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Abstract
Seagrasses are globally important ecosystems that can help mitigate climate change by sequestering carbon (C).

The net impact seagrass meadows have on the climate, however, also depends on methane (CH4) and nitrous oxide
(N2O) fluxes. By not accounting for CH4 and N2O fluxes, we may be overestimating or underestimating the true C
sequestration capacity of seagrasses. Yet, few observations of seagrass CH4 and N2O fluxes are available. Here, we
quantified summer, dark/light CH4 and N2O fluxes across the sediment–water interface from seagrass meadows
(Zostera marina) and adjacent nonvegetated sediments in two temperate bays with different environmental charac-
teristics. On two occasions, we also estimated system wide air-sea CH4 and N2O fluxes. We found the CH4 fluxes
across the sediment–water interface varied between the two sites with one site emitting CH4 from vegetated sedi-
ments and a net zero flux at the other site. N2O fluxes across the sediment–water interface were not different from
zero regardless of seagrass presence, although when we did measure a flux, there was more often a net uptake of
N2O. We estimated that both systems were small net sources of CH4 and N2O to the atmosphere; however, the sed-
iments are not likely the source of CH4 and N2O emitted to the atmosphere in the systems. Although the diffusive
fluxes measured here are lower than those reported in the literature, they are consistent with our current under-
standing of seagrass sediments being variable sources of CH4 and potentially a negligible source or sink of N2O.

Vegetated marine ecosystems help mitigate climate change
through long-term carbon (C) storage (McLeod et al. 2011; Love-
lock and Duarte 2019). Chief among these “blue carbon” systems
are seagrass meadows which store > 10 times more C per unit area
than temperate forests (McLeod et al. 2011). To date, most
research on C sequestration in seagrass ecosystems has focused on
carbon dioxide (CO2) uptake often ignoring two other greenhouse
gases (GHGs)—methane (CH4) and nitrous oxide (N2O) (McLeod
et al. 2011; Fourqurean et al. 2012; Tokoro et al. 2014). CH4 and
N2O are important because they have a sustained flux global

warming potential (SGWP) 96 and 250 times that of CO2, respec-
tively, on a 20-yr time scale (Neubauer and Megonigal 2015). By
neglecting CH4 andN2O, we are potentiallymiscalculating C bud-
gets for seagrass ecosystems.

Seagrass meadows are likely “hot spots” for both the pro-
duction and consumption of CH4 and N2O. On the one hand,
the high sediment organic matter content and low/no sedi-
ment oxygen concentrations are ideal conditions for CH4 and
N2O formation (Murray et al. 2015; Al-Haj and Fulweiler 2020;
Rosentreter et al. 2021a). For example, seagrass roots exude
oxygen and C, potentially stimulating N2O production via
nitrification and denitrification (Aoki and McGlathery 2018).
Being coastal systems, seagrasses are also often exposed to
high inorganic nitrogen loading which can stimulate N2O pro-
duction (Orth et al. 2006; Murray et al. 2015). In addition, the
shallow water column in seagrass meadows can allow CH4

and N2O to quickly escape to the atmosphere before being
oxidized or reduced (Gao et al. 2013; Egger et al. 2016).
Finally, the seagrass plants themselves may facilitate CH4 and
N2O transport from the sediment to the atmosphere (Kim
et al. 1999; Jørgensen et al. 2012; Jeffrey et al. 2019). On the
other hand, an oxic water column and the oxygenated
seagrass rhizosphere provide an opportunity for CH4 and N2O
uptake from the atmosphere (Deborde et al. 2010; Reading
et al. 2017). For example, CH4-oxidizing bacteria in the water
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column and seagrass rhizosphere and anaerobic CH4-oxidizing
archaea in the rhizosphere can take up more CH4 than
is being produced in some ecosystems (Gerard and
Chanton 1993; Schorn et al. 2022). N2O consumption can
occur via denitrification when other sources of dissolved inor-
ganic nitrogen (DIN) are low (Murray et al. 2015). Despite the
potential for these ecosystems to be important sources or sinks
of greenhouse gases, there is a paucity of data on CH4 and
N2O fluxes from seagrass meadows.

Filling this knowledge gap is important because increas-
ingly, seagrass ecosystems are valued in terms of their capacity
to mitigate climate change through “blue carbon” sequestra-
tion (Needelman et al. 2018; Macreadie et al. 2019). Yet,
depending on the sum and direction of CO2, CH4, and N2O
fluxes, a seagrass ecosystem may have a positive (warming) or
negative (cooling) radiative balance. Some studies report CH4

and N2O emissions from seagrass ecosystems which reduce or
partially offset, their “blue carbon” benefit (Garcias-Bonet and
Duarte 2017; Rosentreter et al. 2018). Here, we use “offset” to
mean a reduction of CO2 equivalent (CO2eq) C sequestration.
For example, if CO2eq emissions of CH4 and N2O are greater
than the C sequestered, the system will have net CO2eq emis-
sion, which will offset their blue carbon benefit and result in a
positive radiative forcing (Rosentreter et al. 2021a). Currently,
other vegetated coastal ecosystems (i.e., mangrove ecosystems)
are included in several countries’ Nationally Determined Con-
tributions, and C trading markets are being established around
their restoration and maintenance (Zeng et al. 2021). How-
ever, there is not enough information on CH4 and N2O emis-
sions from seagrass ecosystems to include seagrasses in these
frameworks.

It is within this context that we quantified CH4 and N2O
fluxes across the sediment–water interface in Zostera marina
(eelgrass) meadows in two coastal lagoons with different envi-
ronmental characteristics. We also estimated system-wide air–
sea fluxes of CH4 and N2O from each lagoon. In addition, we
measured a suite of environmental parameters that could help
explain CH4 and N2O fluxes from each system. We anticipated
the lagoons would be sources of CH4 and N2O to the atmo-
sphere. More specifically, we hypothesized that fluxes of CH4

and N2O across the sediment–water interface would be higher
from vegetated sediments when compared to bare sediments,
that organic matter content would be the primary driver of sed-
iment methane emissions from these systems, and that water
column DIN concentration would drive sediment N2O fluxes.

Methods
Site descriptions

This study was conducted in the U.S. National Park Service
Cape Cod National Seashore in East Harbor (42�3024.4200N,
70�7010.8400W) in Truro, Massachusetts and Pleasant Bay
(41�42033.9800N, 69�57043.9600W) in Chatham, MA (Permit #
CACO-2018-SCI-0001) (Fig. 1) between July and September

2018 (n = 1 sampling event per site) and 2019 (n = 2 sampling
events per site). All sampling occurred in Zostera marina (eel-
grass)-dominated sediments and nearby (>2 m separation)
nonvegetated sediments.

East Harbor is a 2.9-km2 back-barrier lagoon that was cut-
off from tidal flow from 1869 until 2002. In 2002, tidal flow
was partially restored to East Harbor through a 200-m long,
2.2-m diameter culvert (Portnoy et al. 2006). Z. marina is pre-
sent near the opening of the culvert (Portnoy et al. 2006) at
about 1 m depth. There are currently no published estimates
of Z. marina areal coverage in East Harbor. The lagoon has an
average depth of 1 m with a tidal range of <0.5 m. Salinity in
the lagoon ranges from 12 to 32 ppt and temperature ranges
from ~10 �C to ~30 �C during the summer months (Portnoy
et al. 2006). Water residence time in the lagoon is 133 d
(Watts et al. 2011).

Pleasant Bay is a 31.7-km2 coastal lagoon connected to the
Atlantic Ocean by two tidal inlets. It has a tidal range of 1.4–
1.6 m and an average depth of 2.0 m (Howes et al. 2006;
Borrelli 2009). Salinity ranges from 29 to 31 ppt while summer
water temperatures range from 12 �C to 25 �C (Legare
et al. 2020). Pleasant Bay contains approximately 7.3 km2 of
Z. marina (Howes et al. 2006). Although there are natural gas
deposits in Pleasant Bay, they are limited to the deeper parts
of the Bay away from the shallow <2.0 m depth seagrass eco-
systems where we sampled (Borrelli et al. 2020).

Greenhouse gas fluxes across the sediment–water interface
To compare fluxes of CH4 and N2O across the sediment–

water interface between sites, we measured fluxes in represen-
tative stands of vegetation (n = 3) and in nonvegetated
(n = 3) sediments using static chambers (collar: 20 cm diame-
ter, 5 cm depth; plexiglass cylinder 20 cm diameter, 31.1 cm
height) (Emery and Fulweiler 2014). Chambers (full descrip-
tion in Supporting Information Section S1; Figs. S1, S2) were
covered with jackets of opaque fabric for dark incubations and
the jackets were removed for light incubations. Sampling loca-
tions were chosen haphazardly but were separated by a mini-
mum of ~ 2 m. Due to logistical constraints, nonvegetated
and vegetated sediments were not sampled on the same day
but were sampled on consecutive days.

We sampled the chambers immediately after sealing and at
four additional time points over 80–160 min for a dark incu-
bation with the jacket on the chamber to allow O2 concentra-
tions within the chamber to drop by at least 2 mg L�1. We
then began the light incubation by removing the jacket and
sampling immediately and again at four additional time
points over an additional 80–160 min. We collected duplicate
water samples for CH4 and N2O concentration in 12-mL
exetainer vials (Labco Exetainers®). Vials were filled from the
bottom up and were allowed to overflow three times before
being preserved with 25 μL of saturated zinc chloride (ZnCl)
solution (Ray et al. 2019). Vials were capped and stored under-
water at 20�C until analysis.
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We measured dissolved oxygen (DO) concentration, salin-
ity, and temperature of the chamber water at each time point
using a Hach LDO101 DO sensor and a Hach CDC401 con-
ductivity sensor. HOBO Pendant(R) light and temperature log-
gers recorded at one-minute intervals in each chamber for the
duration of the incubation. We also collected initial and final
dissolved nutrient (dissolved inorganic phosphorous [DIP],
ammonium [NHþ

4 ], nitrite [NO�
2 ], and nitrate [NO�

3 ]) samples.
Water samples were filtered in the field using a GFF filter
(0.7 μm pore size) and polypropylene syringe and were stored
in an acid-washed, deionized water leached polypropylene
bottle at the beginning of the dark incubation, between the
dark and light incubations, and at the end of the light incuba-
tion. Nutrient samples were stored on ice in the field and then
at �20�C until analysis.

After each incubation was completed, we counted and col-
lected Z. marina biomass from within each collar. Before
removing the collar from vegetated and nonvegetated sedi-
ments, cut-off 60-cc syringes were used to collect surface
(0–4 cm) sediment. Sediment subcores were sectioned into
1 cm increments for %C, %N, and C:N. Sections were stored
on ice in the field and at �20 �C until analysis.

Diffusive greenhouse gas fluxes across the air–sea interface
We estimated diffusive air–sea CH4 and N2O fluxes from

East Harbor and Pleasant Bay on two occasions each during
Julyto September 2019 using the discreet sampling method

(Rhee et al. 2009). Briefly, we collected duplicate water sam-
ples (in 12-mL Labco Exetainers) from the water surface and
duplicate air samples from ~1 m above the water surface every
hour for 6–9 h between the hours of 9:00 EST and 17:00 EST.
We collected 25 mL of air with a 60-cc polypropylene syringe
for each gas sample and transferred the gas into an evacuated
12-mL exetainer through a 25-G needle. Water samples were
stored and preserved in the same manner as sediment–water
interface flux samples, and gas samples were stored at 4 �C
until analysis. Although we collected these samples within the
Z. marina meadows, we consider them to be representative of
the diffusive air–sea flux for the entire system (i.e., influenced
by seagrass and bare sediment) as these are open system mea-
surements with tidal water transport.

Sample analysis and flux determination
Greenhouse gas sample analysis

We quantified CH4 and N2O concentrations in each water
sample using a headspace equilibration technique with the
headspace then analyzed on a GC-2014 gas chromatograph
(Shimadzu) (Ray et al. 2019) (full description in Supporting
Information Section S2).

We determined concentrations of CH4 and N2O by com-
paring sample peak area to a standard curve calculated from
the peak area of six different concentrations of an externally
mixed standard (Airgas; Supporting Information Section S3).
The amount of gas in the headspace was calculated using the

Fig. 1. Map of sampling locations on Cape Cod, Massachusetts, USA. (A) Map of Southeastern Massachusetts, USA with East Harbor (green) and
Pleasant Bay (purple) highlighted by colored circles. (B) Map of East Harbor with sampling location depicted by green circle. (C) Map of Pleasant
Bay with sampling location depicted by purple circle.
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ideal gas law, the amount of dissolved gas was determined
using Henry’s law, and the solubility coefficients determined
by the equations and constants for CH4 (Wiesenburg and
Guinasso 1979) and N2O (Weiss and Price 1980).

Equilibrium solubility and % saturation
Equilibrium solubilities for CH4 and N2O surface water

samples were determined using methods from Wiesenburg
and Guinasso (1979) and Weiss and Price (1980), respectively
(Supporting Information Section S4).

Percent saturation (% sat) of each gas in the water column
was calculated as the ratio of observed concentration (Cobs) to
equilibrium concentration (Ceq) (Tseng et al. 2016):

%sat¼ Cobs=Ceq
� ��100: ð1Þ

Flux calculations
Fluxes across the sediment–water interface were determined

as the linear change in concentration of CH4 or N2O over time
accounting for chamber volume and area. For a flux to be con-
sidered significant, R2 ≥ 0.65 and p ≤ 0.10. If these criteria were
not met, we considered that no flux was observed, and a value
of 0 was assigned (Ray et al. 2019).

Diffusive air–sea fluxes were estimated using the disequilib-
rium flux equation (Liss and Merlivat 1986; Weber
et al. 2019). The disequilibrium flux was calculated as the
change in concentration between surface water concentration
and atmospheric equilibrium concentration:

F¼ k Cw� S�pmoist

� �� �
, ð2Þ

where F is the flux (μmol m�2 h�1), k is the gas transfer veloc-
ity (cm hr�1), Cw is the concentration of the gas in water
(μmol L�1), S is the solubility of the gas at the temperature
and salinity of the measurement (μmol L�1), and pmoist is
the partial pressure of the gas in moist air (mol of gas/mol
dry air) (Wiesenburg and Guinasso 1979; Weiss and
Price 1980; Weber et al. 2019). Because we do not have sys-
tem specific gas transfer velocity equations, we used the
average gas transfer velocity calculated from five equations
commonly used in coastal ecosystems (Supporting Informa-
tion Table S2). Gas transfer velocity (k) is commonly calcu-
lated as a function of wind speed (Clark et al. 1995; Carini
et al. 1996; Jiang et al. 2008; Wanninkhof 2014) with others
adding terms for current velocity and depth in shallow
coastal systems (Borges et al. 2004; Rosentreter et al. 2017).
We did not measure water velocity in our basins, so we only
used gas transfer velocity calculations that are a function of
wind speed. Average daily wind speed during the sampling
period was obtained from the nearest NOAA meteorological
station to each site (Pleasant Bay: Chatham Airport
USW00094624, 3.5 km from site; East Harbor: Sta. 44018,
17 km from site). Wind speeds were recalculated to a height
of 10 m (U10) using the equation provided in Amorocho
and DeVries (1980):

Uz ¼U10 1� C10ð Þ1=2
κ

ln
10
z

� �" #

, ð3Þ

where C10 is the surface drag coefficient for wind at 10 m
(0.0013), κ is the Van Karman constant (0.41), and z is the
height the wind speed was measured at above the water

Table 1. Overview of site characteristics for vegetated and non-vegetated sediments of East Harbor and Pleasant Bay. Mean (� SE)
seagrass density, LAI, and NPI (% leaf N/area normalized leaf mass), surface (top ~ 10 cm) water column salinity, and nutrient concen-
trations (NHþ

4 , NO�
2 , NO�

3 +NO�
2 : NOx, DIN, and DIP), and sediment surface (top 0–1 cm depth) %N, %C, and C : N from one sam-

pling date for each site during summer 2018 and two sampling dates for each site during summer 2019. Superscripts of differing letters
indicate statistically different (least square means, p<0.05) values between sites and vegetated and nonvegetated sediments.

East Harbor Pleasant Bay

Eelgrass Non-vegetated Eelgrass Non-vegetated

Seagrass Density (shoots m�2) 305.9 (� 34.9)a 0.0 (� 0.0)b 410.3 (� 48.2)a 0.0 (� 0.0)b

LAI (m2 m�2) 0.0084 (� 0.0013)a 0.0 (� 0.0)b 0.0072 (� 0.0014)a 0.0 (� 0.0)b

NPI (%N/mg dry leaf mass cm-2) 0.65 (� 0.23)a — 1.15 (� 0.27)a —

Water column Salinity (ppt) 25.6 (� 0.5)a 25.9 (� 0.4)a 32.4 (� 0.1)b 32.6 (� 0.1)b

NHþ
4 (μM) 0.74 (� 0.18)a 0.99 (� 0.14)a 3.52 (� 0.73)b 2.02 (� 0.19)ab

NO�
2 (μM) 0.04 (� 0.005)a 0.04 (� 0.005)a 0.04 (� 0.007)a 0.05 (� 0.005)a

NOx (μM) 0.13 (� 0.031)ac 0.11 (� 0.011)a 0.21 (� 0.033)bc 0.24 (� 0.013)b

DIN (μM) 0.90 (� 0.211)a 1.01 (� 0.158)a 3.77 (� 0.754)b 2.05 (� 0.250)a

DIP (μM) 0.38 (� 0.036)a 0.45 (� 0.023)a 1.07 (� 0.137)b 0.76 (� 0.029)c

Sediment N (%) 0.039 (� 0.005)a 0.043 (� 0.003)a 0.092 (� 0.009)b 0.036 (� 0.005)a

C (%) 0.448 (� 0.071)ac 0.728 (� 0.081)ab 0.902 (� 0.118)b 0.373 (� 0.031)c

C : N 13.28 (� 0.59)a 20.18 (� 2.30)b 11.14 (� 0.60)a 13.37 (� 1.27)a
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surface (m) (Rosentreter et al. 2017). We normalized k to a
Schmidt number (Sc) as a function of temperature and salinity
for each gas using the equations provided in Wan-
ninkhof (2014).

k¼0:251<U2 >
Sc
X

� ��0:5

, ð4Þ

where U is the wind speed, Sc is the Schmidt number calcu-
lated as a function of temperature and salinity for each gas,
X is the Schmidt number of each gas in seawater at 20�C as
reported in Wanninkhof (2014), and �0.5 is the Schmidt
exponent.

Daily sediment–water interface fluxes were calculated by
multiplying dark and light fluxes by 12 h d�1. Then the sum
of 12 h dark and light fluxes were calculated. Daily air–sea
interface fluxes were calculated by multiplying hourly air–sea
fluxes by 24 h d�1.

Nutrient analyses
Dissolved inorganic nutrient (DIP, NHþ

4 , NO�
2 , and NO�

3 )
concentrations were determined via digital colorimetry on a
SEAL Auto-Analyzer 3 using standard techniques (Strickland
and Parsons 1968) with method detection limits of 0.010,
0.080, 0.006, and 0.013 μM, respectively.

Sediment characteristics
Sediment subsections were homogenized and dried at 60�C

for at least 48 h before being ground. %C and %N content per
gram of dried sediment was determined on an Elemental
Combustion System 4010 (Costech Analytical Technologies)
elemental analyzer.

Plant morphometrics and biogeochemistry
To characterize each seagrass meadow, we determined

seagrass density, biomass, leaf area index (LAI), and nutrient
pollution indicator (NPI). Seagrass density at each sampling
location was determined by counting the number of ramets
within each chamber base area. Biomass was collected by trim-
ming the seagrass at the sediment surface at the end of the
incubation. Shoots were stored at 3�C until leaves were sepa-
rated from sheaths and leaf length and width were measured.
Biomass was determined by drying the leaves and collected
sheaths at 60�C for a minimum of 48 h, weighing, and nor-
malizing over chamber base area.

LAI was calculated using the following equation:

LAI¼ l�w, ð5Þ

where l is the length of the seagrass blade and w is the width
of the seagrass blade. NPI was calculated as the ratio of leaf %
N to area normalized leaf mass where leaf %N was determined
via elemental analysis (Lee et al. 2004). T
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Statistical analyses
All statistical analyses were performed using R version

4.0.3. Results of statistical tests were considered significant
when p < 0.05. We tested whether CH4 and N2O fluxes across
the sediment–water interface were different between seagrass
sites and bare sediments using a mixed model approach.
Because the gas flux data are zero-inflated, we modeled our
zeros using a zero-adjusted gamma modification to the classic
hurdle model (Zuur and Ieno 2016). Briefly, we performed a
Gamma log-link generalized linear model (GLM) on the non-
zero data using location, vegetation presence, light treatment,
month, and year as fixed effects. We then performed a
Bernoulli GLM to identify the chance that a data point is not
zero. We subsequently combined the models, calculated Pear-
son residuals, and combined modeled zeros with the nonzero
flux data into one data frame. We then determined the distri-
bution of these data using the fitdistrplus package (Delignette-
Muller and Dutang 2015). We found that CH4 and N2O data
best fit a normal distribution.

We tested whether mean sediment–water interface and air–
sea fluxes of CH4 and N2O from each site, vegetation treat-
ment, and light treatment were significantly different from
zero using a one-sample t-test.

We determined if predictor variables were correlated
(Supporting Information Table S3) and chose noncorrelated
predictor variables to use in the model. We then generated
multiple generalized linear models using the lme4 package
(Bates et al. 2015; Ray et al. 2019). The presence or absence
of seagrass, location, and light treatment were treated as
fixed effects in the models along with other noncorrelated
predictor variables (e.g., O2 flux, salinity, LAI; Supporting
Information Tables S4–S6). A total of 125 models were con-
structed for fluxes of each gas. We used Akaike information
criterion (AIC) to select the best models (Bozdogan 1987)
and then compared the top two models using likelihood
ratio tests with the lrtest function in the lmtest package
(Hothorn et al. 2020; Supporitng Information Table S4).

When the top two models were not significantly different,
we chose to use the simpler model (Supporting Information
Tables S5, S6).

Differences between sites, vegetation treatment, and light
treatment were determined using a least square means test on
sediment and water column characteristics.

Results
Site characterization

Water column salinity, NHþ
4 , NOx, DIN, and DIP concentra-

tions differed significantly between sites with higher salinity
and nutrient concentrations in Pleasant Bay (Table 1). How-
ever, there was no statistical difference among seagrass den-
sity, LAI, or NPI between sites (Table 1). Sediment
characteristics differed between sites and with eelgrass pres-
ence, though not in a consistent pattern (Table 1).

Greenhouse gas concentrations and fluxes
Recent work on CH4 concentrations in Boston (approxi-

mately 90 km west of the study site) reported peak CH4 con-
centrations of 2.6 ppm (Sargent et al. 2021). 20% of East
Harbor atmospheric gas samples and 2% of Pleasant Bay atmo-
spheric gas samples had CH4 concentrations greater than this
peak concentration. Although the data we report here met all
QA/QC criteria and we have no reason to suspect that the
concentrations are incorrect, we decided to take a conservative
approach and remove values exceeding 2.6 ppm from down-
stream analysis for the air–sea flux calculation. We do, how-
ever, include the full dataset analysis in Supporting
Information Table S1, and all data are available via Figshare
(doi: 10.6084/m9.figshare.20079470).

Atmospheric CH4 concentrations were highest on 16 July
2019 in East Harbor and lowest during September 2019 sam-
pling dates in Pleasant Bay (F6,36 = 3.21, R2 = 0.24, p = 0.01),
while atmospheric N2O concentrations were similar across
sites and dates (F6,37 = 1.09, R2 = 0.01, p = 0.39) (Table 2).

Table 3. Fluxes (mean � SE) of methane (CH4) and nitrous oxide (N2O) from eelgrass vegetated and non-vegetated sediments in East
Harbor and Pleasant Bay. Fluxes across the sediment–water interface are the mean of measurements from summer 2018 and 2019. Air–
sea fluxes are from summer 2019. Letters indicate statistically significant (least square means, p < 0.05) differences between sites, vege-
tated and non-vegetated sediments, and light treatment. Italicized fluxes are not significantly different from zero.

Sediment–water interface flux (μmol m�2 h�1) Whole system air–sea flux (μmol m�2 h�1)

Location Vegetation Light CH4 N2O CH4 N2O

East Harbor Eelgrass Light 0.75 (� 0.44)ab �0.02 (� 0.02)a 4.48 (� 0.59)a 0.40 (� 0.03)a

Dark 0.55 (� 0.50)ab �0.02 (� 0.01)a

Non-vegetated Light 0.91 (� 0.44)ab �0.01 (� 0.01)a

Dark 0.31 (� 0.16)ab �0.00 (� 0.00)a

Pleasant Bay Eelgrass Light 2.21 (� 0.92)bc �0.02 (� 0.07)a 4.74 (� 0.20)a 0.22 (� 0.02)b

Dark 3.90 (� 0.82)c 0.04 (� 0.05)a

Non-vegetated Light �0.17 (� 0.31)a 0.00 (� 0.00)a

Dark �0.28 (� 0.18)a �0.03 (� 0.02)a
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Surface water CH4 and N2O concentrations were supersatu-
rated in both basins but were variable across sites and dates
with significantly lower CH4 concentrations in East Harbor
during late August 2019 (F6,37 = 16.03, R2 = 0.67, p < 0.0001)
and significantly lower concentrations of N2O in both basins
during late August and early September (F6,37 = 18.51,
R2 = 0.71, p < 0.0001; Table 2).

Fluxes of CH4 and N2O across the sediment–water interface
were highly variable and zero-inflated. CH4 fluxes ranged from
�2.52 to 7.38 μmol m�2 h�1 with 51% of the CH4 flux

measurements exhibiting a net zero flux. N2O fluxes ranged
from �0.42 to 0.41 μmol m�2 h�1 with 84% of the N2O flux
measurements exhibiting a net zero flux.

On average, sediment–water interface fluxes of CH4 and
N2O were not significantly different from zero except for
vegetated sediments in Pleasant Bay which were the only
sediments to exhibit mean fluxes that were significantly dif-
ferent from zero (light: t7 = 2.41, p = 0.047; dark: t8 = 4.73,
p < 0.005) (Table 3; Supporting Information Table S7). CH4

was emitted into the water column from vegetated sedi-
ments in Pleasant Bay (Fig. 2A). There was no difference in
CH4 flux across the sediment–water interface for light and
dark treatments within Pleasant Bay or East Harbor
(t33 = 1.02, p = 0.32; t31 = �1.03, p = 0.31, respectively)
(Supporting Information Table S9) nor between the two
sites (t66 = �1.62, p = 0.11) (Table 3; Supporting Informa-
tion Table S11).

Estimated diffusive air-sea fluxes of CH4 and N2O were
significantly different from zero although relatively low in
both systems. Diffusive air–sea flux of CH4 did not differ
between locations with both sites acting as a source of CH4

to the atmosphere (F1,41 = 0.42, p = 0.52) (Table 3). Esti-
mated diffusive air–sea fluxes of N2O were higher in East
Harbor than in Pleasant Bay with both systems acting as

Fig. 3. Fluxes of methane (CH4) across the sediment–water interface as a
function of %C in the surface (top 0–1 cm) of sediment from eelgrass veg-
etated (filled points) and nonvegetated (open points) sediments in East
Harbor (green) and Pleasant Bay (purple) over light (square) and dark (cir-
cle) incubations. Positive fluxes indicate emission into the water column
while negative fluxes indicate uptake by the sediment. The solid line indi-
cates the relationship between CH4 flux and %C in vegetated sediments
(y = 4.18x – 0.63, R2 = 0.45, p < 0.0005). There is no relationship
between CH4 flux and %C in nonvegetated sediments (dotted line,
R2 = 0.02, p = 0.23).

Fig. 2. Fluxes of methane (CH4) (A) and nitrous oxide (N2O) across the
sediment–water interface (B) from eelgrass vegetated and non-vegetated
sediments in East Harbor (green) and Pleasant Bay (purple) over light
(square) and dark (circle) incubations. Positive fluxes indicate emission
into the water column while negative fluxes indicate uptake by the sedi-
ment. Lower-case letters indicate significant differences (p ≤ 0.05) across
both vegetation treatment and site following least-square means test.
There were no significant differences across site and vegetation treatment
for N2O fluxes. Individual points represent flux measurements.
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small sources of atmospheric N2O (F1,42 = 27.09,
p < 0.0001; Table 3).

Drivers of greenhouse gas fluxes across the sediment–water
interface

CH4 fluxes across the sediment–water interface were best
explained by presence or absence of seagrass and %C in the
top 0–1 cm of sediment (Fig. 3; Supporting Information
Tables S4, S5). Specifically, in vegetated sediments there was a
positive relationship between CH4 flux across the sediment–
water interface and %C in the top 0–1 cm of sediment. There

was no relationship between CH4 flux across the sediment–
water interface and %C in the top 0–1 cm of sediment for
nonvegetated sediments. The environmental variables we
measured did not explain N2O fluxes (Supporting Information
Tables S4, S6).

Discussion
CH4 and N2O fluxes across the sediment–water interface

Here, we show that CH4 fluxes from Z. marina meadows in
two temperate ecosystems were variable and that N2O fluxes,

Table 4. Mean fluxes of methane (CH4) and nitrous oxide (N2O) across the air–sea or sediment–water column (sed-wc) interface in
seagrass vegetated sediments from previously published studies. Diffusive fluxes are dissolved gas fluxes while ebullitive fluxes are bubble
fluxes. The bottom two rows are the mean (� SE) sediment–water column interface and air–sea fluxes. The mean sediment–water col-
umn interface and air–sea fluxes (final two rows) represent an average of the sediment–water column interface and air–sea fluxes from
the previously published studies and this study.

Site Species Flux type
CH4 flux

(μmol m�2 d�1)
N2O flux

(μmol m�2 d�1) Citation

Ria Formosa Lagoon, Portugal Zostera noltii Air–sea diffusive 307.2 Bahlmann et al. (2015)

Chilika Lagoon, India Halodule-Halophila spp. Air–sea diffusive 120.0 Banerjee et al. (2018)

Arcachon Lagoon, France Zostera marina Air–sea diffusive 294.0 Deborde et al. (2010)

Chwaka Bay, Tanzania Thalassia hemprichii Air–sea diffusive 74.7 Lyimo et al. (2018)

Red Sea, Saudi Arabia Halophila stipulacea Air–sea diffusive 60.2 Burkholz et al. (2020)

Wallagoot, Australia Ruppia megacarpa Air–sea diffusive 33.8 �0.9 Camillini (2020)

East Harbor, Massachusetts Zostera marina Air–sea diffusive 107.5 9.6 This study

Pleasant Bay, Massachusetts Zostera marina Air–sea diffusive 113.8 5.3 This study

Awerange Bay, Indonesia Enhalus acoroides Sed–wc diffusive 95.7 Alongi et al. (2008)

Florida, USA Thalassia testudinum Sed–wc diffusive 135.9 Barber and Carlson (1993)

Arcachon Lagoon, France Zostera marina Sed–wc diffusive 48.8 Deborde et al. (2010)

Red Sea, Saudi Arabia Halodule uninervis Sed–wc diffusive 48.2 Garcias-Bonet and Duarte (2017)

Red Sea, Saudi Arabia Cymodocea and

Halodule spp.

Sed–wc diffusive 401.3 Garcias-Bonet and Duarte (2017)

Red Sea, Saudi Arabia Enhalus acoroides Sed–wc diffusive 96.2 Garcias-Bonet and Duarte (2017)

Red Sea, Saudi Arabia Thalassodendron ciliatum Sed–wc diffusive 3.2 Garcias-Bonet and Duarte (2017)

Red Sea, Saudi Arabia Halophila decipiens Sed–wc diffusive 1.4 Garcias-Bonet and Duarte (2017)

Red Sea, Saudi Arabia Thalassia hemprichii Sed–wc diffusive 6.5 Garcias-Bonet and Duarte (2017)

Red Sea, Saudi Arabia Halophila and

Halodule spp.

Sed–wc diffusive 61.0 Garcias-Bonet and Duarte (2017)

Florida, USA Thalassia testudinum Sed–wc diffusive 44.0 Oremland (1975)

Bimini, Bahamas Syringodium filiforme Sed–wc diffusive 5.8 Oremland (1975)

South Bay, Virginia Zostera marina Sed–wc ebullitive 136.7 3.7 Oreska et al. (2020)

Tomales Bay, California Zostera marina Sed–wc diffusive 35.8 Sansone et al. (1998)

Wallis Lake (Australia) Halophila ovalis Sed–wc diffusive 45.4 0.3 Camillini (2020)

Wallis Lake (Australia) Posidonia australia Sed–wc diffusive 279.3 �0.6 Camillini (2020)

Wallis Lake (Australia) Zostera muelleri Sed–wc diffusive 46.0 �1.2 Camillini (2020)

Moreton Bay, Australia Zostera muelleri Sed–wc diffusive 10.9 Moriarty et al. (1985)

East Harbor, Massachusetts Zostera marina Sed–wc diffusive 0.0 0.0 This study

Pleasant Bay, Massachusetts Zostera marina Sed–wc diffusive 73.3 0.0 This study

Mean (� SE) Air–sea 138.9 (� 34.4) 4.7 (� 2.5)

Sed–wc 78.8 (� 22.5) 0.4 (� 0.6)
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at least when we sampled, were negligible. As we hypothe-
sized, CH4 fluxes across the sediment–water interface were
higher from Z. marina meadows in Pleasant Bay (Fig. 2A).
In contrast, there was no significant difference in CH4 flux
from East Harbor between seagrass and nonvegetated sedi-
ments. The results from East Harbor were different from previ-
ous studies on Z. marina as well as from other seagrass species
where it has been consistently shown that vegetated sedi-
ments have higher CH4 fluxes (Table 4).

One reason for the differences in CH4 emissions between
the two Z. marina systems studied here could be due to
organic matter quantity and quality. Previous studies in wet-
land ecosystems have found positive correlations between
organic matter content and quality and CH4 emissions (man-
grove: Harttung et al. 2021; Konnerup et al. 2014, freshwater:
Grasset et al. 2021). For example, soil organic matter content
was a strong predictor of CH4 emissions across three saltmarsh
to mangrove transition zones in Florida, USA (Harttung
et al. 2021). Methane emission and organic matter content
were also highly positively correlated (r = 0.75) in the restored
mangrove forests of Ciénaga Grande de Santa Marta,
Colombia (Konnerup et al. 2014), and for inland waters, CH4

production can be predicted by organic matter content and
quality (Grasset et al. 2021). Here, we found that higher sedi-
ment carbon content was positively correlated (p < 0.0005)
with CH4 flux across the sediment–water interface in vege-
tated sediments (Fig. 3). We also looked at the sediment C:N
content, as a proxy for organic matter lability (i.e., high C:N
suggests recalcitrant organic matter, low C:N suggests labile
organic matter). Again, for the vegetated sediments we found
that higher sediment C:N was predictive of higher CH4 flux
across the sediment–water interface; sediment C:N was not
predictive of CH4 flux across the sediment–water interface
from nonvegetated sites (Fig. 3). Together these relationships

suggests that less labile organic matter is driving CH4 emis-
sions in vegetated areas. Alternatively, the relationship may
suggest that the abundance of organic matter associated with
seagrass sediments provides enough substrate for
methanogenesis to occur, leaving less labile organic material
in the sediments (Trevathan-Tackett et al. 2018). Seagrasses
produce many N-containing methylated compounds (Schorn
et al. 2022) which could also serve as substrates for CH4 pro-
duction in areas with lower C:N ratios, as in Pleasant Bay. In
contrast, nonvegetated sediments may not have a consistent
source of labile organic material for methane production;
however, methane consumption can still occur in these sedi-
ments due to the high concentrations of CH4 in the water col-
umn. Regardless, data from this study and those previously
published suggest that sediment C:N and/or %C may be an
important predictor variable for CH4 fluxes.

Substrate availability and competition for substrates for
methanogenesis drive CH4 source and sink dynamics in
coastal ecosystems. For example, CH4 fluxes in tidal marshes
are driven by the competition between sulfate reducers and
methanogens (Poffenbarger et al. 2011). Similar to other stud-
ies in seagrass ecosystems (Garcias-Bonet and Duarte 2017;
Al-Haj and Fulweiler 2020), we found no pattern between CH4

emissions and salinity, further demonstrating that the nega-
tive relationship between CH4 emission and salinity observed
for tidal marshes (Poffenbarger et al. 2011) does not hold in
seagrass ecosystems. Although CH4 fluxes in saline tidal
marshes are driven by competition between sulfate-reducing
bacteria and hydrogenotrophic and acetoclastic methanogens
(DeLaune et al. 1983; Bartlett et al. 1987), different mecha-
nisms must control CH4 production in seagrass ecosystems.
For seagrass ecosystems, methane emission may occur because
there is either enough organic matter in the system to meet
the demands of sulfate-reducing bacteria allowing

Fig. 4. Methane (CH4) (A) and nitrous oxide (N2O) (B) fluxes across the air-sea interface from East Harbor (green) and Pleasant Bay (purple). Positive
fluxes indicate emission into the atmosphere. Lower-case letters indicate significant differences (p ≤ 0.05) between sites following least-square means test.
There were no significant differences between sites for CH4 fluxes. Individual points represent flux measurements.
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hydrogenotrophic and acetoclastic methanogens access to
organic material to produce CH4 or a noncompetitive form of
methanogenesis (methylotrophic methanogenesis or aerobic
methane production) is occurring in these systems
(Reeburgh 2007). A recent study comparing methanogenic
communities in trimethylamine amended Z. marina vegetated
and nonvegetated sediments found that methane emissions
increased with amendment and that there was a higher abun-
dance of methylotrophic methanogens in vegetated sediments
(Zheng et al. 2020). Recent studies from unvegetated coastal
sediments also suggest methylotrophic methanogenesis domi-
nates (Zhuang et al. 2018; Yuan et al. 2019).

We hypothesized that N2O emissions would be higher in
vegetated sediments compared to nonvegetated sediments.
However, we found no difference in N2O emissions between
eelgrass vegetated and nonvegetated sediments at either site,
and the average net sediment–water interface N2O fluxes did
not differ from zero. The results differ from other studies on
Z. marina, which found vegetated areas either emit or take up
N2O (Camillini 2020; Oreska et al. 2020) (Table 4).

One reason for the difference between Oreska et al. (2020)
and our study could be due to differences in methods.
Although we and Camillini (2020) measured diffusive N2O
flux across the sediment–water interface, Oreska et al. (2020)
measured ebullitive flux. In other systems (e.g., streams, reser-
voirs, peatlands), ebullitive fluxes of N2O are lower than diffu-
sive fluxes (Sturm et al. 2014; Descloux et al. 2017). Oreska
et al. (2020); however, report ebullitive fluxes more than
10 times higher than the diffusive fluxes we observed and
those reported in Camillini (2020). Part of the ebullitive flux
Oreska et al. (2020) detected may have been due to flux
through the eelgrass itself. Plant-mediated fluxes of N2O have
been shown to be important in other vegetated systems. For
example, in rice paddy ecosystems, up to 80% of N2O emis-
sions are plant mediated (Yu et al. 1997). Because Z. marina is
predominantly submerged, plant-mediated flux of gases would
take the form of bubbles and become part of the ebullitive flux
(Long et al. 2020), suggesting that plant-mediated flux may be
an important pathway for N2O emission in seagrass ecosys-
tems and may have the potential to change systems from a
sink to a source of N2O.

Because the N2O fluxes across the sediment–water interface
were so low in our system, we were unable to determine what
drives these fluxes. Vegetation presence was not present in the
best sediment–water interface N2O model (Supporting Infor-
mation Table S3). Other studies found that vegetation pres-
ence and vegetation type significantly impacted N2O
emissions (Murray et al. 2015; Gao et al. 2019; Yang
et al. 2020). Other common drivers of N2O emission (i.e.,
NHþ

4 , O2 concentrations, and temperature) were present in the
best model, however, this model was not statistically signifi-
cant (Supporting Information Table S2). There is no other evi-
dence from seagrass ecosystems that there is a pattern
between DIN or O2 concentrations and N2O flux, unlike in

mangrove, salt marsh, and nonvegetated estuarine systems
(Murray et al. 2015). Another seagrass study found seasonality
in N2O fluxes with higher fluxes in spring than summer or
fall, suggesting some temperature dependence of N2O fluxes
in seagrass ecosystems (Oreska et al. 2020). However,
Camillini (2020) suggests that the N2O uptake in seagrass sys-
tems is due to denitrifiers scavenging N2O under stable oxic
conditions and emission is due to variable oxic conditions
stimulating incomplete nitrification.

The zero inflation of both the CH4 and N2O flux data was
likely caused by both sampling constraints and balanced pro-
duction and consumption processes. It has been documented
that GC methods for determining greenhouse gas fluxes have
higher detection limits than continuous measurement
methods (Brannon et al. 2016). In addition, we expect that
both methane-producing and methane-consuming processes
occur in the sediment and water column of this system,
resulting in a measurement of net zero (Reeburgh 2007). Simi-
larly for N2O, while it is likely that some of the zero fluxes are
a product of sampling constraints, zero fluxes are common
and several studies have zero-inflated N2O fluxes, suggesting a
balance between production and consumption processes for
N2O in vegetated coastal ecosystems (Moseman-Valtierra
et al. 2011; Emery and Fulweiler 2014).

Diffusive air–sea fluxes of CH4 and N2O
Diffusive air–sea fluxes of CH4 were similar between sys-

tems while N2O fluxes differed between systems (Table 3;
Fig. 4). Both CH4 and N2O were emitted across the air–sea
interface and were within the range found for other seagrass-
dominated systems (Table 4).

CH4 emission to the atmosphere is common across marine
and freshwater ecosystems due to supersaturation of the water
column (Araujo et al. 2018; Rosentreter et al. 2021b). In Pleas-
ant Bay, it is likely that a majority of the CH4 emitted to the
atmosphere is produced in the sediment. However, in East
Harbor, sediment–water interface fluxes are ~ 7X lower than
air–sea fluxes. Because of this, it is unlikely that the CH4 emit-
ted to the atmosphere from East Harbor is produced in the
sediment or in the shallow (~ 1 m depth) water column.
Potential external sources of CH4 include groundwater and
the surrounding saltmarsh (Sadat-Noori et al. 2016; Schutte
et al. 2020). Groundwater is a significant source of CH4 to the
water column in some coastal bays, contributing up to 100%
of CH4 emissions (Sadat-Noori et al. 2016). Groundwater infil-
tration into coastal bays can be highly heterogeneous
(Douglas et al. 2020). Because we only measured fluxes in a
small area of East Harbor, we may have missed the groundwa-
ter flux. CH4 can also be emitted into coastal bays by sur-
rounding salt marshes (Schutte et al. 2020). For example, a
salt marsh in coastal Georgia, USA has been shown to export
27–1200 μmol CH4 m�2 d�1, contributing to high water col-
umn concentrations of CH4 (Schutte et al. 2020). East Harbor
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is bordered by a Phragmites australis-dominated marsh, making
CH4 export by the marsh a likely source of water column CH4.

East Harbor also has high atmospheric concentrations of
CH4. High atmospheric concentrations of CH4 above East Har-
bor may be explained by natural (e.g., ebullition) or anthropo-
genic (e.g., natural gas leaks, septic tank) emissions (Bastviken
et al. 2004; McKain et al. 2015). East Harbor was an
oligohaline to mesohaline system (4–10 ppt) from when it
was diked in 1869 to more than a century later when some
tidal flow was resumed in 2002 (Portnoy et al. 2006; Watts
et al. 2011). Currently, East Harbor has a salinity of 20–25 ppt,
but is still tidally restricted with 0.5 m tides compared to the
2.5–3.5 m tidal range in nearby systems (Portnoy et al. 2006).
Thus, East Harbor may function hydrologically more like a
shallow lake or pond. Ebullition from lakes and ponds can
contribute up to 40–60% of system CH4 emissions and are
more important in shallow ecosystems, like East Harbor
(Bastviken et al. 2004; Deemer and Holgerson 2021). As of
2015, there was no natural gas service to the area surrounding
East Harbor (www.mass.gov). However, East Harbor is within
the airshed of Boston, MA where natural gas leaks and atmo-
spheric CH4 concentrations of up to 2.6 ppm are common
(McKain et al. 2015). Another potential source is off gassing
from septic systems. Residential areas on the dunes surround-
ing East Harbor and on the southern border have septic sys-
tems (Portnoy et al. 2006). Septic systems have been shown to
emit 2.9 � 104 μmol CH4 capita�1 h�1 or 3.7 μmol CH4

m�2 h�1 using the average lot size for Cape Cod, Massachu-
setts (Nowicki 1994; Diaz-Valbuena et al. 2011), making the
combination of natural gas, ebullition, and septic sources of
CH4 likely causes of elevated atmospheric CH4 concentrations
above East Harbor.

In Pleasant Bay, air–sea interface CH4 fluxes are 3.4X
sediment–water interface fluxes. This indicates that CH4 oxi-
dation in Pleasant Bay is low and/or that there is likely
another source of CH4 in the basin. This source could be the
natural gas deposit located in another area of the system
(Borrelli et al. 2020) or it could be due to microbial CH4 pro-
duction in the water column (Biži�c-Ionescu et al. 2018).
Unlike in East Harbor, 95% of atmospheric concentrations of
CH4 measured in Pleasant Bay were within �250 ppb of atmo-
spheric concentrations during August 2019, 1863.0 ppb
(https://gml.noaa.gov).

As we hypothesized, N2O was emitted to the atmosphere in
both East Harbor and Pleasant Bay, with East Harbor emitting
slightly more N2O than Pleasant Bay (Table 3). The only other
study measuring air–sea N2O flux found uptake by a seagrass
ecosystem in Wallagoot, Australia (Table 4; Camillini 2020).
However, N2O emission to the atmosphere is common in
nonvegetated coastal areas (Tian et al. 2020). Other coastal
vegetated systems such as mangrove and tidal marshes can be
sources or sinks of N2O seasonally (Murray et al. 2018; Yang
et al. 2020) and across spatial gradients (Emery and
Fulweiler 2017; Reading et al. 2017).

Air-sea fluxes of N2O were observed even though the mean
fluxes of N2O across the sediment–water interface at both sites
were zero, suggesting that the sediments were not the primary
source of N2O to the atmosphere. N2O emission is often
driven by DIN and oxygen concentrations via denitrification
in the sediments and nitrification in the water column
(Murray et al. 2015). Because the water column in the systems
studied here was so shallow and well mixed, we likely cap-
tured water column processes within our incubations. Like
CH4, N2O can also come from external sources such as
groundwater (Reading et al. 2021).

C storage comparison
Overall, seagrass ecosystems emit less CH4 and N2O than

mangrove and salt marsh ecosystems (CH4 median: mangrove
279.2; salt marsh 224.4; seagrass 60.6 μmol CH4 m�2 d�1) (N2O
median: mangrove 22.8; salt marsh 8.2; seagrass 0.0 μmol N2O
m�2 d�1) (Murray et al. 2015; Al-Haj and Fulweiler 2020;
Rosentreter et al. 2021b). Although seagrass meadows, on aver-
age, store less C than mangrove and salt marsh ecosystems
(mean � SE: 138 � 38, 226 � 39, 218 � 24 g C m�2 yr�1, respec-
tively) (McLeod et al. 2011), they have much lower
GHG) emissions. Thus, restoration and maintenance of seagrass
ecosystems may prove to be a better investment in terms of C
credits per unit area than for mangrove and salt marsh ecosys-
tems. As CH4 and N2O emissions as well as C storage rates are
known to be highly variable across coastal ecosystems
(Rosentreter et al. 2021a), it is increasingly important to measure
GHG fluxes in these systems to determine their true C sequestra-
tion value.

Conclusions
Despite the mean net CH4 and N2O sediment–water interface

fluxes being indistinguishable from zero for nonvegetated sedi-
ments at both locations and seagrass vegetated sediments at one
location, the estimated air–sea fluxes indicate that both sites were
small sources of greenhouse gases to the atmosphere. These esti-
mates suggest that there may be water column processes or
inputs from other sources (e.g., groundwater) driving these
results. Furthermore, while some mean fluxes were not statisti-
cally different from zero, we did measure significant individual
sediment–water fluxes of CH4 and N2O throughout the sampling
period. Importantly, our sampling was focused on late summer
months of 1 yr and thus represent a snap shot of the CH4 and
N2O dynamics in these temperate Z. marina sites. Capturing CH4

and N2O fluxes over the growing season will be an important
next step for determining future seagrass C budgets.

Data availability statement
Data presented in this study can be accessed upon publica-

tion via Figshare (doi: 10.6084/m9.figshare.20079470).
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