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Abstract
Seagrass meadows are valued for their ecosystem services, including their role in mitigating anthropogenic

CO2 emissions through ‘blue carbon’ sequestration and storage. This study quantifies the dynamics of whole
ecosystem metabolism on daily to interannual timescales for an eelgrass (Zostera marina) meadow using in situ
benthic O2 flux measurements by aquatic eddy covariance over a period of 11 yr. The measurements were part
of the Virginia Coast Reserve Long-Term Ecological Research study, and covered a relatively stable period of
seagrass ecosystem metabolism 6–13 yr after restoration by seeding (2007–2014), a die-off event likely related to
persistently high temperatures during peak growing season in 2015, and a partial recovery from 2016 to 2018.
This unique sequence provides an unprecedented opportunity to study seagrass resilience to temperature stress.
With this extensive data set covering 115 full diel cycles, we constructed an average annual oxygen budget that
indicated the meadow was in metabolic balance when averaged over the entire period, with gross primary pro-
duction and respiration equal to 95 and −94 mmol O2 m−2 d−1, respectively. On an interannual scale, there was
a shift in trophic status from balanced to net heterotrophy during the die-off event in 2015, then to net autotro-
phy as the meadow recovered. The highly dynamic and variable nature of seagrass metabolism captured by our
aquatic eddy covariance data emphasizes the importance of using frequent measurements throughout the year
to correctly estimate trophic status of seagrass meadows.

Seagrasses are marine flowering plants that inhabit shallow
coastal waters worldwide. While they only cover 0.1–0.2% of the
global ocean, they are valued for their ecosystem services, which
contribute to the ecological and economic prosperity of coastal
areas (Costanza et al. 1997). Seagrass meadows improve water
quality and clarity (e.g., McGlathery et al. 2007; Hansen and
Reidenbach 2012; Lamb et al. 2017) and provide food and habi-
tat for aquatic organisms important to fisheries and adjacent
ecosystems (e.g., Costanza et al. 1997; Nagelkerken et al. 2000;
Beck et al. 2001). In recent years, they have gained particular rec-
ognition for their potential as a ‘blue carbon’ sink, due to high
rates of primary production (carbon sequestration) (Duarte et al.
2010) and carbon burial in the sediment (carbon storage)
(Fourqurean et al. 2012; Duarte et al. 2013; Oreska et al. 2017).
Carbon burial results from direct burial of dead seagrass tissue
(e.g., Romero et al. 1994; Greiner et al. 2016) and from flow
alteration by the seagrass canopy, which creates a depositional
environment for particles in the water column (e.g., Terrados

and Duarte 2000; Gacia and Duarte 2001; Hansen and
Reidenbach 2012). Global carbon stocks for seagrass meadows
have been estimated at 4.2–8.4 Pg C in the top meter of sedi-
ment, and 75.5–151 Tg C in above- and below-ground biomass
(Fourqurean et al. 2012). This carbon retention capacity has
given seagrass conservation and restoration efforts merit as cli-
mate change mitigation strategies (Duarte et al. 2016).

Seagrass ecosystems rank among the most rapidly declining
marine habitats globally due to climate change, increased
coastal development, eutrophication, and other anthropo-
genic stressors (Orth et al. 2006a; Waycott et al. 2009). These
declines result in the loss of seagrass ecosystem services,
including their carbon retention capacity (e.g., Marbá et al.
2015; Arias-Ortiz et al. 2018). The restoration of ecosystem ser-
vices during seagrass recovery, however, remains largely
understudied (McGlathery et al. 2012; Marbá et al. 2015).

Seagrass loss and recovery (natural and through restoration)
are typically assessed by quantifying seagrass growth and
shoot demography (e.g., Durako 1994; Orth et al. 2006a;
Macreadie et al. 2014) or areal extent (Robbins 1997; Kendrick
et al. 2002; Frederiksen et al. 2004). Ecosystem metabolism
(primary production and respiration), however, provides more
information about seagrass ecosystem function and resilience,
while simultaneously addressing blue carbon sequestration.
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Respiration (R), gross primary production (GPP), and net eco-
system metabolism (NEM, defined as GPP : R) are measures of
carbon flows in seagrass meadows (Duarte and Prairie 2005).
Autotrophic meadows (GPP : R > 1; NEM > 0) fix more carbon
than they release and may therefore be efficient carbon sinks,
while in heterotrophic meadows (NEM < 0; GPP : R < 1) allo-
chthonous sources of carbon elevate ecosystem respiration. Met-
abolic balance (NEM = 0; GPP : R = 1) indicates that all carbon
inputs to the meadow (autochthonous and allochthonous) are
balanced by losses (autotrophic and heterotrophic respiration,
burial, and export). Determining the trophic status of seagrass
meadows is therefore crucial to quantifying their role in the
global carbon budget and understanding the impacts of their
loss (Duarte et al. 2010). It is not surprising that determining
seagrass NEM has been the focus of many studies and review
papers (Gazeau et al. 2004; Barrón et al. 2006; Duarte 2017).
However, NEM is highly variable between and among species,
geographic locations, and seasons (Duarte et al. 2010). The chal-
lenge of accurately determining the trophic status of a seagrass
meadow is further complicated by the use of different measure-
ment techniques. NEM estimates obtained in comparative stud-
ies have differed greatly depending on the measurement
approach (Long et al. 2015a). Seagrass respiration and primary
production have typically been measured using benthic cham-
bers (e.g., Herzka and Dunton 1997), open water oxygen balance
approaches (e.g., Champenois and Borges 2012), or core incuba-
tions in the lab (e.g., Fourqurean and Zieman 1991). However,
these methods may lead to inaccurate estimates of seagrass
metabolism by scaling up changes in oxygen concentration
resolved over short time periods (<full diel cycle), small spatial
scales (individual shoots or benthic areas <0.25 m2) (Martin
et al. 2005), at poor temporal resolutions (Long et al. 2015a),
and under conditions that often do not mimic in situ light levels
and flow rates (Pedersen et al. 2013; Olivé et al. 2016).

Over the last decade, the aquatic eddy covariance tech-
nique has emerged as an effective way to integrate in situ
metabolism and capture its natural variability (Berg et al.
2003). This technique overcomes many of the aforementioned
shortcomings because it is a noninvasive (Lorrai et al. 2010),
high temporal resolution (Rheuban and Berg 2013), whole-
ecosystem approach that integrates benthic O2 fluxes over
10–100 m2 (Berg et al. 2007). It has already proven successful
in seagrass environments (Hume et al. 2011; Rheuban et al.
2014a; Long et al. 2015b; Berg et al. 2019).

The aquatic eddy covariance technique has been used in a
restored eelgrass meadow at the Virginia Coast Reserve Long-
Term Ecological Research (VCR-LTER) site since 2007, resulting in
an extensive data set of seagrass metabolism during a relatively
stable period 6–13 yr after its restoration (Hume et al. 2011;
Rheuban et al. 2014b; Berg et al. 2019). Seasonal measurements
from the same site in this study captured a seagrass die-off event
in 2015 followed by its natural but partial recovery in
2016–2018, thus providing an unprecedented opportunity to
study the dynamics and resilience of seagrass metabolism over

daily to interannual timescales. The combination of a die-off and
recovery event with a high-quality long-term data set of seagrass
metabolism allows us to quantify the carbon sequestration capac-
ity of the meadow and the impact of an extreme event on eco-
system function. In this study, we examined the long-term
trends in seagrass metabolism (R, GPP, NEM) and the variability
of these rates on multiple timescales. Our unique data set shows
the impacts of seagrass loss and recovery on ecosystem-scale
metabolism, and the trophic status of the meadow over 11 yr
through an average annual carbon budget for the seagrass
meadow, revealing novel information on its carbon retention
capacity.

Materials and methods
Study site

The restored eelgrass (Zostera marina) meadow in South Bay is
located in the shallow subtidal coastal bays of the VCR-LTER
(Fig. 1a). It is connected to the Atlantic Ocean by two inlets
north and south of the meadow, which results in a relatively
brief water residence time (Safak et al. 2015). It is also bound by
a barrier island to the east and the Delmarva Peninsula to the
west, creating a low-energy hydrodynamic environment.

South Bay is part of a landscape-scale eelgrass restoration project
at the VCR-LTER that started in 2001 (Orth et al. 2006b; Orth and
McGlathery 2012). An eelgrass “wasting disease” outbreak and a
hurricane decimated VCR Z. marina populations in the 1930s, and
the coastal bays remained unvegetated for decades (Rasmussen
1977; Orth et al. 2006b, 2012). In the late 1990s to early 2000s, the
discovery of a natural patch of eelgrass prompted a large-scale resto-
ration effort, with the broadcast-seeding of 0.2–0.4 ha plots in four
coastal bays (Orth et al. 2006b), ultimately restoring over 25 km2 of
unvegetated seafloor to seagrass meadow (http://web.vims.edu/
bio/sav [accessed May 2019]). The seeded plots in South Bay
coalesced and expanded into a 7-km2 continuous meadow, now
recognized as the largest restored meadow in the world (Orth and
McGlathery 2012).

South Bay is a shallow, oligotrophic lagoon where light condi-
tions are favorable for seagrass growth (Lawson et al. 2007). Since
2007, seagrass metabolism has been measured by aquatic eddy
covariance at one of the original seeded plots (37�15043.635600N,
75�48054.54700W) at the center of the meadow (Fig. 1a,b). This
site has a mean water depth of 1.2 m and a tidal range of 1 m,
and current speeds ranging from 0.3 to 21.5 cm s−1 (mean:
4.1 cm s−1).

Data collection
The eddy covariance system (Fig. 1b) consists of a Nortek

AS Vector© acoustic Doppler velocimeter (ADV) coupled to a
fast-response (t90% ≤ 0.4 s) Clark-type oxygen microelectrode
(Fig. 1c) and a high-resolution picoamp amplifier (Berg et al.
2003; McGinnis et al. 2011). Velocity measurements (x, y, z),
from which current speed and direction were derived, were
made continuously by the ADV at 64 or 32 Hz in a ~2 cm3
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measuring volume located ~30 cm above the sediment surface.
The oxygen microsensor had a tip diameter of 10–100 μm and
measured oxygen 0.5 cm from the measuring volume so as to
not interfere with the velocity measurements. All instruments
were mounted on a light and thin stainless steel frame to min-
imize disturbance of natural flow (Berg and Huettel 2008). We
examined our benthic fluxes carefully for any effects of flow
direction, including flow across the frame legs. We found no
difference in our fluxes when the flow was across the frame
legs. We also found no difference based on flow orientation
relative to the oxygen sensor. Oxygen microsensor measure-
ments were calibrated using an oxygen-free reading in a Na-
ascorbate/NaOH solution and the maximum dissolved oxygen
(DO) concentration measured during each deployment by sta-
ble PME miniDOT© optodes at 1-min intervals. This two-point
calibration was used to transform high-resolution microsensor
recordings into oxygen concentrations in μmol L−1. Photosyn-
thetically active radiation (PAR) was measured at 5 min inter-
vals by planar 2π Odyssey PAR loggers. These loggers were
placed 30 cm above the sediment surface to measure PAR at
the top of the seagrass canopy. They were replaced every 2 d
to limit the effects of biofouling on light measurements.
Seagrass shoot density was obtained for each field campaign
by counting seagrass shoots within 10 replicate 0.25-m2 quad-
rats thrown randomly within the sampling site.

Eddy covariance measurements were made seasonally to cap-
ture a wide range of environmental conditions and stages of
seagrass growth (Orth and Moore 1986; Rheuban et al. 2014a).
Sampling dates for the 21 field campaigns of this study are
shown in Table 1. Each field campaign lasted ~2 weeks and con-
sisted of up to six nearly consecutive deployments, each 1–3 d in
duration (Table 1). The oxygen microelectrodes were fragile and
sometimes broke mid-deployment, therefore resulting in fewer
full 24-h cycles available for seagrass metabolism calculations.

During 2014 and 2015, two eddy covariance systems were
deployed in parallel to increase deployment success and to
evaluate reproducibility. These systems were deployed 10 m
apart with no overlapping footprints. The data collected in
this study were added to our existing record of seagrass metab-
olism from 2007 to 2012 (Hume et al. 2011; Rheuban et al.
2014a). A total of 115 full 24-h records between 2007 and
2018 were compiled in this study.

Data analysis
The 64- or 32-Hz data were extracted from the ADV and

averaged to 8 Hz to reduce unbiased noise in the data set while
still resolving the entire turbulence spectrum carrying the flux
signal (Berg et al. 2003). DO fluxes between the benthic envi-
ronment and water column were calculated using EddyFlux3.0
software (Peter Berg, unpublished), following the equation:

JO2
=w’C’, ð1Þ

where the overbars represent time averaging and w0 and C0

represent the instantaneous fluctuations of vertical velocity
(w) and oxygen concentration (C), respectively (Berg et al.
2003). DO fluxes were calculated at 15-min intervals over
which velocity and oxygen concentration are determined via
linear detrending (Lee et al. 2004; Berg et al. 2009). A storage
correction was applied to account for changes in oxygen
stored in the water column below the measuring point due to
large diel variations in water column oxygen concentration
and our relatively large measuring height (~30 cm) (Rheuban
et al. 2014a). This correction was applied as:

Jbenthic = JO2
+
ðh
0

dC
dt

dz, ð2Þ

Fig. 1. (a) Study site location in the South Bay eelgrass meadow at the Virginia Coast Reserve Long-Term Ecological Research (VCR-LTER) site. Dark
green: original seeded plots or tracks. Light green: meadow extent as of 2017. Red marker: long-term study site; (b) aquatic eddy covariance system
deployed in South Bay; (c) Clark-type oxygen microelectrode and Nortek AS Vector© acoustic Doppler velocimeter (ADV).
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where Jbenthic is the corrected benthic flux, JO2
is the measured

eddy flux, h is the measuring height, and dC
dt is the temporal

change in water column oxygen concentration, obtained by linear
detrending. This correction is essential as changes in oxygen stor-
age can distort benthic flux calculations (Rheuban et al. 2014a),
and it implicitly assumes that concentration changes in the bot-
tom water below the measuring point are driven primarily by ben-
thic activity (Berg et al. 2019). No data rotation or correction for
time lag between the velocity and the oxygen concentration mea-
surements were performed to avoid biases under low flow condi-
tions and in the presence of surface waves (Berg et al. 2015).

Each 15-min burst was then examined to ensure no fluxes
were retained if showing excessive noise or spikes due to inter-
ference from debris in the water (Berg et al. 2009; Lorrai et al.
2010). On few occasions, 15-min bursts were omitted due to
the water level falling below the sensors. The remaining bursts
were then averaged to obtain hourly fluxes (Fig. 2c). Missing

hourly values were interpolated linearly using adjacent oxy-
gen fluxes. Even during extreme low tides, seagrass shoots
remained underwater.

Hourly oxygen fluxes were split into sequential 24-h seg-
ments (Fig. 2c) and separated into light fluxes (PAR > 1.0 μmol
photons m−2 s−1) and dark fluxes (PAR < 1.0 μmol photons
m−2 s−1) to calculate daily rates of R, GPP, and NEM using the
equations given by Hume et al. (2011):

R =
1
24

X
fluxdark +

P
fluxdark

hdark
hlight

� �
, ð3Þ

GPP=
1
24

X
fluxlight +

P
fluxdarkj j
hdark

hlight

� �
, ð4Þ

NEM=
1
24

X
fluxlight +

X
fluxdark

� �
, ð5Þ

Table 1. Sampling months for aquatic eddy covariance field deployments, with the total number of deployments per field campaign,
range of deployment duration, and resulting 24-h periods used in metabolic rate calculations.

Years Sampled months N deployments Deployment duration (d) N daily rates References

2007 July 8 1 5 Hume et al. (2011)

2011 August 5

October 4

2012 February 3–8 (33 total) 1 3 Rheuban et al. (2014b)

June 5

August 1

2014 April 2 1–2 3 This study

May 3 1–2 4

June 5 2–3 9

July 4 2–3 5

August 5 1–2 2

October 5 2 6

2015 January 2 2 2

March 1 2 1

April 2 2–3 3

May 2 2 4

June 6 2 6

August 5 1–2 4

October 4 1–2 4

2016 April 3 1–2 5

June 4 1–3 5

July 5 1–2 4

August 1 1 1

October 2 2 4

2017 April 3 1–2 3

June 4 2 6

August 1 2 2

November 2 2 2

2018 April 3 2 6

June 3 2 1

Berger et al. Seagrass metabolism and resilience

4



where fluxdark are the hourly DO fluxes during nighttime,
fluxlight are the daytime hourly oxygen fluxes, hdark is the
number of dark hours, and hlight the number of light hours.
The rates of R, GPP, and NEM are reported in mmol O2 m−2

d−1. In June 2018, no full 24-h record was collected due to
oxygen sensor breakage. All existing hourly data for that field
campaign (n = 89 h total over 5.5 d) were therefore binned by
hour of day to create one data set representing 24 clock hours.
Each hourly bin in that data set comprised n = 1–5 h. In cases
where parallel deployments successfully yielded complete data
sets for both systems, the calculated rates of R, GPP, and NEM
were averaged together to yield only one value per 24-h
period.

The estimation of metabolic rates is associated with some
uncertainties. For example, under occasional conditions of
low water, high temperature, and high solar radiation during
the summer, we have observed bubbles on seagrass leaves and
on the sediment surface. If these bubbles represent oxygen
formed by seagrass meadow photosynthesis and if they rise
through the water column, this can contribute to an underes-
timation of GPP (Long et al. 2019). Another—and possibly
more significant—source of uncertainty that can also result in

underestimating GPP throughout the year is the assumption
that nighttime and daytime respiration rates are the same
(Glud 2008). This is likely not the case due to daytime con-
sumption of highly labile compounds formed by photosyn-
thesis that would make daytime respiration higher (Fenchel
and Glud 2000; Glud et al. 2009). These uncertainties are not
unique to the aquatic eddy covariance technique but are asso-
ciated with all commonly used approaches for measuring the
benthic oxygen fluxes.

Statistical analyses
The role of temperature in the seagrass die-off in 2015 was

evaluated by comparing summer (June–August) water temper-
ature records for the years surrounding the die-off event
(2012–2017), and determining the proportion of time water
temperatures exceeded the proposed 28�C eelgrass optimum
temperature threshold (Staehr and Borum 2011) during the
peak growing period (June) of each year. High-resolution
water temperature data were obtained from the National Oce-
anic and Atmospheric Administration’s (NOAA) National Data
Buoy Center for the nearby Wachapreague, VA (Sta. WAHV2).
The 6-min sea surface temperature data were averaged to

Fig. 2. Example eddy covariance data from one 65-h deployment in South Bay in June 2014, with (a) x, y, z, and mean current speed, water depth, (b)
oxygen concentration, and (c) total hourly oxygen flux and photosynthetically active radiation (PAR). Error bars: standard error (based on n = 3–4 aver-
aged 15-min fluxes). Each deployment was separated into 24-h segments (represented by arrows) from the deployment start time to calculate gross pri-
mary production (GPP), respiration (R), and net ecosystem metabolism (NEM).
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produce hourly values. The temperature record for summer
2018 was incomplete and therefore excluded from this
analysis.

The effects of seagrass loss and recovery on ecosystem
metabolism were determined using analyses of variances
between summer averages of R, GPP, and NEM prior to the
die-off event (2014), during the die-off event (2015), and dur-
ing the recovery period (2016, 2017).

An annual oxygen budget was constructed for the meadow
by binning all 115 daily metabolism values by month of year.
This resulted in a model-year for seagrass oxygen metabolism
that integrates all the data collected over the past 11 yr.
Months that had never been sampled (September and
December) were interpolated using adjacent months. Annual
R, GPP, and NEM were calculated from this model and
converted to rates of carbon metabolism assuming a photo-
synthetic quotient (moles O2 : moles CO2) equal to 1 (Kirk
1983; Duarte et al. 2010). The 2015 die-off event and the
meadow development period in 2007 were each excluded
from the analysis to determine their effects on the final
annual budget. These exclusions had little to no effect on
averaged annual NEM, and we therefore included all of our
data in this analysis. Our results were compared to the metabolic
rates reported in Duarte et al. (2010) by calculating averages
for the temperate and Z. marina meadows reported in their
supplemental data set (S1 data set).

Results
Aquatic eddy covariance data

An example of a 65-h eddy covariance deployment in
South Bay in June 2014 is shown in Fig. 2. The water level,
velocity, and microelectrode oxygen measurements along with
the MiniDOT oxygen measurements for calibration are shown
in Fig. 2a,b. The water level signal occasionally flattened out
(Fig. 2a) due to the water level falling below the pressure sen-
sor, located 21.7 cm above the Vector’s sensor head (Fig. 1c).
The vertical velocity signal shows expected higher turbulence
levels at higher current speeds (Fig. 2a). In addition, part of
this pattern may result from an increase in absolute noise at
higher current speeds or the occasional presence of small sur-
face waves. The hourly oxygen fluxes derived from these mea-
surements are shown in Fig. 2c. Hourly fluxes were well
correlated to PAR as is evident from negative fluxes during the
nighttime, representing an oxygen uptake due to respiration,
and positive fluxes during the day, representing net oxygen
release from the seagrass benthos up into the water column as
photosynthesis was exceeding respiration. The tight relation-
ship between PAR and hourly oxygen fluxes becomes more
evident during the third day of this deployment, around hour
62 (Fig. 2c), where a decrease in light levels during the day
coincided with a decrease in oxygen flux. The stimulating
effect of flow on nighttime respiration also appears clearly in
Fig. 2, which shows higher nighttime oxygen fluxes

coinciding with higher current speed. The maximum daytime
flux in this deployment was 823 mmol O2 m−2 d−1, which is
close to the maximum hourly oxygen flux ever measured in
South Bay (909 mmol O2 m−2 d−1 in July 2016). The maxi-
mum hourly nighttime flux in this deployment (−462 mmol
O2 m−2 d−1) was also one of the highest nighttime fluxes ever
recorded at this site.

The hourly oxygen fluxes obtained from a simultaneous
deployment of two eddy covariance systems in April 2015 are
shown in Fig. 3. The hourly fluxes between the two systems
agreed well, and resulted in similar daily rates of R, GPP, and
NEM for the 24-h period shown (R = −91, GPP = 117, and
NEM = 26 mmol O2 m−2 d−1 for System 1 and R = −96,
GPP = 118, and NEM = 22 mmol O2 m−2 d−1 for System 2). All
successful parallel deployments resulted in comparable meta-
bolic rates between the two systems (R2 = 0.8 and 0.9 for
R and GPP, respectively, n = 20).

Long-term record of ecosystem metabolism
Our long-term record of seagrass metabolism shows that

over the last 11 yr South Bay has been, on average, in meta-
bolic balance. Figure 4a shows all 115 daily rates of R and GPP
plotted relative to a 1 : 1 line, which represents metabolic bal-
ance (NEM = 0; GPP : R = 1). The points fall close to this line
and indicate a balanced metabolic state over all deployments,
in spite of some day-to-day variability between autotrophy
and heterotrophy. This variability also shows up on a monthly
timescale, as shown in our full record of average monthly R,
GPP, NEM, and seagrass density (Fig. 5). In fact, the variability
of R and GPP throughout the 11-yr record was equally large
on a daily, monthly, and seasonal timescale, based on

Fig. 3. Comparison of simultaneous eddy covariance deployments over
24 h in April 2015. The two systems were deployed 10 m apart with no
overlapping footprints. The hourly O2 fluxes derived from each system
agreed well, which confirms the reproducibility of our measurements and
shows that the aquatic eddy covariance technique integrates well over
the patchiness of the seagrass meadow.
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Levene’s test for equality of variances (p > 0.05, n = 115,
29, 20, respectively) (Levene 1960). This is also evident in Fig. 4b,
where R and GPP vary as much in the month of June inter-
annually as they do monthly or seasonally (Figs. 4a, 5). The coef-
ficients of variation (CVs), which are a measure of relative
variability, were also calculated for R and GPP for each timescale
(Table 2), and further indicate that there was a similar magnitude
of variability across all time scales (average CV = 67, 59, and
63 for daily, monthly, and seasonal timescales, respectively).

Additionally, R and GPP varied almost equally for each timescale
(Table 2).

On a monthly timescale, average R and GPP generally mir-
rored each other, resulting in average NEM values that were
not significantly different from 0 (p > 0.05, n = 3–9) through-
out most of the record, with the exception of July 2007, June
2012, May 2015, June 2017, and April 2018 when the
meadow was net autotrophic (p < 0.05) and August 2011, June
2015, and April, June 2016 when the meadow was net hetero-
trophic (p < 0.05). The highest monthly average GPP values
were found for summer 2012 (June average GPP = 372 mmol
O2 m−2 d−1) and summer 2014 (June average GPP = 196 mmol
O2 m−2 d−1 and August average GPP = 218 mmol O2 m−2 d−1).
Seagrass shoot densities were also highest during these two

Fig. 4. (a) All 115 daily respiration (R) vs. gross primary production
(GPP) rates relative to a 1:1 line (dotted line); (b) daily R vs. GPP for June
2012, and 2014–2018.

Fig. 5. Long-term data set of monthly eelgrass (a) gross primary production (GPP) and respiration (R), (b) net ecosystem metabolism (NEM), and (c)
eelgrass shoot density. Monthly averages were obtained for July 2007 (Hume et al. 2011); August and October 2011; February, June, and August 2012
(Rheuban et al. 2014b); April, May, June, July, August, and October 2014; January, March, April, May, June, August, and October 2015; April, June, July,
August, and October 2016; April, June, August, and November 2017; and April and June 2018 (this study). Asterisks mark months where NEM was signif-
icantly different from 0 (p < 0.05, n = 3–9). Error bars: standard error based on the number of daily metabolic rates averaged per month (see Table 1,
N daily rates column) and the average of 10 replicate 0.25-m2 quadrat seagrass counts. The number of 24-h deployments contributing to the monthly
averages for each year is shown in parentheses.

Table 2. Coefficients of variation (%) for the magnitudes of res-
piration (R) and gross primary production (GPP) on a daily,
monthly, and seasonal timescale.

Daily Monthly Seasonally

R 65 59 64

GPP 69 59 62
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summers, reaching a maximum of 696 shoots m−2 in June
2014.

Die-off event
Field observations during summer 2015 showed a decline

in seagrass shoot density by over 90% (Figs. 6, 7c). This die-off

event is attributed to water temperatures during the peak
growing period in June 2015 that exceeded the suggested tem-
perature threshold of 28�C for Z. marina (Staehr and Borum
2011) (Fig. 7). Summer water temperatures in 2012–2017 often
exceeded this threshold for extended periods of time during
the late summer (July and August) (Fig. 7a). However, such
warm events rarely occurred during the month of June, with
the exception of June 2015 when the die-off occurred (Fig. 7a,
b). Water temperatures at this time exceeded 28�C, 36% of the
time. There was a 15-day warming event where temperatures
exceeded the threshold for most of the day (12–24 h,
mean = 20 h), resulting in 13 consecutive days with mean
daily temperature averages at or above 28�C. In comparison,
June water temperatures during the years surrounding the die-
off event only reached or exceeded 28�C, 11% of the time on
average, with discontinuous warming events lasting from 1 to
5 d, during which water temperatures only exceeded the
threshold for an average of 10 h per day. The seagrass shoot
densities measured in July for these years further highlight the
link between an exceptionally warm June in 2015 and the
observed loss of seagrass (Fig. 7b,c).

The trophic status of South Bay shifted from metabolic bal-
ance to net heterotrophy during the die-off in 2015, and then
to net autotrophy during the subsequent recovery period in

Fig. 6. Photos from our study site in South Bay in July 2014, 2015,
2016, 2017, showing a dramatic decline in seagrass cover after the die-off
event in 2015, and a partial recovery in 2016 and 2017.

Fig. 7. High water temperatures in June as the probable explanation for the die-off event during summer 2015, with (a) hourly water temperatures from
the National Buoy Data Center (Wachapreague station) between 01 June and 31 August 2012–2017. Blue: water temperatures below the 28�C thermal
tolerance threshold for eelgrass. Red: water temperature exceeding this threshold. Shaded: July and August. (b) Frequency of temperature observations
between 17�C and 34�C (at 1�C intervals) for June of each year: red and blue bins represent observations above and below 28�C, respectively. Reported
values represent the proportion of time temperatures exceeded this threshold during June of each year. (c) Resulting seagrass shoot densities in July of
each year. The water temperature record for summer 2018 was incomplete and therefore omitted from this analysis.
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2016–2018 (Fig. 8). The decline in seagrass density in 2015
was accompanied by a significant decline in the magnitudes
of R and GPP (Fig. 8). Mean summer R decreased by 48% from
−219 � 12 mmol O2 m−2 d−1 (mean � SE) in 2014 to
−115 � 11 mmol O2 m−2 d−1 in 2015 (p < 0.001; n = 16 and
10, respectively). Mean GPP declined by 55% from
197 � 22 mmol O2 m−2 d−1 in 2014 to 89 � 11 mmol O2 m−2

d−1 in 2015 (p < 0.001; n = 16 and 10, respectively). This
resulted in a slight decrease in NEM in 2015 and a shift in tro-
phic status from balanced during summer 2014 (mean
NEM = −22 � 10, p = 0.15, n = 16) to net heterotrophy during
summer 2015 (mean NEM = −26 � 15, p = 0.025, n = 10). In

the years following the die-off there was a slow, partial recov-
ery, as shown in the seagrass density and metabolism records
in Figs. 5, 8. Mean summer R did not change significantly after
its initial decrease in 2015. GPP, however, increased during
2016 and 2017, back to levels comparable to the mean GPP
during summer 2014 (p = 0.13). The net autotrophy during
summer 2017 (mean NEM = 32 � 11 mmol O2 m−2 d−1,
p = 0.02, n = 8) corresponded to an 83% increase in seagrass
shoot density following the die-off event. Seagrass shoot den-
sity in summer 2018 further represented a 69% increase from
summer 2017 and a >200% increase from summer 2015. How-
ever, mean shoot density in summer 2018 was still only ~60%
of that prior to the die-off event.

Annual oxygen balance in South Bay
The annual oxygen balance created from the entire 11-yr

record shows an average representative year of seagrass metab-
olism in South Bay (Fig. 9). Seagrass metabolism (R and GPP)
were mostly in balance throughout the year, although some
months were net autotrophic (e.g., November, NEM = 39 mmol
O2 m−2 d−1) or heterotrophic (e.g., August, NEM = −21 mmol
O2 m−2 d−1). The lowest rates of R and GPP occurred in the
winter (January mean R = −28 mmol O2 m−2 d−1 and mean
GPP = 11 mmol O2 m−2 d−1) and the highest occurred in the
summer (mean June R = −185 mmol O2 m−2 d−1 and mean
GPP = 182 mmol O2 m−2 d−1). This follows seasonal patterns
of seagrass shoot density in South Bay. A strong linear rela-
tionship (p < 0.001) was found between seagrass metabolism
and seagrass shoot density over the 11-yr period (Fig. 10),
where seagrass shoot density explained 75% and 69% of the
variability in monthly R and GPP, respectively.

The average annual R, GPP, and NEM for the 11-yr period
were 95.0, −94.0, and 1.0 mmol O2 m−2 d−1, which corre-
sponds to 0.36 mol of O2 produced (and therefore 0.36 mol of

Fig. 8. Time course of seagrass ecosystem metabolism over the seagrass
loss and partial recovery period in South Bay, plotted as daily respiration
(R) vs. gross primary production (GPP) for July and August 2011–2014
(green), 2015 (die-off event, red), and 2016–2017 (recovery, blue), in
comparison to R and GPP at a bare site (Rheuban et al. 2014a). Arrows
illustrate the time course of the die-off event.

Fig. 9. Annual oxygen budget in South Bay, constructed by integrating
over 11 yr of seasonal measurements of gross primary production (GPP,
green) and respiration (R, blue). Annual average GPP was 95.0 mmol O2

m−2 d−1 and annual average R was −94.0 mmol O2 m−2 d−1, resulting in
a net ecosystem metabolism (NEM) of 1.0 mmol O2 m

−2 d−1.

Fig. 10. Density as a driver of monthly seagrass gross primary produc-
tion (GPP, green) and respiration (R, blue). Lines are lines of fit
(p < 0.001). N = 29 monthly averages.
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CO2 sequestered) by 1 m2 of seagrass meadow per year. This
NEM value is negligible and indicates South Bay is in a bal-
anced metabolic state over the course of a year.

Discussion
This study synthesizes the most extensive data set to date

on seagrass metabolism, covering 115 full days derived from
high-quality in situ oxygen fluxes measured by aquatic eddy
covariance. The good agreement between hourly oxygen
fluxes and metabolic rates obtained during parallel deploy-
ments with two systems demonstrates the reproducibility of
our aquatic eddy covariance measurements and shows that
this technique integrates well over the spatial heterogeneity at
the site.

Over the 11-yr time span, our measurements captured a
wide range of environmental conditions and showed the
highly variable nature of seagrass metabolism from daily to
interannual timescales. It allowed us to accurately quantify
annual seagrass ecosystem metabolism from in situ measure-
ments and determine the trophic status of the meadow over
longer time scales than have been previously reported. The
meadow was metabolically balanced over the 11-yr period but
varied between metabolic balance, autotrophy, and heterotro-
phy on an interannual scale. Our long-term measurements
captured the resilience and recovery of the seagrass meadow
from a marine heat wave that caused widespread seagrass loss.
This caused a shift in trophic status to net heterotrophy dur-
ing the summer of the die-off, and later to net autotrophy dur-
ing the partial recovery in the following years. These results
provide insights into the potential responses of other temper-
ate systems where warming oceans may lead to increased
seagrass heat stress events.

Annual NEM
Our annual oxygen budget for the 11 yr of this study indi-

cates that seagrass metabolism in the South Bay meadow was
lower than that recorded in other Z. marina meadows (Fig. 9;
Table 3). Although it can be difficult to compare metabolic rates
from different studies due to methodological differences, on a
global scale most seagrass meadows tend to be net autotrophic
(global average NEM = 27 mmol O2 m

−2 d−1; Duarte et al. 2010).
This corresponds to a carbon uptake of 9.9 mol or 119 g m−2

annually (Table 3), which is considerably higher than our esti-
mated annual carbon sequestration rate for the South Bay
meadow (4.4 g C m−2 yr−1). Furthermore, our average R and
GPP values were about half the global averages reported for
seagrass meadows by Duarte et al. (2010) (Table 3), but still fell
within the range of values reported.

Several natural factors may contribute to our lower average
metabolic rates. First, South Bay is an oligotrophic environ-
ment, where nutrient limitation may result in lower seagrass
meadow metabolism. Second, our metabolic rates integrate over
a die-off and partial recovery event. Seagrass shoot density

between summer 2015 and 2018 ranged from ~5% to 60% of
its original value (Figs. 5c, 7c). Consequently, the range and
mean of R and GPP also decreased after the die-off event by a
factor of 1.6–1.9 relative to 2014 (Figs. 5, 8; Table 3). Metabolic
rates averaged over the period prior to the die-off event match
well those reported for the temperate sites and Z. marina
meadows in Duarte et al. (2010) (Table 3).

When comparing these metabolic rates, it is important to
note the difference in sampling techniques and the slight bias
towards the spring and summer months in Duarte et al.
(2010), which together accounted for 61% of the rates
reported for temperate seagrass meadows in that study. While
summer months have also been preferentially sampled in our
study, our annual budget (Fig. 9) weighs each month equally
and therefore takes into account monthly and seasonal varia-
tions in R and GPP throughout the year. For reference, a sim-
ple averaging of our 115 daily values of R and GPP would
have yielded rates that were on average 35% larger than those
obtained from our weighted annual budget.

In addition to sampling timing and frequency, the temporal
and spatial scales of measurement are expected to yield
different metabolic rates. For example, some studies estimate
seagrass metabolism from 24-h benthic chamber incubations
(e.g., Gazeau et al. 2004; Barrón and Duarte 2009; Apostolaki
et al. 2010), and others carry out short incubations (~1–4 h)
over midday or peak sunlight hours (e.g., Stutes et al. 2007;
Anton et al. 2009). Primary production is strongly driven by
light over hourly to diel timescales (e.g., Rheuban et al. 2014b;
Berg et al. 2019), and as illustrated in Fig. 2c. Such sampling
strategies may therefore lead to overestimates of production.
Measurements made at small spatial scales—either by measur-
ing individual leaf or shoot productivity, or over a small ben-
thic surface area (often <0.25 m2)—may result in inaccurate
estimates when scaled up to represent whole-ecosystem metab-
olism due to heterogeneous community composition or pro-
cesses such as self-shading that affect metabolism over larger
spatial scales (Pedersen et al. 2013). Most techniques for mea-
suring seagrass metabolism are also intrusive and alter natural
flow, light, and temperature conditions, which are known
drivers of seagrass metabolism (e.g., Koch et al. 2006; Lee et al.
2007; Rheuban et al. 2014b). In order to obtain more accurate
and comparable metabolic rates, it is therefore preferable to
conduct measurements frequently and under natural,
undisturbed environmental conditions.

The extensive amount of data we collected using the
aquatic eddy covariance technique—115 d over the past
decade—shows the highly variable nature of seagrass metabo-
lism. This variability would not be captured by many
approaches that have been used in the past. The variability
also indicates that infrequent measurements made to repre-
sent an entire month, season, or year, could lead to inaccurate
conclusions about trophic status. We found equal variability
across these timescales, and trophic status fluctuating between
autotrophy, metabolic balance, and heterotrophy (Figs. 4, 5).
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For example, seagrass metabolism in June 2014 varied
between −83 (heterotrophic) and 84 (autotrophic) mmol O2

m−2 d−1, but the average NEM over all nine 24-h records dur-
ing this time reflected metabolic balance (−22 mmol O2 m−2

d−1, not significantly different from zero). We show in Fig. 4
that the variability in paired R and GPP across all years during
the month of June was almost as high as the variability
expected across all seasons. Over the decade, our averaged
annual metabolic rates include periods of high and low
seagrass density, capturing variability that would not be
reflected in a 1-yr study. For context, this within-site variabil-
ity is as high as the variability observed between all temperate
sites over a broad geographic range reported in Duarte et al.
(2010) (Table 3). These examples illustrate that to accurately
estimate annual NEM, it is crucial to integrate measurements
that are made frequently enough over the targeted timescale
to capture the natural variability.

Seasonal variations in seagrass ecosystem metabolism
Our results showed a strong linear relationship between

seagrass ecosystem metabolism and seagrass shoot density
(Fig. 10). This suggests that seagrass is the main driver of benthic
ecosystem metabolism in South Bay. Throughout the 11-yr
record, seagrass density accounted for ~70% of the variability
between seasons in R and GPP. Seasonal differences in tempera-
ture and light additionally affect production and respiration
rates and are also reflected in seasonal biomass (e.g., Verhagenl
and Nienhuis 1983; Orth and Moore 1986; Moore et al. 1997).
Our long-term studies at this site show that biomass per shoot is
consistent over time throughout the bay, so density is a good
proxy for seagrass biomass (McGlathery et al. 2012). High
seagrass shoot density leads to higher GPP through increased pri-
mary producer biomass. It is also correlated with higher ecosys-
tem respiration through increased plant and microbial
respiration, the latter being fueled by oxygen and labile organic
matter released from seagrass leaves, roots, and rhizomes (Wetzel
and Penhale 1979; Frederiksen and Glud 2006). Dense seagrass

canopies also contribute indirectly to increased ecosystem respi-
ration by promoting organic matter deposition in seagrass sedi-
ment (Gacia et al. 2002; Hendriks et al. 2008; Fourqurean
et al. 2012).

This tight relationship explains why R and GPP over the
course of a year (Fig. 9) follow the temporal patterns in
seagrass biomass described for Z. marina populations in the
region by Orth and Moore (1986) and measured in the present
study. The highest rates of R and GPP occur in June and July,
which corresponds to peak standing crop biomass and den-
sity. The following decrease in seagrass metabolism reflects the
loss of leaves during the late-summer die-back, caused by high
water temperatures. The low standing stock then persists until
spring, with highest growth rates occurring during the late
spring and early summer. This explains the rapid increase in
R and GPP observed between April and June (Fig. 9).

We would expect to observe a period of net autotrophy
during the growing season, yet when we averaged all NEM
values between April and June, the system was in metabolic
balance (NEM = 0.08 mmol O2 m−2 d−1, p = 0.10, n = 60). This
observation has two possible explanations. First, the tight cor-
relation observed between R and GPP (Fig. 4a) shows that
when GPP increases, ecosystem R increases as well, indicating
fast internal cycling of carbon. Second, we propose that the
daily rate of CO2 uptake (measured by eddy covariance as O2

release) needed to accumulate biomass between minimum
and peak biomass is negligible. Specifically, we calculated a
rough estimate for the amount of carbon that needs to be
fixed per day to account for the seagrass biomass increase from
January (minimum biomass) to June (maximum biomass).
Biomass samples were collected in January and June 2015
according to the methods used by McGlathery et al. (2012).
The biomass accumulation over these 5 months (51 g DW
m−2) correspond to a carbon accumulation of 0.1 g C m−2 per
day, assuming carbon makes up 35% of seagrass biomass
(McGlathery 2007). This carbon accumulation only requires a
net uptake of 9.4 mmol CO2 m−2 d−1, which is negligible

Table 3. Minimum, maximum, and mean gross primary production (GPP), respiration (R), and net ecosystem metabolism (NEM) rates
(in mmol O2 m−2 d−1) from this study compared to rates reported by Duarte et al. (2010) for seagrass global, temperate, and Zostera
marina sites. Average, minimum, and maximum metabolic rates are also reported for our site prior to the die-off event (before June
2015) and after the die-off event (June 2015 to June 2018). Mean values are given in bold.

Sites References

GPP R NEM

Mean Max Min Mean Max Min Mean Max Min

Global Duarte et al. (2010) 225 1300 0.4 188 1050 0.6 27 532 −477
Temperate 166 795 5.9 130 606 12 34 532 −209
Zostera marina 179 452 15 176 366 31 8.4 185 −113
South Bay

All data This study 95 476 1.8 94 440 21 1.0 125 −146
Before die-off 135 476 29 137 440 20 −1.7 125 −146
After die-off 92 254 1.8 84 229 31 8.4 100 −98
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relative to our average R and GPP (Fig. 9), and explains why
NEM values remain close to 0 during the seagrass growth
period.

Carbon sink capacity
Quantifying the carbon retention capacity of seagrass

meadows based on NEM includes carbon uptake through pho-
tosynthesis and carbon release through respiration. While
these are balanced in South Bay over the 11-yr period (average
NEM = 1.0 mmol O2 m−2 d−1), carbon accumulation and
burial in the sediments also contribute to long-term carbon
retention (e.g., Greiner et al. 2013; Duarte 2017; Oreska et al.
2017). Most of the sediment carbon at our study site originates
from seagrass (40%) and benthic algal (50%) primary produc-
tion, with the remaining 10% originating from allochthonous
inputs of marsh grass (Oreska et al. 2018). The carbon sink
capacity of South Bay therefore mostly stems from its burial of
autochthonous OM. While carbon inputs and exports from
South Bay have not been fully quantified, it is still possible to
estimate the carbon budget for South Bay, which is illustrated
in Fig. 11. Given that on average R ≈ GPP, the net input of
carbon to the meadow (external input minus export) must be
equal to the rate of carbon burial in the sediment (Fig. 11).
This has previously been estimated at ~40 g C m−2 yr−1, or

3.1 mol C m−2 yr−1 (Greiner et al. 2013; Oreska et al. 2018),
which amounts to ~11% of our R and GPP values and further
indicates a fast internal cycling of carbon within the system
(Fig. 11).

Seagrass disturbance and resilience
This study has shown how the significant loss of primary

producer biomass in summer 2015 led to a large (~50%)
decrease in both R and GPP (Fig. 8), and ultimately a shift in
trophic status from balanced to net heterotrophic. This shift
was likely caused by two processes: the loss of aboveground
biomass, resulting in a decrease in photosynthesis and respira-
tion carried out by the seagrass; and stimulation of microbial
respiration by both increased organic matter inputs from the
dead tissue and resuspension of sediment organic matter. Par-
tial recovery from the die-off event also led to a shift in tro-
phic status, this time toward net autotrophy (NEM > 0 in
summer 2017), reflecting the increased production of seagrass
biomass relative to community respiration (Figs. 5, 6, 8).

Disturbance events, like the one we have observed, have
been shown to negatively affect sediment carbon storage
(e.g., Thorhaug et al. 2017; Arias-Ortiz et al. 2018; Trevathan-
tackett et al. 2018). The loss of seagrass biomass leads to
reduced carbon accumulation in the sediment due to lower

Fig. 11. Carbon budget for South Bay, with net inputs to the meadow (input−export, blue arrows) equal to burial (brown arrow), given that GPP ≈ R
(green arrows, subdivided into the contributions of heterotrophs, seagrass, microalgae, and macroalgae).
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rates of primary production and the loss of canopy-flow inter-
actions that promote sedimentation of particulate organic car-
bon. The loss of these interactions may further lead to
increased sediment erosion, which exposes previously buried
organic matter to oxic conditions and enhances its
remineralization (Marbá et al. 2015). This effect has been
observed in South Bay, where much of the carbon accumu-
lated over the 14 yr after its restoration was rapidly lost in pat-
ches where seagrass disappeared in 2015 (McGlathery et al.
2012). Studies have shown that such losses were followed by
an increase in CO2 emissions from seagrass meadows due to
organic matter remineralization (Pendleton et al. 2012; Arias-
Ortiz et al. 2018). Seagrass die-off events therefore induce loss
of carbon accumulated over long time scales, with the added
potential to create a positive climate feedback loop. This is
particularly problematic given the increased frequency of
coastal marine heatwaves in the past century (Oliver et al.
2018) causing seagrass die-off events around the world
(e.g., Marbá and Duarte 2010; Arias-Ortiz et al. 2018) and espe-
cially threatening seagrass meadows like South Bay that are
located at the edge of their thermal tolerance limits (Waycott
et al. 2009). The dramatic seagrass decline in South Bay in
response to prolonged heating during the growing season in
summer 2015 highlights the vulnerability of such meadows to
future climate scenarios.
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