Non-seagrass carbon contributions to seagrass sediment blue carbon
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Abstract

Non-seagrass sources account for ~ 50% of the sediment organic carbon (SOC) in many seagrass beds, a
fraction that may derive from external organic matter (OM) advected into the meadow and trapped by the
seagrass canopy or produced in situ. If allochthonous carbon fluxes are responsible for the non-seagrass SOC
in a given seagrass bed, this fraction should decrease with distance from the meadow perimeter. Identifying
the spatial origin of SOC is important for closing seagrass carbon budgets and “blue carbon” offset-credit
accounting, but studies have yet to quantify and map seagrass SOC stocks by carbon source. We measured
sediment 6'°C, 6'°N, and 6°*S throughout a large (6 km?), restored Zostera marina (eelgrass) meadow and
applied Bayesian mixing models to quantify total SOC contributions from possible autotroph sources, Z.
marina, Spartina alterniflora, and benthic microalgae (BMA). Z. marina accounted for < 40% of total meadow
SOC, but we did not find evidence for outwelling from the fringing S. alterniflora salt-marsh or OM advection
from bare subtidal areas. S. alterniflora SOC contributions averaged 10% at sites both inside and outside of the
meadow. The BMA fraction accounted for 51% of total meadow SOC and was highest at sites furthest from the
bare subtidal-meadow edge, indicative of in situ production. >'°Pb profiles confirmed that meadow-enhanced
sedimentation facilitates the burial of in situ BMA. Deducting this contribution from total SOC would underes-
timate total organic carbon fixation within the meadow. Seagrass meadows can enhance BMA burial, which

likely accounts for most of the non-seagrass SOC stored in many seagrass beds.

Seagrass meadows accumulate organic carbon (Cgr)
within their beds from seagrass and from the burial of non-
seagrass organic matter (OM; Gacia et al. 2002; Hendriks et al.
2008; Fourqurean et al. 2012). Seagrass bed sediment Cgy
(sediment organic carbon [SOC]) o13C ratios are typically
depleted relative to associated seagrass tissue, irrespective of
seagrass species and location (average depletion=6.3%,),
which suggests that non-seagrass sources contribute ~ 50% of
the SOC in many meadows (Kennedy et al. 2010). Multiple
studies point to the burial of particulate organic matter
(POM) as the likely explanation for this non-seagrass fraction
(e.g., Campbell et al. 2015; Huang et al. 2015) and, therefore,
identify this SOC as allochthonous relative to the seagrass
meadow (Howard et al. 2014; Greiner et al. 2016). Meadow
canopies trap suspended particles through filtration and by
attenuating currents, which contribute to bed accretion (Hen-
driks et al. 2008; Duarte et al. 2013). However, studies that
investigate seagrass SOC composition seldom consider Cgg
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spatial origin. If advected POM contributes significantly to
seagrass bed accretion, we should observe SOC isotope com-
position spatial gradients that change with distance from an
external source or boundary.

Identifying the source of SOC remains a challenge in
most subtidal habitats. Carbon fixed in one area is often
exported to adjacent habitats (Duarte and Cebrian 1996;
Cebrian et al. 1997), where it might be buried (Middelburg
et al. 1997; Zonneveld et al. 2010), remobilized, or respired
(Regnier et al. 2013; Hyndes et al. 2014). According to
Duarte and Cebridn (1996), more seagrass and marsh produc-
tion is exported than buried in situ. Particulate organic car-
bon (POC), dissolved organic carbon (DOC), and dissolved
inorganic carbon (DIC) fluxes often connect different habi-
tats, especially over short distances (Cai 2011; Hyndes et al.
2014), which make tracking the generation, transport, and
ultimate fate of autotrophic production difficult (Bouillon
and Connolly 2009; Bauer et al. 2013; Hyndes et al. 2014).
These linkages complicate efforts to assess net ecosystem
metabolism in many coastal habitats (Gattuso et al. 1998;
Borges et al. 2006; Cai 2011). Spatial gradients have, never-
theless, been used to successfully identify POC and DOC
exchanges between adjacent mangrove and seagrass habitats
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(Heminga et al. 1994; Bouillon et al. 2007) and marsh DOC
and DIC “outwelling” (e.g., Tzortziou et al. 2011). In a cou-
pled marsh-seagrass system, contributions from marsh POC
outwelling should be discernable as a change in SOC isotope
composition with distance into the seagrass bed.

Interest in financing seagrass restoration through the sale
of blue carbon offset-credits (e.g., Nellemann et al. 2009;
Murray et al. 2011; Hejnowicz et al. 2015) adds urgency to
these questions about seagrass SOC source. A framework
now exists for greenhouse gas benefit accounting in seagrass
habitats, the Verified Carbon Standard Methodology
VMO0033 (Emmer et al. 2015), which allocates offset-credits
for net autotrophic production resulting from seagrass resto-
ration activities within a specified project area. Offset-credits
are not allocated under the framework for allochthonous
Corg buried in the meadow, because carbon fixed outside the
project area cannot necessarily be attributed to project activi-
ties (Commission for Environmental Cooperation [CEC]
2014). Restoration projects must, therefore, quantify the
autochthonous and allochthonous SOC fractions, presum-
ably using unique isotope or biomarker signatures to identify
different autotroph contributors (e.g., Volkman et al. 2008;
Oakes and Eyre 2014). However, these chemical signatures
often overlap, and isotope ratio measurement variability
sometimes inhibits confident percent source estimation (Fry
2007). Howard et al. (2014) tentatively suggest an allochtho-
nous carbon compensation factor (i.e., deduction) of 50%
for seagrass meadows, based on the average non-seagrass
SOC contribution of 50% found by Kennedy et al. (2010),
but this percentage may not be accurate for carbon crediting
purposes. The number might be an overestimate, because
some non-seagrass C,, in the bed likely derives from in situ
autotrophs, including epiphytes (Serrano et al. 2015). Alter-
natively, 50% may be an underestimate, because the average
SOC 6'3C values used to generate this figure include a high
number of mid-meadow sample sites, and we would expect
allochthonous SOC percent contributions to be even higher
near meadow edges.

This study investigates whether stable isotopes in seagrass
sediment OM exhibit spatial variation that can be used to
identify the geographic origin of non-seagrass SOC. The
Zostera marina (eelgrass) meadow in South Bay, Virginia,
U.S.A., is part of the Virginia Coast Reserve Long-Term Eco-
logical Research (VCR-LTER) eelgrass restoration and repre-
sents the single largest, successfully restored seagrass
meadow to date (Orth et al. 2006, 2012; Orth and McGlath-
ery 2012). SOC profile comparisons confirm that this
meadow now stores significantly more SOC than adjacent
bare sites (McGlathery et al. 2012; Greiner et al. 2013) and
that much of this SOC is non-seagrass in origin (Greiner
et al. 2016). However, the SOC is nonuniformly distributed.
Percent OM and SOC concentrations decline with distance
from the adjacent barrier island (Oreska et al. 2017)—a spa-
tial distribution that suggests “outwelling” from the island’s

fringing marsh as a possible carbon source vector. The South
Bay meadow is part of a coupled seagrass-marsh system,
where marsh scarp erosion potentially supplies sediment to
the seagrass bed (McGlathery et al. 2013; Fig. 1). Greiner
et al. (2016) quantified carbon sources at a single site within
this seagrass bed but lacked an adequate tracer to distinguish
between the two vascular plants in this system, the seagrass
Z. marina and the salt marsh cordgrass Spartina alterniflora.
The authors did, however, find that more than 50% of the
Corg at their meadow sample site was apparently algal in ori-
gin. If allochthonous §. alterniflora and algae contribute sig-
nificant amounts of carbon to the bed SOC pool, their
percent contributions should increase with proximity to par-
ticular meadow boundaries. We hypothesized that (1) S.
alterniflora POM inputs account for the SOC spatial gradient
that increases with proximity to the fringing marsh on the
east side of the meadow (Wreck Island Marsh in Fig. 1), and
that (2) the algal carbon percent contribution increases with
proximity to the meadow-bare subtidal boundary (the
meadow edge that does not adjoin Wreck Island Marsh in
Fig. 1), which would be indicative of canopy filtration of
allochthonous, algal POM.

Methods

Site description

South Bay occurs on the Atlantic side of the southern Del-
marva Peninsula, between Wreck Island and Mockhorn
Island, Virginia. The central part of the restored meadow
now covers an area approximately 6 km? in size. The Wreck
Island fringing marsh adjoins the Z. marina meadow to the
east, and the Man and Boy Marsh sits opposite Man and Boy
Channel to the northwest (Fig. 1). Tides enter and exit the
meadow area via Sand Shoal Inlet to the north and New
Inlet to the south. This system is oligotrophic—dissolved
organic nitrogen averages 11.8 =1.6 (SE) uM and dissolved
inorganic phosphorous averages 0.5+0.1 (SE) uM over a
year (McGlathery et al. 2001)—and experiences low total dis-
solved nitrogen loading relative to other shallow estuaries,
1 g Nm 2yr ! (Tyler et al. 2001; McGlathery et al. 2007).
Phytoplankton are present but not abundant in the outer
coastal bays in this system on account of the low nutrient
inputs (McGlathery et al. 2001; Tyler et al. 2001; Hondula
2012). Water column chlorophyll a peaks around 5 ug L' in
the outer bays during the summer and declines to <1 ug L™!
during the fall; in comparison, average benthic chlorophyll
can exceed 80 mg m~? (McGlathery et al. 2001). Cultured
bivalves in this system rely primarily on macroalgae and, to
a lesser extent, benthic diatoms, the dominant primary pro-
ducers in the coastal bays along with Z. marina (McGlathery
et al. 2001; Hondula and Pace 2014). Likely SOC sources in
this system are, therefore, Z. marina, the only seagrass spe-
cies, macro- and benthic microalgae (BMA), and S. alterni-
flora, the dominant species in the surrounding salt marshes
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Fig. 1. Study Area: The restored Z. marina meadow fills the area between Man & Boy Channel and Wreck Island; Two Euclidean distance measures
were determined for each meadow site: site distance to Wreck Island Marsh (solid black line) and site distance to the meadow-bare subtidal edge
(dashed line); two bare sites were also sampled immediately outside this meadow-bare subtidal boundary (sites 17 and 18).

(Hondula and Pace 2014; Greiner et al. 2016). Dominant
macroalgal species include Ulva lactuca, Gracilaria vermiculo-
phylla, and Codium fragile, which are common on tidal flats
but generally contribute < 5% of SOC observed at bare and
vegetated subtidal sites (McGlathery et al. 2007; Greiner
et al. 2016).

Sample collection

Three replicate sediment samples were collected using 60
cc hand cores at each of 16 randomly selected sites within
the South Bay meadow and at two bare sites immediately

adjacent to the meadow during July 2014. The bare sites
were located 3 m (site #17) and 13 m from the meadow edge
(site #18 in Fig. 1). Past studies have observed OM and SOC
concentration peaks between 3 cm and 6 cm below the
sediment-water interface in this meadow, the zone of maxi-
mum Z. marina root and rhizome biomass (Cole and
McGlathery 2012; Greiner et al. 2013; Oreska et al. 2017).
The sediment samples collected in this study exactly cap-
tured this 3-6 cm bed depth interval. A ?'°Pb dated core col-
lected from this meadow indicated that the top ~ 5 cm of
the bed accumulated following meadow reestablishment; in



contrast, a nearby bare site showed no bed accretion
(Greiner et al. 2013). The 3-6 cm interval within the seagrass
bed, therefore, receives SOC inputs from multiple pathways:
SOC buried due to particulate trapping by the meadow can-
opy—potentially including allochthonous POM—C, accu-
mulation from decomposing seagrass biomass, and C,, from
seagrass root exudates. By omitting the top 3 cm on the bed,
we excluded the zone of active sediment resuspension and
mixing to obtain a relatively stable, time-averaged SOC sam-
ple. Compaction was approximately 7% in our cores, on
account of their relatively small size and the fact that the
sediment in this system is predominantly fine sand (Oreska
et al. 2017). Macroscopic root, rhizome, and shell fragments
were removed from sediment samples prior to analysis to
isolate SOC from belowground biomass (BGB), following
methods used previously in this system (Greiner et al. 2013,
2016; Oreska et al. 2017). Refractory roots and rhizomes did
not occur in all of our core samples. Homogenizing individ-
ual roots or rhizomes would have biased particular sediment
samples in favor of Z. marina, thereby affecting the meadow-
wide sediment isotope distribution results. Sediment samples
were dried for 48 h at 60°C and homogenized. We deter-
mined the inorganic carbon (IC) fraction by conducting ele-
ment analysis using a Carlo Erba NA 2500 Element Analyzer
on samples ashed in a muffle furnace at 500°C for 6 h, fol-
lowing Fourqurean et al. (2014).

We verified that the 3-6 cm depth interval included SOC
burial due to bed accretion by collecting and dating addi-
tional sediment cores using the same 2'°Pb methods
employed by Greiner et al. (2013). Sediment cores were col-
lected in July 2014 at two sites: a meadow site on an original
restoration seed plot (site #5 in Fig. 1) and a bare site adja-
cent to Man and Boy Channel (site #18 in Fig. 1). The
meadow site core analyzed in this study was collected from
the northwest half of the meadow, which had lower SOC
storage (Oreska et al. 2017), for comparison with the Greiner
et al. (2013) meadow core, which was collected in an origi-
nal seed plot in the southeast half of the meadow (located
between sites #10 and 15 in Fig. 1). The Greiner et al. (2013)
bare site was located northeast of site #17. Profiles were
determined to a depth of 20 cm using ?'°Pb (22.3 yr half-
life), which we compared with the two profiles obtained by
Greiner et al. (2013). The cores were divided into 1-cm inter-
vals, which were dated at the University of North Carolina
Department of Marine Sciences. 210pp activities were deter-
mined via isotope-dilution alpha spectrometry for the !°Pb
granddaughter isotope 2'°Po, which are in secular equilib-
rium with each other (Flynn 1968; Matthews et al. 2007).
Supported ?'°Pb was formed by in situ production of *!°Pb
within sediment grains from the decay of *??Rn. Unsup-
ported 2'°Pb was the activity supplied from the atmosphere
that adsorbs to particles that then settle into the seagrass
sediments, excess 2!°Pb that was used to quantify sedimenta-
tion rates (Appleby and Oldfield 1983). We noted that excess

210pp activities decreased in a non-exponential manner, so a
constant rate of supply (CRS) model was applied to profiles
within each core, which allows for variable sedimentation
over time (Sanchez-Cabeza and Ruiz-Fernandez 2012). Car-
bon accumulation rates were calculated by multiplying the
sedimentation rate (cm yr ') for each sediment interval by
its bulk C,,4 value.

We considered potential SOC source contributions from
three types of autotrophs: Z. marina, S. alterniflora, and BMA,
represented in this system primarily by benthic diatoms
(Hondula and Pace 2014). Phytoplankton were not consid-
ered as a possible source, both because of their low abun-
dance relative to BMA (McGlathery et al. 2001) and because
phytoplankton appear isotopically similar to BMA in this
system (Hondula and Pace 2014). Z. marina biomass (n = 4)
and S. alterniflora biomass (n = 4) grab samples were collected
from randomly located sites in the meadow and in Wreck
Island Marsh in July 2014 to constrain the stable isotope
ranges for these end-members. The Z. marina and S. alterni-
flora biomass samples were divided into aboveground bio-
mass (AGB) and BGB fractions, which were dried, ground,
and analyzed separately to determine whether these fractions
yielded different isotope values. The AGB and BGB values
were then averaged to generate individual plant averages,
which were subsequently averaged to generate end-member
averages. Benthic diatom isotope values for this system were
determined by Hondula and Pace (2011, 2014), using a verti-
cal migration sampling approach (cf. Riera and Richard
1996). We limited the mixing model analysis to isotope
ratios obtained from the VCR-LTER (Supporting Informa-
tion). Seston samples were collected on three separate occa-
sions in July 2014 using an 80 pum tow net to determine
whether S. alterniflora contributes to POM in this system. We
evaluated seston as a possible vector connecting the marsh
to the seagrass sediment carbon pool by comparing average
seston isotope ratios with end-member isotope ratios, not as
a separate end-member with a unique isotopic signature.
Plant biomass and seston samples were dried for 48 h at
60°C and homogenized prior to stable isotope analysis.

All sediment, end-member biomass, and seston sample
stable isotope compositions were measured at the Marine
Biological Laboratory (MBL) Stable Isotope Laboratory in
Woods Hole, Massachusetts, U.S.A. Sample carbon, nitrogen,
and sulfur percentages and 0'3C, 4'°N, and §%*S stable iso-
tope ratios were determined using a Europa 20-20 continu-
ous-flow isotope ratio mass spectrometer interfaced with a
Europa ANCA-SL elemental analyzer. We considered %S as
a possible additional tracer, because Z. marina and S. alterni-
flora exhibit nonoverlapping 6**S ranges in this system (Har-
beson 2010). All isotope ratios were related to their
respective international standards and reported using per mil
(%,) notation. The analytical precision based on replicate
analyses of isotopically homogeneous international stand-
ards was = 0.19,.



Bayesian mixing model

We used Bayesian mixing models to determine whether
the observed isotopic spatial variation reflected different
autotrophic source contributions to different locations
within the meadow. Proportional contributions from the
three major autotrophs in this system were calculated for
each site. Discrete solutions can be obtained for mixing
models, provided the number of sources exceeds the number
of tracers used in analyses by n + 1. Bayesian mixing models
incorporate both observed data and uncertainty to quantify
the likelihood of a given solution, which is obtained from
the posterior distribution. We conducted three-source (Z.
marina, S. alterniflora, and BMA), two-tracer (3'°C, §'°N)
Bayesian mixing model analyses using Stable Isotope Analy-
sis in R (SIAR package version 4.2), which employs isotope
ratio means and standard deviations for each end-member
(Inger et al. 2010). Previous studies conducted in the VCR-
LTER have successfully used Bayesian mixing models to dif-
ferentiate between these autotrophs in mixed isotope
assemblages (Hondula and Pace 2014; Greiner et al. 2016).
0%*S values were ultimately excluded from this analysis,
because of observed discrepancies between the §**S ranges of
the sediment samples and potential end-members. The mix-
ing model analysis did not require a separate IC term,
because sediment sample IC was found to be < 0.1%. Diage-
netic factors can result in a 1.5%, change in 0'3C and a 1.29,
change in 4'°N in some systems (Jankowska et al. 2016). We
did not include a specific diagenesis term in the model,
because past work in this system suggests that diagenetic
effects on end-member 6'°C and 6'°N isotope ratios are
nominal (Greiner et al. 2016). Even if diagenetic effects are
evident at particular sites, sample differences on the order of
1-29, should not substantially change mixing model results.

The following equations relate end-member contributions
to the sediment at each site:

6" Csea=(p7 X 0"Cz) +(¢hs X6 Cs)
5" Nsea=(¢pz%6"*Nz)+(¢hs X ' * N
I=¢7+ s+ ¢pp

Where 6'3C and 6'°N were isotope ratios measured in sedi-
ment and in the end-members (Z, S, and BMA).

We ultimately ran the three-source, two-tracer mixing
model on both individual sites and on sites binned according
to SOC concentration, because certain individual sites exhib-
ited flattened distributions. We grouped meadow sites into
four, spatially discrete categories based on their SOC concen-
trations relative to the meadow SOC mean (5.85 *= 1.86 [SD]
mg Cyrg cm 3): “lowest” sites with concentrations < the
meadow mean—1 SD, “low” sites with concentrations
between the mean —1 SD and the mean, “high” sites with
concentrations between the mean and the mean + 1 SD, and
“highest” sites with concentrations >the mean+1 SD. The

bare sites provided a fifth SOC group, with concentrations <
3.1 mg Cyy cm 3. Well-constrained posterior distribution
results for these groups allowed us to calculate the bulk SOC
contribution from each autotroph source within each
meadow SOC zone. We multiplied the fractional contribution
results by the average bulk SOC concentration measured in

each zone.

Distribution analyses

We compared isotope spatial variability relative to the
documented SOC spatial gradient within the seagrass bed
(Oreska et al. 2017) by mapping average site SOC concentra-
tions and isotope ratios determined from the sediment sam-
ples collected during this study. Interpolated SOC, §'3C,
0N, and S distributions were generated using kriging.
We fit circular, exponential, spherical, stable, and Gaussian
semivariogram models to each dataset in ArcGIS 10.2, Geo-
statistical Analyst. The most robust kriged map for each iso-
tope distribution was selected by cross-validating root mean
square errors.

We used the results of the mixing model analysis to
address our specific spatial hypotheses: (1) the marsh SOC
fraction should decrease with distance from Wreck Island
Marsh and (2) the Z. marina fraction should increase with
distance from the meadow-bare subtidal boundary (the
“edge”) on account of allochthonous SOC contributions. Site
isotope ratios and Bayesian mixing model source fraction
posterior means were regressed against site distance from the
Wreck Island Marsh and from the meadow-bare subtidal
edge using the Im analysis (stats package) in R version 3.2.1.
Euclidean distances from the two meadow boundaries were
determined for each site using Near analysis in ArcGIS 10.2
(Fig. 1). Data were normally distributed according to the
Shapiro-Wilks test (shapiro.text, stats package). The homoge-
neity of variance assumption was met.

Results

Core dating using *'°Pb confirmed that the seagrass bed
has accreted due to sediment accumulation, resulting in
high, recent SOC accumulation rates. The meadow core
obtained from site #5 indicated that the top 5+ cm of the
bed at that site have accumulated since the restoration
began. In comparison, the bare profile from site #18 had a
210pp profile with low (~ 0.6 dpm g~ ') activities, typical of
nondepositional environments with supported activity only.
The 2'°Pb profile for site #5 was similar to that measured by
Greiner et al. (2013) (Fig. 2). Activities were higher in the
top 11 cm (0.74-1.55 dpm g™ '), indicating the presence of
excess 2'°Pb. A CRS model applied to quantify sedimentation
rates for the upper 11 cm of this core yielded a similar rate
increase to the increase observed in the Greiner et al. (2013)
meadow site core, from approximately 0.1 cm yr~! before
restoration began in 2000 to 0.6 cm yr~ ' at the time of core
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Fig. 2. (A) Bed depth- and age-calibrated Coy accumulation profiles for meadow site 5 and (B) for a mid-meadow site analyzed in 2011 by Greiner
et al. (2013) (adapted with permission). 2'°Pb dating indicates that the top>5 cm of the bed at site 5 has accreted since the meadow restoration
began in 2000. Bare control sites analyzed in this study (site 18) and by Greiner et al. (2013) were nondepositional.

collection. This sedimentation rate translated to a recent C
burial rate >44 g Cory m 2 yr ! at site #5 (Fig. 2).

The different autotrophs in this system exhibited different
ranges for the different stable isotopes, especially 6'3C. The
Z. marina samples collected during this study yielded 6'*C
values from —8.799, to —9.929,; whereas, the S. alterniflora
values ranged from —13.36%, to —13.72%,. Regarding 6'°N,
Z. marina values ranged from 6.489, to 7.269, and S. alterni-
flora values ranged from 7.209, to 9.86%,. In comparison,
5%*S provided less of a basis for differentiating Z. marina and
S. alterniflora, due to notable §°*S enrichment in Z. marina
AGB and depletion in Z. marina BGB. The Z. marina AGB
0%*S ranged from 3.89%, to 10.22%,; whereas, the BGB ranged
from —12.52%, to —5.77%,. S. alterniflora showed less %S
enrichment, yielding a range for AGB and BGB samples of
—8.599, to 0.25%,. BMA showed greater average 6'>C deple-
tion and greater average 0'°N and §**S enrichment than
Z. marina or S. alterniflora (Table 1). In comparison, seston
03C and 6'°N averaged -14.62+0.55 (SE) 9%, and
9.41+0.31 (SE) %,, respectively, a similar isotopic composi-
tion to S. alterniflora. Seston 6**S values averaged 5.36 + 1.76
(SE) %o-

The meadow SOC concentration averaged 5.85*0.46
(SE) mg Cgq cm ™ ® across all 16 meadow sites, but average
concentrations at individual sites varied depending on rela-
tive location within the meadow. The meadow-wide SOC
distribution was kriged using a spherical semivariogram and
exhibited anisotropy, with concentrations varying along a

predominantly northwest to southeast axis. Kriging the SOC
distribution confirmed that the aforementioned SOC site
groups were spatially discrete and distributed along a dis-
cernable spatial gradient (Fig. 3). SOC concentrations were
generally highest near Wreck Island and decreased with
proximity to the meadow edge. Four sites in the northwest
meadow yielded concentrations<1 SD below the meadow
average, averaging 3.44 +0.21 (SE) mg Cgy cm 3. Three
sites yielded concentrations between the meadow average
and —1 SD, averaging 4.96 +0.37 (SE) mg Cg,, cm 3. Five
sites yielded “high” concentrations, between the meadow
average and +1 SD, averaging 6.42*0.21 (SE) mg Coq
cm 3. And four sites in the mid-meadow vyielded the
“highest” concentrations, > +1 SD above the meadow aver-
age and averaging 8.21 + 0.15 (SE) mg Cgg cm 3. The two
bare sites adjacent to the meadow yielded an average con-
centration of 2.82 +0.24 (SE) mg Cgq cm 3, which was sim-
ilar to the background SOC concentration measured at a
third bare site in nearby Hog Island Bay, 2.93 =0.16 (SE) mg
Corg cm 2,

The 6'3C and 6'°N data also exhibited spatial gradients.
The §'3C distribution was best fit by an exponential semivar-
iogram, and like the SOC distribution, exhibited anisotropy.
Average 6'3C values at sites showed increasing enrichment
with distance from Wreck Island, ranging from —17.039%, up
to —12.669%, (Table 2). The 6*°N distribution was best fit by a
circular semivariogram and also showed isotope enrichment
with distance from the island, with values ranging from



Table 1. End-member stable isotope ratios used in the mixing model analysis.

Mean 4'>C SD 6">C Mean §"°N SD 6"°N Mean 5**S SD 5**S
Zostera Whole plant -9.37 0.55 6.79 0.34 -0.17 2.41
AGB (n=4) -8.99 0.83 7.13 0.35 7.89 2.92
BGB (n=4) —-9.88 0.37 6.44 0.45 —8.24 2.99
Spartina Whole plant -13.67 0.15 8.96 0.15 —2.81 2.83
AGB (n=4) -13.69 0.16 9.29 0.65 -3.07 2.87
BGB (n=4) -13.37 0.35 8.01 1.33 —2.54 4.54
BMA (n=4) —-21.07 0.40 5.75 0.43 6.49 5.30
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Fig. 3. Kriged average sediment C,,4 and stable isotope ratios measured at sample sites (see Table 2 for site details); the Coq distribution is shown
relative to the surrounding meadow (outlined), land areas (dark gray), and marshes (light gray). Note that the sites are mapped according to the five
SOC categories used in the group mixing model analysis; the group concentrations are defined in the corresponding Coq key.

4.96%, to 7.56%,. In comparison, the kriged §**S distribution showed significant depletion relative to seawater, with site
was best fit by a spherical semivariogram but did not provide values ranging from —19.129,, to —11.869%, (Table 2).

evidence for a single spatial gradient. Instead, the kriged 5**S According to the mixing model results, different sites
distribution suggested local enrichment zones to the north- exhibited different autotroph source fractions (Fig. 4). Most of
west and to the southeast (Fig. 3). All of the §**S values the individual sediment samples from the different meadow



Table 2. Sample site variables: Site numbers correspond to the map in Fig. 1; Coq, isotope ratio, and source fractions (posterior
means) represent site averages based on three replicates; Net C, is the difference between the C,y measured at meadow sites and
the average bare site concentration; the distance measures relate site Euclidean distance from Wreck Island Marsh and the meadow-
bare subtidal boundary (the Edge).

SOC Corg Net Co,q Zostera  Spartina BMA WI Marsh Edge
Site group (mgcm™3) (mgcm™3) §'3C $'°N S fraction fraction fraction distance (m) distance (m)
1 Lowest 3.80 0.95 —-13.91 7.56 —17.13 0.369 0.377 0.254 800 345
2 Lowest 3.03 0.17 —-12.66 6.84 —11.86 0.562 0.182 0.256 1703 134
3 Lowest 3.82 0.97 —-13.97 6.27 —13.86 0.505 0.103 0.392 1699 284
4 Lowest 3.12 0.26 —14.05 6.89 —17.82 0.431 0.244 0.325 1171 25
5 Low 5.06 2.21 -1582 6.79 —18.22 0.314 0.258 0.428 879 732
6 Low 4.28 1.43 —14.56 7.26 —16.39 0.338 0.343 0.318 1987 85
7 Low 5.54 2.69 —-15.07 6.27 —15.17 0.447 0.098 0.455 1287 575
8 High 6.19 3.34 -1549 6.29 -18.02 0.395 0.125 0.480 1270 610
9 High 6.01 3.15 —-15.59 6.44 —17.07 0.390 0.127 0.483 522 412
10 High 7.23 4.37 —16.45 496 —19.12 0.225 0.272 0.503 364 1174
11 High 6.40 3.55 -16.10 6.06 —15.37 0.355 0.107 0.538 1009 803
12 High 6.26 3.40 -16.97 583 —-14.98 0.245 0.184 0.571 451 362
13 Highest 8.37 5.51 —16.21 590 -—17.57 0.234 0.289 0.476 1201 743
14 Highest 8.10 5.25 —-17.03 596 —16.87 0.207 0.222 0.571 259 983
15 Highest 7.85 4.99 —-1593 6.35 —16.58 0.340 0.161 0.499 751 1121
16 Highest 8.51 5.66 -17.02 6.05 —18.60 0.285 0.095 0.619 92 364
17 Bare 2.58 NA —-14.03 690 —17.95 0.394 0.267 0.339 761 -3
18 Bare 3.06 NA —-13.07 6.63 —14.40 0.529 0.163 0.309 1894 =13

sites yielded 6"C and ¢'N compositions intermediate
between the Z. marina, S. alterniflora, and BMA end-member
compositions, plotting within the 6'3C and 6'°N bi-plot mix-
ing polygon (see Supporting Information for individual site bi-
plots). When viewed by SOC group, sediment samples repre-
senting each group generally clustered together, but the loca-
tion of the cluster within the mixing polygon shifted from
closer proximity to the Z. marina end-member at bare and low
SOC sites to the BMA end-member at higher SOC sites (Fig. 5).
Samples from two “high” SOC sites (10 and 12 in Fig. 3) and
two “highest” SOC sites (13 and 14) plotted outside of the
mixing polygon. Omitting these four sites did not significantly
alter SOC group mixing model results (Supporting Informa-
tion). The remaining sites yielded well-constrained posterior
distributions, but several sites (#1, 6, and 7) had posterior dis-
tribution overlap (Fig. 4).

The mixing model found good end-member posterior sep-
aration at the SOC group-level (Fig. 5; Supporting Informa-
tion). The S. alterniflora distribution had the lowest mean
value in each case; whereas, the BMA posterior mean value
differed considerably among the different SOC groups (Fig.
5; Table 3). The well-constrained posterior distribution mean
values allowed us to characterize the fractional contribution
of each autotroph by site group. According to the mixing
model, the BMA fraction increased from 0.29 = 0.04 (SD) at
the “lowest” SOC sites to 0.59 =0.02 (SD) at the “highest”
sites. BMA contributed a fairly low fraction of the SOC at the

bare control sites adjacent to the meadow, 0.32 =0.07 (SD).
In comparison, the mean of the posterior distribution esti-
mating the Z. marina fraction was relatively high at the bare
sites, 0.51+0.10 (SD), and decreased in the “high” and
“highest” SOC groups to 0.34 = 0.04 (SD) (Table 3). However,
this end-member comparison did not account for the fact
that total SOC also varied among the groups.

We determined Z. marina, S. alterniflora, and BMA bulk
Corg contributions for each SOC group by multiplying the
group average SOC concentration by end-member fraction,
represented by the posterior distribution means. Z. marina
and BMA bulk contributions were higher at sites with higher
SOC concentrations, consistent with the spatial gradient
(Fig. 6). The SOC concentration attributable to Z. marina
increased from 1.72 mg Corg cm > to 2.79 mg Corg cm >, a
62% increase. The Z. marina bulk contribution was lowest at
the bare sites (Fig. 6). The BMA SOC concentration increased
even more substantially across the meadow gradient, from
1.00 mg Corg cm > to 4.84 mg Copy cm >, a 384% increase.
The BMA contribution at the unvegetated sites was 0.91 mg
Corg cm ®. In comparison, the S. alterniflora concentration
ranged from 0.26 mg Cor cm™> to 1.04 mg Coy cm™* but
showed no consistent change across the meadow SOC spatial
gradient. The estimated S. alterniflora concentration was
approximately the same within the meadow “highest” SOC
area as at the bare sites, 0.49 mg Coq cm 3. Despite exhibit-
ing the highest Z. marina fractional contribution (Table 3),
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Fig. 4. Modeled posterior distributions for potential autotroph sources (Z. marina, S. alterniflora, and BMA) at each meadow site (see Fig. 1 for site

locations).

the bare sites yielded the lowest Z. marina bulk contribution,
1.45 mg Copg cm ™.

By subtracting average SOC concentrations at the bare
sites from the average concentrations within the “highest”
area by end-member, we identified the fraction of the net
SOC increase within the “highest” area attributable to each
source. Z. marina contributed 25.3% of the net increase, S.
alterniflora contributed < 0.1%, and BMA contributed 74.5%.
Averaging the end-member bulk contributions across all 16
meadow sites yielded an average Z. marina concentration of
2.27 mg Corg cm ™3, an average S. alterniflora concentration
of 0.58 mg Cg cm 3, and an average BMA concentration of
2.96 mg Corg cm 3. At the meadow-scale, Z. marina contrib-
utes an estimated 39.09% of the total measured stock, S.
alterniflora contributes 9.96%, and BMA contributes 50.95%.

Non-seagrass Cog, therefore, accounts for > 60% of total SOC
within this bed interval, with BMA accounting for almost all
(> 83%) of that non-seagrass fraction.

Measured isotope ratios and autotroph source fractions
(represented by the mixing model posterior means) did not
show strong regression relationships with site distance from
either Wreck Island Marsh or the meadow-bare subtidal edge
(Table 4). The S. alterniflora fraction did not show a signifi-
cant relationship with site distance to Wreck Island Marsh
(Table 4: p>0.7; Fig. 7). Relationships between the Z. marina
and BMA fractions and distance to the meadow edge yielded
p-values < 0.020. However, the Z. marina fraction showed an
increase with proximity to this edge (Fig. 7); whereas, the
BMA fraction showed an increase with distance from the
edge. Omitting sites with problematic posterior distribution
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Fig. 5. 6'3C and 4'°N biplots, showing individual sediment samples
plotted relative to the autotroph end-members ranges by SOC Group,
and corresponding mixing model posterior plots.

results (sites 10, 12, 13, and 14) did not significantly change
these regression results (Supporting Information).

Discussion

SOC stable isotope compositions varied at different sites
within this seagrass bed according to location, consistent
with spatial variation in relative contributions from different
carbon sources. However, the observed spatial patterns did
not match the hypothesized patterns that we would expect
to find if the non-seagrass SOC fraction resulted primarily
from meadow burial of allochthonous POM advected into

Category n C,4 (Mg can™?) Corg SD  Source Mean SD
Lowest 4 3.44 0.43 Zostera 0.50 0.06
Spartina 0.21  0.09
BMA 0.29 0.04
Low 3 4.96 0.63 Zostera 0.37 0.07
Spartina 0.21  0.08
BMA 0.41 0.08
High 5 6.42 0.48 Zostera  0.40  0.03
Spartina 0.04  0.04
BMA 0.56 0.02
Highest 4 8.21 0.29 Zostera 0.34 0.04
Spartina 0.06  0.06
BMA 0.59 0.02
Bare 2 2.85 0.25 Zostera 0.51 0.10
Spartina 0.17  0.08
BMA 0.32 0.07
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Fig. 6. The change in end-member bulk C,q contributions within the
restored meadow by site SOC group (see Fig. 3; Table 3 for information
on each SOC group); error bars are the standard deviation of the source
fraction posterior distribution applied to the calculation of the Corg from
each source.

the meadow. We did not observe a S. alterniflora concentra-
tion gradient in the seagrass bed that decreased with dis-
tance from the mnearest marsh. S. alterniflora POM
“outwelling” did not account for the high SOC concentra-
tion in the eastern half of this meadow (hypothesis 1). Nor
did we observe higher non-seagrass SOC concentrations at
sites closer to bare subtidal areas, which would have sup-
ported the hypothesis that the non-seagrass fraction resulted
primarily from allochthonous POM trapped by the meadow
canopy (hypothesis 2). Seston trapping by the canopy may
account for the S. alterniflora C,,¢ in the bed—our seston and



Table 4. Meadow site (n=16) isotope ratio and SOC source fraction relationships with distance from Wreck Island Marsh (Marsh)

and from the meadow-bare subtidal edge (Edge).

Intercept SE M SE Fi14 p Adj-R?
5'3C~Marsh —15.450 0.862 3.27E-05 1.14E-03 0.001 0.978 -0.071
513C~Edge —15.240 0.621 —3.48E-04 9.61E-04 0.131 0.723 —0.062
5"*N~Marsh 6.422 0.415 —9.39E-05 5.49E-04 0.029 0.867 —0.069
515N~Edge 6.454 0.299 —1.77E-04 4.63E-04 0.146 0.708 —0.060
5**S~Marsh —17.030 1.263 7.01E-04 1.67E-03 0.176 0.681 —0.058
534S~Edge —15.603 0.873 —1.71E-03 1.35E-03 1.605 0.226 0.039
Zostera~Marsh 0.277 0.064 1.08E—-04 8.52E-05 1.607 0.226 0.039
Zostera~Edge 0.442 0.040 —1.64E-04 6.24E-05 6.874 0.020 0.281
Spartina~Marsh 0.182 0.060 2.47E-05 8.00E—-05 0.095 0.763 —0.064
Spartina~Edge 0.208 0.044 —1.61E-05 6.78E—05 0.056 0.816 —0.067
BMA~Marsh 0.541 0.070 —1.33E-04 9.22E-05 2.073 0.172 0.067
BMA~Edge 0.350 0.044 1.80E—04 6.84E—05 6.891 0.020 0.282

S. alterniflora biomass samples showed similar 6'°N enrich-
ment—but this SOC fraction was nominal (< 10%) and fairly
evenly distributed both inside and outside of the meadow.
Marsh POM “outwelling” was not an important source of
total seagrass SOC, despite the proximity of the adjoining
marsh to the seagrass bed.

The 6"*C and 6'°N spatial gradients we observed instead
provided evidence for autochthonous, not allochthonous,
Corg burial. The Z. marina percent contribution was highest
closer to the meadow-bare subtidal boundary and the BMA
percent contribution was highest in the meadow interior.
We would expect to observe the opposite pattern if the
microalgal SOC fraction resulted from BMA advection into
the meadow. After accounting for the bulk SOC increase
across the spatial gradient, we determined that the Z. marina
SOC concentration was actually higher in the “highest” SOC
area than in the “low” and “lowest” areas (Fig. 6). The Z.
marina percent contribution appeared to decrease with dis-
tance from the bare-subtidal edge (Fig. 7), because the BMA
fraction exhibited an even larger increase at sites further
from the edge (Table 4). The BMA bulk contribution was
also highest at the “highest” SOC sites (Fig. 6). BMA contrib-
uted most of the C,, to this seagrass SOC pool.

Additional sources also contribute marginally to this SOC
pool, but we were ultimately unable to consider another end-
member, because we were not able to include §3*S as a third
tracer. The observed discrepancy between sediment and end-
member §**S ranges likely resulted from sulfate reduction
within the bed, which causes similar §**S depletion (Canfield
2001). Future studies may be able quantify this process and
adjust measured 6**S values accordingly. However, we noted
that the magnitude of this process varied spatially (Fig. 3), pos-
sibly due to both carbon source and bed sediment factors (cf.
Oakes and Connolly 2004). We considered using the C : N
ratio as a third tracer but ultimately excluded it due to possi-
ble preferential loss of N in different bed locations (Oreska

et al. 2017). Absent a third tracer, we were not able to simulta-
neously quantify the macroalgal contribution, which Greiner
et al. (2016) found to be negligible (~ 3%), or include phyto-
plankton, which was likely a minor SOC contributor due to
very low concentrations and productivity in the water column
(McGlathery et al. 2001). Including macroalgae would not
explain why samples representing four sites fell outside the bi-
plot mixing polygon due to low §'°N values. The macroalgae
0N range is similar to that for S. alterniflora, which was not a
major contributor at these sites. These four sites hint at
another SOC source, possibly N-fixers in the microphytoben-
thos or epiphyte communities (Cole and McGlathery 2012),
which would explain why the site 6'°N values were biased
towards atmospheric 6'°N. The §'°N ratios at these sites could
also be attributable to buried phytoplankton; however, the
phytoplankton collected from this system by Hondula and
Pace (2014) yielded lower §'3C ratios (< —25%,).

Some of the BMA SOC we identified may be allochtho-
nous, but the spatial pattern (highest contribution farthest
from the meadow edge) indicates that the majority was
likely fixed in situ. Hardison et al. (2013) and Timmerman
(2014) documented high BMA activity within this system in
bare areas, which they attributed to increased light availabil-
ity at the sediment-water interface absent shading by macro-
phytes. Some BMA from outside the meadow might pass
into the meadow in suspension before being deposited at
interior meadow sites, along with other fine particulates
(Hansen and Reidenbach 2012, 2013; Oreska et al. 2017).
However, there is also significant BMA activity within the
meadow itself. BMA produce mats of extracellular polymeric
substances (EPS) that bind sediment within this meadow and
help protect the bed from erosion during winter months,
when seagrass shoot density is lowest (Timmerman 2014).
The “high” and “highest” SOC spatial regimes correspond
with areas within the meadow where diatomaceous mats are
sometimes visible in aerial photographs taken by the VIMS
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Fig. 7. (A) Z. marina source fraction at each site compared with site distance from the bare subtidal edge (see Fig. 1); (B) S. alterniflora source frac-
tion at each site compared with site distance to Wreck Island Marsh (source fractions equal posterior means; error bars represent posterior SD; regres-

sion statistics given in Table 4).

SAV monitoring program (VIMS SAV, http://web.vims.edu/
bio/sav/, accessed 12 December 2016). The 2011 photo
shows this spatial correspondence distinctly, suggesting that
in situ BMA production contributes to the observed SOC spa-
tial gradient. Timmerman (2014) also measured sediment
chlorophyll and carbohydrate concentrations—proxies for
BMA activity—concurrent with this study at a site inside the
meadow and at a bare control site. Both measures were gen-
erally higher at the meadow site. The meadow chlorophyll
concentration ranged as high as 220 mg m™? at the seagrass
site, compared with 71 mg m™? at the bare site; meadow
carbohydrate concentrations averaged 90.2 ug g~ ' at the sea-
grass site, compared with 49.9 ug g~ ' at the bare site over
the same period (Timmerman 2014). Consequently, most—if

not all—of the BMA SOC measured in this study was likely
autochthonous.

The importance of BMA as a contributor to SOC within
this meadow may be due, in part, to OM recycling within
the seagrass microbial community, resulting from nutrient
limitation (McGlathery et al. 2004; McGlathery et al. 2007;
Hardison et al. 2011). BMA turnover occurs every few days,
but immediate BMA OM uptake by bacteria, and subsequent
reuptake by BMA, results in tight BMA-bacterial nutrient
coupling in this system, which likely facilitates OM retention
in bed sediments (Hardison et al. 2013). It is, therefore, con-
ceivable that Z. marina initially fixed a higher percentage of
the SOC now stored within the bed, but that some of this
Corg entered the bacteria-BMA uptake cycle and now exhibits
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a BMA isotopic signature. However, we do not see excessive
isotope depletion consistent with multiple fractionation
steps resulting from SOC recycling.

The BMA results, nevertheless, underscore the importance
of considering the benthic microalgal community when con-
structing seagrass carbon budgets or calculating seagrass SOC
burial fluxes. Studies should not assume that all—or even
most—of the SOC beneath a seagrass meadow derives from
seagrass. We note that BMA-derived C,, represents a domi-
nant SOC constituent in both vegetated and unvegetated
coastal habitats (e.g., Hardison et al. 2013; Oakes and Eyre
2014), due in part to long turnover times for EPS (McKew
et al. 2013; Oakes and Eyre 2014). The percentage of total
seagrass production that enters the sediment carbon pool
may, therefore, be significantly lower than expected based
on a site’s SOC profile, with the remainder of the seagrass
production decomposed at the sediment surface, exported,
or consumed by herbivores (Duarte and Cebridn 1996).

Implications for blue carbon accounting

This study is the first to document BMA contributions
augmenting SOC storage in a blue carbon system. Similar
studies in marsh and mangrove habitats are still lacking.
Oakes and Eyre (2014) speculated that BMA may contribute
significantly to the blue carbon stored in marsh, mangrove,
and seagrass sediments. However, in their recent blue carbon
review, Macreadie et al. (2017) only discuss microalgal car-
bon in the context of a regime shift from marsh or seagrass
to microalgal production that results in less blue carbon stor-
age—not coupling between these macrophytes and BMA
that may increase BMA productivity and, therefore, SOC
accumulation. By analyzing SOC at the meadow-scale, our
results confirm initial suggestions by Greiner et al. (2016)
that BMA represents the dominant contributor to the SOC
stock in this particular seagrass meadow. BMA production—
not allochthonous POM trapping—Ilikely accounts for much
of the non-seagrass SOC observed in seagrass meadows (Ken-
nedy et al. 2010). We note that BMA are fairly ubiquitous in
coastal habitats, even where macroalgal shading reduces
light availability for photosynthesis (Hardison et al. 2011;
Oakes and Eyre 2014). Seagrass canopies allow more incident
light to reach the sediment surface and may, therefore,
enhance BMA productivity relative to macroalgal-dominated
habitats (Hardison et al. 2011, 2013).

The BMA SOC documented in this seagrass bed should be
considered a carbon offset benefit of restoration provided
the restored meadow either facilitates BMA presence or the
burial of this material relative to bare sites. As previously
noted, BMA occur at sites with and without seagrass and
contribute to SOC accumulation at bare sites (e.g., Volkman
et al. 2008; Hardison et al. 2013; Timmerman 2014). How-
ever, significantly higher chlorophyll and carbohydrate con-
centrations inside this meadow suggest BMA production is
higher in the meadow than at bare control sites (Timmer-
man 2014). We also note that the seagrass plants facilitate

bed accretion, thereby increasing the likelihood that within-
meadow BMA C,,, becomes buried. According to the 210pp
profiles, nearby bare sites are not accreting. C. fixed by
BMA in bare areas, therefore, has a higher likelihood of
being remineralized. The lower BMA SOC concentrations at
the bare sites likely reflect both lower BMA production out-
side the meadow and lower preservation rates for that pro-
duction. However, more work is needed to quantify these
seagrass effects on BMA SOC burial rates.

Regarding the application of these results for seagrass
offset-credit accounting (CEC 2014; Emmer et al. 2015), we
note that seagrass restoration projects will not likely be able to
differentiate between allochthonous and autochthonous frac-
tions in the seagrass SOC pool with complete certainty. Our
effort to differentiate these fractions in the South Bay meadow
benefitted from relatively few potential end-members (Hon-
dula and Pace 2014), low potential for diagenesis (Greiner
et al. 2013), significant past work on seagrass SOC accumula-
tion and the biotic community within the VCR-LTER system
(Hardison et al. 2011, 2013; McGlathery et al. 2012) and in
South Bay in particular (Greiner et al. 2013, 2016; Timmerman
2014), and a known meadow restoration history that did not
include any significant bed disturbances (Orth et al. 2006,
2012; McGlathery et al. 2012). From an isotope-source model-
ing perspective, our results confirm that autotroph source dif-
ferentiation is possible at the meadow-scale but by no means
straightforward. Although we were able to constrain potential
source isotope ranges and conduct a mixing model analysis,
several of the posterior distributions exhibited significant
spread about their means. These posterior distributions limited
our ability to quantify source fractions at particular sites and,
therefore, our ability to confidently quantify whole meadow
stocks by source. We, consequently, refrained from kriging
posterior means determined for individual sites to generate
meadow-scale source maps. Some of this variability may be
due to slight differences in diagenesis at individual sites or to
additional sources that we were not able to include in our
models. The problematic sites occur near Wreck Island (Fig. 1:
sites #10, 12, 13, and 14), where macroalgae sometimes accu-
mulates. Diagenesis is possibly a factor at sites closer to Man &
Boy Channel, which yield much higher C : N ratios (Oreska
et al. 2017).

Given the difficulties associated with conducting SOC
source analysis, an allochthonous carbon compensation factor
probably remains the best option for individual seagrass resto-
ration projects trying to meet the CEC (2014) allochthonous
carbon deduction requirement for seagrass blue carbon
accounting. This study broadly supports using the Kennedy
et al. (2010) 50% non-seagrass SOC compensation factor at
the meadow-scale but casts doubt on whether most of that
SOC is actually allochthonous. If the CEC (2014) goal is to
conservatively exclude any SOC that was not fixed by the
restored seagrass plants, then a 50% compensation factor
applied to this meadow stock represents a reasonable deduc-
tion. However, an accurate allochthonous SOC deduction



based on this system would be closer to 10%—not 50%. Addi-
tional work may confirm that in situ BMA contribute most of
the non-seagrass SOC in most seagrass meadows. Provided the
storage of this production can be attributed to meadow pres-
ence, projects should be able to count this SOC as a seagrass
blue carbon benefit when requesting offset-credits under the
CEC (2014) accounting guidelines (Emmer et al. 2015).

Conclusions

This study identifies spatial variability in seagrass and BMA
source contributions to a seagrass SOC pool, discernable from
stable isotope spatial variability evident at the seagrass
meadow-scale. Z. marina accounts for less than half of the
total SOC stock (40%); however, canopy-trapping of allochth-
onous POM—represented in this system primarily by S. alter-
niflora-derived seston—only accounts for another 10% of the
total. Most of the SOC within this seagrass bed apparently
derives from BMA that occur within the meadow. The burial
and long-term storage of this SOC is at least partly attribut-
able to seagrass presence, because the seagrass canopy facili-
tates bed accretion. Enhanced burial of in situ BMA Cgy
should, therefore, be considered a possible blue carbon benefit
of seagrass restoration. However, even with the aid of discern-
able stable isotope spatial gradients and isotope mixing mod-
els, quantifying the allochthonous and autochthonous SOC
fractions within a seagrass bed remains somewhat speculative,
because the geographic origin of SOC cannot be established
with complete certainty. An allochthonous carbon compensa-
tion factor represents, perhaps, the best option for seagrass
blue carbon offset-credit accounting, but the proposed 50%
compensation factor would underestimate the autotrophic
production fixed within this particular meadow and attribut-
able to meadow presence. More work is needed to identify an
appropriate allochthonous carbon percentage that can be gen-
erally applied to seagrass restoration projects.
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