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CARBON AND NITROGEN CYCLING IN VEGETATED COASTAL
ECOSYSTEMS
Alia N. Al-Haj
Boston University Graduate School of Arts and Sciences, 2022
Major Professor: Robinson W. Fulweiler, Professor of Earth and Environment, Professor
of Biology
ABSTRACT
Coastal ecosystems comprise a relatively small area of the ocean, yet they play a
disproportionate role in greenhouse gas (carbon dioxide (CO2), methane (CH4), and
nitrous oxide (N20)) and nutrient cycling. Vegetated coastal ecosystems (e.g.,
mangroves, salt marshes, and seagrasses) are key drivers of coastal greenhouse gas and
nutrient cycling because of their environmental characteristics (e.g., shallow depths,
organic matter rich sediments, etc.). My dissertation addresses the role of vegetated
coastal ecosystems in greenhouse gas budgets and biogeochemical cycling. In Chapter 1,
I conducted a meta-analysis to quantify the global emissions of CH4 from mangrove, salt
marsh, and seagrass ecosystems. Here I show that mangrove ecosystems contribute the
most CH4 out of these vegetated areas to the global marine CH4 budget. Further, while a
well-known negative relationship between salinity and CH4 fluxes exists for salt marshes
globally, this relationship does not hold for mangrove or seagrass meadows, suggesting
that other environmental drivers are more important for predicting CH4 fluxes in these
ecosystems. In Chapter 2, I present in situ fluxes of CHs and N2O across the sediment-

water interface as well as air-sea fluxes in seagrass meadows and adjacent non-vegetated
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sediments in two temperate coastal lagoons. Here I demonstrate that seagrass meadows
can be sources or sinks of CHs and that N2O uptake can enhance carbon sequestration in
seagrass meadows by ~10%. In Chapter 3, I quantify fluxes of dissolved inorganic
carbon, nitrogen, and phosphorous across the sediment-water interface in seagrass
meadows and adjacent non-vegetated sediments in the same two coastal lagoons. I found
that both seagrass and non-vegetated sediments exhibited dissolved inorganic carbon
emission and denitrification, and that dissolved inorganic phosphorous fluxes varied by
site and not with vegetation presence. This dissertation highlights the dynamic role
coastal ecosystems play in biogeochemical cycling and the importance of vegetated

coastal ecosystems in coastal greenhouse gas budgets.
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Abstract

Vegetated coastal ecosystems (VCEs; i.e., mangroves, salt marshes, and
seagrasses) play a critical role in global carbon (C) cycling, storing 10x more C than
temperate forests. Methane (CHa4), a potent greenhouse gas, can form in the sediments of
these ecosystems. Currently, CH4 emissions are a missing component of VCE C budgets.
This review summarizes 97 studies describing CH4 fluxes from mangrove, salt marsh,
and seagrass ecosystems and discusses factors controlling CH4 flux in these systems. CHs
fluxes from these ecosystems were highly variable yet they all act as net methane sources
(median, range; mangrove: 279.17, —67.33 to 72,867.83; salt marsh: 224.44, —92.60 to
94,129.68; seagrass: 64.80, 1.25-401.50 umol CH4 m? day ). Together CH4 emissions
from mangrove, salt marsh, and seagrass ecosystems are about 0.33—0.39 Tmol CHa-
C/year—an addition that increases the current global marine CH4 budget by more than
60%. The majority (~45%) of this increase is driven by mangrove CHa fluxes. While
organic matter content and quality were commonly reported in individual studies as the
most important environmental factors driving CH4 flux, they were not significant
predictors of CH4 flux when data were combined across studies. Salinity was negatively
correlated with CHa emissions from salt marshes, but not seagrasses and mangroves.
Thus, the available data suggest that other environmental drivers are important for
predicting CH4 emissions in vegetated coastal systems. Finally, we examine stressor
effects on CH4 emissions from VCEs and we hypothesize that future changes in

temperature and other anthropogenic activities (e.g., nitrogen loading) will likely increase



CHa4 emissions from these ecosystems. Overall, this review highlights the current and

growing importance of VCEs in the global marine CH4 budget.

1. Introduction

Methane (CHa4) is a potent greenhouse gas with a global warming potential
(GWP) 32x that of carbon dioxide (CO2) and a sustained flux GWP 45x that of CO2 at a
100 year timescale (Neubauer & Megonigal, 2015). Atmospheric CH4 concentrations
have been increasing since the industrial revolution (Etheridge, Steele, Francey, &
Langenfelds, 1998; Turner, Frankenberg, & Kort, 2019). Recently rates of CH4 increase
in the atmosphere have accelerated from a stagnant period of 0.5 + 3.1 ppb/year in 2000
2006 to ~10 ppb/year in 2014-2017 (Dlugokencky, Nisbet, Fisher, & Lowry, 2011;
Nisbet et al., 2019; Saunois, Jackson, Bousquet, Boulter, & Canadell, 2016). About two-
thirds of the total global CH4 emissions can be attributed to human activity (e.g.,
agriculture, sewage and landfill waste, fossil fuel consumption; Saunois et al., 2016).

Vegetated coastal ecosystems (VCEs; i.e., mangroves, salt marshes, and
seagrasses) play a critical role in global carbon (C) cycling (McLeod et al., 2011). They
are highly productive ecosystems, taking up CO2 from the atmosphere, and they are
effective at capturing organic matter (OM) from terrestrial and marine environments
(Gacia & Duarte, 2001; Gacia, Granata, & Duarte, 1999; Hendriks, Sintes, Bouma, &
Duarte, 2008). However, the same qualities that make these systems effective at
sequestering C may also make them “ideal” environments for methanogenesis to occur—

for example, their sediments are rich in OM, often anoxic, and occasionally low in sulfate



due to variable freshwater—saltwater inputs (Martens & Berner, 1974). CH4 emissions are
an understudied component of C budgets for VCEs and have the potential to turn these
systems into net C sources instead of sinks (Eong, 1993; Pendleton et al., 2012).
Although CH4 emissions from forested and wetland (including mangrove and salt marsh)
ecosystems have been reviewed previously (Bartlett & Harriss, 1993; Bridgham, Cadillo-
Quiroz, Keller, & Zhuang, 2013), they did not specifically address coastal ecosystems or
include seagrass-dominated systems in their analysis. This review fills this knowledge
gap.

Here we review CHa4 emissions from VCEs. We first examine variability in
sampling techniques and temporal scales used in the studies through a literature review.
We then determine the median global CH4 flux from each VCE and we assess the
environmental characteristics driving these emissions through meta-analysis and a
literature review. We then estimate the amount of C lost via CH4 emissions from each
VCE. We also discuss the impact of CH4 emissions on net C burial estimates and the
global marine methane budget. Finally, we consider the impact of environmental and
anthropogenic stressors on CH4 emissions.

Throughout this synthesis we argue that VCEs should be included in the marine,
and not the terrestrial, CH4 budget. This review is timely because there is a growing
emphasis on understanding C cycling and quantifying C sequestration potential in marine
ecosystems (e.g., Benway et al., 2016; Fennel et al., 2019). Blue carbon (i.e., carbon
buried in marine systems) has been identified as a way to sequester large amounts of C

while simultaneously restoring lost and degraded ecosystems (Duarte, Middelburg, &



Caraco, 2005; McLeod et al., 2011; Nellemann et al., 2009). Without quantifying the C
lost from VCEs via CH4 emissions, however, we are potentially missing an important
component of the marine CH4 budget and we are unable to constrain the impact of these

systems on the global climate.

2. Studies reviewed

Before beginning our literature search, we defined “marine” as stated in
Cowardin, Carter, Golet, and LaRoe (1979), which includes the open ocean, continental
shelf, and coastline to the inland limit of tidal inundation where the salinity is >0.5 ppt.
We binned the data according to the salinity categories presented in Cowardin et al.
(1979): oligohaline (0.5-5 ppt), mesohaline (5-18 ppt), polyhaline (18-30 ppt), and
euhaline (=30 ppt).

To find the literature used in this analysis, we used the “Advanced Search” feature
on Google Scholar and we included other literature cited within these papers that were
not returned in the Google Scholar search results for a total of 97 studies (54 mangrove,
40 salt marsh, and 8 seagrass; Al-Haj & Fulweiler, 2020) reviewed here. Down-selection
methods are described in detail in Supporting Text 1.1 in Data S1.1 (Figure S1.1). We
collected the mean air—sea/air—sediment methane flux, maximum and minimum methane
flux, and average site salinity, as well as vegetation genus and species from each site
within each study. Mean CH4 flux was collected because the majority of studies did not
report median and/or only reported the mean flux for each site (Supporting Text 1.2 in

Data S1.1). When available, we collected the average sediment %C, %N, C:N, %OM, the



average water column and sediment chemical composition (nitrate, nitrite, ammonia,
ortho-phosphate, sulfate, and sulfide), net ecosystem productivity (NEP), and biomass
from each site within each study. As needed, we converted all methane flux data to umol
CH4 m2 day ' scaling by 24 hr.

Within each study, individual flux observations were identified as the mean flux
for each site over the time period presented in the study for a total of 110 mangrove
fluxes, 85 salt marsh fluxes, and 28 seagrass fluxes. All studies estimate CH4 flux on a
per area basis. Time periods were highly variable across studies, with studies spanning
hours to years, but to simplify the analysis, time periods presented in each study were
combined. These published studies are limited in their temporal and global extent (Figure
1.1a—c). For example, greater than 75% of the mangrove CH4 flux data points were
located in the eastern hemisphere mostly clustered in southeast Asia and China. Although
the largest percentage of mangroves are found between 5°N and 5°S latitude (Giri et al.,
2011), ~90% of the fluxes came from areas of higher latitude (Figure 1.1a). All but one
salt marsh CH4 flux was from the northern hemisphere despite the existence of extensive
salt marshes in South America, Australia, and Africa (Saintilan, Wilson, Rogers,
Rajkaran, & Krauss, 2014). Seagrass data were mostly concentrated in Africa and Europe
(Figure 1.1a) even though seagrasses are found in shallow waters of all oceans (Short,
Carruthers, Dennison, & Waycott, 2007). There is also a temporal bias with a majority of
the temperate data points collected during the summer. Because we gave equal weight to

studies with multiseasonal flux measurements and those with singular flux



measurements, the lack of winter data may cause overestimates of CHs fluxes from

temperate ecosystems.

2.1 Sampling techniques

CHa4 emissions were measured in several different ways across the studies: static
chambers in the field and laboratory, continuous measurements from flow-through
incubations, eddy flux, floating chambers, and discrete water and air samples. The static
chamber method was most commonly used making up 65% of all measurements. This
involves placing a clear or opaque airtight chamber in the sediment and taking discrete
gas or water samples from the headspace of the chamber over a known time period to
calculate the flux (e.g., Emery & Fulweiler, 2014; Foster & Fulweiler, 2016; Livingston
& Hutchinson, 1995). CHa4 concentration in these samples is then typically measured via
gas chromatography (Weiss, 1981). About 10% of the studies also used flow-through
chambers, where air or water is continuously pumped through the chamber, paired with a
cavity ring down spectrometer (CRDS) for CH4 concentration measurements (Bahlmann
et al., 2015; Garcias-Bonet & Duarte, 2017). To determine the water—air flux, floating
chambers were used in a similar fashion as the static chambers (Chuang et al., 2017) or
water—air fluxes were calculated using empirical relationships that determine the flux
from CH4 concentrations in discrete water and air samples (Dutta, Bianchi, &
Mukhopadhyay, 2017; Raymond & Cole, 2001). Finally, eddy flux towers integrate gas
fluxes over large areas (Aubinet, Vesala, & Papale, 2012). Eddy flux towers are

commonly used for COz2 fluxes in salt marshes (e.g., Forbrich, Giblin, & Hopkinson,



2018; Holm et al., 2016; Krauss et al., 2016). We found one study using eddy flux towers
to measure salt marsh CH4 emissions (Negandhi et al., 2019), two studies for mangroves
(Ganguly, Dey, Mandal, De, & Jana, 2008; Jha, Rodda, Thumaty, Raha, & Dadhwal,
2014), and none for seagrasses. In salt marsh and seagrass systems, median CH4 flux did
not differ among sampling techniques. However, in mangrove ecosystems, median
methane flux was significantly lower when CRDS was used as opposed to the static
chamber or discrete water and air sampling techniques (Kruskall-Wallis, p = .013; Table
S1.3).

All sampling techniques introduce some bias into measurements and thus our
understanding is also biased. The methods used for quantifying CH4 fluxes are no
different. Well known, and discussed in detail elsewhere, are the impacts of gas transfer
equations and wind data type used for the discrete water sampling method (Murray, Erler,
& Eyre, 2015; Raymond & Cole, 2001; Rosentreter et al., 2017; Zhang, Zhang, Liu, Ren,
& Zhao, 2010). Static chamber incubations generally do not account for pulsed events
such as ebullitive fluxes. Furthermore, in static chamber incubations gas concentrations
should increase or decrease linearly over time, if they do not, high points may be
discounted or may skew the flux higher and nonlinear fluxes are often designated as a net
zero flux (Banta, Giblin, Hobbie, & Tucker, 1995; Heiss, Fields, & Fulweiler, 2012).
During flow-through chamber incubations the continuous measurements allow these
events to be captured and included in flux calculations (Bahlmann et al., 2015). If
ebullition is common in VCEs, the static chamber method could under- or overestimate

CHs4 fluxes depending on the method used for flux detection. For example, the highest



CHa flux from mangrove ecosystems was measured using continuous NDIR
measurements from a floating chamber (Yang, Yuan, Huang, Tong, & Yang, 2018). This
flux was 2x higher than the highest flux using the static chamber method (Welti, Hayes,
& Lockington, 2017). However, median mangrove flux measured via CRDS was
significantly lower than the static chamber and discreet water sampling methods (Table
S1.3). Given the lack of ancillary data, it is hard to interpret these results. Perhaps the
static chamber and discreet water sampling methods overestimate CH4 emissions or

perhaps there are other factors that correlate with the chosen method.

2.2 Temporal scales

Both long (e.g., annual, interannual) and short (e.g., hourly, daily) temporal scales
of the available flux data are important to consider. Logistical and financial constraints as
well as ecological theory (e.g., metabolism scales with temperature, Gillooly, Brown,
West, Savage, & Charnov, 2001; Yvon-Durocher et al., 2014) often encourage sampling
during warm seasons at low tide. Most of the studies from temperate ecosystems did not
include winter sampling (e.g., Chmura, Kellman, & Guntenspergen, 2011; Emery &
Fulweiler, 2017; Hirota, Senga, Seike, Nohara, & Kunii, 2007). Of the few that did
include winter sampling, most found that CHa flux varied seasonally, with lower CH4
fluxes during winter when plant productivity was at its lowest (Atkinson & Hall, 1976;
Bartlett, Harriss, & Sebacher, 1985; Emery & Fulweiler, 2014; King & Wiebe, 1978).
One study found no difference in CH4 fluxes across seasons (Ford, Garbutt, Jones, &

Jones, 2012). Because of the difficulties of winter sampling, most studies that did
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measure CH4 flux during the winter did so infrequently. Diefenderfer, Cullinan, Borde,
Gunn, and Thom (2018) measured CH4 flux continuously in the winter and demonstrated
that CH4 emissions remain low over extended periods of time in winter, but continuous
measurements are needed to capture diurnal variability which can switch a system from a
CHya sink to a source.

In temperate ecosystems, winter temperatures are highly variable with warm
temperature anomalies becoming more frequent (Guirguis, Gershunov, Schwartz, &
Bennett, 2011). In temperate Australia, such winter events can increase air temperature
by up to 10°C (Cowan et al., 2014) while in the northern hemisphere, they can increase
air temperature by >20°C (Dole et al., 2014; Guirguis et al., 2011). There is currently no
information documenting the impact of winter/spring heat waves on CHa fluxes in
temperate VCEs. Yet evidence from a temperate freshwater marsh suggests that CHa
emissions increase during these events (Chu et al., 2014). If CH4 flux in VCEs also
increases with temperature during winter/spring heat waves, then the yearly contribution
of CH4 from temperate VCEs could be underestimated.

Seasonal differences in aboveground biomass are also important to consider when
scaling CH4 fluxes by temperature (Emery & Fulweiler, 2014). For example, spring and
fall often have the same temperature range, but studies that measured CHs4 flux during
both seasons in salt marsh and mangrove systems found that fluxes were higher, although
not always significantly, during spring than fall likely due to higher availability of labile
OM when the growing season begins (Emery & Fulweiler, 2014; Ford et al., 2012;

Livesley & Andrusiak, 2012). Because of this, simply scaling CH4 fluxes using a
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temperature relationship derived during summer months may not be an accurate annual
CH4 emission estimate (Bartlett & Harriss, 1993).

In VCEs, CH4 emissions change over the tidal cycle with patterns differing in
intertidal and subtidal areas (Bahlmann et al., 2015; Deborde et al., 2010; Emery, Angell,
& Fulweiler, 2019; Kristensen et al., 2008; Mukhopadhyay et al., 2002). In intertidal
systems, CH4 emissions peaked as water was arriving at the site (Bahlmann et al., 2015;
Middelburg et al., 1996) and tidal phase has been identified as a driver of CHa4 flux
(Emery et al., 2019). In subtidal systems, the opposite pattern was true—sediment—water
column CHa flux increased when the tide was falling (Deborde et al., 2010). Over a
longer time scale, Emery et al. (2019) found that in a sandy salt marsh, CH4 fluxes were
higher under spring tides compared to neap tides likely due to higher soil water content
during spring tide. Physical forcing is also a driving force in CH4 emissions over the tidal
cycle. In intertidal systems, CH4 is pushed out of the sediment during peak tidal influx
(Bahlmann et al., 2015). In subtidal systems, as water levels fall, pressure gradients
within the sediments change, increasing CHa flux into the water column and atmosphere
(Deborde et al., 2010; Santos et al., 2009).

Tidal pumping of groundwater can increase water column CHs concentrations
(e.g., Cable, Bugna, Burnett, & Chanton, 1996; Kim & Hwang, 2002; Santos et al.,
2009). CHa4 concentrations are usually higher in groundwater than in receiving waters
(Cable et al., 1996). Groundwater CH4 concentrations are high when groundwater is
anoxic and is fed by a carbon and nitrogen source, such as wastewater (Slomp & Van

Cappellen, 2004).
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CHa is transported from the sediment into the water column, and ultimately the
atmosphere, by three different processes: diffusion, advection, and ebullition (Reeburgh,
2007). As described above, traditional methods for measuring CHas flux (e.g., static flux
chambers, eddy covariance) do not allow us to differentiate between transport
mechanisms and may miss the nonlinear changes in CH4 flux that are often signs of
ebullition. Ebullitive flux may be a significant, yet largely unconstrained, portion of the
air—sea CHa4 flux (Leifer & Patro, 2002).

Although several of the reviewed studies include measurements of CH4 fluxes
over several seasons and/or tidal cycles (Adams, Andrews, & Jickells, 2012; Bahlmann et
al., 2015; Diefenderfer et al., 2018; Emery & Fulweiler, 2014; Li, Wang, et al., 2018),
none of these studies continuously measure CH4 flux over multiple annual cycles to
capture changes driven by climate that may otherwise be missed. Continuous
measurements of CH4 flux over several years, daily and/or several times a season with
greater spatial coverage, would help increase the accuracy of CH4 flux estimates from
VCE:s as is shown in terrestrial systems (Ueyama et al., 2015). Recent sensor
developments are making ebullition measurements possible (Maher, Drexl, Tait,

Johnston, & Jeffrey, 2019).

3. Median methane fluxes
On average, VCEs are net CH4 emitters (net uptake of —92.6 to a net efflux of
164,588.5 umol CH4 m 2 day !, Table 1.1; Figure 1.2). However, we do not include the

highest observation in any further analysis because this was the only observation that
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used NDIR (Yang et al., 2018) and other measurements from the same site using static
chamber methods report lower fluxes (0-672.48; Gao et al., 2018; Zheng et al., 2018).
Overall median CHs fluxes from the VCEs are low (mangrove: 279.17 umol CHs m™
day !, salt marsh: 224.44 umol CHs m 2 day ', seagrass: 64.80 pumol CHs m 2 day ). In
systems adversely impacted by humans, however, CH4 emissions increased by 1-2 orders
of magnitude (1.1 x 10* to 1.64 x 10> umol CHs m 2 day!; Konnerup, Betancourt-
Portela, Villamil, & Parra, 2014; Purvaja & Ramesh, 2000, 2001; Welti et al., 2017,
Yang et al., 2018). Median reported CHa4 fluxes varied significantly by ecosystem
(Kruskall-Wallis, p <.001; Table 1.1) with seagrass median flux >70% lower than salt

marsh and mangrove median fluxes.

4. Drivers

The net flux of methane to the atmosphere is the net flux of methane produced
(methanogenesis) minus the amount of methane that is either consumed (methanotrophy)
or chemically oxidized before reaching the atmosphere. There are many pathways for
CHa4 consumption and production (e.g., acetoclastic methanogenesis, methylotrophic
methanogenesis, anaerobic oxidation of methane, sulfate reduction, aerobic oxidation;
Costa & Leigh, 2014; Reeburgh, 2007). The studies reviewed here most often discuss
competition between sulfate reducers and methanogens for OM and methane oxidation
by sulfate reducers as the main factors determining biological CH4 emission (Biswas,
Mukhopadhyay, Sen, & Jana, 2007; Garcias-Bonet & Duarte, 2017; Magenheimer,

Moore, Chmura, & Daoust, 1996; Sun et al., 2013). Although geological sources of CH4
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(e.g., cold-seeps, mud volcanoes) are common in marine environments (Kvenvolden &
Rogers, 2005), they are not considered important in VCEs and are not discussed here.
We used Pearson correlations to examine environmental drivers of CH4 fluxes
across the reviewed studies. We were unable to conduct other statistical analyses (e.g.,
multiple linear regression) because studies did not report similar site characteristics or

ancillary data.

4.1 Organic Matter

A common theme in the studies reviewed here is the role of OM availability as
the main environmental factor controlling methanogenesis. Abundant OM in the
sediments can reduce competition between sulfate reducers and methanogens by
providing more competitive substrate and/or providing more noncompetitive substrate for
methanogenesis (King, 1984; Reeburgh, 2007; Zhuang et al., 2018). Vegetated habitats
typically have higher sediment OM concentrations compared to sediments without
vegetation (e.g., Banerjee et al., 2018; Marinho, Campos, Guimaraes, & Esteves, 2012;
Yuan et al., 2015). Generally, there is a reported increase in CH4 emissions in vegetated
compared to nonvegetated areas (e.g., Bahlmann et al., 2015; Wang et al., 2016). When
plants are photosynthesizing, they deposit labile OM into the sediment around their roots
or thizosphere (Blaabjerg & Finster, 1998; Holmer, Andersen, Nielsen, & Boschker,
2001), thereby providing a substrate to stimulate CHs4 production (Bridgham et al., 2013).
The abundance of labile OM in VCEs is thought to be the driver for CH4 emissions from

these systems. For example, there is a positive linear relationship between CH4
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production rates and concentration of labile OM in salt marsh and mangrove sediments
(e.g., Giani, Bashan, Holguin, & Strangmann, 1996; Gonsalves, Fernandes, Fernandes,
Kirchman, & Bharathi, 2011; Xiang, Liu, Ding, Yuan, & Lin, 2015). Additionally, in
these same ecosystems, experimental manipulations show increasing CHa production
when labile OM is added to sediments (e.g., Oremland, Marsh, & Polcin, 1982; Zhuang
et al., 2018). The positive impact of OM on CH4 emissions was not universal. Several
studies reported no relationship (e.g., Chauhan, Datta, Ramanathan, & Adhya, 2015;
Emery & Fulweiler, 2014). When combined across studies and within and across
ecosystems, we found no statistically significant relationship between %OM and CH4
flux and no relationship between C:N and CHa4 flux (Table 1.2; Figure 1.3a,b). These
statistical results may be a product of low sample number and simple correlations can
obstruct the complex ecological relationships driving CH4 emissions in vegetated

systems.

4.2 Plant-mediated transport

Many types of vegetation emit CHs by transporting it from the sediment into the
atmosphere through aerenchyma (Laanbroek, 2010). For example, CH4 flux in
mangroves is positively correlated with the number of tree pneumatophores (Krithika,
Purvaja, & Ramesh, 2008; Livesley & Andrusiak, 2012; Purvaja, Ramesh, & Frenzel,
2004). A recent study reported 26% of the CH4 emissions from a mangrove
ecosystem came via the trees themselves (Jeffrey et al., 2019). In salt marshes, there is

evidence that some plants (e.g., Juncus spp.) transport more CHs than other plants (Ford
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et al., 2012; Magenheimer et al., 1996; Roslev & King, 1996). Furthermore, there is
evidence that freshwater submerged macrophytes transport CHs through their
aerenchyma (Sorrell & Downes, 2004). To date, there is no direct evidence that
seagrasses transport CHa4 through their aerenchyma but this might be a yet unconstrained
transport mechanism in these plants as well.

Given the above, plant biomass should, at least in theory, be positively correlated
with CHa4 flux. This hypothesis is supported by several individual studies from salt marsh
(e.g., Cheng et al., 2007; Hirota et al., 2007; Li, Wang, et al., 2018; Wang et al., 2019)
and mangrove ecosystems (Alongi et al., 2008). There is currently no evidence of a
similar relationship in seagrass ecosystems. When we combined the limited data on
biomass and CH4 fluxes from the studies reviewed here we found no relationship
between biomass and CH4 flux across or within vegetation types (Table 1.2). We also
examined the relationship between CH4 flux and NEP (the difference between gross
primary production and net ecosystem respiration). NEP is considered a better predictor
of productivity as it captures biomass production and consumption over a longer time
period (i.e., is a reflection of the metabolism of an ecosystem) through CO2 or Oz flux
while biomass is a static measurement. Of the studies that reported net ecosystem
exchange or NEP, most did not test the relationship between CHa4 flux and NEP and the
four studies that did reported mixed results (Bahlmann et al., 2015; Banerjee et al., 2018;
Wilson, Mortazavi, & Kiene, 2015; Yuan et al., 2015). Not surprisingly then, when
combining data across systems we found no relationship between NEP and CH4 flux

(Table 1.2).
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Of course, there might not be a simple positive linear relationship between plants
and CHa4 flux because more plant biomass will not only increase OM, but will also
increase oxygen availability in the system via root bioturbation and oxygen pumping
(Caffrey & Kemp, 1991; Holmer, Gribsholt, & Kristensen, 2002; Howes & Teal, 1994;
Pedersen, Borum, Duarte, & Fortes, 1998; Pi, Tam, Wu, & Wong, 2009; Scholander, van
Dam, & Scholander, 1955). This oxygen may then stimulate methane consumption via
aerobic oxidation (Reeburgh, 2007; Timmers et al., 2017). For example, although
vegetated areas in seagrass ecosystems have higher CH4 emissions than areas without
vegetation (Bahlmann et al., 2015), when photosynthesis is abruptly stopped by trimming
seagrasses, CH4 emission increases indicating reduced CH4 oxidation (Lyimo et al.,
2018). The same pattern has been found in mangrove forests that experienced recent
deforestation (Giani et al., 1996). Night photosynthesis cessation provides another
opportunity to examine the role of Oz availability in driving CH4 emissions. Reviewed
studies reporting continuous measurements over several days have found varying results.
The one seagrass study that measured methane flux continuously for a few days reported
maximum CH4 emissions at night indicating that CH4 oxidation was reduced (Bahlmann
et al., 2015). In contrast, maximum mangrove and salt marsh CH4 emissions can occur
during the day (Yang et al., 2018), at night (Diefenderfer et al., 2018), or exhibit no
diurnal cycle (Jha et al., 2014; Li, Dai, et al., 2018). Length of measurement period may
play a role in these results as studies that measured CH4 fluxes over an entire year did not

find clear diurnal patterns (Jha et al., 2014; Li, Dai, et al., 2018), while studies performed
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over a few days noted diurnal differences in CH4 flux (Bahlmann et al., 2015;

Diefenderfer et al., 2018; Yang et al., 2018).

4.3 Salinity

Salinity has long been offered as a key controller of CH4 emissions in salt
marshes and mangroves (Bartlett, Bartlett, Harriss, & Sebacher, 1987; Lu, Wong, Tam,
Ye, & Lin, 1999; Magenheimer et al., 1996; Poffenbarger, Needelman, & Megonigal,
2011; Purvaja & Ramesh, 2001). Salinity is a good proxy for sulfate availability which
affects the rate of hydrogenotrophic and acetoclastic methanogenesis and methanotrophy.
The competition between sulfate reducers and hydrogenotrophic and acetoclastic
methanogens for organic substrates has been documented extensively, with sulfate
reducers outcompeting methanogens in ecosystems with limited OM supply (Oremland &
Taylor, 1978; Winfrey & Ward, 1983). This effect can be seen in vertical profiles of
sediment CHa and sulfate concentrations (Martens & Berner, 1974). Salinity is negatively
correlated with the log of CH4 emissions across all ecosystems combined, and in salt
marsh and mangrove ecosystems alone; but there is no correlation in seagrass ecosystems
(Table 1.2). However, the predictive power of this relationship is generally low and
especially so for mangroves (Figure 1.4a,b). Median reported CH4 fluxes varied
significantly by salinity category (Kruskall-Wallis, p <.001) with euhaline median fluxes
98%, 73%, and 85% lower than oligohaline, mesohaline, and polyhaline median CH4
fluxes, respectively (Table S1.1; Figure S1.2). Poffenbarger et al. (2011) reported

declining methane flux as salinity increases. They also noted that polyhaline marshes had
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significantly lower CH4 emissions than mesohaline and oligohaline marshes. Here we
found no difference between polyhaline and oligohaline or mesohaline median CH4 flux
(Wilcoxon Rank Sum, p > .05). When separated by vegetation type, saltmarsh CH4 fluxes
seem to be driving the differences among salinity categories (Kruskall-Wallis, p = .017;
Figure S1.3). These results indicate a fundamental difference between methanogenesis in
salt marsh sediments and methanogenesis in seagrass and mangrove sediments. Recent
studies have proposed that methanogenesis in unvegetated subtidal sediments is
dominated by methylotrophic methanogens whose substrate is methyl-OM, as opposed to
the sulfate-reducer competitive substrates, H2, COz, and acetate, in salt marsh sediments
(Lyimo, Pol, & Camp, 2002; Zhuang et al., 2016, 2018). Perhaps seagrass and mangrove

sediments are also dominated by methylotrophic methanogenesis.

4.4 Temperature

CH4 emissions are generally higher during warmer seasons (e.g., Allen, Dalal,
Rennenberg, & Schmidt, 2011; Emery & Fulweiler, 2014), due to increased microbial
activity at higher temperatures (Yvon-Durocher et al., 2014). While we did find evidence
that CHs4 emission increases with temperature in salt marsh systems, we found no
statistically significant correlation between CHs4 emission and mean annual temperature,
expressed as the absolute value of latitude, across or within mangrove and seagrass
ecosystems from the reviewed literature (Table 1.2). While CH4 production increases
during warmer seasons, there is evidence that CH4 consumption does not (Bartlett &

Harriss, 1993; Dubey, 2005; Le Mer & Roger, 2001; Parashar, Gupta, Rai, Sharma, &
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Singh, 1993). We propose that CHa fluxes are likely driven by site-specific
environmental parameters that increase or decrease methane production and consumption

differently, leaving temperature alone as a poor predictor of CHa4 fluxes.

5. Global Estimates

Previous estimates of total CH4 emissions from VCEs have involved upscaling
direct CH4 flux measurements from a few field sites within these environments (e.g.,
Chauhan, Ramanathan, & Adhya, 2008; Garcias-Bonet & Duarte, 2017). These estimates
multiply mean flux from a few studies by estimates of the global extent of each
ecosystem. Few have yet done a comprehensive review to calculate global CH4 fluxes for
each ecosystem using all available studies, like we attempt in this review (Bartlett &
Harriss, 1993). Although our estimates are the most comprehensive and globally
distributed to date, our dataset, and thus our understanding, is still limited in geographic
and temporal extent with data largely lacking in the southern hemisphere and sampling in
temperate regions mostly restricted to summer months. We hope this review acts as a
clear call to action to measure CHa4 fluxes in more locations and throughout the year.

Here we scale local CH4 emissions from all available studies by the estimated
global surface area of each ecosystem type. As mean flux was most often reported in the
literature, we use the mean values of observed CH4 flux ranges, when available. If mean
CHa4 flux was not reported, we calculated mean CH4 flux based on the reported data. The

mean of these data was multiplied by the most recent maximum and minimum estimated
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areal extent of the respective ecosystem type (Supporting Text 1.3 in Data S1; Duarte,
2017; Hamilton & Casey, 2016; Mcowen et al., 2017).

Using the mean CH4 flux and the reported range of areal extent (13.7 and 15.2
Mha worldwide; Giri et al., 2011; McLeod et al., 2011; Pendleton et al., 2012; Spalding,
2010), we calculated a global range of mean CH4 flux of 0.23-0.25 Tmol CHs+—C/year
from mangrove forests (Table 1). McLeod et al. (2011) estimate that mangroves bury
2.59-2.86 Tmol C/year. Here we find that CH4 emissions would offset mangrove C burial
by ~9%. Including mangrove ecosystems in the global marine CH4 budget, currently
estimated at 0.57 Tmol/year (EPA, 2010), would increase marine CH4 emissions by
~45% (Supporting Text 1.4 in Data S1.1).

Salt marsh global area is estimated at about 5.5 Mha (Davidson & Finlayson,
2019; Mcowen et al., 2017). This is a conservative estimate only considering areas
mapped and does not include unmapped saltmarsh in the Arctic (Mcowen et al., 2017).
Using this areal estimate, we estimate a salt marsh mean CHa flux of 7.10 x 1072 Tmol
CH4-Cl/year (Table 1). McLeod et al. (2011) report that salt marshes bury 18.15 +2.00
mol C m2 year . Scaling up to the most recent global estimate of salt marsh areal extent,
salt marshes bury 1.00 £ 0.11 Tmol C/year. Including salt marsh CH4 emissions in this
estimate would offset C burial by ~7%. Overall mean salt marsh CH4 emissions make up
a small amount of the global marine CH4 budget and including them would increase the
budget by ~13%.

Seagrasses cover from 78.8 to 164.7 Mha of area worldwide (Davidson &

Finlayson, 2019; Jayathilake & Costello, 2018). Across seagrass studies mean CHs flux
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ranged from 3.11 x 102 to 6.51 x 102 Tmol CHa-C/year (Table 1.1)—the lowest
estimates from the reviewed VCEs. Seagrasses bury between 9.05 and 18.92 Tmol C/year
(McLeod et al., 2011). CH4 emissions could offset C burial in seagrass ecosystems by
<0.5%.

Overall, we estimate that seagrass CH4 fluxes would increase the global marine
CHa4 budget by ~5%—11%. If we use the same global seagrass areal extent as Garcias-
Bonet and Duarte (2017), 15432 Mha, then, like them, we find that seagrass CH4
emission could increase the global marine CH4 budget between ~1% and ~30%. These
large ranges in global CH4 emissions are due to high uncertainty in areal estimates for
each ecosystem and the large variability in local flux estimates, ultimately driven by a
lack of data. Currently, global ground-truthed estimates of areal coverage only exist for
mangroves and salt marshes which account for the smaller reported range in areal
coverage (Duarte, 2017; Mcowen et al., 2017). Local flux estimates are made using many
different methods and over varying spatial and temporal scales. Because of this, they may
not capture the full range of CH4 emission. In order to better estimate global CH4
emission from VCEs, standard methods for detecting fluxes over long time periods need
to be employed and areal coverage estimates should be updated regularly.

The increases in the global marine methane budget reported above for each of the
VCE:s are based on the the EPA (2010) global marine methane budget of 0.57 Tmol/year.
In total, including VCEs would increase the global marine methane budget by 60%—70%.
This may be a conservative increase as recently, Weber, Wiseman, and Kock (2019)

estimated the global marine methane budget to be 0.37-0.75 Tmol/year. The inclusion of
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VCE:s in this recent estimate, increases the global marine methane budget by ~50%—
90%. Regardless, these calculations highlight that VCEs are an important contributor to

the global marine methane budget and should be included in future methane budgets.

6. Global Warming Potential

Here we compare GWP (one-time event gas flux) to sustained flux global
warming potential (SGWP; persistent gas emissions; Neubauer & Megonigal, 2015).
When only considering C lost and buried, VCEs remain C sinks with CH4 emissions
accounting for a large offset of buried C in salt marsh and mangrove ecosystems and a
small offset in seagrass ecosystems (Table 1.1). However, when comparing C burial and
CHa emissions in terms of GWP and SGWP the story is less favorable for mangrove and
salt marsh systems. For every molecule of CO2 buried by mangroves about four
molecules of CO2 equivalent CH4 are released. For salt marshes, about three molecules of
COz2 equivalent CH4 are released for every one molecule of CO2 buried (Table 1.1). For
seagrasses, only one molecule of CO:2 equivalent CHa is released for

every six to nine molecules of COz2 that are buried.

7. Stressor effects on CHy4 emissions from VCEs

The current literature indicates that the most important factors controlling CH4
fluxes are OM content and quality and oxygen availability which can be affected by plant
density and productivity, tidal cycles, and nutrient availability among other variables.

However, these patterns were not statistically clear in this review, suggesting we may be
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missing key drivers and/or are limited by sampling numbers. We anticipate, like other
greenhouse gas emissions (e.g., Murray et al., 2015), anthropogenic disturbances,
including nutrient loading and climate change, modify the factors controlling CH4

fluxes in VCEs (Figure 1.5a,b).

7.1 Excess nitrogen loading

Excess N loading is one of the greatest threats to coastal ecosystems worldwide
(Nixon, 1995). However, N loading is not increasing uniformly across the globe and the
impact N loading has on CH4 emissions from VCEs is unclear. Currently, N loading into
coastal ecosystems is increasing in tropical and subtropical developing countries and
declining in developed nations such as Europe and the United States (Breitburg et al.,
2018). In tropical and subtropical areas, it is likely that mangrove and seagrass
ecosystems will be most highly impacted by nutrient pollution leading to increased CH4
emissions. For example, Purvaja and Ramesh (2001) found that CH4 emission was
enhanced when sullage, domestic sewage, and industrial effluents were dumped into
coastal wetlands in Tamil Nadu, India. Others have found similar patterns in mangrove
ecosystems in Brazil, Mexico, and China (Chen, Tam, Wong, & Ye, 2011; Chuang et al.,
2017; Cotovicz et al., 2016; Giani et al., 1996; Nobrega et al., 2016; Yang et al., 2018). In
areas where nutrient loading has declined, such as in Europe and the United States, CH4
fluxes are variable from salt marsh ecosystems (Emery & Fulweiler, 2014, 2017; Martin
& Moseman-Valtierra, 2017). N addition experiments in salt marshes suggest that CHa

emission is both inhibited (Martin & Moseman-Valtierra, 2017; Zhang, Ding, Cai,
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Valerie, & Han, 2010) and stimulated (Irvine, Vivanco, Bentley, & Martiny, 2012;
Zhang, Ding, et al., 2010) under excess N loading conditions. Zhang, Ding, et al. (2010)
proposed that there are differing responses in salt marsh ecosystems due to differences in
gas transport among salt marsh species with plants that are known to transport gas (e.g.,
Spartina alterniflora) having higher CH4 emissions under excess N loading conditions
than plants that do not transport gas (e.g., Sueda salsa). Although there are no direct
studies on the impact of N loading on CH4 emissions in seagrass ecosystems, Lyimo et al.
(2018) found that high shading increased CH4 emissions. In coastal ecosystems, N is
often limited for primary production (Nixon, 1995). When N is added to these systems,
phytoplankton and macroalgae bloom and block light from reaching seagrasses
(McGlathery, 2001). Because of this, we hypothesize that excess N loading will increase
CHa emissions in seagrass ecosystems as has been demonstrated in salt marsh and
mangrove ecosystems (Chen et al., 2011; Irvine et al., 2012; Zhang, Ding, et al., 2010).
Phytoplankton blooms also increase the amount of labile OM in sediments, potentially
stimulating methanogenesis and in turn increasing CHa4 emissions from VCEs (Giani et
al., 1996; Gonsalves et al., 2011; Xiang et al., 2015).

Although we could not find a direct link between N-loading and CH4 emissions
with the available data, most mangrove and salt marsh studies did qualitatively report if
their site was impacted by human or industrial waste. However, median CHs fluxes did
not differ between the reported impacted and nonimpacted mangrove and salt marsh

ecosystems (Kruskall-Wallis, p = .109 and .576, respectively).
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7.2 Hypoxia

Oxygen concentrations in coastal areas are declining globally (Breitburg et al., 2018).
Many of the issues causing the decline of oxygen concentrations in the water column are
related to human disturbance in coastal ecosystems. For example, increasing nutrient
loading to coastal ecosystems can increase the frequency and extent of hypoxia and
anoxia in coastal waters (Caballero-Alfonso, Carstensen, & Conley, 2015), loss of
vegetation and benthic infauna can reduce the depth of Oz penetration into the sediments
(Burkholder, Tomasko, & Touchette, 2007; Gammal, Norkko, Pilditch, & Norkko, 2017),
and rising water temperatures decrease the solubility of Oz in water while increasing
respiration (Breitburg et al., 2018). Because methanogenesis is an anaerobic process
(Martens & Berner, 1974; Reeburgh, 2007), increased anoxia or hypoxia in coastal
sediments may favor methanogenesis and cause a decline in aerobic methane oxidation
ultimately increasing CHa emissions (Gelesh, Marshall, Boicourt, & Lapham, 2016;
Zhang, Gilbert, et al., 2010).

In VCEs, estimating the impact of hypoxic and anoxic events on CHs emissions
from these systems as a whole is difficult as mangroves, salt marshes, and seagrasses
thrive at different levels of inundation. We hypothesize that overall low oxygen will
cause an increase in CH4 emissions. Several studies from mangrove ecosystems have
found that areas experiencing hypoxia and anoxia in the water column have higher CH4
emissions than those with oxygenated water columns (Chauhan et al., 2008; Cotovicz et
al., 2016; Purvaja & Ramesh, 2000). Currently, there is no literature relating dissolved

oxygen concentrations to CH4 fluxes in salt marsh and seagrass systems. Because salt



27

marsh systems are only inundated for part of the dayi, it is likely that water column
hypoxic and anoxic conditions will have a limited impact on their CH4 emissions. For
subtidal seagrass ecosystems, we can use estuarine systems to help predict the impacts of
hypoxia on CH4 emissions. Estuarine responses to hypoxia are variable with some studies
finding increases in CH4 emissions under hypoxic conditions (Gelesh et al., 2016; Ye et
al., 2016) and others finding decreases in CH4 emissions under hypoxia (Bange et al.,
2010; Foster & Fulweiler, 2019). The response of a system to hypoxic events will likely
depend on the availability of labile OM in the system with systems containing high
concentrations of labile OM experiencing increased CH4 emission under hypoxic

conditions.

7.3 Macrophyte loss

VCE:s have declined by between 25% and 50% since WWII due to anthropogenic
impacts (Alongi, 2002; Mcowen et al., 2017; Waycott et al., 2009). Even though these
ecosystems are net sources of CHa, the benefits supplied by the ecosystem services VCEs
provide far outweigh the cost in greenhouse gas emissions (Barbier et al., 2011; Lee et
al., 2014; Nordlund, Koch, Barbier, & Creed, 2016; Shepard, Crain, & Beck, 2011). For
example, VCEs provide habitat for many commercially important organisms (Cattrijsse
& Hampel, 2006; Nagelkerken et al., 2008; Thayer & Stuart, 1974), stabilize coastal
sediments (Carlton, 1974; Christianen et al., 2013; Friedrichs & Perry, 2001), buffer the
coastline against storm surges and winds (Mdller et al., 2014; Ondiviela et al., 2014;

Othman, 1994), and store large amounts of C in their sediments (Alongi, 2008; Lavery,
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Mateo, Serrano, & Rozaimi, 2013; Macreadie et al., 2017; McLeod et al., 2011).
Currently, VCEs are sequestering more C than they emit as CHa4 (Table 1.1).

Across systems, different anthropogenic impacts that lead to loss or altering of
vegetation cause increases in CH4 emissions. For example, vegetation loss in mangrove
and seagrass ecosystems increase CHa fluxes compared to undisturbed areas (Chen et al.,
2014; Lyimo et al., 2018; Purvaja & Ramesh, 2000). Decreasing deforestation in
mangrove ecosystems and propeller scarring and dredging in seagrass ecosystems may
help mitigate their CH4 emissions. In salt marsh ecosystems, predicting the impact of
preventing salt marsh loss on CH4 emissions is more difficult as results are more variable.
In general salt marshes are transformed into three types of systems when they are lost or
destroyed: mudflat, agricultural land, or impervious surface. When salt marshes are
transformed into mudflats, we would expect CH4 emissions to increase (Adams et al.,
2012). Currently, data on CHa4 fluxes after salt marsh loss to agricultural land and
impervious surfaces are too scarce to make predictions for these changes. Invasions of
plant species from different areas can also impact CH4 emissions. For example,
preventing the spread of invasive S. alterniflora in China may lower global CH4
emissions from salt marshes as invasive S. alterniflora marshes emitted ~4 and ~1.5
times more CHa4 than native Phragmites australis and S. salsa (Yuan et al., 2015; Zhang,

Ding, et al., 2010).
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7.4 Climate

Global climate change will continue to increase temperature, sea level, and
oceanic CO:z concentrations, change evaporation— precipitation balance, and alter wind
speed (Cloern et al., 2016). Because salt marsh methane emission is positively correlated
with mean annual temperature, we can estimate end of century salt marsh methane
emissions with predicted 3.7°C warming (IPCC, 2014). As temperatures rise, we propose
that there will be an increase in methane emission from salt marsh ecosystems of ~0.01
Tmol CH4-C/year. As temperatures have risen over the past three decades, mangrove
forests have started to migrate into salt marsh territory (Cavanaugh et al., 2019; Kelleway
et al., 2016). While mangrove encroachment into salt marshes is expected to double C
storage (Doughty et al., 2016), increasing area for mangrove growth may also increase
CHa4 emissions. In seagrass and salt marsh systems, there will likely be range expansions
of warmer climate species (Hyndes et al., 2016), but how range expansions of warm
climate salt marsh and seagrass species will change CH4 emissions remains unknown.

Sea-level rise is already having negative impacts on VCEs. Currently, there is not
enough information on VCE biogeochemical responses to predict the response of CH4
emissions to sea level rise. For example, salt marsh and mangrove ecosystems must have
an appropriate sediment supply to keep up with sea level rise (Raposa, Weber, Ekberg, &
Ferguson, 2017; Woodroffe et al., 2016). If all drowned salt marsh is converted into
mudflats, CH4 emissions will likely increase (Adams et al., 2012). However, there is not
enough information on mangrove conversion to mudflats to determine the impact of sea

level rise on mangrove CHa4 emissions. For seagrass systems, sea level rise will likely
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cause seagrass loss in deeper areas and permit increased colonization in shallow areas
(Davis, Harasti, Smith, & Kelaher, 2016) making it difficult to predict the impact of sea-
level rise on CH4 emissions from these systems.

Changes in precipitation regimes as well as episodic inundation and flooding in
coastal ecosystems have varying effects on CH4 emission. For example, areas that see
increases in precipitation and freshwater flooding may have declines in salinity. If
salinity declines in salt marsh ecosystems, we would expect to see a sharp increase in
CHa emissions (Poffenbarger et al., 2011). Episodic inundation and flooding caused by
coastal storms can severely damage VCEs causing mass mortality in some cases (Cahoon
et al., 2003). In mangrove systems, mass mortality events have been shown to increase
methane emissions (Jeffrey et al., 2019). In wetland and forested ecosystems, methane
production and methane emissions are lower under drought conditions (Davidson, Ishida,
& Nepstad, 2004; Dowrick, Freeman, Lock, & Reynolds, 2006; Freeman et al., 2002). If
sediments become drier due to increased frequency of drought, we may expect to see
more methane oxidation in mangrove and salt marsh ecosystems and, therefore, lower
CH4 emissions. In our dataset, mangrove forests in areas with low annual rainfall, such as
the eastern coast of the Red Sea in Saudi Arabia (Almazroui, Nazrul Islam, Athar, Jones,
& Rahman, 2012), have some of the lowest methane fluxes (0—13 umol CHs m™2 day ™).
However, experimental evidence from temperate salt marsh ecosystems shows that 1 year
of drought does not change CH4 emissions (Emery et al., 2019).

As the climate is changing, wind speeds are changing worldwide with decreases

in North America and Eastern Russia and increases in parts of Eastern Australia, Brazil,
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and South Africa (Cloern et al., 2016; Jung & Schindler, 2019; Nixon et al., 2009). In
general, gas transfer velocity is positively correlated with wind speed (Wanninkhof,
1992). However, the ultimate impact changing wind patterns have on CH4 emissions
from VCEs will vary with stratification. For example, historically stratified coastal
systems in areas with increasing wind speeds, may experience increased mixing. If high
wind speeds are more episodic, such as during storms, large pulses of CH4 may escape
during those periods as in lakes (Engle & Melack, 2000). Drops in barometric pressure,
such as those accompanied by storms, have been shown to increase methane emissions
from landfills (Xu, Lin, Amen, Welding, & McDermitt, 2014). If high wind speeds occur
regularly, mixing of the water column could increase oxygen concentrations in the water
column and sediments, thereby ultimately increasing CH4 oxidation. Alternatively,
declining wind speeds may increase stratification in coastal ecosystems (Nixon et al.,
2009) making storms and other episodic mixing events periods of high methane
emissions (Engle & Melack, 2000). These episodic events, such as storms, may prove to
be important in driving the global marine methane budget (Shakhova et al., 2014).
Currently, there is not enough information on the impact of changes in wind speed on
VCEs to make reliable predictions about future CHs fluxes.

Increased COz availability may increase the productivity of VCEs (McKee &
Rooth, 2008; Rozema et al., 1991; Takahashi, Noonan, Fabricius, & Collier, 2016). As
productivity increases, the availability of labile OM in the sediments should also increase.
This should, in turn, increase CH4 emissions or as observed in some studies could

decrease CH4 emissions as oxygen is pumped into roots increasing aerobic methane
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consumption (Laanbroek, 2010; Lyimo et al., 2018). However, there are no current
studies available which could test this hypothesis.
Although each climate change factor was discussed independently, these factors

have interacting impacts on coastal ecosystems.

8. Conclusions

VCEs are a source of CHs—emitting 0.33—-0.39 Tmol CHs-C/year. Compared to
the current estimate of global natural and anthropogenic CH4 emissions (35 Tmol
CHu/year), the flux from VCE:s is small accounting for just 1.1% if we use the maximum
values estimated here (Saunois et al., 2016). However, their CH4 emissions drastically
alter marine methane budgets: accounting for ~60% to ~70% of the marine emissions
when using the often cited EPA (2010) marine methane budget or ~50% to ~90% of
marine methane emissions when considering a more recent estimate (Weber
etal., 2019).

CHa flux rates are highly variable across vegetation types, sites, seasons, and
days, and several factors, including labile OM availability and quality, vegetation type,
O:2 concentration, salinity, and groundwater, appear to drive CH4 emissions. However,
limited ancillary data from these ecosystems when CHs fluxes are measured have made
determining global drivers exceedingly difficult.

Anthropogenic stressors such as global climate change, increased N-loading, and
hypoxia are expected to increase CH4 emissions from VCEs. Changes in coastal salinity

and macrophyte cover may slightly inhibit CH4 emission, while decreased Oz availability
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and increases in productivity due to CO2 fertilization are expected to increase rates of
methanogenesis. More research is needed to untangle these relationships and better
predict the impacts anthropogenic- driven changes in coastal ecosystems will have on
CHa cycling and C cycling in general. Thus this meta-analysis is a call to action to
measure methane fluxes and key environmental parameters (e.g., salinity, temperature,
OM) in VCEs. Additionally, we need to conduct experiments designed to constrain
drivers of these methane emissions as well as the role of anthropogenic activities on VCE

methane cycling.
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Table 1.1 Global CH4 emission estimates from VCEs and their impact on global carbon
cycling. Median CH4 fluxes, global CH,4 flux estimates (Supporting Text 1.3), increase in global
marine methane budget (Supporting Text 1.4), global warming potential (Supporting Text 1.5),
and sustained flux global warming potential (Supporting Text 1.6) from VCEs. Values with the
same lower-case letter are not significantly different.

Mangrove Salt marsh Seagrass
CH, flux rate median 279.17% 224.44% 64.80°
mol CHs m?2 d! } ; -92.60 - -
(n 4 ) range 67.33-72867.83 o 0 <o 1.25 - 401.50
Areal Extent 788000 -
(km?) 137760 - 152361 55000 1646788
Global € fUX mean 0.23 +0.01 0071+  0.0310.006
(Tmol CH4-C yr') + SE 0.25+0.06 0.027 0.065+0.012
Increase in global
marine CHy4 budget 40.2 - 445 12.5 54-11.4
(%)
Global C burial  mean 2.59+£0.45 1,00+ 0.11 9.05+2.49
(Tmol C yr) + SE 2.86 +£0.49 ' ' 1892 +5.21
Global Warming
Potential 7.33-8.11 2.27 1.00 - 2.08
(Tmol CO;¢q YY)
Sustained Flux
Global Warming 10.31-11.40 3.19 1.40 - 2.93
Potential
(Tmol COZeq y-l)
Jayathilake &
Mcowen et Costello, 2018;
Global Area Source McLeod et al. 2011 al. 2017 Davidson &

Finlayson, 2019

*Global C burial rates from McLeod et al., 2011.

Table 1.2 Relationship between VCE CHj; fluxes and potential drivers. Significant (p-value <
0.05) Pearson correlations are highlighted in bold. Italicized results indicate log transformed CH4
flux was used for test.
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Vegetation Type
Test Parameter All Mangrove Salt marsh Seagrass
Latitude (°) -0.022 0.073 -0.113 0.092
Abs Lat (°) (dist from equator) -0.111 -0.055 -0.357 -0.094
Salinity (%o) -0.361 -0.293 -0.493 -0.317
Biomass (g m™) -0.019 - 0.283 0.166
NEP (mmol C m?2 d") -0.075 - 0.008 -
OM (%) 0.258 -0.173 0.247 -
C:N -0.057 -0.092 -0.096 -
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Figure 1.GA Vegetated coastal ecosystems (VCEs: mangroves, salt marshes, and seagrasses) are
well-known for their carbon storage capacity. However, most studies on the carbon cycle in
VCEs overlook a potentially important mechanism of carbon loss - methane emissions.
Remarkably, methane emissions from VCEs are not currently included in global marine methane
budget estimates. Here we show that VCEs are net methane emitters and that carbon loss through
methane emissions is relatively small when compared to carbon stored. Further, we demonstrate
that accounting for their methane emissions leads to a 60-70% increase in the global marine
methane budget.
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Figure 1.1 Locations of CH4 flux measurements reviewed: (a) worldwide, (b) in the eastern
United States, and (c¢) in Southeast Asia and Eastern Asia.
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Figure 1.2 Mean CHj fluxes for each vegetated ecosystem type binned by salinity. Several
studies did not report salinity. We name the several sites exhibiting high CH4 fluxes. The Yang et
al. (2018) Zhangjiang River Estuary observation was not included in further analysis.
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Figure 1.3 Relationships between organic matter characteristics and CHs fluxes: (a) CH4 fluxes
as a function of sediment organic matter content (%organic matter [OM]) and (b) sediment C:N
for all vegetation types. Note that several mangrove and salt marsh sites exhibit high CH4 fluxes
given sediment OM and/or C:N values.
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Figure 1.4 Relationship between salinity and CH4 fluxes: (a) Salinity concentrations versus log
CH, fluxes for all vegetation types (R*=.12; y =-0.03x + 3.22; » <.001) and (b) salinity
concentrations versus salt marsh fluxes (R* = 0.23; y = -0.05x + 3.38; p < .001) and mangrove
fluxes (R*>=.07; y =-0.03x + 3.44; p = .018).
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Figure 1.5 Fluxes of CH4 (Tmol CH4-C/year) under (a) current conditions and (b) under current
trajectory for end of the century climate conditions. The future scenario considers increase in CH4
flux due to likely increases in N loading to coastal systems and predicted 3.7 °C warming by the
end of the century (IPCC, 2014). Figure modified from Murray et al. (2015).
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Corrigendum to: A synthesis of methane emissions from shallow vegetated coastal
ecosystems (Global Change Biology, (2020), 26, 5, (2988-3005), 10.111/gcb.15046)
Al-Haj, A. N., and R. W. Fulweiler. 2020. Glob. Chang. Biol. 26: 5342.
doi:10.1111/gcb.15192

In the paper by Al-Haj and Fulweiler (2020), global warming potential (GWP)
and sustained flux global warming potential (SGWP) were calculated incorrectly. GWP
should be calculated using gas emissions in gas mass units (Neubauer & Megonigal,
2015). We thank Judith Rosentreter for bringing the calculation error to our attention and
Damien Maher and Patrick Megonigal for consultation on the correction.

The updated version of Table 1.1 includes global flux rate, GWP or SGWP

calculated via the following equations for the mean CHa flux rate of each ecosystem:

365 days yr—! 106 m?
Global flux rate (Tmol CH, yr™1) = r x *

1 x 1018 ymol Tmol~1 km?

where 7 is the mean CH4 flux rate in umol m ™2 day ! for each ecosystem and 4 is the area
of the ecosystem in km?.
GWP (Tg CO,eq yr~1) = GFR % (16.04Tg CH, Tmol™1) * 32

SGWP (Tg COyeq yr~) = GFR = (16.04Tg CH, Tmol™1) % 45

where GFR is the mean global CH4 flux rate for each ecosystem, and we use the 100 year
global warming potential multiplier (32 or 45, respectively) from Neubauer and

Megonigal (2015).
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Subsequently, section 6: Global warming potential is also incorrect. Using the
correct calculations for GWP and SGWP, mangroves and salt marshes release ~1-1.5 g
of CO2 equivalent CH4 for every gram of COz-eq C stored when considering the mean
CHa flux rate and seagrasses remain COz sinks releasing 1 g of CO2 equivalent CH4 for
every 17 g of COz2-eq C stored (Table 1.C1). These results indicate that mangroves and
salt marsh ecosystems may be net C storers in some systems and may have net C loss in
others.

Code detailing step-by-step calculations can be found at

https://github.com/aliaalhaj/Al-HajFulweiler2020 MethanefromVCEs Code.
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Table 1.C1 Global CH4 emission estimates from vegetated coastal ecosystems (VCEs) and their
impact on global carbon cycling. Median CH,4 fluxes, global CH,4 flux estimates (Supporting Text
1.3 in Data S1.1), increase in global marine methane budget (Supporting Text 1.4 in Data S1.1),
global warming potential (above), and sustained flux global warming potential (above) from
VCE:s. Values with the same lower case letter are not significantly different.

Mangrove Salt marsh Seagrass
mean 4556.96 + 3534.90 +
+SE 1102.06 1331.21 108.24+19.72
CH, flux rate median 279.17° 204 44° 64.80P
(mol CH, ™ d) 67.33 92.60
range 72867.83 94129.68 1.25-401.50
Areal Extent 788000 -
(km?) 137760 - 152361 55000 1646788
Global CHy flux  mean 0.23 +0.06 0071 £00y7 0:031%0.006
rate (Tmol CHy yr'') =+ SE 0.25 + 0.06 ' ' 0.065 =+ 0.012

Increase in global

marine CHy4 budget 40.2 -44.5 12.5 54-114
(%)
Global C burial mean 31.1+54 11.99 + 1.32 108.74 £ 29.90
(Tg C yr'l) + SE 344+£59 ’ ’ 22726 +62.57
Global Warming
Potential mean 117.61 - 130.08 36.42 15.98 - 33.39
(Tg COZ eq y_l)
Sustained Flux
Global Warming . 16539 182.92 51.22 22.47 - 46.96
Potential

(Tg CO2eq y™")
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Jayathilake &
McLeod et al. Mcowen et al. Coste!lo, 2018;
Global Area Source Davidson &
2011 2017 .
Finlayson,
2019

*Global C burial rates from McLeod et al. (2011)
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Abstract

Seagrasses are globally important ecosystems that can help mitigate climate
change by sequestering carbon. The net impact seagrass meadows have on the climate,
however, also depends on methane (CH4) and nitrous oxide (N20) fluxes. By not
accounting for CH4 and N20O fluxes, we may be over- 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 non-
vegetated sediments in two temperate bays with different environmental characteristics.
We also determined system wide air-sea CH4 and N2O fluxes. We found the CH4 fluxes
across the sediment-water interface varied between the two sites with peak mean
emissions from one of the seagrass meadows in the dark (3.90 + 0.92 umol CH4sm?2 h!).
In contrast, N2O fluxes across the sediment-water interface were low (-0.005 = 0.010
pumol m? h') and did not differ between vegetated and non-vegetated sediments or
between light and dark treatments. Importantly, one system was a net CH4 sink from the
atmosphere while both systems were net sinks of N2O from the atmosphere. While the
N20 uptake rates were low, they enhanced the overall cooling potential of both seagrass

meadows by ~10%.

Introduction
Vegetated marine ecosystems help mitigate climate change by storing carbon (C)

for thousands of years (McLeod et al. 2011; Lovelock and Duarte 2019). Chief among
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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 — methane (CH4) and nitrous oxide (N20) (McLeod
et al. 2011; Fourqurean et al. 2012; Tokoro et al. 2014). CH4 and N20 are important
because they have a sustained flux global warming potential (SGWP) 96 and 250 times
that of COz, respectively, on a 20-year time scale (Neubauer and Megonigal 2015). Thus,
by neglecting CH4 and N20O, we are potentially miscalculating C budgets for seagrass
ecosystems.

Seagrass meadows are likely “hot spots” for both the production and consumption
of CH4 and N20. On the one hand, the high sediment organic matter content and low/no
sediment oxygen concentrations are ideal conditions for CH4 and N20 formation (Murray
et al. 2015; Al-Haj and Fulweiler 2020; Rosentreter et al. 2021a). Being coastal systems,
seagrasses are also often exposed to high inorganic nitrogen loading which can stimulate
N20 production (Orth et al. 2006; Murray et al. 2015). Additionally, the shallow water
column in seagrass meadows can allow CHa and N20O 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 act as a pipe for CH4 and N20 transport from the
sediment to the atmosphere (Kim et al. 1999; Jorgensen 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 column and
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seagrass rhizosphere can take up more CHa than is being produced in some ecosystems
(Gerard and Chanton 1993), and N2O consumption can occur via denitrification when
other sources of dissolved inorganic nitrogen 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 increasingly, seagrass ecosystems
are valued in terms of their capacity to mitigate climate change through “blue carbon”
sequestration (Needelman et al. 2018; Macreadie et al. 2019). Yet, depending on the sum
of CO2, CHa4, and N2O fluxes, a seagrass ecosystem may have a positive (warming) or
negative (cooling) radiative balance. Some studies report enhanced CH4 and N2O
emissions from seagrass ecosystems 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 COz¢q (CO2 equivalent) C sequestration. For example, if CO2
equivalent (COzeq) emissions of CH4 and N2O are greater than the CO2¢q C sequestered,
the system will have net CO2¢q emission, or a positive radiative balance (Rosentreter et al.
2021a). However, there are only two studies that measure both CH4 and N2O fluxes in
seagrass ecosystems simultaneously (Camillini 2020; Oreska et al. 2020). Currently,
other vegetated coastal ecosystems (i.e., mangrove ecosystems) are included in several
countries’ Nationally Determined Contributions and C trading markets are being
established around their restoration and maintenance (Zeng et al. 2021). However, there
is not enough information on CH4 and N2O emissions from seagrass ecosystems to

include seagrasses in these frameworks.
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It is within this context that we wanted to determine the contribution of CH4 and
N20 fluxes to the radiative balance of seagrass ecosystems. To do so, we quantified CHa
and N20 fluxes in the dark and in the light across the sediment-water interface in Zostera
marina (eelgrass) meadows in two coastal lagoons with different environmental
characteristics. We also estimated system-wide air-sea fluxes of CH4 and N20 from each
lagoon. Additionally, we measured a suite of environmental parameters that could help
explain CH4 and N0 fluxes from each system. Finally, we estimated CH4 and N2O
offsets (reduction) of C sequestration for each lagoon. We anticipated the lagoons would
be sources of CH4 and N20O to the atmosphere. More specifically we hypothesized that
fluxes of CH4 and N20 across the sediment-water interface would be higher from
vegetated sediments when compared to bare sediments, that CH4 and N2O fluxes would
be higher from vegetated sediments in the light than in the dark, that the lagoon with
higher organic matter content would have higher sediment methane emissions, and that
the lagoon with higher water column dissolved inorganic nitrogen concentration would
have higher sediment N2O fluxes. Additionally, we hypothesized that the lagoons would
maintain a negative radiative balance when CO2¢q CH4 and N2O fluxes are included in
their greenhouse gas budgets.

Methods

Site descriptions
This study was conducted in the U.S. National Park Service Cape Cod National
Seashore in East Harbor (42°3'24.42"N, 70°7'10.84"W) in Truro, MA and Pleasant Bay

(41°42'33.98"N, 69°57'43.96"W) in Chatham, MA (Permit # CACO-2018-SCI-0001)
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(Figure 2.1) between July and September 2018 (n=1) and 2019 (n=2). All sampling
occurred in Zostera marina (eelgrass) dominated sediments and nearby (>2 m) non-
vegetated sediments.

East Harbor is a 2.9 km? 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). The lagoon has an average depth of
1 m with a tidal range of < 0.5 m. Salinity in the lagoon ranges from 12 ppt 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 days (Watts et al. 2011). Although East
Harbor is dominated by Ruppia maritima, Z. marina is present near the opening of the
culvert (Portnoy et al. 2006) at about 1.0 m depth. There are currently no published
estimates of Z. marina areal coverage in East Harbor.

Pleasant Bay is a 31.7 km? 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 ppt to 31 ppt while summer water
temperatures range from 12 °C to 25 °C (Legare et al. 2020). Pleasant Bay contains
approximately 7.3 km? of Z. marina (Howes et al. 2006). While there are natural gas
deposits in Pleasant Bay, they are limited to the deeper portions of the Bay away from the

shallow < 2.0 m depth seagrass ecosystems where we sampled (Borrelli et al. 2020).

Greenhouse gas fluxes across the sediment-water interface
To compare fluxes of CH4 and N20O across the sediment-water interface between

sites, we measured fluxes in representative stands of vegetation (n=3) and in non-
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vegetated (n=3) sediments using static chambers (Emery and Fulweiler 2014). Chambers
were covered with jackets of opaque fabric for dark incubations and the jackets were
removed for light incubations. For a more in-depth description of the in situ benthic
chambers, see Supplementary Information S2.1. Sampling locations were chosen
haphazardly but were separated by a minimum of ~2 m. Due to logistical constraints,
non-vegetated 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 incubation with the jacket on the chamber. 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 N20 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 pL of saturated zinc chloride (ZnCl) solution (Ray et al. 2019).
Vials were capped and stored underwater at 20 °C until analysis.

We measured dissolved oxygen (DO) concentration, salinity, and temperature of
the chamber water at each time point using a Hach LDO101 DO sensor and a Hach
CDC401 conductivity sensor. HOBO pendant light and temperature loggers 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 (NH4"), nitrite (NO2"), and nitrate (NO3")) samples. Water samples were

filtered in the field using a GFF filter (0.7 micron pore size) and polypropylene syringe
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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 incubation. Nutrient samples were stored on ice in the field and then at -20 °C
until analysis.

After each incubation was completed, we counted and collected Z. marina
aboveground biomass from within each collar. Before removing the collar from vegetated
and non-vegetated sediments, cut-off 60 cc syringes were used to collect surface (0-4 cm)
sediment. Sediment sub-cores 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.

Greenhouse gas fluxes across the air-sea interface

We estimated air-sea CH4 and N20 fluxes from East Harbor and Pleasant Bay on
two occasions each during July — September 2019 using the discreet sampling method
(Rhee et al. 2009). Briefly, we collected duplicate water samples (in 12 mL Labco
Exetainers) from the water surface and duplicate air samples from ~ 1 m above the water
surface every hour for 6 to 9 hours between the hours of 9:00 EST and 17:00 EST. Water
samples were stored and preserved in the same manner as sediment-water interface flux
water 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 entire system (i.e., influenced by seagrass and bare sediment) as these are open

system measurements in sediments with tidal water transport.
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Sample analysis and flux determination
Greenhouse gas sample analysis

We quantified CH4 and N20O concentrations in each water sample using a
headspace equilibration technique with the headspace then analyzed on a GC-2014 gas
chromatograph (Shimadzu, Japan) (Emery and Fulweiler 2014; Ray et al. 2019). See a
full description of this technique in Supplementary Information S2.2.

We determined concentrations of CH4 and N20 by comparing sample peak area to
a standard curve calculated from the peak area of 6 different concentrations of an
externally mixed standard (Airgas, Billerica MA; Supplementary Information S2.3). The
amount of gas in the headspace was calculated using the ideal gas law and 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
N20 (Weiss and Price 1980).
Flux calculations

Fluxes across the sediment-water interface were determined as the linear change
in concentration of CHa or N20O over time accounting for chamber volume and area (Ray
et al. 2019). For a flux to be considered significant, R> > 0.65 and p < 0.10. If R? < 0.65,
no flux was exhibited and a value of 0 was assigned (Ray et al. 2019).

Air — sea fluxes were determined as the change in CHs or N2O concentration
between surface water and atmospheric gas samples:

F=k(Cy,—Cp)
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where F is the flux (umol m? h), k is the gas transfer velocity (cm h!), Cy is the
concentration of the gas in water (umol L), and Ca is the concentration of the gas in air
(umol L") (Wanninkhof 2014). Because we do not have system specific gas transfer
velocity equations, we used the average gas transfer velocity calculated from five
equations commonly used in coastal ecosystems (Table 2.1). Gas transfer velocity (k) is
most commonly calculated 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: Station
44018, 17 km from site). Wind speeds were recalculated to a height of 10 m (Uio) using

the equation provided in Amorocho and DeVries (1980)

b= 12 (9) g

Z

where Ciois the surface drag coefficient for wind at 10 m, « is the Van Karman constant
(0.41) and z is the height the wind speed was measured at above the water surface (m)
(Rosentreter et al. 2017). We normalized & to a Schmidt number (Sc¢) of 600 as a function
of temperature and salinity for each gas using the equations provided in Wanninkhof

(2014).
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600

keoo = k(;)—o.s (2)

where Sc is the Schmidt number and -0.5 is the Schmidt exponent.

Nutrient analysis

Dissolved inorganic nutrient (dissolved inorganic phosphorous (DIP), ammonium
(NH4"), nitrite (NO2"), and nitrate (NO3")) 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 uM, 0.080 uM, 0.006 uM, and

0.013 uM, respectively.

Sediment characteristics

Sediment subsections were homogenized and dried at 60 °C for at least 48 hours
before being ground. % C and % N of dried sediments were determined on an Elemental
Combustion System 4010 (Costech Analytical Technologies; Valencia, CA) elemental

analyzer.

Plant morphometrics and biogeochemistry

To characterize each seagrass meadow, we determined seagrass density,
aboveground 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. Above-ground biomass was collected by trimming
the seagrass at the sediment surface at the end of the incubation. Shoots were stored at 3

°C until leaves were separated from sheaths and leaf length and width were measured.
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Aboveground biomass was determined by drying the leaves and collected sheaths at 60
°C for a minimum of 48 hours, weighing, and normalizing over chamber base area.

LAI was calculated using the following equation:
LAl =1lxw 3)
where | 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).

Greenhouse gas reduction of C sequestration

We calculated CO2-equivalent CH4 and N20O emissions and uptake in East Harbor
and Pleasant Bay by multiplying air-sea fluxes by the sustained flux global warming
potential (SGWP) for emission and the sustained flux global cooling potential (SGCP) for
uptake (Neubauer and Megonigal 2015). Because we did not measure C sequestration
rates in this study, we compared our system wide air-sea fluxes to previously published C
sequestration rates for Z. marina vegetated sediments in Pleasant Bay (Novak et al.
2020). C sequestration has not been measured for Z. marina vegetated sediments in East
Harbor, so for this site we used the median C sequestration rate for Z. marina vegetated
sediments from Novak et al. (2020). We also compared our system wide air-sea fluxes to
minimum and median C sequestration rates from non-vegetated sediments in the Pacific
Northwest, USA (Prentice et al. 2020), due to a lack of data from non-vegetated
sediments in the Northeast U.S. To make the comparison between system-wide air-sea

CHa4 and N2O fluxes and C sequestration rates, we calculated a system-wide C
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sequestration rate by multiplying the non-vegetated or vegetated area by the non-
vegetated or vegetated C sequestration rate and dividing by the total basin area. We then
added vegetated and non-vegetated C sequestration rates together (Supplementary
Information S2.4, Table S2.1).

To calculate how much CHs and N2O fluxes could offset (or reduce) the C
sequestered in the seagrass meadows, we multiplied COz-¢q air-sea CH4 and N2O
emissions and uptake by 12.01/44.01 (mass of C/mass of COz) and divided emissions or
uptake by the C storage rate for each system. To calculate the amount of C taken up by
Pleasant Bay and East Harbor each year, we multiplied the sum of CH4 and N0 fluxes
and uptake in g Ceqm? y™! by the area of Z. marina in each system. Because there are no
published estimates of Z. marina area in East Harbor, we estimate that Z. marina makes
up 5% of the area of the basin based on our field observations. We then calculated the net
CO2¢q-C uptake rate by subtracting the CO2¢q-CH4 and N2O fluxes from the CO2¢q-C

sequestration rate (Supplementary Information S2.5).

Statistical analysis

All statistical analysis was performed using R version 4.0.3. Results of statistical
tests were considered significant when p < 0.05. We tested whether sediment and water
column characteristics and CH4 and N2O fluxes across the sediment-water interface
differed between sites and with eelgrass presence or absence using a least square means

test.
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We determined the environmental drivers for CH4 and N2O fluxes across the
sediment-water interface using a mixed model approach. Because the gas flux data are
zero-inflated, we modelled our zeros using a zero-adjusted gamma modification to the
classic hurdle model (Zuur & 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 Pearson residuals, and combined modelled zeros with
the non-zero flux data into one data frame. We then determined the distribution of these
data using the fitdistrplus package (Delignette-Muller and Dutang 2015). We found that
CHa4 and N20O data best fit a normal distribution.

Before determining the best model for our data, we determined if predictor
variables were correlated (Table S2.2) and chose non-correlated predictor variables to use
in the model. We then generated multiple generalized linear models using the Ime4
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
non-correlated predictor variables (e.g. Oz flux, salinity, LAI, %C of the top 0-1 cm
sediment) (Table S2.2). This resulted in the construction of 125 models for fluxes of each
gas and we used Akaike information criterion (AIC) to select the best models (Bozdogan
1987). We then compared the top two models using likelihood ratio tests through the
[rtest function in the /mtest package (Hothorn et al. 2020) (Table S2.3). When the top two

models were not significantly different, we chose to use the simpler model (Table S2.4).
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Results.

Site characterization

Water column salinity, NHs*, NOx, DIN, and DIP concentrations differed
significantly between sites with higher salinity and nutrient concentrations in Pleasant
Bay (Table 2.2). However, there was no statistical difference between seagrass density,
LAI, or NPI between sites (Table 2.2). Sediment characteristics differed between sites
and with vegetation presence. In Pleasant Bay, there was significantly higher %N in the
top 0-1 cm of sediment in eelgrass vegetated sediments than in non-vegetated sediments.
Eelgrass vegetated sediments in Pleasant Bay also had higher %N than both vegetated
and non-vegetated sediments in East Harbor. Similarly, vegetated sediments in Pleasant
Bay had higher %C in the top 0-1 cm of sediment than in other vegetated and non-
vegetated sediments, however this difference was not statistically significant. Non-
vegetated sediments of East Harbor had a significantly higher C:N in the top 0-1 cm of
sediment than vegetated sediments of East Harbor and both vegetated and non-vegetated

sediments of Pleasant Bay (Table 2.2).

Greenhouse gas fluxes
Fluxes of CH4 and N20O across the sediment-water interface were highly variable
and zero-inflated with >50% of sediment-water interface measurements exhibiting a net

zero flux. CHs fluxes ranged from -2.52 pmol m2h! to 7.38 umol m? h™! with 51% of
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the CH4 flux measurements exhibiting a net zero flux. N2O fluxes ranged from -0.42
umol m?2 h'! to 0.41 umol m? h'! with 84% of the N2O flux measurements exhibiting a
net zero flux.

On average, CH4 was released by sediments into the water column and N20O was
taken up by sediments from the water column (Table 2.3). There was greater CH4 flux
across the sediment-water interface from vegetated sediments in Pleasant Bay than from
non-vegetated sediments in Pleasant Bay (¢33 = -5.22, p <0.0001). There was no
difference in CH4 flux across the sediment-water interface from vegetated and non-
vegetated sediments in East Harbor (#3; = -0.05, p = 0.96) (Table S2.5). Vegetated
sediments in Pleasant Bay released ~13 times more CHa4 into the water column than non-
vegetated sediments in Pleasant Bay take-up (mean + se: 3.10 = 0.63 pumol CHs m2 h!, -
0.23 £ 0.18 umol CH4 m™ h'!, respectively). The vegetated sediments in Pleasant Bay
also release ~5 times more CH4 into the water column than both vegetated and non-
vegetated sediments in East Harbor (¢64=-4.43, p = 0.0002; t64 = -4.68, p = 0.0001)
(Figure 2.2a). There was no difference in CH4 flux across the sediment-water interface
for light and dark treatments within Pleasant Bay and East Harbor (33 = 1.02, p = 0.32;
131 =-1.03, p = 0.31, respectively) (Table S2.6) nor between Pleasant Bay and East
Harbor (66 = -1.62, p = 0.11) (Table 2.3; Table S2.7). There was no difference in flux of
N20 across the sediment-water interface between eelgrass vegetated and non-vegetated
sediments, between East Harbor and Pleasant Bay, or between light treatments (Table

2.3; Tables S2.5-S2.8; Figure 2.2b).
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Air-sea fluxes of CH4 and N20O were relatively low in both systems. Air-sea flux
of CHa4 differed between locations with East Harbor acting as a net sink of atmospheric
CHa and Pleasant Bay acting as a source of CH4 to the atmosphere (t42 =-4.53, p <
0.0001) (Table 2.3). Air-sea flux of N20 did not differ between sites with both systems

acting as a small net sink of atmospheric N20O (t42 =-0.80, p = 0.43) (Table 2.3).

Drivers of greenhouse gas fluxes across the sediment-water interface

CHa 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 (Figure 2.3). 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 non-vegetated sediments. The environmental variables we measured

did not explain N20 fluxes (Table S2.3).

Greenhouse gas reduction of C sequestration

Z. marina meadows in both East Harbor and Pleasant Bay had combined CH4 and
N20 offsets (i.e., reduction) of C sequestration of less than 100% meaning that, overall,
these systems are a net sink of C (Table 2.5). The air-sea CH4 and N2O fluxes increased
the amount of CO2 equivalent greenhouse gas uptake by East Harbor by ~84%. CHa

emissions in Pleasant Bay reduced C storage by 27%. However, the N2O uptake
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counteracts these CH4 emissions so that when combined the net CH4 + N2O reduction of

C storage is 19.3% (Table 2.5).

Discussion

CHj4 and NzO fluxes across the sediment-water interface

Here we show that CH4 fluxes from Z. marina meadows in two temperate
ecosystems were highly variable and that N2O fluxes, at least when we sampled, were
negligible. As we hypothesized, CH4 fluxes across the sediment-water interface were
higher from Z. marina sediments in Pleasant Bay compared to non-vegetated sediments,
emitting more than ten times the CH4 from non-vegetated sediments (Figure 2.2A). In
contrast, there were no significant difference in CHs fluxes from East Harbor between
seagrass and non-vegetated sediments. In addition, dark and light CH4 fluxes were not
significantly different. N2O fluxes, however, did not vary between sites, between
vegetated and non-vegetated sediments, nor between dark and light incubations (Table
2.3). While seagrass presence and C content (i.e. % C) drove CH4 fluxes, there were no
clear drivers of N2O fluxes (Figure 2.3, Supplementary Table S2.4). Overall, fluxes of
CHa4 and N20 across the sediment-water interface in East Harbor and Pleasant Bay were
low compared to median fluxes from other vegetated coastal ecosystems (Mangrove:
279.17 umol CHs m™ d”!, Salt marsh: 224.44 umol CHs m d!, Al-Haj and Fulweiler
2020; Mangrove: 22.80 pmol N2O m™ d™!, Salt marsh: 8.16 pmol N2O m™ d*!, Murray et

al. 2015) and were within the range of literature values for other seagrass ecosystems
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(Table 2.4). These results indicate that seagrass sediments are small sources of CH4 and
can be very small sources or sinks of N2O to the water column.

The results from East Harbor were different from previous studies on Z. marina as
well as from other seagrass species where it has been consistently shown that vegetated
sediments have higher CH4 fluxes than non-vegetated sediments (Table 2.4). One reason
for this could be due to the age of the meadow in East Harbor. Eelgrass was planted in
East Harbor in 2011 (Bayley 2012) and at the time of sampling, this meadow was only 7
— 8 years old. Previous studies have shown that it takes greater than 10 years following
restoration for restored seagrass meadows to provide the same C and N cycling benefits
as mature meadows (Greiner et al. 2013; Macreadie et al. 2015). As the seagrass meadow
in East Harbor matures and sediment characteristics beneath the seagrass change, CHa
fluxes from vegetated sediments may exceed those from non-vegetated sediments. These
results highlight the importance of taking continuous measurements over several years to
determine the CH4 emission capacity of these systems.

Another 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 wetland ecosystems have found positive correlations between organic matter content
and quality and methane emissions (mangrove: 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
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Grande de Santa Marta, Colombia (Konnerup et al. 2014) and for inland waters, CHa
production can be predicted by organic matter content and quality (Grasset et al. 2021).
In our study, the results are more complicated. %C was a significant predictor of CHa4
flux across the sediment-water interface in vegetated sediments alone (Figure 2.3). C:N
was ~2x higher in non-vegetated sediments of East Harbor compared to eelgrass
vegetated sediments of Pleasant Bay where we found the lowest C:N and the highest CH4
emissions (Table 2.2, Table 2.3). However, this is not a simple relationship — as there was
a positive relationship between sediment C:N and CHa4 flux for vegetated sediments
within East Harbor and Pleasant Bay, separately, and no relationship between C:N and
CHa flux in non-vegetated sediments (Figure S2.1). This relationship suggests that less
labile organic matter is driving CH4 emissions in vegetated areas. However, the
relationship may be driven by labile organic matter from seagrasses being used up
quickly, leaving less labile organic material in the sediments (Trevathan-Tackett et al.
2018). Regardless, data from this study and those previously published suggest that
sediment C:N and/or %C may be an important predictor variable for CHa4 fluxes.
Substrate availability and competition for substrates for methanogenesis drive
CHa4 source and sink dynamics in coastal ecosystems. For example, CHs fluxes in tidal
marshes are driven by the competition between sulfate reducers and methanogens
(Poffenbarger et al. 2011). Similar to other studies in seagrass ecosystems (Garcias-Bonet
and Duarte 2017; Al-Haj and Fulweiler 2020), we did not observe a negative relationship
between CH4 emissions and salinity, further demonstrating that the negative correlation

between CH4 emission and salinity observed for tidal marshes (Poffenbarger et al. 2011)
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does not hold in seagrass ecosystems. While 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 mechanisms may
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 hydrogenotrophic and acetoclastic
methanogens access to organic material to produce CH4 or a non-competitive form of
methanogenesis (methylotrophic or aerobic) is occurring in these systems (Reeburgh
2007). A recent study comparing methanogenic communities in trimethylamine amended
Z. marina vegetated and non-vegetated sediments, found that methane emissions
increased with amendment and that there were higher concentrations of methylotrophic
methanogens in vegetated sediments (Zheng et al. 2020). Recent studies from
unvegetated coastal sediments also suggest methylotrophic methanogenesis dominates
(Zhuang et al. 2018; Yuan et al. 2019). Because of this, we hypothesize that
methylotrophic methanogenesis is driving methane emissions in East Harbor and Pleasant
Bay.

We hypothesized that N2O emissions would be higher in vegetated sediments
compared to non-vegetated sediments. However, we found no difference in N.O
emissions between eelgrass vegetated and non-vegetated sediments at either site. The
results differ from another study on Z. marina, which found that vegetation increased
N20 emission (Oreska et al. 2020), but the results were similar to a study on three other

seagrass species, which found N2O uptake in vegetated sediments within the same range
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as our results (Camillini 2020) (Table 2.4). One reason for the difference between Oreska
et al. (2020) and our study could be due to differences in methods. While 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, reservoirs,
peatlands), ebullitive fluxes of N2O are lower than diffusive 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 N20 emissions 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) during light incubations,
suggesting that plant mediated flux may be an important pathway for N2O emission in
seagrass ecosystems and may have the potential to change systems from a sink to a
source of N20O. Because we performed dark incubations before light incubations to keep
O2 concentrations below 100% saturation and to prevent bubble formation, we did not see
bubble release from the seagrass during light incubations. This indicates that if plant-
mediated flux was occurring during the light incubations in East Harbor and Pleasant
Bay, that the gases dissolved in the water column and were included in the diffusive flux.
If this were the case, there would be an increase in N2O emission during the light

incubations, which is not seen in the data for vegetated sediments in East Harbor and
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Pleasant Bay indicating that plant-mediated flux is not an important pathway for N>.O
emission in these systems when Oz concentrations are below 100% saturation.

Because the N20 fluxes across the sediment-water interface were so low in our
system, we were unable to determine what drives the fluxes we did measure. Although
our best model contained vegetation presence, there was no significant relationship
between N20 flux across the sediment-water interface and vegetation presence (Table
S2.2). Other studies found that vegetation presence and vegetation type significantly
impacted N20O emissions (Murray et al. 2015; Gao et al. 2019; Yang et al. 2020). For
other common drivers of N2O emission, such as DIN or Oz concentrations, there is no
evidence from seagrass ecosystems that there is a pattern between DIN or Oz
concentrations and N20 flux, unlike in mangrove, salt marsh, and non-vegetated estuarine
systems (Murray et al. 2015). However, Camillini (2020) suggests that the N2O uptake in
seagrass systems is due to denitrifiers scavenging N2O under stable oxic conditions and
emission is due to variable oxic conditions stimulating incomplete nitrification. The low
fluxes of N20 that we measured could be the result of both N2O production and
consumption occurring at similar rates. Alternatively, environmental conditions could
simply not favor N2O production or consumption. For example, in coastal systems N2O
emission is primarily observed when nitrate concentrations are high (Murray et al. 2015).
In contrast, N2O uptake is typically observed when nitrate concentrations are low (Ray et

al. 2020; Foster and Fulweiler 2016).
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Air-sea fluxes of CH4 and N>O

Diffusive air-sea fluxes of CH4 were variable between systems while on average
N20 was taken up by both systems (Figure 2.4). Air-sea CH4 fluxes from Pleasant Bay
were within the range found for other seagrass dominated systems (Table 2.4). However,
no other currently published studies from seagrass ecosystems exhibit air-sea CHs uptake
like we measured in East Harbor. CH4 uptake from the atmosphere is normally
characteristic of upland soils (Grosso et al. 2000), while CH4 emission to the atmosphere
is common across marine and freshwater ecosystems (Rosentreter et al. 2021b). There
are, however, some examples of mangrove and tidal marsh ecosystems with net CHs
uptake from the atmosphere (Bartlett et al. 1985; Sun et al. 2013; Cabezas et al. 2018)
and a few examples of submerged coastal and marine ecosystems with CH4 uptake
(Weber et al. 2019). For example, Cabezas et al. (2018) found CH4 emission from a
hydrologically disturbed mangrove creek and CHa4 uptake in an undisturbed mangrove
creek, but they could not link any ancillary data (e.g. electrical conductivity, hydroperiod,
plant community structure) to these results. Sun et al. (2013), on the other hand,
attributed consistent CH4 uptake in a Suaeda salsa marsh to thermal conditions, soil
moisture, and salinity. While East Harbor emits 0.6 pmol CH4 m™ h™!' across the
sediment-water interface, that CHa4 appears to be oxidized through the water column and
~5 times more CH4 (mean =+ se: -3.03 + 0.95 pmol m? h'!; range: -16.52 — 4.36 umol m™
h') is taken from the atmosphere and oxidized in East Harbor. The atmospheric
concentration of CHs in East Harbor ranged from 1350.6 ppb (55.4 nmol L) to 4344.2

ppb (178.1 nmol L), and water concentrations ranged from 21.8 nmol L™ to 175.8 nmol
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L. Low concentrations of CHa in the water column may be explained by aerobic
methane oxidation by methane-consuming bacteria. Methane oxidizing bacteria have
been shown to oxidize CHa in coastal ecosystems at rates ranging from 0.5 — 3.4 umol
CH4 m™ h! (Steinle et al. 2017), within the range needed for uptake from the atmosphere
in East Harbor.

High atmospheric concentrations of CH4 above East Harbor may be explained by
natural (e.g. ebullition) or anthropogenic (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 CHa4
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, making pipeline leaks in the area an unlikely source of
high atmospheric CH4 concentrations (www.mass.gov). However, the residential areas on
the dunes surrounding East Harbor and on the southern border have septic systems
(Portnoy et al. 2006). Septic systems have been shown to emit 2.9 x 10* pmol CHa capita”
'h'! or 3.7 umol CHs m™h™! using the average lot size for Cape Cod, MA (Nowicki

1994; Diaz-Valbuena et al. 2011), making the combination of ebullition and septic
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sources of CHa4 likely causes of elevated atmospheric CH4 concentrations above East
Harbor.

In Pleasant Bay, there is an 84% increase in CH4 emission between the sediment-
water interface and air-sea interface. This indicates that CH4 oxidation 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 production in the water column (Bizi¢-lonescu et al.
2018). Unlike in East Harbor, 95% of atmospheric concentrations of CH4 measured in
Pleasant Bay were within = 250 ppb of atmospheric concentrations during August, 2019,
1863.0 ppb (https://gml.noaa.gov).

We hypothesized that N2O would be emitted to the atmosphere in both East
Harbor and Pleasant Bay. However, we found uptake of N2O in both systems. Air-sea
N20 uptake in East Harbor and Pleasant Bay were lower than uptake measured in
Wallagoot, Australia (Table 2.4; Camillini, 2020). Although N20O uptake was measured in
these three seagrass ecosystems, N2O uptake from the atmosphere is not common in non-
vegetated coastal areas (Tian et al. 2020). However, 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). For example, Murray et al. (2018) found that mangrove ecosystems are net
sources of N2O during the dry season and net sinks during the wet season. Emery and
Fulweiler (2017) found that unimpacted salt marshes are net sinks of N2O, that restricted

and restored salt marshes can be greater sinks if they have high freshwater input, and that
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drier restricted and restored salt marshes are not as strong sinks of N2O. Diffusive air-sea
uptake of N2O was 124 times greater than sediment-water column uptake in Pleasant Bay
and 6 times greater in East Harbor suggesting that these systems have N2O consumption
in the water-column. This N20O consumption could either occur via denitrification in
anaerobic microsites within the water column or occur via aerobic denitrification (Coates

and Wyman 2017; Rees et al. 2021).

GHG budget

Overall, we found that both Z. marina sediments and non-vegetated sediments in
East Harbor and Pleasant Bay were net C sinks. Air-sea CHs4 and N20O fluxes increased
the CO2eq-C uptake in East Harbor from 56.9 g CO2¢q-C m? y ! to 104.6 g CO2¢q-C m?2 y!
over a 20-year time-scale (Table 2.5). In Pleasant Bay, the air-sea CH4 and N20 fluxes
reduced C sequestration rates by 9.6 g CO2-C m?y! on a 20-year time scale (Table
2.5). Although N20 fluxes seemed negligible in both bays, putting these emissions in the
context of CO:2 equivalents and offsets shows that N2O increased the cooling potential
(CO2eq uptake) by ~10% in each bay. CH4 emissions offset 27% of the carbon
sequestration rates in Pleasant Bay and CH4 uptake increased the cooling potential of
East Harbor by ~72% (Figure 2.5, Table 2.5). Our combined CH4+ N20 offset of 19.3%
for Pleasant Bay is slightly lower than the offset calculated for subtropical seagrass
meadows, 31.7 £ 16.6%, and is ~3x higher than the offset calculated for a temperate
seagrass meadow, 5.9% (Camillini 2020). CH4 and N20O fluxes do not offset C storage in

East Harbor.
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Overall, seagrass ecosystems emit less CH4 and N2O than mangrove and salt
marsh ecosystems (CH4 median: mangrove 279.17; salt marsh 224.44; seagrass 51.9
umol CHs m2 d!) (N20 median: mangrove 22.8; salt marsh 8.16; seagrass -0.9 umol
N20 m?2d"') (Murray et al. 2015; Al-Haj and Fulweiler 2020; Rosentreter et al. 2021b).
Although seagrass meadows, on average, store less C than mangrove and salt marsh
ecosystems, (mean + se: 138 + 38, 226 + 39, 218 +24 ¢ C m?y!, respectively) (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 ecosystems. 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 sequestration value.

Conclusions

The Z. marina ecosystems in this study are overall net C sinks. While one system acts as
a CHa source to the atmosphere and the other acts as a sink, both exhibit consistent
diffusive N20 uptake across the air-sea interface. Even though N2O fluxes appear
negligible in these systems, the net impact N2O uptake had increased the net cooling
benefit of these systems by ~10% and uptake of both CH4 and N20 enhance the net
COa2eq-C uptake of these seagrass meadows significantly. Consumption of CH4 and N2O
through the water column can alter the amount of these gases that make it from the

sediment to the atmosphere switching even very shallow, <5 m depth, systems from net
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sources to net sinks of CH4 and N20. The two Z. marina meadows in this study had
varying CH4 source/sink dynamics across the sediment-water interface. While one
meadow had higher sediment-water interface CH4 emissions from vegetated sediments
than non-vegetated sediments, as has been demonstrated in other systems, there was no
difference in vegetated and non-vegetated CH4 flux across the sediment-water interface
in the other meadow. These results highlight the importance of measuring both CH4 and

N20 emissions from seagrass ecosystems when determining C budgets.
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Tables

Table 2.1. Mean (+ standard error) gas transfer velocities of CO,, CHs, and N,O for each site
(East Harbor: EH, Pleasant Bay: PB) calculated from equations derived in previously published
studies. The average gas transfer velocity (final row) represents an average of the five methods
from the previously published studies and is the gas transfer velocity used here.



109

(6€0F) 6Ts (OI'THLE] (BEOF6I'S (IT'TF) S8 - 23v.424y

(9z0F) 69°€ (L60F) 719 (9TOF) 019 (L6'0F) ¥i'8 JNyTo+0T=""y (S661) T8 32 1B

(SroF ees (Le0F)ee8 (SH0F)6TS (L60F) 678 ""NLLTOT+ S¥0O'0 = "7 (9661) "Te 10 mLIR)

(0L0F) $9°01 (T€TF 96%1 (0L°0F) LS0T (1€TF) 061 s MG =y (#007) ‘T8 10 sad10g

#0060 (0 TH L GFTOPSLY (SI'TFH LIS 66€+N9er0- "Ny1e0= """y (8007) 1819 Suelf

8Z0F 69T (SI'THI8Y (BTOF 69T (SI'TF 08 «¢.(099/98) N1ST0 =¥ (107) Joypuruure p
qad HA ad HA

(g ud) ON-""y (,yu) "HI-""y uonenby uoneN)




110

Table 2.2. Overview of site characteristics for vegetated and non-vegetated sediments of East
Harbor and Pleasant Bay. Mean (+ standard error) seagrass density, leaf area index (LAI), and
nutrient pollution indicator (NPI: % leaf N/ area normalized leaf mass), surface (top ~ 10 cm)
water column salinity and nutrient concentrations (ammonium: NHy4", nitrite: NO,", nitrate +
nitrite: NOx, dissolved inorganic nitrogen: DIN and dissolved inorganic phosphorous: DIP), and
sediment surface (top 0-1 cm depth) % nitrogen (N), % carbon (C), and carbon to nitrogen molar
ratio (C:N) from one sampling 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 non-vegetated sediments.
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Table 2.3. Fluxes (mean + standard error) 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, vegetated and non-vegetated sediments, and light treatment.



113

(200 F) ¥0°0- (€00 F) LO°0- (4w tow) ON  xnyyq eog-11y
6107 001 (S6°0 %) €0°€- (41w yourd) PHD  widsKg o[oum
L0200 ) 5200~ ,(000°0F) 0000 (LF0'0F) 6£0°0 ,(£90°0 F) 810°0-| ,(£00°0 F) £00°0- ,(900°0 F) 900°0- (E10°0F) 610°0- (L10°0F) L10°0-| (U W 10WH) ON xny ooryuemuy

LFBU0F) 9LT0- (ITE0F VLI (#T80F) L68€ ,(LI60F) 0ITT

GPITOF) TIE0 (Pt 0F) S06°0 . (S6¥°0F) €SS0 (€0 F) 9PL 0

f.: nu o) HD 191 A -JUSWIPS

SJ1ep WS S1ep WS
parejador-uou sseI3109

Keg juesea|d

S1ep WS S1ep WS
parejador-uou sseI3[o9

J0qIeH 1Seq




114

Table 2.4. 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 (+ standard error (se)) sediment-water column interface and air-sea fluxes.
The mean sediment-water column 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 CH, Flux N,O Flux  Citation
(pmol m’ d") (pmol m’ d")

Ria Formosa Lagoon, Portugal Zostera noltii air-sea diffusive 307.4 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 74.8 Lyimo et al., 2017
Red Sea, Saudi Arabia Halophila stipulacea air-sea diffusive 437 Burkholz et al., 2020
Wallagoot, Australia Ruppia megacarpa air-sea diffusive 33.8 -0.9 Camillini 2020
East Harbor, MA Zostera marina air-sea diffusive -72.7 -1.7 This study
Pleasant Bay, MA Zostera marina air-sea diffusive 24.0 -1.0 This study
Awerange Bay, Indonesia Enhalus acoroides sed-we diffusive 95.7 Alongi et al., 2008
Florida, USA Thalassia testudinum sed-wc diffusive 183.3 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 48.0 Garcias-Bonet and Duarte, 2017
Red Sea, Saudi Arabia Cymodocea and Halodule spp. sed-wc diffusive 401.5 Garcias-Bonet and Duarte, 2017
Red Sea, Saudi Arabia Enhalus acoroides sed-wc diffusive 96.0 Garcias-Bonet and Duarte, 2017
Red Sea, Saudi Arabia Thalassodendron ciliatum sed-wc diffusive 3.1 Garcias-Bonet and Duarte, 2017
Red Sea, Saudi Arabia Halophila decipiens sed-wc diffusive 1.2 Garcias-Bonet and Duarte, 2017
Red Sea, Saudi Arabia Thalassia hemprichii sed-wc diffusive 6.2 Garcias-Bonet and Duarte, 2017
Red Sea, Saudi Arabia Halophila and Halodule spp.  sed-wc diffusive 61.1 Garcias-Bonet and Duarte, 2017
Florida, USA Thalassia testudinum sed-wec diffusive 443 Oremland, 1975
Bimini, Bahamas Syringodium filiforme sed-wc diffusive 5.6 Oremland, 1975
South Bay, VA, USA Zostera marina sed-wc ebullitive 136.7 3.7 Oreska et al., 2020
Tomales Bay, CA, USA Zostera marina sed-wec diffusive 35.7 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-wec diffusive 10.9 Moriarty, 1985
East Harbor, MA Zostera marina sed-wc diffusive 15.1 -0.4 This study
Pleasant Bay, MA Zostera marina sed-wc diffusive 74.4 0.3 This study

air-sea 103.1 (x44.2) -1.2(£0.2)
Mean (£ standard error) sed-we 81.9(£222) 0.3 (£0.6)
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Table 2.5. Offsets (reduction) of organic C (Cyr) accumulation calculated from sustained global
warming potential (positive) or sustained global cooling potential (negative) over a 20
(SGW/CPy) year time scale for CH4 and N»O fluxes from East Harbor and Pleasant Bay. Cog is
adjusted for the area of vegetated and non-vegetated sediments in each basin (Supplementary
Information S4, Table S1). CO».-C uptake rates are the difference between C,; accumulation
rates and air-sea CH4 and N>O fluxes (Supplementary Information S2.5).

East Harbor Pleasant Bay

Area adjusted C,,, accumulation

4 56.9 49.9
rate (g CO,,Cm”"y")
CH, Air-Sea Flux (mg m” y':) 1 -425.7+133.5 140.5+26.7
SGW/CPy, (g CO,,m” y") -40.9 13.5
N,0 Air -Sea Flux (mg m” y™) 270+11.6  -154+7.7
SGW/CP,, (g CO,,,m” y") -6.7 3.9
CH, SGW/CP;, (%) 71.8 27.0
Offsets  N,0 SGW/CP,, (%) -11.8 1.7
CH, + N,0 SGW/CP,, (%) -83.6 19.3
€Oz C SGWI/CPy, (g COpqm” y™") 104.6 40.3

Uptake Rate
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Figure 2.1. 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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Figure 2.2. Fluxes of methane (CHs) (A) and nitrous oxide (N,O) 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 sediment. 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 N>O fluxes. Individual points represent flux measurements.
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Figure 2.3. 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 vegetated (filled points) and non-vegetated
(open points) 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 sediment. The solid line indicates the relationship between CH, flux
and %C in vegetated sediments (y = 4.18x — 0.63, R* = 0.45, p < 0.0005). There is no relationship
between CH, flux and %C in non-vegetated sediments (dotted line, R? = 0.02, p = 0.23).
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Figure 2.4. Methane (CH4) (A) and nitrous oxide (N>O) (B) fluxes across the air-sea interface
from East Harbor (green) and Pleasant Bay (purple). Positive fluxes indicate emission into the
atmosphere while negative fluxes indicate flux into the water. Lower-case letters indicate
significant differences (p < 0.05) across sites following least-square means test. There were no
significant differences across site and vegetation treatment for N,O fluxes. Individual points
represent flux measurements.
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Figure 2.5. Greenhouse gas budgets for the two seagrass-vegetated coastal bays studied here.
Carbon (C) (yellow) storage and fluxes of methane (CHa4) (orange) and nitrous oxide (N2O) (blue)
across the air-sea and sediment-water interface in vegetated and non-vegetated sediments of East
Harbor (A) and Pleasant Bay (B). All fluxes are presented in g COsq m™2y' (+ standard error)
over a 100-year time scale. Net uptake is the sum of C storage, CH4 flux, and N>O flux.
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Abstract

Seagrass meadows are hot spots of biogeochemical cycling. Previous studies have found
that some seagrass meadows increase fluxes of oxygen (O2) and dissolved inorganic
carbon (DIC) as well as increase nitrogen removal and enhance phosphorus fluxes
compared to bare (non-vegetated) areas. Here we used in situ benthic chambers to
quantify dark/light net Oz, DIC, N: (i.e., net denitrification or net nitrogen fixation),
dissolved inorganic nitrogen (NO2, NO2™ + NOs", NH4"), and dissolved inorganic
phosphorus (DIP) fluxes in Zostera marina meadows and adjacent non-vegetated
sediments of two coastal bays in the northeastern, U.S (Cape Cod, MA) over two
summers. Oz and DIC fluxes were similar at both sites. We observed no statistical
differences in N2 fluxes between Z. marina sediments and non-vegetated sediments (0.73

+0.48 mmol N2-N m? h'! and 1.16 + 0.47 mmol N2-N m h'!, respectively; p = 0.52) or
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between dark and light incubations (1.48 + 0.47 mmol N2-N m2 h'! and 0.39 + 0.47
mmol N2-N m? hl, respectively; p = 0.11). However, the mean denitrification rate of
non-vegetated sediments and dark incubations were roughly 3X greater than rates from
vegetated and light incubations. While NO2 fluxes did not vary with presence of
vegetation, site, or light, NO2" + NOs", NH4", and DIP fluxes varied by location and light
with significantly higher fluxes from dark incubations at one site. This study highlights
the variability in inorganic carbon, nitrogen, and phosphorus fluxes across seagrass

ecosystems.

Introduction

Seagrass meadows provide many ecosystem services to coastal areas and act as
hotspots for biogeochemical cycling (Marba et al. 2006; Barbier et al. 2011). Seagrasses
impact oxygen (O2) gradients in the water column and sediments (Pedersen et al. 1998;
Borum et al. 2007) and store more carbon (C) than adjacent non-vegetated areas (Oreska
et al. 2020). In turn, seagrass meadows, compared to non-vegetated sediments, have
unique microbial community composition, as well as different rates of organic matter
decomposition and nutrient cycling (Sun et al. 2020; Garcias-Bonet et al. 2021).
However, the magnitude and direction of Oz, inorganic C, inorganic nitrogen (N), and
inorganic phosphorus (P) fluxes vary across studies, indicating that these processes are
highly site specific.

Oxygen concentrations in coastal ecosystems are primarily driven by production

and consumption in the water column and sediment (Long et al. 2019). Photosynthesis is
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the primary process controlling production of Oz, while consumption processes include
respiration and secondary oxidation of reduced metabolites (Canfield et al. 2005).
Seagrasses impact both Oz production and consumption in coastal ecosystems. During the
day, when seagrasses are photosynthesizing, Oz production can exceed consumption and
more O: is released into the water column than in non-vegetated systems (Eyre et al.
2011b; Long et al. 2019). At night, or in the dark, O2 consumption dominates and more
O2 is consumed in seagrass ecosystems than in non-vegetated ecosystems (Eyre et al.
2011b). For example, Eyre et al. (2011b) found that the Oz emission from Zostera
capricorni dominated sediments was ~10x higher than Oz emission from non-vegetated
sediments during the day and Oz uptake by Z. capricorni dominated sediments in the dark
was ~5x higher than Oz uptake by non-vegetated sediments. Although seagrass
photosynthesis and respiration play a role in this increase in magnitude of the oxygen
flux, it is the environment that they create that drives the increased oxygen uptake.
Specifically, seagrasses provide habitat for heterotrophic organisms and stimulate
microbial respiration by exuding Oz and labile organic matter from their roots into the
sediments (Smith et al. 1984; Moriarty et al. 1986; Mukai et al. 1989; Duarte 2017).
Previous studies have highlighted that Oz fluxes vary across seagrass ecosystems with
time of year, species, age of meadows, and stressors (Apostolaki et al. 2010; Eyre et al.
2011a; Berg et al. 2019). This variability in Oz fluxes is linked to seagrass and microbial
community metabolism which is also a strong control on inorganic carbon fluxes.
Seagrasses also have a large impact on the cycling of dissolved inorganic carbon

(i.e. COz, bicarbonate, and carbonate) in coastal ecosystems. During the day, seagrasses
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take up CO2 and bicarbonate from the water column to use as a carbon source for
photosynthesis (Invers et al. 2001; Larkum et al. 2007). During both day and night,
seagrass and the microbial community respire, releasing CO2 into the water column
(Rasmusson et al. 2020). Seagrasses increase microbial respiration in coastal areas by
exuding labile organic matter into the sediments and trapping organic material from the
water column by slowing down currents (Moriarty et al. 1986; Watanabe and Kuwae
2015). Respiration in seagrass meadows is largely driven by temperature with some
seagrass meadows switching from net autotrophic during cooler months to net
heterotrophic in the summer (Berg et al. 2019; Van Dam et al. 2021). Seagrass meadows
can also switch from net autotrophic to net heterotrophic due to environmental stressors
such as low Oz conditions, excess nutrient loading, low light conditions, or high sediment
sulfide concentrations. Many of these stressors occur concurrently and can both reduce
seagrass photosynthesis and respiration while increasing microbial respiration
(Burkholder et al. 2007). There is high variability in fluxes of CO2 and DIC across
seagrass ecosystems. For example, respiration is higher in tropical seagrass meadows
than in temperate seagrass meadows (Duarte et al. 2010) and DIC fluxes in tropical
seagrass meadows can become uncoupled from Oz fluxes due to carbonate dissolution
increasing the DIC flux (Van Dam et al. 2019). Therefore, net CO2 and DIC fluxes can
give insights into the impact varying environmental conditions have on seagrass
communities with communities in higher stress environments acting as inorganic C
sources to the water column, while communities in lower stress environments act as

inorganic C sinks.
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Seagrasses are also heavily impacted by N loading and can enhance N cycling in
coastal areas. Seagrasses prefer to grow in low N environments where light is more
abundant (Eyre et al. 2011a). In areas with excess N loading, seagrass meadows die-off
because their light requirements increase due to low Oz availability, and high sediment
sulfide concentrations, yet the amount of light reaching them declines because of
enhanced phytoplankton, macroalgae, or epiphytic growth (Orth et al. 2006; McGlathery
et al. 2007; Burkholder et al. 2007). One way seagrasses solve the issue of not having
enough N for growth is by providing habitat for nitrogen fixers and potentially, nitrifiers
(Nakagawa et al. 2019; Mohr et al. 2021). For example, it was recently discovered that
N2 fixing microbes live in Posidonia oceanica root tissue providing ammonia and
dissolved organic nitrogen to the seagrass in exchange for sugars (Mohr et al. 2021).
Seagrass meadows can also enhance N burial (Aoki et al. 2020) and can help
permanently remove N from coastal areas by stimulating coupled nitrification-
denitrification (Aoki and McGlathery 2018). However, recent studies have found mixed
results when comparing denitrification in seagrass vegetated sediments to non-vegetated
sediments with some studies finding elevated rates of denitrification with the presence of
vegetation and others reporting equivalent rates regardless of absence or presence of
seagrass (Seymour et al. 2018). Therefore, the role of seagrass meadows in N cycling is
unclear.

Like other nutrient fluxes, dissolved inorganic phosphorus (DIP) fluxes are
variable across seagrass ecosystems (Yarbro and Carlson 2008; Eyre et al. 2011a; Lohrer

et al. 2016). In general, studies have found low DIP fluxes in seagrass ecosystems with
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some systems displaying net uptake (Lohrer et al. 2016) and others displaying net
emissions (Eyre et al. 2011a). Reactive P adsorbs to iron oxyhydroxides in temperate
coastal ecosystems and adsorbs to calcium carbonate in tropical ecosystems (Jensen et al.
1995, 1998). In temperate ecosystems, reactive P is desorbed from iron oxyhydroxides
under low O2 conditions when sulfide is present, much like in the reducing sediments of
temperate seagrass meadows (Jensen et al. 1995; Touchette and Burkholder 2000; Foster
and Fulweiler 2019). Because of their role in changing Oz and CO: gradients in coastal
sediments, seagrass meadows can enhance DIP fluxes (Oshima et al. 1999; Yarbro and
Carlson 2008; Eyre et al. 2011a). However, it is unclear to what degree seagrass impacts
the magnitude and direction of these fluxes.

The purpose of this study was to compare how fluxes of oxygen, carbon, nitrogen,
and phosphorus differed between seagrass meadows and non-vegetated sediments in two
temperate coastal lagoons. To do so, we quantified in situ Oz, DIC, N2, and dissolved
inorganic nutrient (NO2", NOx, NHs", and DIP) fluxes across the sediment-water interface
in Zostera marina (eelgrass) meadows in the light and dark over two summers. We also
measured a suite of environmental variables that could help us explain these fluxes. We
hypothesized that Z. marina presence would enhance the magnitude of fluxes, but not
change the direction of fluxes, of all constituents compared to non-vegetated sediments
and that the fluxes would be positively correlated with plant morphometrics. We also
hypothesized that O2 and N2 emission would be higher in the light compared to the dark,
and conversely that emission of DIC, NH4", and DIP would be higher in the dark

compared to the light. Finally, we predict that temperature will be negatively correlated



130

with Oz flux and positively correlated with fluxes of DIC and NH4" whereas initial Oz

concentrations will be correlated with DIP and N2 fluxes.

Methods

Site Descriptions

This study was conducted at two sites (East Harbor (42°3'24.42"N,
70°7'10.84"W) and Pleasant Bay (41°42'33.98"N, 69°57'43.96"W)) in the U.S. National
Park Service Cape Cod National Seashore (Permit # CACO-2018-SCI-0001) (Figure
3.1). East Harbor is a small (1.4 km?), shallow (1.27 m) back-barrier lagoon with a tidal
range of < 0.5 m residence time of 133 days (Watts et al. 2011). In summer 2017, East
Harbor contained 0.32 km? of submerged aquatic vegetation (SAV) comprised of both
filamentous green algae and Z. marina (Mittermayr et al. 2020). However, there are no
published estimates of Z. marina coverage alone.

Pleasant Bay is a larger (31.7 km?) coastal lagoon with a tidal range of 1.4 — 1.6 m
and an average depth of 2.0 m (Howes et al. 2006; Borrelli 2009). Approximately 25%

(or 7.3 km?) of Pleasant Bay is covered by Z. marina (Howes et al. 2006).

Sampling fluxes of Oz, DIC, N2, and nutrients across the sediment-water interface
In situ sampling took place once in the summer of 2018 and twice in the summer
of 2019 during the months of July and August. We sampled in Z. marina (eelgrass)

dominated sediments and nearby (>2 m) non-vegetated sediments.
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We used static chambers to quantify dark and light fluxes of dissolved oxygen
(0O2), dissolved inorganic carbonate (DIC), and net di-nitrogen gas (N2-N) in
representative stands of vegetation (n=3) and in non-vegetated (n=3) sediments
(Supplementary Information S3.1). Within each site, we deployed the chambers
haphazardly and each chamber was separated by a minimum of ~2 m. Vegetated and non-
vegetated sediments were sampled on consecutive days because of logistical constraints.

We conducted the dark incubation first by sealing the chamber, with no air in the
headspace and no bubbles, and covered the chamber with opaque fabric. We then
collected five time points of duplicate water samples over 80 — 160 minutes for Oz and
N2-N concentration in 12 mL exetainer vials (Labco Exetainer®). We then removed the
fabric and conducted the light incubation, again collecting five time points and duplicate
samples over 80 — 160 minutes (Chapter 2). All samples were preserved with 25 uLL of
saturated zinc chloride (ZnCl) solution, capped, and stored underwater at 20 °C until
analysis (Ray et al. 2020). An additional 4 mL water sample was collected and filtered
through a 0.2 uM PES syringe filter. 1 mL each of sample was then injected into
duplicate pre-combusted and pre-weighed helium flushed exetainers containing 1 mL of
85% phosphoric acid for dissolved inorganic carbon (DIC) analysis. DIC vials were
stored at 4 °C until analysis (Ashford et al. 2021).

To determine dissolved nutrient (nitrite (NO2"), nitrite + nitrate (NOx), ammonium
(NH4"), and dissolved inorganic phosphorous (DIP)) fluxes across the sediment-water
interface, we collected initial and final dissolved nutrient samples over 80 — 160 minutes.

Water samples were filtered in the field using a GFF filter (0.7 micron pore size) and acid



132

washed 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 incubation. Nutrient samples were stored
on ice in the field and then at -20 °C until analysis.

Dissolved oxygen (DO) concentration, temperature, and salinity of the chamber
water were measured with a DO sensor (Hach LDO101) and a conductivity sensor (Hach
CDCA401) at each time point and when the opaque fabric was removed from the chamber.
Light and temperature were recorded inside each chamber every minute during the light
and dark incubations using HOBO pendant light and temperature loggers.

When incubations were complete, we counted Z. marina shoots within the collar
and collected this aboveground biomass. We collected 60 cc sediment cores to determine
sediment %C, %N, and C:N of the surface (top 0-1 cm) sediment. We stored sediment

samples at -20 °C until analysis.

Sample Analysis and Flux Determination
02, N2, and DIC sample analysis

We determined dissolved O2 and N2/Argon (Ar) concentrations in each water
sample using a quadrupole membrane inlet mass spectrometer (MIMS) (Kana et al. 1994).
To estimate sample N2-N concentration from N2/Ar, we multiplied the N2/Ar by the
theoretical Ar concentration of the sample at the given temperature and salinity (Weiss
1970; Colt 1984; Fulweiler et al. 2007; Ray et al. 2020). This method provides a

measurement of net N2 fluxes (gross denitrification and annamox — gross nitrogen fixation).
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We quantified the concentration of DIC as COz in each sample using a GC-2014
gas chromatograph (Shimadzu, Japan) equipped with a flame ionization detector (FID)
and methanizer for determination of COz. The instrument was equipped with HayeSep®
Q and N and Shimalite® columns. N2 gas was used as the carrier gas. 5 mL of headspace
was removed from the DIC sample vials and injected into the GC to determine CO2
concentration.

DIC concentrations as CO2 gas were determined by comparing sample peak area
to a standard curve calculated from the peak area of 7 sodium bicarbonate standards
(HCOs3 concentration: 8000 uM, 6000 uM, 4000 uM, 2000 uM, 1000 uM, 600 uM, 0 uM)
fixed in helium flushed exetainers with 1 mL of 85% phosphoric acid. The concentration
of HCOs in the water sample was determined by dividing the concentration of HCO3 by

the volume of sample in the vial (Ashford et al. 2021).

Nutrient Analysis

Nitrite (NO2), nitrate + nitrite (NOx), ammonium (NH4"), and dissolved inorganic
phosphorous (DIP) concentrations were determined with standard techniques via digital
colorimetry (SEAL Auto-Analyzer 3) (Strickland and Parsons 1968). Method detection

limits were 0.006 uM, 0.013 uM, 0.080 uM, and 0.010 uM, respectively.

Flux Calculations
Fluxes were determined as the linear change in concentration of Oz, DIC, and N»-

N over time accounting for chamber volume and area (Ray et al. 2020). For an Oz, DIC, or
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N2-N flux to be considered significant, R* > 0.65 and p < 0.10. If R? < 0.65, no flux was
exhibited and a value of 0 was assigned (Ray et al. 2020). Nutrient fluxes were calculated
similarly except instead of using the slope calculated from a regression, we calculated the
flux using the difference in the nutrient concentration between the beginning and end of
the incubation. The beginning of the dark incubation was when we put the chambers onto
the collars and the end of the dark incubation and the beginning of the light incubation was

when we took the opaque fabric off the chamber.

Sediment Characteristics, Plant Morphometrics, and Biogeochemistry

We dried sediment samples at 60 °C for at least 48 hours before grinding them. %
C and % N of sediments were determined on an elemental analyser (Elemental Combustion
System 4010 Costech Analytical Technologies; Valencia, CA).

We determined seagrass density, leaf area index (LAI), and nutrient pollution
indicator (NPI). We counted the number of ramets within each chamber to determine
seagrass density and we trimmed and collected the seagrass aboveground biomass at the
end of the incubation. We stored shoots at 3 °C before processing for LAI, aboveground

biomass, and NPI (Chapter 2).

Statistical Analysis
All statistical analyses were conducted in R version 4.0.3. The results of the
statistical tests were considered significant when p < 0.05. We tested whether O2, DIC,

and N2-N fluxes and nutrient fluxes across the sediment-water interface were different
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between locations, seagrass vegetated and non-vegetated sediments, and between light
and dark treatments using a mixed model approach. Before we began model selection, we
determined the distribution of each dissolved gas and nutrient flux data set. To do this,
we needed positive data, so we shifted our data by adding 0.1 plus the absolute value of
the lowest flux to all fluxes of that type. We then tested whether the distributions of the
shifted data best fit a normal, lognormal or gamma distribution using the ‘fitdistrplus’
package in R (Delignette-Muller and Dutang 2015). We found that Oz, N2-N, NOz", and
NOx data best fit a normal distribution, while NH4" and DIP best fit a gamma
distribution. Because DIC fluxes were zero-inflated, before the model prediction process,
we modelled our zeros using a zero-adjusted gamma modification to the classic hurdle
model (Zuur & Ieno, 2016, Chapter 2). We then determined the distribution of these data
using the fitdistrplus package (Delignette-Muller and Dutang 2015). We found that DIC
data best fit a normal distribution.

We determined if environmental variables were correlated using Pearson
correlations between all predictor variables. We included variables in the model selection
process that were not correlated (p > 0.05) (e.g., temperature, oxygen concentration)
(Table S3.1).

We then generated multiple generalized linear models using the /me4 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 non-correlated
predictor variables (e.g. temperature, O2 concentration) (Table S3.1). We included

location as a fixed effect and not a random effect because we cannot calculate variance
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within the model with only two categories (Clark and Linzer 2015). We constructed 31
models for each flux type (O2, DIC, N2-N, NO2", NOx, NH4", and DIP) and we used
Akaike information criterion (AIC) to select the best models (Bozdogan 1987). We
compared the top two models using likelihood ratio tests through the /rtest function in the
Imtest package (Hothorn et al. 2020). If the top two models were not significantly
different, we used the simpler model (Table S3.2).

We determined differences between sites, vegetation treatment, and light
treatment using a least square means test on seagrass, sediment, and water column
characteristics. We determined if fluxes of Oz, DIC, N2-N, NO2", NOx, NH4+", and DIP
were correlated using Pearson correlations.

Results

Site Characteristics

Generally, water column and sediment characteristics differed significantly
between sites (Table 3.1). Water column temperature and dissolved Oz concentration
were significantly higher in East Harbor than in Pleasant Bay and salinity, NOx, NH4",
and DIP were significantly lower in East Harbor than in Pleasant Bay. However, there
was no difference in NO2™ concentrations between sites. Sediment characteristics in the
top 0-1 cm followed a similar pattern where sediment %N was lower and C:N was higher
in East Harbor compared to Pleasant Bay. Seagrass density and NPI were lower and LAI
was higher in East Harbor compared to Pleasant Bay, however not statistically

significantly so (Table 3.1).
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03, DIC, and N fluxes

Oz, DIC, and N2 fluxes were highly variable within and between sites. Across
both the dark and light incubation, dissolved Oz fluxes ranged from -14.1 mmol m?h! to
11.4 mmol m?h! and did not vary by site. When combining fluxes from both sites we
found that vegetated sediments had fluxes of significantly higher magnitude than non-
vegetated sediments (F3,64 = 40.33, p < 0.001; dark vegetated: -5.97 = 0.18 mmol O2 m™
h!, dark non-vegetated: -3.01 + 0.10 mmol O2 m? h'!, light vegetated: 4.34 + 0.25 mmol

02 m? h!, light non-vegetated: 0.92 & 0.13 mmol O2 m? h™"). Oz fluxes during light and

dark incubations were also significantly different (F3, 64 =26.46, p <0.001). On average,
4.53 +0.55 mmol O2 m? h'! were taken up from the water column during dark
incubations and 2.48 + 0.57 mmol O2 m2h™! were released from sediments and eelgrass
into the water column during light incubations (Figure 3.2A). Light fluxes of Oz from
non-vegetated sediments in East Harbor were significantly lower than light fluxes from
vegetated sediments in East Harbor (F7,60 = 17.72, p <0.001; non-vegetated: 0.25 +0.77
mmol Oz m™ h'!; vegetated: 4.84 + 1.13 mmol O m? h'!). The best model for O: fluxes
only contained light (Table 3.2). Light explained ~50% of the variability in the O fluxes
(y=7.01x —4.53, F1,66 = 78.05, R = 0.53, p < 0.001) and there was a negative
relationship between Oz flux and initial O2 concentration across the light incubations and
no relationship across the dark incubations (Figure 3.3A, B). There was no relationship
between light or dark O2 flux and temperature (Figure 3.4A, B).

DIC fluxes ranged from -27.69 to 20.39 mmol m™ h'!. DIC fluxes did not vary

significantly between sites nor with vegetation presence or absence. However, when sites
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and vegetated and non-vegetated sediment fluxes were combined, DIC fluxes from dark
incubations were significantly higher than DIC fluxes from light incubations (F1,67 =
8.002, p =0.006; 3.19 + 1.33 mmol DIC m? h'!, -1.56 + 1.01 mmol DIC m? h!,
respectively) (Figure 3.2B). This pattern is largely driven by the significant difference
between vegetated dark and light DIC fluxes from Pleasant Bay (F7,61 = 2.55, p = 0.02;
dark: 6.97 + 2.89 mmol DIC m h™!, light: -4.50 £ 3.19 mmol DIC m™ h™!). There was no
relationship between DIC flux and initial Oz concentration (Figure 3.3C, D). The best
model explaining DIC fluxes contained light and temperature (Table 3.2). Light and
temperature explained ~13% of the variability in DIC fluxes (F2,¢6 = 6.30, R?=0.13,p =
0.003) with a negative relationship between DIC flux and light treatment and a positive
relationship between DIC flux and temperature. However, when we examined the
relationship between DIC flux and temperature for each light treatment the relationships
did not remain (Figure 3.4C, D).

N2-N fluxes ranged from -5.35 to 11.79 mmol m™ h!. N»>-N fluxes did not vary
significantly between sites, with vegetation presence or absence, nor with light treatment
and there were no significant interactions among site, vegetation presence or absence, and
light treatment for N2-N fluxes (Figure 3.2C). On average, dark incubations in both East
Harbor and Pleasant Bay emitted N2-N while light incubations in East Harbor emitted No-
N and light incubations in Pleasant Bay took up a small amount of N2-N. Light N2-N
fluxes in Pleasant Bay ranged from -1.78 mmol m™ h'! to 1.05 mmol m?2 h™!. And 30% of
the light fluxes from Pleasant Bay were negative while 30% were positive. Even though

light treatment was the best predictor of N2-N fluxes (Table 3.2), it was not a significant
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predictor of N2-N fluxes (F1,65 = 2.70, R> = 0.03, p = 0.11). There were no relationships
between light or dark N2-N fluxes and initial O2 concentration or temperature (Figure

3.3E, F; Figure 3.4E, F).

Nutrient Fluxes

In general, nutrient fluxes varied between light treatments and sites and did not
vary between vegetation treatments (Figure 3.5). NO2" fluxes ranged from -17.57 pmol m
2h't020.19 umol m? h''. NO> fluxes did not differ significantly between sites, with
vegetation presence or absence, or with light treatments. Although average fluxes across
sites and light treatments were close to zero (PB dark: 5.04 £ 1.54 umol NO2" m2 h!, PB
light: 0.27 +2.11 umol NO2>” m? h'!, EH dark: 0.07 £ 0.31 pmol NO2 m™ h™!, EH light:
0.72 + 0.38 umol NO2” m™ h'!) there was higher variability in fluxes from Pleasant Bay
than from East Harbor (Pleasant Bay range: -17.57 — 20.19 umol NO2 m™ h'!; East
Harbor range: -2.11 — 3.94 umol NO2 m™ h'!) (Figure 3.5A). Location was the best
predictor of NOz™ flux (Table 3.2), but it was not a significant predictor for NO2™ fluxes (p
= (0.124). However, there was a negative linear relationship between NO2™ flux and
temperature during the light incubations in East Harbor (Figure 3.6A). There was no
relationship between NOz™ flux and temperature in Pleasant Bay (Figure 3.6B) and no
relationship between NOz™ flux and initial Oz concentration (Figure 3.7A, B).

NOx fluxes were more variable in Pleasant Bay than they were in East Harbor (PB
range: -17.17 — 60.45 pmol NOx m™ h'!, EH range: -21.90 — 11.00 pmol NOx m h'') and

dark fluxes in Pleasant Bay were significantly higher than dark fluxes in East Harbor (F3,
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62=3.16,p=0.03; 7.24 £ 4.31 umol NOx m? h'!, -4.55 + 1.51 pmol NOx m? h*!,
respectively). However, light treatments did not significantly differ between sites and did
not significantly differ from dark treatments (Figure 3.5B). There were no differences in
NOx flux between vegetated and non-vegetated sediments. Location explained ~8% of
the variability in NOx fluxes (y = 7.84x — 1.45, F1,64 = 6.94, p = 0.01), and there were no
relationships between NOx flux and temperature or initial Oz concentration (Figure 3.6C,
D; Figure 3.7C, D).

NH4" fluxes were more variable in Pleasant Bay than they were in East Harbor
(PB range: -93.80 — 1445.21 umol NHs" m™ h'!, EH range: -57.50 — 353.34 pmol NH4"
m2 h'!). NH4" was released into the water column across sites and light treatments, with
significantly more NH4" released by the dark treatment in Pleasant Bay compared to the
light treatment in Pleasant Bay and both the dark and light treatments in East Harbor (p <
0.05; NH4" mean + se: 459.38 + 115.37, 139.64 £ 46.13, 28.24 + 17.23,29.41 £ 25.51
pumol NHs™ m? h'!, respectively; Figure 3.5C). The best model for NH4" fluxes contained
location, light treatment, temperature and Oz concentration. There was a negative linear
relationship between NH4" flux and temperature during the light incubation in East
Harbor (Figure 3.6F) and no clear linear relationships between NH4" flux and temperature
in Pleasant Bay (Figure 3.6E, F) or NH4" flux and O2 concentration at either East Harbor
or Pleasant Bay (Figure 3.7E, F).

Like the other nutrient fluxes, DIP fluxes were more variable in Pleasant Bay than
they were in East Harbor (PB range: -26.47 — 347.63 umol DIP m™ h™!, EH range: -48.45

—41.62 umol DIP m™ h!). DIP was released into the water column across sites and light
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treatments, with significantly more DIP released by the dark treatment in Pleasant Bay
compared to the light treatment in Pleasant Bay and both the dark and light treatments in
East Harbor (p < 0.05; DIP mean + se: 63.39 +21.59, 39.63 + 19.05, 1.50 £2.50, 5.12 +
5.90 umol DIP m™ h!; Figure 3.5D). Location and O2 concentration explain the
variability in the DIP fluxes (Table 3.1). There was no relationship between DIP flux and
temperature in either East Harbor or Pleasant Bay or for dark or light treatments (Figure
3.6G, H). While there was no linear relationship between DIP flux and initial Oz
concentration in East Harbor, there was a negative linear relationship between DIP and
initial Oz concentration during light incubations in Pleasant Bay, but not during dark

incubations (Figure 3.7G, H).

Flux Correlations

There were several correlations between Oz, DIC, N2-N, and nutrient fluxes
(Table 3.3). As expected, Oz and DIC flux were negatively correlated (r =-0.41, p <
0.001) and DIC and N2-N flux were positively correlated (r = 0.40, p < 0.001). NO2™ flux
was negatively correlated with Oz flux (r =-0.28, p = 0.02) and positively correlated with
NH4" flux (r=0.37, p = 0.002). The strongest correlation was between NH4" flux and

DIP flux (r = 0.86, p < 0.001).

Discussion
Site and light had stronger influences on Oz, DIC, N2, and dissolved inorganic

nutrient fluxes than vegetation. Eelgrass increased the magnitude of Oz, DIC, and
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dissolved inorganic nutrient fluxes in Pleasant Bay while there was no effect of eelgrass
on N2 fluxes at either site. Light impacted the direction of Oz and DIC fluxes at both sites
but had no significant impact on N2 flux. Initial O2 concentration and temperature were
the environmental drivers with the strongest impacts on fluxes, with a negative
relationship between initial Oz concentration, light fluxes of Oz and DIP, and dark fluxes
of NOz™ and a negative relationship between temperature and light fluxes of NO2™ and
NH4". Over all our results show that seagrass enhance Oz, DIC, and dissolved inorganic

nutrient fluxes on a site by site basis.

Drivers of dissolved oxygen and dissolved inorganic carbon fluxes

Dissolved oxygen fluxes were driven by light at both sites and for vegetated and non-
vegetated sediments (Figure 3.2A). Vegetated sediments in East Harbor and Pleasant Bay
released 4.84 = 1.13 mmol O> m? h™! and 3.90 £ 1.60 mmol O m™ h'!, respectively in the
light while non-vegetated sediments released 0.25 + 0.77 mmol O2 m? h'! and 1.59 +
0.75 mmol O2 m? h'!, respectively in the light. Although there was no statistical
difference between vegetated and non-vegetated Oz fluxes in the light, mean O fluxes
from non-vegetated sediments were ~2 to 20x lower than mean Oz fluxes from vegetated
sediments, indicating that photosynthesis was, as expected, lower in non-vegetated
sediments. In addition, the Oz fluxes observed in this study, are within the range found in
the literature for Z. marina meadows and for temperate seagrasses in general using static
core or in situ chamber incubation methods (Eyre and Ferguson 2002; Martin et al. 2005;
Duarte et al. 2010). In non-vegetated sediments, O2 could be produced by benthic and

pelagic microalgae as well as photosynthetic bacteria and archaea (Hansen et al. 2000;
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Qu et al. 2004; Gattuso et al. 2006; Cox et al. 2020). Other studies quantifying Oz fluxes
from both benthic microalgae and seagrass found similar results. For example, one study
comparing Ruppia megacarpa vegetated sediments with non-vegetated sediments found
that the non-vegetated sediments produced ~5x — 20x less Oz (Qu et al. 2004).

During the dark treatments, although not statistically different, vegetated
sediments in East Harbor and Pleasant Bay took up -4.94 + 1.00 mmol O2 m? h™!' and -
7.00 £ 1.14 mmol O2 m™? h'!, respectively on average while non-vegetated sediments took
up lower amounts of Oz (-2.91 £ 0.72 mmol O2 m? h'!, -3.11 £ 0.59 mmol O2 m? h*!,
respectively). This indicates that more respiration was occurring in the vegetated
treatments compared to the non-vegetated treatments. Generally, seagrass vegetated
sediments have higher respiration rates than non-vegetated sediments due to respiration
from the seagrass, respiration from the organisms living in the seagrass (e.g. crabs,
bivalves, fish), and increased microbial respiration (Qu et al. 2004; Smith et al. 2004;
McHenry et al. 2021). Increases in microbial respiration under seagrasses are attributed to
the higher availability of labile organic matter, which is often seagrass derived (Holmer et
al. 2004; Smith et al. 2004). This is likely the case in East Harbor and Pleasant Bay as
well because C:N ratios are lower in eelgrass sediments indicating that more labile
organic matter is available in the seagrass sediments (Table 3.2). Respiration can also
increase with temperature (Marsh et al. 1986; Pietikdinen et al. 2005). However, we
observed no relationship between temperature and O2 fluxes during these incubations

(Table 3.1, Figure 3.3A, B). This is likely due to the relatively small temperature range
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we sampled each summer, and likely if we also collected fall or early spring rates, we
would see an increase in fluxes with temperature.

As expected, DIC fluxes were driven by both light and temperature at both sites
and for vegetated and non-vegetated sediments. Although light and dark treatments and
vegetated and non-vegetated sediments were not statistically different (Figure 3.2B), on
average light treatments in East Harbor and Pleasant Bay exhibited DIC uptake and dark
treatments exhibited DIC release from vegetated sediments (light veg: -3.28 + 2.13 mmol
DIC m?h, -4.50 £ 3.19 mmol DIC m h!; dark veg: 4.56 + 1.95 mmol DIC m2 h!,
6.97 + 2.89 mmol DIC m™ h'!, respectively) and non-vegetated sediments were small
sources of DIC to the water column regardless of light treatment (light non-veg: 0.61 +
1.46 mmol DIC m?2 h!, 0.21 £ 0.22 mmol DIC m* h'!; dark non-veg: 0.68 + 3.83 mmol
DIC m? h'!, 0.57 + 0.60 mmol DIC m™ h'!, respectively). In the vegetated sediments,
there is a clear signature of eelgrass photosynthesis and respiration with DIC being drawn
down in the light and emitted in the dark. However, for non-vegetated sediments this
pattern is unclear likely because microbial mineralization of organic matter is the main
driver of DIC emission, while DIC uptake via primary production is low (Barron et al.
2006; Delgard et al. 2016). This is a typical pattern for non-vegetated estuarine sediments
as well (Ortega et al. 2005; Maher et al. 2013).

Although temperature was identified as a driver of DIC flux in our model, there
was no linear relationship between DIC flux and temperature for light or dark treatments
in either East Harbor or Pleasant Bay (Figure 3.4C, D). In other systems, DIC flux was

correlated with water temperature (Barron et al. 2006; Nakayama et al. 2020) and fluxes
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of COz, one of the three inorganic carbon species making up DIC, increase with
temperature (Berg et al. 2019; Burkholz et al. 2020; Van Dam et al. 2021). For example,
Van Dam et al. (2021), found that 23% of the air — sea CO: flux in Florida Bay could be
attributed to changes in temperature impacting gas solubility and Berg et al. (2019) found
a two-fold increase in respiration over a temperature increase from 16 °C to 28 °C in Z.
marina meadows. Like with Oz, changes in temperature impact the solubility of DIC as
well as microbial metabolism, increasing respiration (Marsh et al. 1986; Pietikdinen et al.
2005). It is likely that this pattern is not clear in our data because 57% of our DIC fluxes
were zero, indicating that the flux was either below our limit of detection or DIC
production balanced DIC consumption in the system.

DIC fluxes were within the range of light and dark DIC fluxes from other seagrass
meadows (Gacia et al. 2005; Apostolaki et al. 2010). For example, DIC fluxes from
pristine and impacted Posidonia oceanica meadows in August were about -8 and -4
mmol m2h’!, respectively, in the light and dark fluxes were about 5 and -0.5 mmol m™ h
I, respectively (Apostolaki et al. 2010). A mixed seagrass meadow in the Philippines
released 12-15 mmol DIC m™ h™! in the dark and light fluxes ranged from 5.0 to -1.9
mmol DIC m™h'! (Gacia et al. 2005). Like the O2 fluxes from the vegetated sediments,
the DIC fluxes show that the vegetated areas were net autotrophic during our incubations.
However, the non-vegetated sediments, even though not significantly different from the
vegetated sediments, emitted DIC during both the light and dark incubations, indicating

that respiration dominated over photosynthesis in these areas.
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Drivers of nitrogen fluxes

In general, temperate coastal sediments are net denitrifying, with some systems
exhibiting nitrogen fixation (Fulweiler et al. 2007; Vieillard and Fulweiler 2012; Russell
et al. 2016; Newell et al. 2016). Seagrass ecosystems generally exhibit net denitrification
as well, though these systems are also known to fix N under limiting conditions (Eyre and
Ferguson 2002; Eyre et al. 2013; Russell et al. 2016; Mohr et al. 2021). Here, both
vegetated and non-vegetated sediments under light and dark treatments in East Harbor are
net denitrifying, or N2 emitting, with a small amount of N2 uptake, or net nitrogen
fixation, in the light treatment in Pleasant Bay and net denitrification occurring in the
dark treatment (Figure 3.2B). Although there were no significant differences in light or
dark treatments between sites, light treatments had lower N2 emission than dark
treatments on average with a small N2 uptake occurring in the light treatments in Pleasant
Bay (EH: 0.89 £ mmol N2-N m™2 h'!, 1.84 + mmol N2-N m h'!; PB: -0.08 = mmol N2-N
m? hl, 1.13 + mmol N2-N m™ h'!, respectively).

While we found that light was the main driver of N2 fluxes, other studies have
shown that organic matter content and quality determine whether systems are net
denitrifying or net nitrogen fixing (Fulweiler et al. 2013; Eyre et al. 2013). However,
Eyre et al. (2013) also show that denitrification is lower during light incubations than
during dark incubations and Russell et al. (2016) found higher rates of nitrogen fixation
during light incubations for vegetated sediments than during dark incubations and non-
vegetated sediments during dark and light incubations. This pattern may occur in seagrass

vegetated ecosystems for three reasons. First, seagrasses and microphytobenthos compete
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with nitrifiers and denitrifiers for NH4" and NOs" in the light (Risgaard-Petersen 2003;
Eyre et al. 2011b). Second, seagrasses provide habitat for nitrogen fixing cyanobacteria
and endophytic bacteria (Russell et al. 2016; Mohr et al. 2021). And third, fluxes
exhibiting net nitrogen fixation are an artifact due to Oz bubbles in the chamber (Eyre et
al. 2002; Inglett et al. 2015). Seagrass and microphytobenthos typically take up NH4" and
NOs in the light (Touchette and Burkholder 2000; Risgaard-Petersen 2003). Previous
studies have shown that in microphytobenthos dominated sediments, nitrifying bacteria
are nitrogen limited leading to a suppression of coupled nitrification — denitrification
(Risgaard-Petersen 2003). In our study, NH4" fluxes are lower during light incubations
than they are during dark incubations, indicating that nitrifiers may have experienced N-
limitation, leading to lower coupled nitrification — denitrification, and therefore, lower N2
emission. In seagrass ecosystems, cyanobacterial nitrogen fixers and endophytic bacteria
typically fix nitrogen during the summer when water column concentrations of NOs™ and
NOz"are low (Russell et al. 2016; Mohr et al. 2021), as during our incubations (Table
3.1). Because we measured net N2 fluxes with the N2/Ar method, we can detect N
fixation when the rate of nitrogen fixation exceeds the rate of denitrification or when
bubbles are present in cores causing N2 diffusion out of the water column and into the
bubbles, artificially simulating N fixation (Eyre et al. 2002). In seagrass ecosystems,
bubbles can come from the sediment or from the plants themselves. Oz bubbles form in
seagrass meadows when water column O2 saturation exceeds 100% (Long et al. 2020).
This is a common occurrence in some seagrass meadows during summer. In Pleasant

Bay, Oz saturation did not exceed 100% during light incubations and ranged from 48.2%
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- 92.4%. Four of the five light fluxes from Pleasant Bay exhibiting net N2 uptake were
from September 2019, and three of those four fluxes were from seagrass incubations.
During these incubations, Oz % saturation ranged from 68.1 — 91.6%. Because of this, it
is unlikely that N2 fixation was artificially simulated by N2 diffusion into Oz bubbles.

Seagrasses typically live in low nutrient environments and use NO3 and NH4" as
nitrogen sources (Touchette and Burkholder 2000). Therefore, available dissolved
inorganic nitrogen is rapidly consumed in seagrass ecosystems by seagrasses as well as
by micro- and macroalgae and microbes (Touchette and Burkholder 2000). In general,
NO> and NOx fluxes are close to zero in East Harbor (light: 0.72 + 0.38 pmol NO2 m? h-
!,1.85 £ 1.06 pmol NOx m? h'!; dark: 0.07 = 0.31 pumol NO2 m? h™!, -4.55 + 1.51 umol
NOx m h'!) and higher in magnitude in Pleasant Bay (light: 0.27 + 2.11 pmol NO2” m™
h!, 5.59 + 3.35 pmol NOx m? h'!; dark: 5.04 + 1.58 umol NO2" m? h'!, 7.24 + 4.43 pmol
NOx m? h'!) (Figure 3.5A, B). In East Harbor and Pleasant Bay NO2™ and NOx
concentrations and fluxes are low, but within the range of other seagrass ecosystems
(Eyre and Ferguson 2002; Apostolaki et al. 2010; Eyre et al. 2011a; b). In many seagrass
ecosystems, NO3™ uptake is regulated by light with NO3 uptake for most species of
seagrass limited to light periods (Touchette and Burkholder 2000). In a Thalassia
testudinum meadow, NOx was taken up in the light and released from the sediments in the
dark (Ziegler and Benner 1999) and fluxes of NOs™ were typically lower in Z. capricorni
vegetated sediments than in bare sediments (Eyre and Ferguson 2002).

Unlike in the studies above, in our study, location, and not light and vegetation

presence, was the main driver of both NO2™ and NOx fluxes. It is not surprising that light
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is not a driver of NO2™ and NOx fluxes in Z. marina ecosystems because Z. marina is not
limited to NOs™ uptake in the light, unlike other seagrass species (Touchette and
Burkholder 2000). However, it is surprising that there was net NO2™ and NOx emission
from the sediments in Pleasant Bay regardless of vegetation status. NO3 and NOz" are
formed during nitrification. Nitrification occurs in two processes, ammonium oxidation
and nitrite oxidation. Both of these processes occur when oxygen is present (Canfield et
al. 2005). Seagrass sediments are an ideal location for nitrification to occur - they are
typically high in NH4" and can have oxygenated rhizospheres (Pedersen et al. 1998).
High NOz" emission from the sediments could mean that nitrification is halted at the
ammonium oxidation step because Oz is low and the ammonium oxidizers have a higher
affinity for Oz than the nitrite oxidizers, therefore, there is not enough O2 available for the
nitrite oxidation step (Canfield et al. 2005). It is likely that this the mechanism that is
occurring in our systems because NO2™ and Oz fluxes are negatively correlated (Figure
3.6).

In coastal sediments, nitrification and denitrification are typically coupled, with
nitrifiers using NH4" to make NOs3™ and NO>™ for denitrification (Jenkins and Kemp 1984).
The low rates of NO2” and NOx uptake and emission in East Harbor are likely the result of
tight cycling of these nutrients in the system. If nitrification is occurring in East Harbor,
then the resulting NO3™ and NO2™ are quickly taken up by denitrifiers, microalgae, or
seagrass. In Pleasant Bay, however, the higher magnitude of uptake and emission may
signal a decoupling of these processes, with nitrification dominating when NO2™ and NOx

fluxes are positive and denitrification, or other dissimilatory nitrate reducing pathways,
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dominating when they are negative. A previous study from a Z. marina meadow showed
that dissimilatory nitrate reduction to ammonium (DNRA) was occurring, but that
denitrification largely dominated nitrate removal (Aoki and McGlathery 2018).

Seagrass sediments, and coastal sediments in general, are often rich in NH4",
However, seagrasses are often N-limited because of competition for inorganic N with
micro- and macroalgae and microbes, and because much of the sediment ammonium pool
adsorbs to the sediment (Touchette and Burkholder 2000). In seagrass ecosystems, NH4"
is typically taken up in the light and released in the dark (Eyre et al. 2011a). This is the
pattern NH4" fluxes follow in Pleasant Bay as well, but there is no difference between
dark and light NH4" fluxes in East Harbor (Figure 3.5C).

In addition to being driven by light and location, NH4" fluxes are also driven by
temperature and initial O2 concentration. In East Harbor, NH4" flux declines as
temperature increases during light incubations. This pattern could be due to increases in
ammonium uptake with temperature by photosynthesizing organisms and nitrifiers or a
decline in ammonium producing processes (e.g. DNRA, organic matter mineralization).
However, the most likely explanation is an increase in competition for NHs". One
competitive process that was recently found in seagrass ecosystems is anaerobic
ammonium oxidation (anammox) (Salk et al. 2017; Garcias-Bonet et al. 2018; Chen et al.
2020a). During anammox, NO2" is used to oxidize NH4" to N2 under anaerobic
conditions (Dalsgaard and Thamdrup 2002). Salk et al. (2017) used a modified isotope
pairing technique to determine that anammox accounted for 64-86% of N lost from a

Zostera muelleri meadow. In our study, NH4" fluxes are positively correlated to NO2”



151

fluxes (Table 3), indicating that annamox is potentially a N loss pathway in these
systems. However, while it is impossible to tell the contribution of denitrification and
anammox to the net N2 fluxes with our method, this method would capture the anammox

signal.

Drivers of DIP fluxes

Phosphorus is not a limiting nutrient in most temperate coastal ecosystems (Oviatt
et al. 1995) and dissolved inorganic phosphorous (DIP) fluxes typically increase at night
in temperate seagrass meadows (Touchette and Burkholder 2000; Apostolaki et al. 2010;
Eyre et al. 2011b). While our sites were DIP sources on average, DIP fluxes in Pleasant
Bay were ~17x higher than fluxes from East Harbor and were highest during dark
incubations in Pleasant Bay and lowest in both light and dark incubations in East Harbor
(Figure 3.5D). DIP fluxes in East Harbor and Pleasant Bay were within the range found
for non-vegetated and vegetated locations in an eelgrass meadow in Denmark (Holmer et
al. 2006) and fluxes from Pleasant Bay were higher than fluxes from P. oceanica, Z.
capricorni, and Halodule spp. meadows (Apostolaki et al. 2010; Eyre et al. 2011a).

DIP fluxes were driven by location and Oz concentration. In Pleasant Bay, there is
a negative relationship between DIP flux and Oz concentration in the light and there was
no relationship between DIP flux and Oz concentration in East Harbor (Figure 3.7H). DIP
fluxes are commonly driven by Oz concentrations across coastal ecosystems with more
DIP released under low Oz conditions (Jensen et al. 1995; Canfield et al. 2005). During

oxic conditions, DIP is adsorbed by iron (Fe) oxyhydroxides. Under low Oz conditions,
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sulfate reduction induces the dissolution of Fe oxyhydroxides and DIP is released into the
water column (Canfield et al. 2005; Boyle et al. 2014). It is likely that we do not see this
pattern in East Harbor because we did not observe any hypoxic (Initial O2 < 3 mg/L;
Foster and Fulweiler 2019) events in this system, so P remained bound in the sediments.
DIP efflux also occurs because of organic matter decomposition. Coastal
ecosystems are areas of high organic matter deposition and seagrasses increase the
amount of labile organic matter available for decomposition (Holmer et al. 2001; Arndt et
al. 2013). During organic matter mineralization, DIP and NH4" are released (Krom and
Berner 1981; Tezuka 1990). Here we found that DIP and NH4" fluxes were highly
positively correlated (Figure 3.6). We attribute this to high rates of organic matter

decomposition in these environments.

The role of vegetation in coastal biogeochemistry

Overall vegetation did not have a significant impact on Oz, DIC, N2, or nutrient
fluxes. Instead, fluxes were more impacted by site and light. This indicates that the
seagrass in East Harbor and Pleasant Bay do not have as much of an impact on
biogeochemical cycling as in other systems. Seagrass meadows in other areas also have
variable fluxes of Oz, DIC, N2 and nutrients with some vegetated areas differing from
non-vegetated areas and others exhibiting no difference (Eyre et al. 2011a; b; Russell et
al. 2016; Salk et al. 2017; Garcias-Bonet et al. 2018; Hoffman et al. 2019; Chen et al.
2020b). This may be due to the sediment type (Holmer et al. 2006), nutrient enrichment

(Apostolaki et al. 2010), or the age of the meadow (Barrén et al. 2004; Eyre et al. 2011a).



153

For example, Holmer et al. (2006) found that DIP fluxes and sediment oxygen uptake
rates in Z. marina meadows were generally lower in sandy sediments compared to muddy
sediments, and Apostolaki et al. (2010) found that a degraded P. oceanica meadow
released DIN and DIP in the light while an unimpacted meadow took up DIN and DIP in
the light. In addition, several studies have found that the biogeochemistry of seagrass
meadows change as they age (Barrén et al. 2004; Greiner et al. 2013). For example,
Barron et al. (2004) found that dissolved organic carbon fluxes shifted from uptake to
efflux as the seagrass community aged and Greiner et al. (2013) found that carbon
accumulation rates were higher in a 10 year old seagrass meadow compared to a 4 year
old meadow and bare sediment. The seagrass meadow in East Harbor was only ~7 years
old at the start of this study. If this meadow is maturing at the same rate as the seagrass
meadow restored on the Eastern Shore of Virginia, then the meadow in East Harbor will
not function as a natural meadow until 2023. Therefore, low fluxes from this area may be
due to this system functioning as an immature meadow. The higher magnitude fluxes
measured in Pleasant Bay, may be due to higher seagrass densities and sediment carbon
content. For example, Deek et al. (2013) found that N> fluxes were positively correlated
with organic C content and several other studies have shown that organic matter content
and quality control N2 fluxes (Fulweiler et al. 2008; Eyre et al. 2013). Our study
highlights the variable nature of Oz, DIC, N2-N and nutrient fluxes in seagrass

ecosystems.
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Tables

Table 3.1. Site characteristics for water column, sediment, and seagrass in East Harbor and
Pleasant Bay, MA (USA). Mean (+ standard error) water column temperature, dissolved oxygen
(02) concentration, salinity, and surface water nutrient concentrations (ammonium: NHy4", nitrite:
NOy, nitrite + nitrate: NOx, and dissolved inorganic phosphorus: DIP), sediment surface (top 0-1
cm depth) % nitrogen (N), % carbon (C), and carbon to nitrogen molar ratio (C:N), seagrass
density, leaf area index (LAI), and nutrient pollution indicator (NPI) for sampling dates during
summer 2018 (n=1) and summer 2019 (n=2). Superscripts with different letters indicate
statistically different values (least square means, p <0.05) between sites.
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East Harbor Pleasant Bay
Temperature (°C) 25.5+0.4° 23.3+0.4°
Dissolved O, (mg L") 6.46 +0.22° 5.58+0.22°
Salinity (ppt) 25.8+0.30° 32.5+0.08°
Water column NO, (uM) 0.04 + 0.00°" 0.05 £ 0.00°
NO, (uM) 0.12+0.02° 0.22+0.02°
NH," (M) 0.86+0.11° 2.79 +0.39"
DIP (uM) 0.41 +0.02° 0.92 +0.07°
N (%) 0.04 +0.01° 0.06+0.01°
Sediment  C (%) 0.60 + 0.07° 0.64 +0.07°
C:N 16.99 & 1.14° 1226 £ 1.18°
Density (shoots m?)  305.9 (+34.9)°  410.3 (£48.2)"
Seagrass  LAI (m'm’) 0.0084 (+ 0.0013)* 0.0072 (+ 0.0014)"

NPI (%N leafmass’)  0.65 (+ 0.23)" 1.15 (= 0.27)°
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Table 3.2. Best generalized linear models describing fluxes of oxygen (O-), dissolved inorganic
carbon (DIC), di-nitrogen gas (N,-N), and nutrient fluxes (i.e., ammonium (NH4"), nitrite (NO,),
nitrite + nitrate (NOx), dissolved inorganic phosphorus (DIP)) based on Aikaike’s Information
Criterion (AIC) and Likelihood Ratio Tests. All variables were fixed effects. See Supplemental
Table S3.2 for model comparisons.

Flux Distribution Best Model

0O, Normal Light

DIC Normal (post ZAG)  Light + Temperature

N,-N Normal Light

NO, Normal Location

NO, Normal Location

NH," Gamma Location + Light + Temperature + [O,]

DIP Gamma Location + [O,]
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Table 3.3. Pearson correlation coefficients between sediment-water interface fluxes of oxygen
(0»), dissolved inorganic carbon (DIC), di-nitrogen gas (N»-N), and nutrients (nitrite (NO3"),
nitrite -+ nitrate (NOx), ammonium (NH4"), and dissolved inorganic phosphorus (DIP). Bold
correlation coefficients signify a significant (p < 0.05) correlation between fluxes

O,Flux  DICFlux N,NFlux NO, Flux NO,Flux NH, Flux DIP Flux

0O, Flux

DIC Flux -0.41

N,-N Flux 0.05 0.40

NO, Flux -0.28 0.18 0.12

NO, Flux 0.11 -0.14 -0.06 0.28

NH," Flux -0.16 0.16 0.02 0.37 0.10

DIP Flux -0.17 0.08 -0.04 0.22 0.10 0.86
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Figures
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Figure 3.1. Map of sampling locations on Cape Cod, Massachusetts, USA: East Harbor (green
circle) and Pleasant Bay (purple circle).
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Figure 3.2. Fluxes of (A) dissolved oxygen (O>), (B) dissolved inorganic carbon (DIC), and (C)
di-nitrogen (N»-N) gas in East Harbor and Pleasant Bay from non-vegetated (circles) and
vegetated (squares) sediments in the light (peach symbol) and dark (grey symbol). Positive values
indicate flux into the water column while negative values indicate uptake by the sediment. Letters
indicate significant differences between light and dark fluxes (O: flux: F3 64 = 26.46, p < 0.001;
DIC flux: Fy,67 = 8.00, p = 0.006). There were no significant differences between light and dark
fluxes for N»-N. There were no significant differences between vegetated and non-vegetated areas
or sites for Oy, DIC, and N»-N fluxes.
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Figure 3.3. Dissolved oxygen (O; A-B), dissolved inorganic carbon (DIC; C-D), and di-nitrogen
(N2-N; E-F) fluxes as a function of initial O, concentration for dark (grey; A,C,E) and light
(peach; B,D,F) incubations from vegetated (square) and non-vegetated (circle) sediments in East
Harbor (filled) and Pleasant Bay (open). Positive fluxes indicate emission into the water column
while negative fluxes indicate uptake by the sediment. There was a weak negative relationship
between O flux and initial O, concentration across all light fluxes (A, solid line: y =-0.91x +
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7.45, F31=4.34, R*=0.09, p = 0.05). There are no other relationships (p > 0.05) between
dissolved gas fluxes and initial O, concentration during dark or light incubations at either site.
Initial O, concentration during the light incubation is the O, concentration when opaque jackets
were removed from the chambers after the dark incubation.
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Figure 3.4. Dissolved oxygen (O; A-B), dissolved inorganic carbon (DIC; C-D), and di-nitrogen
(N2-N; E-F) fluxes as a function of temperature for dark (grey; A,C,E) and light (peach; B,D,F)
incubations from vegetated (square) and non-vegetated (circle) sediments in East Harbor (filled)
and Pleasant Bay (open). Positive fluxes indicate emission into the water column while negative
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fluxes indicate uptake by the sediment. There were no significant relationships (p > 0.05)
between dissolved gas fluxes and temperature during dark or light incubations at either site.
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Figure 3.5. Fluxes of (A) nitrite (NO), (B) nitrite + nitrate (NOx), (C) Ammonium (NH4"), and
(D) dissolved inorganic phosphorous (DIP) for dark (grey) and light incubations (peach) in non-
vegetated (circle) and vegetated (square) sediments in East Harbor and Pleasant Bay. Positive
fluxes indicate emission into the water column while negative fluxes indicate uptake by the
sediment. Letters indicate significant differences between light and dark incubations and sites
(NH;" (gamma): p < 0.05; NOy (normal): Fs, = 3.16, p = 0.03; DIP (gamma): p < 0.05). There
were no significant differences between light incubations and site for NO;™ fluxes and there were

no significant differences between vegetated and non-vegetated areas for any of the nutrient
fluxes.



NO, = ( umol m-hh >
-~ — o w
o o o S )

@)

]
~
W O

50

25

NO, (pmolm2h™)

E 1500
<= 1200
900
600

300

NH, " ( pmol m>h
[e]

Q

400

300

200

100

DIP ( pmolm?h™)

-100

181

0
- 0
g
---------- L e T
O
o
[% =
[ |
”””””” 0 .%OQ’I
O [ |
| ]
0
O O
E @]
e % - -
77777777777 ?”"h.""””’” 7”;‘.7"””" ”7”””7"””""77”""”"?7)’”(”:”””””
O
- O
T80 S oo
fffffffffff R I

18 20 22 24 26 28
Temperature ( °C)

30

18 20 22 24 26 28 30
Temperature ( °C)




182

Figure 3.6. Nitrite (NOy"; A,B), nitrite + nitrate (NOy; C,D), Ammonium (NH4"; E,F), and
dissolved inorganic phosphorus (DIP; G,H) fluxes as a function of temperature in East Harbor
(filled points) and Pleasant Bay (open points) for dark (grey; A,C,E,G) and light (peach; B,D,F,H)
fluxes in vegetated (square) and non-vegetated (circle) sediments. Positive fluxes indicate
emission into the water column while negative fluxes indicate uptake by the sediment. There was
a negative relationship between NO;™ flux and temperature during light incubations in East
Harbor (B, dashed line; y =-0.40x + 11.11, F = 5.38, R?>=0.23, p = 0.04) and there was a
negative relationship between NH," flux and temperature during light incubations in East Harbor
(F, dashed line; y = -38.39x + 1024.77, F = 15.18, R* = 0.49, p < 0.005). There were no other
relationships (p > 0.05) between nutrient fluxes and temperature during light or dark incubations
at either site.
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Figure 3.7. Nitrite (NO,"; A,B), nitrite + nitrate (NOy; C,D), ammonium (NH4"; E,F), and
dissolved inorganic phosphorus (DIP; G,H) fluxes as a function of initial dissolved oxygen
concentration in East Harbor (filled points) and Pleasant Bay (open points) for dark (grey;
A,C,E,G) and light (peach; B,D,F,H) fluxes in vegetated (square) and non-vegetated (circle)
sediments. Positive fluxes indicate emission into the water column while negative fluxes indicate
uptake by the sediment. There was a negative relationship between dark NO,™ flux and initial O,
concentration in East Harbor (A; y =-0.52x + 3.57, Fy, 15 =4.57, R2=0.18, p = 0.05). There was a
negative relationship between DIP flux and initial O, concentration in Pleasant Bay for light
incubations (H; y = -50.41x + 287.34, F15s = 15.68, R* = 0.48, p = 0.001). There were no other
relationships (p > 0.05) between nutrient fluxes and O concentration during light or dark
incubations at either site.
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Supporting Information Text

Supporting Text 1.1:

To find the literature used in this analysis, we used the “Advanced Search” feature on
Google Scholar using the search terms “Seagrass + methane”, “Mangrove + methane”
and “Salt marsh + methane” with the exact phrase “methane flux.” These searches
returned 209, 891, and 1,560 results, respectively. To further downselect the mangrove
and salt marsh results, articles with at least one of the following words were selected “g
CH4”, “mol CH4”, "mg CH4", "ug CH4", "umol CH4", "nmol CH4" returning 98 and 209
results, respectively. We further screened these papers to ensure a flux from the described
ecosystem was included and did not include data from mesocosm/manipulation studies.
We also include other literature cited within these papers that was not returned in the
Google Scholar search results for a final total of 97 papers reviewed here. We completed
the literature search on 12/3/2018.

Identification

Publications identified
through Google Scholar
search of “Mangrove +
methane” exact phrase
“methane flux”
(n=2891)

Publications identified
through Google Scholar
search of “Salt marsh +

methane” exact phrase

“methane flux”
(n=1,560)

Publications identified
through Google Scholar
search of “Seagrass +
methane” exact phrase
“methane flux”
(n=209)

Publications identified
within other sources
m=18)

on Advanced search of results using the following key words:

g “g CH,”, “mol CH,”, “mg CH,”, “mmol CH,”, “ug CH,”,

g “umol CH,”, “nmol CH,”

2] (mangrove n = 98; salt marsh n = 209)

b=

L5

o

=

(]

.8

= Full text screened for field flux measurements and observational studies (or control sites) only.
; (mangrove n = 54; salt marsh n = 40; seagrass n= 8)
2

.20

m

Supporting Figure S1.1 Flow chart describing the down-selection method used in this analysis.
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Supporting Text 1.2:

We report the median and range of the data for each VCE because our data are not
normally distributed. In this case the median and range show where most of the data falls.
However, they do not account for the high variability in our methane fluxes. Because of
the limited data from VCEs and lack of continuous measurements from these systems, the
mean and standard error give us a better idea of the impact these several high emitting
sites may have on the global methane budget.

Supporting Table S1.1 Methane emissions (in pmol CHs m™ d”' + standard error) from
vegetated coastal ecosystems separated by salinity category (oligohaline: 0.5-5 ppt, mesohaline:
5-18 ppt, polyhaline: 18-30 ppt, euhaline: > 30 ppt, NR = not reported). Values with the same
lower case letter are not significantly different.

Oligohaline Mesohaline Polyhaline Euhaline NR
median 3902.24" 347.33% 614.40° 93.96 80.31°
range 5.61-94129.68  -14.96-47529.93  8.88 - 55830.17 -5.12-2684.71  -92.6 - 164588.53

mean+ SE  10876.18 +4923.96 3495.67 £1164.53 4775.28 £2060.23 2684.71 +2423.98 3879.61 + 2088.74
n 19 61 29 30 84
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Supporting Figure S1.2 Average CH,4 fluxes from each reviewed study separated by salinity
category: euhaline ( > 30 ppt, n = 30), polyhaline (18 — 30 ppt, n = 29), mesohaline (5 — 18 ppt, n
= 61), oligohaline (0.5 — 5 ppt, n = 19), and NR (not reported in the study, n = 84). Colors
represent vegetation type (mangrove = white circle, salt marsh = grey circle, seagrass = black
circle). Data are available via https://figshare.com/articles/Coastal CH4 Review Data/9202097.
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Figure S1.3 Methane fluxes separated by salinity type from (a) mangrove, (b) salt marsh, and (c)
seagrass studies. Note the different scale on the y-axis on each graph. There were no oligohaline

sites in the seagrass data. Letters on the salt marsh figure (b) indicate significant differences (p <
0.05).
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Supporting Text 1.3:

Global methane flux rate from each vegetation type:
Global CH, flux rate (Tmol CH, yr~1)

umol CH, 1mol C 365 days
Mean CH, Flux (*7 0504 ) = 1007 CH, " — yr

1 0E18 umol

Tmol
* Global areayin or max (M%)

Standard Error = (Standard Deviation mean CH, Flux)/\n

where n = number of observations, where an observation is the mean CHas flux from one
site within one study.

Supporting Text 1.4:

Increase in global marine methane budget:
Vegetation Global CH, flux rate (Tmol C Y~ Ymin or max

0
0.57 (Tmol C yr—1) x 100%

% Increase =
where 0.57 Tmol C yr'! is the global marine methane emission rate.
Supporting Text 1.5:

Global Warming Potential 100 year (GWP)

32 Tmol COy,q
GWP = Global CH, flux rate (Tmol CH, yr~1) *

1 Tmol CH,

Supporting Text 1.6:

Sustained Flux Global Warming Potential 100 year (SFGWP)

SFGWP = Global CH, flux rate (Tmol CH, yr~1) « o0 C0zeq
- *
obal CH,, flux rate (Tmol CH, yr T Tmol CAL.
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Supporting Table S1.2 Mangrove median CH4 flux rate, global CH4 flux rate, increase in global
marine CH4 budget, global warming potential, and sustained flux global warming potential
including and not including the Yang et al. (2018) Zhangjiang River Estuary observation.

Not Including Yang et al. Including Yang et al.

(2018) observation (2018) observation
CH, fluxrate  median 279.17° 284.91°
(nmol CH, m’d") range -67.33 - 72867.83 -67.33 - 164588.50
Aerial Extent
) 137760 - 152361 137760 - 152361
(km’)
Global CH, flux rate 0.23 £ 0.01 0.30 +0.09
; mean + SE
(Tmol CH,-C yr™) 0.25+0.06 0.33+0.10
Increase in global
marine CH, budget 40.2 - 44.5 53.0-58.6
(Y0)
Global C burial 2.59+0.45 2.59+0.45
1 mean + SE
(Tmol C yr) 2.86 = 0.49 2.86 £ 0.49
Global Warming
Potential 7.33-8.11 9.67 - 10.70
(Tmol CO, ., y")
Sustained Flux
Global Warming
. 10.31-11.40 13.60 - 15.05
Potential
(Tmol CO,,, y'l)

Global Area Source

McLeod et al. 2011

McLeod et al. 2011
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Supporting Table S1.3 Median methane flux from each VCE by sampling technique. Letters
represent significant differences amongst sampling types. Italicized sampling types were removed
from the analysis due to observation number (n), where observations are the mean CHy flux from
each site within each study.

Mangrove Salt marsh Seagrass

median n median n median n

air samples 2.48 1 - - - -
CRDS 21.16 14 1.21 1 5455 8
floating chamber 2024.17 3 - - - -
flux tower 32597.75 2 - - - -
Infra-red gas analyzer [471.41 3 - - - -
NDIR 164588.50 1 - - - -
sediment cores 106.30 2 280.55 3 - -
static chamber 290.65° 75 22724 66 7481 7
water samples 2933.60° 8 - - 6850 13
eddy covariance - - 5063.04 1 - -

flow through chamber - - 15991 12 - -
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Appendix 2 Supplementary Information for: Temperate seagrass meadow carbon

sequestration can be enhanced by methane and nitrous oxide uptake

Alia N. Al-Haj' (https://ocid.org/0000-0003-1899-5117), Tyler Chidsey?, & Robinson W.

Fulweiler'? (https:/orcid.org/0000-0003-0871-4246)
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Supplementary Information

Page 2 S1. In situ benthic chamber description
Page 2 S2. Description of headspace equilibration and greenhouse gas analysis
Page 3 S3. Description of greenhouse gas externally mixed standards and gas

chromatograph detection limits

Page 3 S4. Calculation for comparing system-wide air-sea CH4 and N20 fluxes
to C sequestration (Cseq) rates

Page 3 S5. Calculation for CO2eq-C uptake rates

Page 4-12 Supplementary Table

Page 4 Table S1.
Page 4 Table S2.
Page 7 Table S3.
Page 7 Table S4.
Page 11 Table S5.

Page 12 Table S6.
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Page 12 Table S7.
Page 12 Table S8.
Page 13 Supplementary Figures

Page 13 Figure S1
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S2.1. In situ benthic chamber description

24 hours before making flux measurements, we pushed stainless steel collars (20 cm in
diameter, 5 cm deep) topped with a rubber gasket into the sediment until the gasket was
flush with the sediment surface. Before sampling, we fastened a plexiglass cylinder (20
cm in diameter, 31.1 cm in height) outfitted with an opaque jacket to the collar. We
closed the cylinders at the other end by fastening a flat plexiglass top to the cylinder. We
used reflective “blackout” fabric jackets for our dark measurements to keep the light out
without increasing the temperature. Seals between components were made water/gas tight
with marine lubricant (Aqua Shield Grease). The water overlying the sediment was
gently mixed with an aquarium pump. We attached a bag filled with site water to a port

on the chamber to replace water removed during sampling.

S2.2. Description of headspace equilibration and greenhouse gas analysis

Headspace equilibration was performed by injecting 5 mL of high purity helium (UHP
He) into each exetainer vial while simultaneously removing 5 mL of sample. Vials were
shaken for 20 seconds and allowed to equilibrate for at least 1 h. After equilibration, 4
mL of headspace were removed from the exetainer and injected into a GC-2014 gas
chromatograph (Shimadzu, Japan) equipped with a flame ionization detector (FID) and
methanizer for determination CH4 and COz2 and an electron capture detector (ECD) with a
Nickel (Ni) source for determination of N2O. The instrument is equipped with
HayeSep® Q and N and Shimalite® columns. N2 gas was used as the carrier gas and the

make-up gas was a P5 mixture (5% methane, argon balance) for the ECD.
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S2.3. Description of greenhouse gas externally mixed standards and gas
chromatograph detection limits

The externally mixed standard contained 4.977 ppm CHa, 495 ppb N20, and 4991 ppm
CO2 in N2. The standard curve was calculated by mixing the following ratios of standard
to UHP He: 5:0, 4:1, 3:2, 2:3, 1:4, and 0:5. CH4 and N2O standard curves had an R? >
0.995. Minimum detection limits for CH4 and N20O, were 83.2 ppb and 16.8 ppb,

respectively.

S2.4. Calculation for comparing system-wide air-sea CH4 and N2O fluxes to C

sequestration (Cseq) rates

Cseq (g C m2y1)= [Cseq non—veg * (M)] + [Cseq veg * (area,,eg )]

areagotal areagotal

S2.5. Calculation for COz.q-C uptake rates

CO2eq-C uptake rate = (CO2eq-Cseq) — (CO2¢q-CHa air-sea flux) — (CO2¢q-N20 air sea flux)
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Table S2.2. Correlation coefficients (r) from Pearson correlation tests for each predictor variable
(salinity, temperature (Temp), initial ammonium concentration (NH3 T1), initial nitrite
concentration (NO2_T1), initial nitrate + nitrite concentration (NOx_T1), initial dissolved
inorganic phosphorous concentration (oP_T1), initial nitrate concentration (NO3_T1), initial
dissolved inorganic nitrogen concentration (DIN_T1), seagrass density (Density), leaf area index
(LAI), % N in the top 0-1 cm of sediment (pN_0.1), % N in the top 1-2 cm of sediment (pN_1.2),
% N in the top 2-3 cm of sediment (pN_2.3), % N in the top 3-4 cm of sediment (pN_3.4), % C in
the top 0-1 cm of sediment (pC_0.1), % C in the top 1-2 cm of sediment (pC_1.2), % C in the top
2-3 cm of sediment (pC_2.3), % C in the top 3-4 cm of sediment (pC_3.4), C:N in the top 0-1 cm
of sediment (CN_0.1), C:N in the top 1-2 cm of sediment (CN_1.2), C:N in the top 2-3 cm of
sediment (CN_2.3), C:N in the top 3-4 cm of sediment (CN_3.4), oxygen flux across the
sediment-water interface (FO2), nutrient pollution indicator (NPI)) measured. Bold correlation
coefficients have a p-value < 0.05 indicating a significant correlation.
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Table S2.3. Best models describing sediment-water interface fluxes of methane (CHs) and nitrous
oxide (N,0), p-value, and R%. No models included random effects.
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Table S2.4. AIC scores for generalized linear models generated for CH4 and N»O fluxes across
the sediment-water interface. All variables were treated as fixed effects. An “N” below the
variable name means it was not used in the model, while a “Y” indicates it was. The bold AIC
value indicates the best model for each flux type following model selection.
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Location Vegetation

presence

Model Variables
Salinity O, Flux

Light

Treatment

LAI

%C
(0-1 cm)

Model AIC Score

CH,

N,O

KKK AR AR AR KRR Z 2222222222 2Z2ZZZ< KKK Z222Z2Z2ZZ72ZK

N

ZZZZ2ZZZARKRKKKZZ2ZZ2222Z2ZZ2Z2ZZ<_KKKKZ22Z222<22Z22Z72Z*<

ZZRK KKK Z2222R<RZ222ZZ<AKKKZ22Z2Z2Z<K2222Z<2222Z2Z~<2Z7Z

M<K Z2Z22Z2ZH<Z222ZR<RZZZZKKKZZ2Z2Z<KZ22Z<2222<2222Z~<2Z2Z7Z

Z<KZ2ZRKRZZ2ZZKZZZK<KZ2Z2ZKRZ2Z<K222<2Z2222<Z22Z2222Z<2Z2ZZZ

KZZ<RZZZ<KZ2Z2ZZKZ<KZ<KZZKZ222<ZZ2Z2Z2Z<ZZZ2ZZ~<Z2ZZZZ

ZZ~<KZZ2Z2<K2Z22ZZ<KKZRKZ22Z2Z<KZZZ<KZ222<22Z22ZZ2Z<2222Z22ZZ

201.76
191.05
202.92
201.78
201.72
196.60
184.22
192.67
203.74
203.72
202.68
197.71
185.07
193.05
192.71
191.67
192.94
175.00
203.76
202.99
198.60
186.17
202.71
198.05
185.66
197.12
184.48
179.07
194.67
194.67
193.37
194.59
176.59
205.70
204.09
199.71
187.01
204.65
199.58

346.02
344.21
346.56
346.21
346.53
345.06
345.63
345.94
347.99
347.97
347.92
346.62
347.12
346.16
346.07
346.12
346.21
345.67
348.19
348.53
347.02
347.60
348.12
346.87
347.37
347.00
347.56
346.27
347.89
347.85
347.83
347.93
347.42
349.94
349.92
348.58
349.10
349.88
348.38
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Table S4. Continued

Location Vegetation

presence

Model Variables
Salinity O, Flux

Light
Treatment

LAI

%C
(0-1 cm)

Model AIC Score

CH,

N,0

KKK KK KK AR ALK R KRR ZZZZZZZ2Z2Z2Z2Z2Z2Z222222Z2Z<<~<X

ZZZZARKRKAK KKK AR ZZ2Z2Z2Z2Z2ZZZZZZAAHRAKR KRR ZZZZ

KKK Z2Z222Z2ZZ<RRKAKKRZZZZKKAKK KK ZZ2ZZ2Z2Z2Z2Z2ZZ<<K<KKZ2ZZZ

ZHKHKRKRZZZAK KK ZZZRZHR AR RZZZAKRAKRARZZZ KK Z2Z2Z2Z2Z<2Z2Z2Z2ZK

MKZZHRKZHKKZ2ZHRZZKRZRZKAHKRZKKZZAKZK K ZZ2<K2Z22<2Z2Z<KZ

MZHRKZHKZKZKZ2ZRZZKRRZKRARZAKZAKZKZKZKZ22<2Z22Z<Z<Z

ZHKRZZAKRKRZKZZKZZZKRKARZAKAKRZKRZZKAKRZKZZKZZZ<KKZX

186.65
198.36
185.48
180.19
195.70
192.59
194.93
176.98
193.41
194.58
176.92
193.59
174.98
177.00
204.14
200.04
187.60
198.03
185.65
181.05
198.68
186.04
180.91
178.90
196.67
194.39
196.59
178.57
195.37
196.57
177.97
195.32
176.67
178.58
206.08
201.59
188.61
199.42

348.96
348.53
349.02
347.87
348.03
348.12
348.16
347.63
347.97
348.07
347.58
348.12
347.58
347.67
350.12
348.83
349.35
349.00
349.56
348.23
348.80
349.27
348.15
348.21
349.80
349.82
349.89
349.38
348.74
349.83
349.23
349.82
349.30
349.40
351.88
350.33
350.93
350.53
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Location Vegetation

presence

Model Variables
Salinity O, Flux

Light

Treatment

LAI

%C
(0-1 cm)

Model AIC Score

CH,

N,O

ZZZZZRK KK AR AR KR AR ZZ2Z222Z2Z2Z2Z2Z22Z2Z2Z2ZZZ<A<AKKAK

KKK R ZZZZ AR AR KRR ZZZZZAARAK AR AR AR KRR ZZ22Z2Z2Z7Z

ZHKHRAR AR AR AR K ZZZZHK AR AR AR ZARI AR ZZZZ KRR AR AR KK ZZ2ZZKK

KHZHKR KRR ZHK AR ZHAAHRZZ KRR R AR ZK I ZHAHK KR ZZZ R KK ZKZZ

KHKZHKR KRR ZH KA ZAHHK R ZZR KRR ZH K ZHK KR ZR R ZZK K Z}ZA

KKK ZR R AR ZHK I ZHKHZHKRZRZHK KK ZAH K ZKR KR ZRZKZK K ZKZ

KKK ZR AR ZHI K ZHKRZRZZK KKK ZHKHKZR R ZKZZ K ZKA

186.79
182.15
200.21
187.00
180.54
180.16
194.44
196.58
178.89
194.54
175.74
178.98
195.32
176.94
178.91
176.96
199.73
187.33
182.88
179.62
180.81
196.39
198.57
179.96
196.35
177.53
197.31
177.96
197.82
178.63
201.19
188.22
182.53
181.03
196.38
177.73
180.89
177.70
178.92

351.01
349.84
350.30
350.86
349.45
349.78
349.97
350.03
349.54
350.12
349.58
349.62
349.97
349.48
349.58
349.58
350.80
351.27
350.12
350.20
350.07
351.74
351.78
351.18
351.82
351.30
351.73
351.12
351.16
351.29
352.30
352.86
351.40
351.78
351.97
351.48
351.54
351.58
351.47
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Model AIC
Model Variables Score
Locatio  Vegetatio Light Salinit 02 LAI %C CHa4 N20

n n Treatmen y Flux (0-1

presence t cm)
N N Y Y Y Y Y 181.59 352.07
Y Y Y Y Y Y N 198.35 353.73
Y Y Y Y Y N Y 178.66 353.12
Y Y Y Y N Y Y 181.81 353.11
Y Y Y N Y Y Y 179.47 353.29
Y Y N Y Y Y Y 179.73 353.06
Y N Y Y Y Y Y 180.86 353.37
N Y Y Y Y Y Y 179.69 353.47
Y Y Y Y Y Y Y 180.33 355.06
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Table S2.5. P-value estimates of pairwise comparisons of sediment-water interface CHs4 and N>O
fluxes derived from the least-square means tests of models of vegetation presence.

Vegetation Presence CH, N,O
Vegetated - Non-vegetated <0.001 0.752

Table S2.6. P-value estimates of pairwise comparisons of sediment-water interface CHs and N>O
fluxes derived from the least-square means tests of models of light treatment.

Light
Treatment CH,4 N,O
Light-Dark 0.648  0.712

Table S2.7. P-value estimates of pairwise comparisons of sediment-water interface CH4 and N,O
fluxes derived from the least-square means tests of models of sampling locations.

Location CH, N,O
East Harbor - Pleasant Bay 0.110 0.617

Table S2.8. Mean, standard error (SE), degrees of freedom, t ratio, and p-value of comparisons of
sediment-water interface CHy4 fluxes from the least-square means tests of models of vegetation
presence by location.

contrast mean SE df t ratio p-value

Ctrl EH - Seagrass EH -0.0217 0.551 64 -0.039 1
Ctrl EH - Ctr]l PB 0.8338 0.525 64 1.587 0.393
Ctrl EH - Seagrass PB -2.4948 0.533 64 -4.682  0.0001
Seagrass EH - Ctrl PB 0.8555 0.551 64 1.553 04126
Seagrass EH - Seagrass PB  -2.4731 0.558 64 -4.431  0.0002

Ctrl PB - Seagrass PB -3.3286  0.533 64 -6.246 <.0001
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Figure S2.1 Sediment-water column methane (CH4) flux as a function of C:N in the surface (top
0-1 cm) sediments from eelgrass vegetated sediments (a,b) and non-vegetated sediments (b,c) in
East Harbor (a,c) and Pleasant Bay (b,d) over light (square) and dark (circle) incubations. Positive
fluxes indicate emission into the water column while negative fluxes indicate uptake by the
sediment. There is a positive relationship between CHy flux and C:N in vegetated sediments of
Pleasant Bay (solid line, y = 1.14x — 9.39, R? = 0.60, p = 0.002) and East Harbor (solid line, y =
0.34x — 3.43, R>=0.50, p = 0.009). There is no relation between CH,4 flux and C:N in non-
vegetated sediments of Pleasant Bay and East Harbor (dotted line, R? = -0.04, p =0.45; R* = -
0.03, p = 0.47, respectively).
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Appendix 3: Supplementary Information for Chapter 3: Fluxes of dissolved
inorganic carbon, nitrogen, and phosphorus are highly variable in Z. marina

meadows

S3.1. In situ benthic chamber description

Stainless steel collars (20 cm in diameter, 5 cm deep) were placed into vegetated
and non-vegetated sediments approximately 24 hours before making flux measurements
(See Chapter 2). A plexiglass chamber (20 cm in diameter, 31.1 cm in height) was
fastened to the rubber gasket on top of the collar before sampling. Each chamber was
outfitted with an opaque jacket. Then the cylinders were closed at the other end flat
plexiglass cap. The cap was also outfitted with opaque “blackout” fabric for dark
measurements to keep the light out. We used Aqua Shield marine lubricant to ensure
seals were gas- and water-tight. Water was mixed with an aquarium pump inside of the
chamber and water was replaced during sampling by an attached bag that we filled with
site water at the beginning of the dark incubation. To begin the light incubation following
the dark incubation, we removed the opaque jacket. Over the course of the entire dark
then light incubation period approximately 1100 mL was removed, or ~10% of the

overlying water volume.
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Table S3.1. Correlation table of environmental variables. Correlation coefficients (r) for Pearson
correlations between salinity, temperature (Temp), oxygen concentration ([O:]), ammonium
concentration ([NH4 '), nitrite concentration ([NOy']), nitrite + nitrate concentration ([NOx]),
dissolved inorganic phosphorus concentration ([DIP]), nitrate concentration ([NOs]), dissolved
inorganic nitrogen concentration ([DIN]), seagrass density (density), leaf area index (LAI),
sediment percent nitrogen (%N ) from 0-1, 1-2, 2-3, and 3-4 cm depth, sediment percent carbon
(%C) from 0-1, 1-2, 2-3, and 3-4 cm depth, molar carbon to nitrogen ratio (C:N) 0-1, 1-2, 2-3,
and 3-4 cm depth, and nutrient pollution index (see Chapter 2 methods for description of how this
was calculated). Bold correlation coefficients have a p-value < 0.05.
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Table S3.2. AIC scores for generalized linear models generated for fluxes across the sediment-
water interface of O; fluxes, di-nitrogen gas (N,-N), dissolved inorganic carbon (DIC), and
nutrient fluxes (i.e., ammonium (NH4"), nitrite (NOy), nitrite + nitrate (NOx), dissolved inorganic
phosphorus (DIP)). All variables were fixed effects. Bold AICs indicate the best model for the
flux type.

Model AIC Values

Model 0, N,-N DIC NH," NO, NO, DIP

Location 1350.502 1254.826 475.844 829.259 421.611 520.281 676.891
Vegetation 1350.477 1256.059 475.590 851.279 423.408 526.470 688.206
Light 1297.469 1253.761 468.061 849.328 422.066 526.359 692.428
Temperature 1347.739 1255.974 473.587 846.920 423.029 525.555 692.402
[0,] 1340.640 1255.584 473.318 848.795 424.074 525.988 668.230
Location + Vegetation 1352.439 1256.417 477.589 825.604 422919 521.607 673.619
Location + Light 1299.151 1254.100 470.054 823.347 421.378 521.622 678.209
Location + Temperature 1349.403 1254.546 475.021 829.868 423.464 522.262 677.647
Location + [O,] 1340.801 1256.491 474976 828.667 423.332 522.219 662.002
Vegetation + Light 1299.443 1255.132 469.898 847.286 423.514 527.658 689.907
Vegetation + Temperature 1349.725 1257.430 475.167 845.357 424472 527.071 689.925
Vegetation + [O,] 1341.902 1257.328 474.668 848.161 425.393 527.600 669.606
Light + Temperature 1298.310 1255.505 465.795 844.854 423.474 526.285 694.110
Light + [O,] 1298.099 1255.623 469.663 841.548 423.729 527.738 667.802
Temperature + [O,] 1338.758 1256.963 473.206 839.198 425.029 526.509 667.835
Location + Vegetation + Light 1301.120 1255.490 471.892 820.480 422.808 522.855 675.070
Location + Vegetation + Temperature 1351.390 1255.848 476.572 827.394 424.819 523.603 672.919
Location + Vegetation + [O,] 1341.971 1258.186 476.280 826.773 424451 523.595 663.123
Location + Light + Temperature 1300.300 1254.454 466.579 824.984 423.377 523.510 678.364
Location + Light + [O5] 1299.036 1256.097 471.562 820.343 423.377 523.618 661.224
Location + Temperature + [O,] 1340.437 1256.342 473.331 827.339 425.232 524.190 663.788
Vegetation + Light + Temperature 1300.250 1256.782 467.447 842.938 424988 527.714 691.696
Vegetation + Light + [O,] 1300.090 1257.087 471.363 841.895 425.318 529.253 669.354
Vegetation + Temperature + [O,] 1340.225 1258.613 474.322 840.626 426.452 528.215 669.679
Light + Temperature + [O,] 1298.571 1257.309 467.626 829.325 425.222 527.869 667.388
Location + Vegetation + Light + Temperature 1302.240 1255.579 468.195 822.412 424.808 524.780 673.899
Location + Vegetation + Light + [O,] 1301.017 1257.436 473.240 819.836 424.793 524.789 662.567
Location + Vegetation + Temperature + [O,] 1341.839 1257.753 474.169 827.704 426.404 525.588 665.105
Location + Light + Temperature + [O,] 1300.258 1256.444 467.903 817.623 425.375 525.508 663.065
Vegetation + Light + Temperature + [O,] 1300.570 1258.702 469.155 830.883 426.848 529.454 669.277

Location + Vegetation + Light + Temperature + [O,]  1302.253 1257.481 469.228 818.797 426.793 526.722 664.530
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