluxes for each of April and June (Fig. 7) reached near-
saturation levels of 89% and 99%, respectively. Moreover, the
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two curves had light compensation points of 235 and
311 μmol m−2 s−1, a difference of 32% that is likely explained
by the larger respiration in June (Figs. 4–5).

Data above the 50% light saturation line (Fig. 7), for which
any photosynthetic stimulation due to high CO2 and/or low
O2 concentrations would be most pronounced (Palacios and
Zimmerman 2007; Alexandre et al. 2012), showed substantial
differences when grouped in 25th percentiles based on their
ratio of pCO2:O2 (Fig. 8). Specifically, differences between ratios
in the lower and the upper percentiles equaled a factor of 2.1 in
April (Fig. 8a) and 2.5 in June (Fig. 8f). The corresponding
pCO2 values and O2 concentrations were different by factors of
1.7 and 1.8 for pCO2 and 0.80 and 0.72 for O2 (Fig. 8b,c,g,h).
On the contrary, light levels for the two percentiles (Fig. 8d,i)
were not significantly different (p = 0.74 for April, p = 0.053 for

June). As a result, the lack of difference between the average
benthic O2 fluxes (p = 0.64 for April, p = 0.53 for June; Fig. 8e,j)
indicates that the seagrass meadow photosynthesis, measured
under naturally varying field conditions, was not stimulated at
high pCO2 and low O2 concentrations, nor limited at low
pCO2 and high O2 concentrations.

Discussion
Seagrass meadows, salt marshes, and mangroves that line

coasts worldwide are considered important contributors to blue
carbon sequestration and storage (Duarte et al. 2005, 2013b).
Recent estimates have suggested that the carbon retention of
these aquatic ecosystems is up to 40 times higher than that of
terrestrial forests per unit area, and when accounting for the
larger areal coverage of forests, that the two ecosystem types
store and sequester comparable amounts of carbon per year
(Mcleod et al. 2011). Although the magnitudes of these estimates
are uncertain, and currently being debated and re-evaluated
(Johannessen and Macdonald 2016; Macreadie et al. 2018;
Oreska et al. 2018), the consensus is that coastal vegetated eco-
systems play an important role in binding carbon globally, and
thus, in mitigating anthropogenic CO2 emissions.

Seagrass meadows account for up to half of the global carbon
sequestration and storage by coastal vegetated ecosystems (Mcleod
et al. 2011). Yet, their complex and dynamic metabolism and its
controls are not fully understood. For example, it remains an open
question whether seagrass production will be stimulated by ele-
vated CO2 concentrations in future oceans (Ruesink et al. 2015;
Collier et al. 2018; Pacella et al. 2018). In this context, we made
high temporal-resolution measurements in situ of seagrass
meadowmetabolismand supporting variables through21 full days
during peak growing season. By using the aquatic eddy covariance
technique (Berg et al. 2003a) and state-of-the-art autonomous sub-
mersible O2, pCO2, and light sensors, we produced an extensive
data set on whole-system seagrass metabolism and its controls
under naturally varyingfield conditions.

Tight coupling of metabolic processes
Our in situ data show a strong light-dependency of seagrass

metabolism on multiple time scales, and are in agreement
with other shallow macrophyte-dominated ecosystem studies
in both freshwater and marine environments (Pedersen et al.
2013). This tight coupling is, for example, reflected in the hourly
values of benthic O2 exchange which showed a strong diel pat-
tern (Figs. 2a, 3a), ranging from an uptake of −267 mmol m−2 d−1

to a release of 408 mmol m−2 d−1. These fluxes and their dynam-
ics are largely in agreement with our previous aquatic eddy
covariance measurements in the same seagrass meadow in South
Bay (Fig. 1) (Hume et al. 2011; Rheuban et al. 2014a,b; Berg
et al. 2017).

Substantial diel covariance was similarly measured in the
water column concentration of O2 and pCO2 (Figs. 2b, 3b), with
values ranging from 173 to 377 μmol L−1 and 193 to 859 ppmv,
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respectively. The 4.5-fold variation in pCO2 was observed despite
buffering by the carbonate system, and was due largely to plant
metabolism rather than to direct temperature effects (Eq. 2,
Figs. 2b, 3b). These diel pCO2 fluctuations are consistent with
the few other studies where time series of pCO2 in seagrass
meadows have been recorded. For example, in Thalassia
testudinum dominated meadows in subtropical Florida, pCO2

was measured over a few diel cycles and ranged from 260 to

497 ppmv in Florida Bay (Yates et al. 2007) and from 379 to
1019 ppmv in St. Joseph Bay (Challener et al. 2016). In a
Posidonia oceanica meadow in the western Mediterranean Sea,
72 h of pCO2 measurements showed a range from 105 to
507 ppmv (Hendriks et al. 2014). With increasing atmospheric
CO2 and resulting ocean acidification, it is expected that the
carbonate system in seagrass meadows will be less able to buffer
natural fluctuations, and as a result, that extreme events of
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high pCO2 and low pH will become more frequent (Pacella
et al. 2018).

Day-to-day variations in seagrass meadow metabolism and
water column concentrations were caused primarily by exter-
nal drivers such as changes in light availability from variable
cloud cover. For example, the day with the least light at can-
opy height during the entire study period (day 10 in June,
Fig. 3a) was the only day when seagrass meadow respiration
overpowered photosynthetic production during the daytime
hours and gave a net O2 uptake (Fig. 3a). The effect of this
rather atypical situation coincided with equally small varia-
tions in water column O2 concentrations and pCO2 (Fig. 3b).
Other examples of this relationship can easily be identified
in the 21 d data record (Figs. 2–3), and indicate a tight coupling
between metabolic activity in the seagrass meadow and varia-
tions in the water column (see more details below). Further-
more, the absence of larger and more sudden temperature
changes through the measurement periods (Figs. 2c, 3c) suggests
that oceanic tidal exchange or input of drainage water from sur-
rounding tidal channels and salt marshes are not major drivers
of variations in water column characteristics at this site.

The dynamic but repetitive patterns identified in Figs. 2–3
makes the entire data set an excellent platform for relating
whole-system metabolism for a temperate seagrass meadow
during the peak growing season to water column O2 and CO2

concentrations and other environmental variables.

Switch between autotrophy and heterotrophy
The average of all daily metabolic rates (Eqs. 3–5; Fig. 4), R,

GPP, and NEM was in the range of those reported for temperate
seagrass meadows (Duarte et al. 2010). However, as a rather sur-
prising observation, NEM switched from being significantly
positive in April (20 mmol m−2 d−1, p = 0.033) to significantly
negative in June (−27 mmol m−2 d−1, p = 0.025). This trophic
shift from autotrophy to heterotrophy was likely driven by a
twofold increase in R (Fig. 4) as biomass increased by a third
(Table 1) and the average water temperature almost doubled,
from 16.0�C in April to 27.6�C in June (Table 1). This change
happened while GPP only increased by ~ 20% (Fig. 4). Relating
the increase in R directly to temperature translates to a Q10

value of 1.8 for the whole benthic system respiration, including
seagrass, epiphytes, and sediment, which is not far from the
range of 2.0–2.7 for dark leaf respiration measured in the lab
for tropical seagrass species (Pedersen et al. 2016).

We have previously observed transitions from autotrophy
to heterotrophy, or a shift from the seagrass meadow being a
sink to a source of carbon, based on aquatic eddy covariance
measurements and modeling for this mature seagrass meadow
(Rheuban et al. 2014a,b). However, in these earlier studies, the
switch occurred later in the summer, in August, rather than in
June. This difference in timing may either reflect natural varia-
tions or it may be an early sign of a severe seagrass dieback
that was observed late in the summer of 2015. Our measured
seagrass densities dropped from 316 m−2 in April to 230 m−2

June (Table 1) and appear to support the latter explanation.
Unusually high water temperatures also were recorded in June,
with a maximum of 31�C (Table 1) and exceeding the tempera-
ture stress threshold of 28�C proposed by Staehr and Borum
(2011) in 46% of the total deployment time. The Z. marina
populations in Virginia are growing near the southern distribu-
tion limit along the North American coast and may be espe-
cially vulnerable to marine heat waves. Other studies have
related seagrass dieback in the lower Chesapeake Bay to sum-
mer time high temperatures that exceed the plants physiologi-
cal tolerance and capacity to adapt to heat (Moore and Jarvis
2008; Moore et al. 2012). Laboratory experiments with seagrass
have shown the clear negative effects of high temperatures by
reducing productivity and protein/enzyme synthesis, increasing
mortality, and inducing anoxia in plant meristems (Greve et al.
2005; Moore and Jarvis 2008; Hammer et al. 2018).

Regardless of what triggered the early switch from autotro-
phy to heterotrophy, the year-to-year difference exemplifies
how dynamic the metabolism of seagrass meadows can be, also
on a time scale larger than that covered in this study. Together,
the metabolic results obtained here and those found in our ear-
lier eddy covariance work in South Bay (Hume et al. 2011;
Rheuban et al. 2014a,b; Berg et al. 2017) show how easily inac-
curate conclusions about the trophic status of a seagrass
meadow can be drawn if only limited measurements are made
that do not capture the natural variation over multiple time
scales characteristic of the benthic system. The early switch
documented here underlines that determination of the trophic
status, even within one season, should be based on temporally
well-distributed measurements.

Hysteresis
The binned hourly water column concentration of O2 and

pCO2 for both months (Fig. 5c,d) describes a near-perfect sinu-
soidal variation that at first appears to be perfectly out of phase.
However, a close inspection of the two variables reveals that
their optima (minima and maxima) in both months are offset
by ~ 2 h from one another. This offset results in a clear hysteresis
when the binned pCO2 values are plotted against the binned O2

concentrations (Fig. 6a,b), and similarly, when O2 and DIC con-
centrations are compared after being converted to the same unit
of μmol L−1 (Fig. 6c,d). We have identified three possible inde-
pendent mechanisms that can lead to this hysteresis.

First, seagrass leaves (and roots) can store considerable
amounts of both CO2 and O2 (Greve et al. 2003; Borum et al.
2007; Pedersen et al. 2013). This intermediate step, or delay,
between when the CO2 and O2 are produced or consumed,
and when the two constituents are exchanged with the water
column can lead to hysteresis. Second, due to the carbonate
system buffering, the driving partial pressure difference for
air–water gas exchange of CO2 is easily an order of magnitude
smaller than that of O2 (Dai et al. 2009; Zhai et al. 2009). This
difference slows down the re-equilibration of CO2 relative to
that of O2 between the water column and the air above, and
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combined with the diurnally varying exchange of CO2 and O2

between the seagrass meadow and the water column can likewise
result in hysteresis. Third, all primary redox reaction processes
that can be responsible for organic matter degradation in the sed-
iment (oxic decomposition, denitrification, manganese reduc-
tion, iron reduction, sulfate reduction, and methanogenesis)
produce CO2 (Canfield et al. 1993; Van Cappellen and Wang
1996; Berg et al. 2003b). This results in a CO2 surplus in the sedi-
ment that is released to the water column through vertical trans-
port processes such as molecular diffusion, bioturbation, and
bioirrigation (Berner 1980; Boudreau 1997). If the water column
CO2 concentration is near constant, so is this release. However,
at diurnally oscillating CO2 concentrations as documented in
this study (Fig. 5), there will be periods in each diel cycle where
there is a reversed flux of CO2 into the sediment from the water
column. This pattern can similarly create hysteresis as docu-
mented here (Fig. 6).

Seagrass metabolism and water column concentrations
Using the binned hourly O2 fluxes (Fig. 5a,b) in a simple

mass-balance calculation reveals that benthic metabolism
explains about 60% of the diel variation measured in water
column concentrations of O2 and pCO2. This result is largely
in agreement with other studies of seagrass meadow metabo-
lism (Semesi et al. 2009; Hendriks et al. 2014). However, this
simplified mass balance disregards several smaller contribu-
tions, including production and consumption in the water
column itself, tidal and wind-driven horizontal advective
transport, and air–water gas exchange.

Traditional bottle incubations are an imperfect measure of
water column GPP because they are typically performed dur-
ing a few mid-day hours, at peak sunlight, and represent a
maximum potential production. As such, they are not
directly comparable with the daily averages of GPP for the
seagrass meadow we report here (Fig. 4). However, previous
dark bottle incubations from our site gave an average R value
of −21 mmol m−2 d−1 for June (Rheuban 2013), amounting
to 16% of that we measured by eddy covariance (Fig. 4). This
suggests that only a small fraction of the measured water col-
umn variations in O2 and CO2 concentrations arises from
activity in the water column itself. Our site is located in the
center of the South Bay seagrass meadow (Fig. 1). Despite this,
horizontal advective inputs from surrounding tidal channels,
salt marshes, and the ocean may at times affect water column
concentrations at our site. Given the mean water depth of
~ 1 m and a ~ 1 m tidal range (Table 1; Figs. 2–3), these contri-
butions are likely most pronounced at high and low tide, and
during times with strong wind-driven currents. Beyond that,
their magnitude and temporal dynamics are impossible to
assess with the data at hand and require further studies. How-
ever, we note that the water column, when averaged over the
diel cycle (Fig. 5c,d), was supersaturated with both O2 and CO2,
indicating some periodic influence by horizontal advection, an
argument that has been made previously (Ruesink et al. 2015).

Due to inherently large uncertainties associated with quantify-
ing air–water gas exchange coefficients (Raymond and Cole
2001; Borges et al. 2004), we abstained from estimating the air–
water fluxes in this study.

The close to 1:1 mol-to-mol elemental stoichiometric rela-
tionship that was found in the linear regressions of DIC and
O2 concentrations for both April and June (Fig. 6c,d) lines up
well with the flux ratios between the two constituents of
0.8–1.2 reported for different benthic environments (Glud
2008). This result was obtained despite uncertainties associated
with our first-order estimate of the DIC concentration. There are
no river inputs to the VCR lagoons and long-term studies indi-
cate that stream and land runoff of freshwater and nutrients to
the study site are negligible (McGlathery et al. 2007). With
seagrass metabolism being the main driver of diel variations in
water column concentrations of DIC and O2, the relationship
can be viewed as an integrated measure of how O2 dynamics
and carbon transformations are related for the seagrass meadow
through a set of complex processes. With the rapid development
of new user-friendly autonomous underwater sensors for O2,
pCO2, pH, and TA, we expect that more estimates along these
lines will be reported for a variety of benthic environments.
Comparisons of such mol-to-mol elemental stoichiometric rela-
tionships for different systems may reveal important differences
between ecosystems and their functioning.

CO2 and O2 concentrations and seagrass metabolism
The fitted P-I curves (Fig. 7) represent whole-system P-I

responses for the seagrass meadow when exposed to naturally
varying field conditions. For both months, benthic net pro-
duction reached near-light-saturation levels (89% and 99%,
respectively) where stimulation of seagrass photosynthesis by
elevated CO2 water column concentrations is expected to be
most pronounced (Pedersen et al. 2013). Additionally, pCO2

values varied widely during the study period, ranging from
193 to 859 ppmv (Figs. 2–3), with the latter value overlapping
pCO2 levels used in IPCC 2013 ocean acidification scenarios
(800–1200 ppmv by 2100; Stocker 2014). This 4.5-fold variation
in pCO2 was complemented by a conversely varying O2 concen-
tration between 173 and 377 μmol L−1, so that high pCO2

values were accompanied by low O2 concentrations, and vice
versa (Figs. 2–3). Because of this pattern, and because high O2

concentration levels inhibited seagrass photosynthesis (Mass
et al. 2010), our in situ data are well suited for examining
whether seagrass photosynthesis is affected by realistic and nat-
urally varying CO2 and O2 concentrations in the water column.

Enhancement of seagrass productivity by CO2 enrichment is
expected based on HCO−

3 use and the energetics of carbon
uptake (Koch et al. 2013). Previous results from lab and meso-
cosm experiments are equivocal. Short-term measurements
for some species indicate enhancement of photosynthesis
by CO2 enrichment, especially at high concentrations
(Borum et al. 2016; Collier et al. 2018). Another study showed
enhanced shoot production but not biomass-specific growth
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(Palacios and Zimmerman 2007). Field studies that rely on gra-
dients of CO2 concentrations between different sites, for exam-
ple, caused by proximity to a natural CO2 vent have so far
shown no consistent or pronounced response to elevated CO2

concentrations (Ruesink et al. 2015; Takahashi et al. 2015;
Koopmans et al. 2018). Our field study is not confounded by
possible site variations and investigates how the same seagrass
plant community responds to short-term, but substantial, natu-
ral diel oscillations in CO2 and O2 concentration levels. We
find no evidence of CO2 stimulation of photosynthesis under
these dynamic conditions. Specifically, for both April and June,
the lower and upper 25th percentiles of pCO2:O2 ratios (Fig. 8a,f),
and the associated values of pCO2 and O2 concentrations behind
the ratios (Fig. 8b,c,g,h), showed substantial and significant dif-
ferences. Conversely, the PAR levels associated with the two per-
centiles (Fig. 8d,i) were not statistically different, allowing us to
disregard effects of light. The analysis clearly shows that despite
significant variations in pCO2 and also in O2 concentration
under natural in situ conditions during the most productive
spring and summer months, there was no stimulation of photo-
synthesis at high pCO2 and low O2 concentrations, nor limita-
tion due to low pCO2 and high O2 concentrations, (Fig. 8e,j;
p = 0.64 for April, p = 0.53 for June). Combining these results, we
conclude that if seagrass photosynthetic production in our study
was affected by naturally varying CO2 concentrations, O2 con-
centrations, or both, the effects were minor and could not be
inferred from our in situ measurements.

Summary
Our work documents how dynamic whole-system seagrass

metabolism can be on hourly, daily, and monthly time scales,
and also, when combined with our previously published
results for South Bay, on a yearly time scale. These dynamics
included a trophic shift from autotrophy to heterotrophy from
April to June. Faulty conclusions may be drawn if all the natu-
ral variations are not well integrated in seagrass metabolism
measurements over the time interval for which one attempts
to determine the trophic status.

Conversely, oscillating O2 concentrations and pCO2 in the
water column were found to be driven mostly by the distinct
day-night cycle in O2 and CO2 seagrass meadow production
and consumption. Despite these variations in the water col-
umn that amounted to 4.5-fold for pCO2 and 2.2-fold for O2,
we could not identify any effects on whole-system seagrass
production. As a result, this field study does not support
the notion that seagrass meadows may be “winners” in future
oceans with elevated CO2 concentrations. Conversely, we
regrettably find it more likely that the accompanying elevated
water temperatures will lead to more intense and more fre-
quent harmful marine heatwave events that will negatively
impact many temperate seagrass meadows.

There is a clear need for more studies on effects of tempera-
ture and other stressors on seagrasses, including changes in
pH resulting from ocean acidification. These studies should

include seagrasses in subtropical and tropical environments as
well, and should, if at all possible, be done in situ to include
the different time scales and natural drivers that influence and
control seagrass metabolism.
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