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Abstract There is increasing urgency to implement climate change mitigation strategies that enhance
greenhouse gas removal from the atmosphere and reduce carbon dioxide (CO2) emissions. Recently,
coastal “blue carbon” habitats—mangroves, salt marshes, and seagrass meadows—have received attention
for their ability to capture CO2 and store organic carbon (OC), primarily in their sediments. Across habitat
types and regions, however, information about the sequestration rates and sources of carbon to local
sediments remains sparse. Here we compiled recently obtained estimates of sediment OC stocks and
sequestration rates from 139 cores collected from temperate seagrass (Zostera marina) meadows in Alaska,
British Columbia, Washington, and Oregon. Across all cores sediment OC content averaged 0.75%. Organic
carbon stocks in the top 25 cm and 1 m of the sediment averaged 1,846 and 7,168 g OC m−2, respectively.
Carbon sequestration rates ranged from 4.6 to 93.0 g OCm−2 yr−1 and averaged 24.8 g OCm−2 yr−1. Isotopic
data from this region suggest that OC in the sediments is largely from noneelgrass sources. In general, these
values are comparable to those from other temperate Z. marina meadows, but significantly lower than
previously reported values for seagrasses globally. These results further highlight the need for local and
species‐level quantification of blue carbon parameters. While temperate eelgrass meadows may not
sequester and store as much carbon as seagrass meadows elsewhere, climate policy incentives should still be
implemented to protect existing sediment carbon stocks and the other critical ecosystem services associated
with eelgrass habitats.

Plain Language Summary As we search for innovative solutions to capture and store
atmospheric carbon, coastal wetlands are doing so for free and at rates greater than mature forests. The
carbon market, by brokering carbon offset monies, can fund coastal wetland restoration projects where a net
greenhouse gas reduction can be shown. Yet seagrass carbon sequestration capacity varies among species
and even within meadows of the same species. Thus, obtaining site‐specific carbon storage values is essential
for restoration planning. Here we report carbon stocks and sequestration rates compiled from 30 eelgrass
meadows (Zostera marina) in Oregon, Washington, British Columbia, and Alaska, areas underrepresented
in current literature. We then compare these findings to previously reported values for Z. marina and for
seagrasses globally. While carbon stocks and sequestration rates varied at small spatial scales, we observed
no latitudinal patterns. Our values were similar to those found in other Z. marinameadows, but significantly
lower than global seagrass averages. Through isotopic analysis we found that the majority of the carbon
originated from noneelgrass sources and very little from eelgrass itself. These results, the first to reveal
eelgrass carbon sequestration capacities in the Northeastern Pacific, expose the importance of obtaining
local values for carbon sequestration.
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1. Introduction

In the context of global climate change, it is critical to understand and quantify sinks and sources of
atmospheric carbon dioxide (CO2). Vegetated ecosystems often act as important carbon sinks, by uptaking
CO2 through photosynthesis and storing organic carbon (OC) in the form of above‐ or below‐ground living
biomass, and by capturing particulate and detrital forms of carbon via burial in soils or sediments. In addi-
tion to the carbon found in terrestrial ecosystems (e.g., forests, grasslands), significant quantities of carbon
can be sequestered by, stored in, and released from coastal vegetated habitats such as mangroves, salt
marshes, and seagrass meadows. This coastal carbon is now widely referred to as “blue carbon” (Duarte
et al., 2013; Lovelock & Duarte, 2019; Nellemann et al., 2009). In contrast to terrestrial systems, where most
carbon is stored in plant biomass or litter, between 50 and 90% of the organic carbon in coastal systems is
found below ground in sediments (Duarte et al., 2005; Mcleod et al., 2011; Pendleton et al., 2012).

While the global extent of coastal blue carbon habitats is small relative to terrestrial ecosystems, blue carbon
ecosystems have been shown to be more efficient at sequestering carbon, relative to their terrestrial counter-
parts (Donato et al., 2011; Fourqurean et al., 2012; Ouyang & Lee, 2014). Yet coastal wetlands are declining
worldwide at rates of 0.4 to 3.0% annually, and their degradation and destruction can release carbon that has
accumulated over centennial or millennial time scales, as well as reduce future capacity for carbon capture
and storage (Irving et al., 2011; Pendleton et al., 2012; Waycott et al., 2009). In particular, there is increasing
concern about declines of seagrass populations globally; not only do these declines have implications for car-
bon storage capacity but also for the other critical seagrass‐associated ecosystem services (Orth et al., 2006;
Short et al., 2011; Waycott et al., 2009). High carbon storage potential, alongside emissions associated with
habitat loss, has created interest in incorporating blue carbon habitats into coastal ecosystem management
and natural climate solutions through mechanisms such as carbon markets, restoration projects, marine
protected area design, and ecosystem valuation (Hejnowicz et al., 2015; Howard, Mcleod, et al., 2017;
Needelman et al., 2018; Fargione et al., 2018). While there is increasing interest in capitalizing on the green-
house gas benefits of blue carbon ecosystems, limited regional and local data create challenges for accurately
implementing such policies (Needelman et al., 2018; Sutton‐Grier & Moore, 2016). To date, most studies
have looked at carbon stocks, yet carbon finance guidelines (e.g., the Verified Carbon Standard) also require
OC sequestration rates and sediment carbon sources (allochthonous versus autochthonous) to create carbon
budgets (Emmer et al., 2015).

Seagrasses are globally distributed marine angiosperms that form underwater meadows along boreal, tem-
perate, and tropical shorelines, providing some of the most biodiverse and productive habitats in coastal
regions (Cullen‐Unsworth & Unsworth, 2018; Green & Short, 2003; Mtwana Nordlund et al., 2016; Orth
et al., 2006). Seagrass meadows can exhibit high rates of primary productivity and the tissues of many sea-
grass species are recalcitrant and subject to low rates of herbivory, creating excess biomass available for
long‐term storage (Duarte et al., 2010; Duarte & Cebrián, 1996). Furthermore, seagrass canopies can slow
water movement, thereby enhancing particle deposition, trapping allochthonous carbon, and reducing
resuspension and erosion of existing sediments (Gacia & Duarte, 2001; Kennedy et al., 2010; Lacy &
Wyllie‐Echeverria, 2011). Because seagrasses typically grow in low‐energy, submerged, coastal regions, sur-
face sediments tend to be suboxic or anoxic, which can slow the remineralization of organic matter (Borum
et al., 2005; Trevathan‐Tackett, Seymour, et al., 2017). The combination of these three characteristics—high
primary production, particle capturing capacity, and low decomposition rates—yields high potential for sea-
grass meadows to act as significant carbon sinks (Duarte et al., 2013; Fourqurean et al., 2012).

Relative to other coastal blue carbon habitats (mangroves and salt marshes), species specific and local‐level
seagrass data remain deficient. For example, the Verified Carbon Standard includes default carbon seques-
tration values for marsh and mangrove ecosystems, whereas default values for seagrass systems were iden-
tified as a “key science and policy research need” (Needelman et al., 2018). This is not surprising considering
that there are 72 species of seagrasses worldwide (Short et al., 2011), the carbon dynamics of which are
modulated by a wide range of biological and physical factors such as plant size, seagrass characteristics
(e.g., density, canopy height, root‐rhizome structure), hydrodynamic conditions (e.g., exposure, depth, wave
height), and sediment characteristics (e.g., sediment grain size, bulk density, porosity; Dahl et al., 2016;
Mazarrasa et al., 2018; Rozaimi et al., 2013; Samper‐Villarreal et al., 2016; Serrano et al., 2014, 2016). In addi-
tion to global and regional variation in seagrass blue carbon storage, large variability has been observed at
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the local scale—within meadows—further emphasizing the need for local‐level data on species specific
carbon stocks and sequestration rates (Oreska et al., 2017; Prentice et al., 2019; Ricart et al., 2015).

Until recently, global estimates for seagrass‐associated carbon stocks and accumulation rates were primarily
derived from tropical and subtropical regions and species (e.g., Fourqurean et al., 2012). Although values are
quickly emerging from a broader suite of regions and species (Dahl et al., 2016; Gullström et al., 2017;
Jankowska et al., 2016; Kindeberg et al., 2018; Postlethwaite et al., 2018; Röhr et al., 2018), many studies
focus on carbon stocks and do not include estimates of carbon sequestration rates or contributions of OC
sources to the sediments. Furthermore, many of these studies sample across a broad geographic area but
may overlook local or regional trends in blue carbon parameters. Thus, there remains a need to refine global
estimates and expand our understanding of seagrass carbon storage and sequestration rates, particularly for
eelgrass (Zostera marina L.), an extensively distributed temperate seagrass along the coasts of Europe,
Northern Asia, and North America (CEC, 2013). The coastline of the northeast Pacific Ocean, including
Southeast Alaska, British Columbia, Washington, and Oregon (a region herein referred to as the Pacific
Northwest), has received little attention, and therefore, the viability of blue carbon finance in this region
remains uncertain. Obtaining data from this region will not only help improve global seagrass blue carbon
estimates but can also provide regional‐level assessments of eelgrass carbon stocks, sequestration rates, and
sources of sediment carbon.

Here we begin to fill the data gap for eelgrass blue carbon parameters in the Pacific Northwest (PNW) by
compiling and comparing recently acquired estimates for sediment carbon stocks, carbon sequestration
rates, and sources of carbon to the sediments. Specifically, we collected and synthesized data from temperate
seagrass meadows (predominantly Z. marina) and adjacent unvegetated sediments across a temperate
latitudinal gradient spanning roughly 1,700 km from Southeast Alaska to Southern Oregon. We then review
eelgrass‐associated blue carbon parameters from the Pacific Northwest in the context of data from other
published Z. marina studies and global estimates for all seagrass species.

2. Materials and Methods
2.1. Compilation of Eelgrass Sediment Carbon Data From the Pacific Northwest

We analyzed all available sediment carbon data from eelgrass meadows in the Pacific Northwest, spanning
from Southeast Alaska to Southern Oregon. Collections were made independently by a number of research
groups and included published manuscripts, theses, and unpublished values (Lutz, 2018; Murray, 2018;
Poppe & Rybczyk, 2018; Prentice et al., 2019; Short et al., 2017; Spooner, 2015; Stephens & Eckert, 2018).
While the studies varied slightly in their objectives and scope, all studies had a common goal of quantifying
carbon stocks, sequestration rates, and sources of stored carbon in Z. marina meadows of the Pacific
Northwest, to continue to fill the data gap for this region and species.

2.2. Sediment Core Collection and Subsampling

Sediments were sampled from 16meadows on Prince ofWales Island, Southeast Alaska (Figure 1a); six mea-
dows on the Central Coast of British Columbia, Canada (Figure 1b); one meadow in K'omoks Estuary,
Vancouver Island, British Columbia, Canada (Figure 1c); three meadows in the Central Salish Sea,
Washington (Figure 1d); two meadows in the Southern Salish Sea, Washington (Figure 1e); and two mea-
dows in South Slough, Oregon (Figure 1f). The number of cores from vegetated and unvegetated sediments,
tidal height, average core depth, and the sampling period for the different regions are shown in Table 1.

In general, cores were collected manually by inserting PVC tubes into the sediment using a sledgehammer.
In some cases (Southern Salish Sea, Washington and South Slough, Oregon) a vibrating motor was
employed to help insert the core into the sediments while minimizing compaction (Short et al., 2017).
Cores were either taken at a predetermined depth (e.g., 30 cm) or inserted to the point of refusal.
Intertidal cores were collected during low tides, while subtidal cores were collected by SCUBA divers.
Core locations were determined either haphazardly or were associated with existing eelgrass monitoring
sites (e.g., SeagrassNet long‐term monitoring transects). Unvegetated cores were taken between 5 and 15
m beyond the meadow perimeter and were collected only in British Columbia (Central Coast and
Vancouver Island) and the Central Salish Sea.
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When possible, sediment compaction was calculated for each core by measuring the distance from the top of
the core to the sediment surface outside of the core, minus the distance from top of core to the sediment sur-
face inside the core (Howard et al., 2014). Cores were extruded and subsectioned either immediately follow-
ing collection or after being frozen. Subsection depth intervals varied by site and region ranging from 2‐ to
10‐cm subsections. Depth intervals were adjusted based on compaction only for the Southeast Alaska cores.
In all cases, sediment from each depth interval was homogenized and a subsample of known volume was
taken for chemical analyses and calculation of dry bulk density. All visible plant biomass and fauna were

Figure 1. (left panel) locations of sediment cores collected from eelgrass (Z. marina) meadows and adjacent bare sediments across the Pacific northwest in
(a) Southeast Alaska, USA; (b) the central coast of British Columbia, Canada; (c) K'omoks estuary on Vancouver Island, British Columbia, Canada; (d) the central
Salish Sea, WA, USA; (e) the southern Salish Sea, WA, USA; and (f) South Slough National Estuarine Research Reserve, OR, USA. Meadows sampled within
each region are denoted with dark circles, and nearby population centers are noted in light grey circles for reference.

Table 1
Summary of the Cores Collected From Both Vegetated and Unvegetated Sediments in Six Locations Within Four Regions Across the Pacific Northwest

Region Location (inset map) No. of sites

Number of cores

Tidal height

Average
core depth
(cm) ± SE Sampling periodVegetated Unvegetated

AK Southeast Alaska (A) 16 16 0 Intertidal 30 ± 0 April–August 2017
BC BC Central Coast (B) 6 45 18 Intertidal subtidal 32.8 ± 3.4 May–August 2016

Vancouver Island (C) 1 7 2 Intertidal subtidal 51.1 ± 1.5 May–Sept 2014
WA Central Salish Sea (D) 3 27 12 Intertidal subtidal 62.9 ± 6.8 2014–2016

Southern Salish Sea (E) 2 6 0 Intertidal 33.9 ± 15.9 May 2016
OR South Slough (F) 2 6 0 Intertidal 91.1 ± 3.1 May 2016

Total ‐ 30 107 32 ‐ 40.4 ± 2.9 ‐
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removed from the sediments before chemical analyses; however, nonseagrass organic material (e.g., woody
debris) was left in the samples.

2.3. Quantification of Sediment Carbon Content

Sediment OC content was determined by two methods. For British Columbia (Central Coast and Vancouver
Island), Southern Salish Sea and South Slough, Oregon, total percent carbon (%TC) was determined using an
Elemental Analyzer, and percent inorganic carbon (%IC) was measured using a UIC Carbon Dioxide
Coulometer. Percent organic carbon (%OC) was calculated by subtracting %IC from %TC for each sample
(Hodgson & Spooner, 2016; Howard et al., 2014). For the Central Salish Sea sites, %OC was estimated by
creating a regression equation to relate %OM (obtained from Loss on Ignition) to %OC (obtained from
Elemental Analysis using a Thermo Electron Corp. FlashEA 1112 nitrogen and carbon analyzer; equation (1)
and Figure S1). Equation (1) was also used to convert %OM to %OC for the Southeast Alaska sites, since only
%OM data were available from these cores.

%OC ¼ %OM×0:3134−0:1149 (1)

Organic carbon stocks were calculated by summing the carbon mass from each subsection up to 25‐cm
depth, as described by Howard et al. (2014). A depth of 25 cm was selected for carbon stock comparisons
to allow inclusion of the greatest number of our cores, and to allow comparisons to carbon stocks from pre-
vious studies (e.g., Dahl et al., 2016; Lavery et al., 2013; Röhr et al., 2018). It should be noted that OC values
were relatively constant below 10 cm to depths up to 100 cm, which supported both retaining the Sediment
Mixed Layer and extrapolating stocks to 1‐m depth for comparison across studies.

2.4. Carbon and Nitrogen Isotope Analyses

In some locations (the BC Central Coast, Southern Salish Sea, and South Slough, Oregon), an Isotope Ratio
Mass Spectrometer was used to measure δ13C and δ15N signatures of the sediments to determine whether
organic matter was autochthonous (originating within the meadow) versus allochthonous (originating out-
side the meadow). All isotopic ratios are expressed relative to Vienna Pee Dee Belemnite for carbon, and
atmospheric air for nitrogen, in per mil notation (‰). Carbon and nitrogen isotope signatures for potential
sources of carbon to the sediments were compiled from existing available data from the Pacific Northwest
(Table S1).

2.5. Sediment and Carbon Accumulation Rates

Sediment accumulation rates were determined using an alpha spectrometer for samples from the BC Central
Coast, Southern Salish Sea and South Slough, Oregon and a gamma spectrometer for sites in the Central
Salish Sea. Gamma spectrometry was performed at WesternWashington University, Bellingham, USA, with
a Canberra Germanium Detector (model GL2820R), with gamma emissions at 46 and 351 keV recorded by
Genie 2000 software (Canberra 2002). Alpha spectrometry was performed byMyCore Scientific in Dunrobin,
Ontario, Canada. Both alpha and gamma spectrometry are used to measure excess 210Pb concentrations at
various sediment depths, by subtracting supported, or background, 210Pb from total 210Pb concentrations.
The rate of decline of this excess 210Pb can be used to estimate the sediment age at various depths and
thereby sediment accumulation rates. There are three models that can be used to interpret the excess
210Pb profiles, outlined in Arias‐Ortiz et al. (2018). Here we calculated sediment accumulation rates using
the Constant Rate of Supply for the BC Central Coast, Southern Salish Sea, and South Slough sites, and
we calculated accretion rates using the Constant Initial Concentration model for the Central Salish Sea sites.
Carbon accumulation rates were calculated in one of two ways: as the product of sediment accumulation
rates and %OC or as the product of sediment accretion rates and carbon density.

3. Results
3.1. Overview of Cores Collected

Sediment carbon data were amalgamated from 30 intertidal and subtidal eelgrass meadows within six geo-
graphic regions, spanning from the northernmost site in Southeast Alaska (Prince of Wales Island) to the
southernmost site in the South Slough National Estuarine Research Reserve, Oregon (Figures 1a–1f). In
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total, 139 cores were collected, with 107 from vegetated sediments (Z. marina) and 32 from unvegetated sedi-
ments. The cores ranged from 10 to 105 cm in length (Table 1).

3.2. Sediment Carbon Content and Dry Bulk Density

The average (±SE) dry bulk density across all sites was 1.4 ± 0.04 g cm−3 and ranged from 1.1 to 1.7 g cm−3.
Total carbon (TC) content in the sediments across all regions sampled averaged 1.2% and ranged from 0.4 to
2.5%. Inorganic carbon (IC) content averaged 3.1% and ranged from 0 to 9.7% (Table S2). The inorganic car-
bon in the sediments was primarily due to bivalve shells or shell hash incorporated into the sediments.
Average % OC in Z. marina sediments was 0.7% and ranged from 0.1 to 2.3% (Figure 2). The overall %OC,
with both vegetated and unvegetated cores combined, was 0.8% ± 0.09 (SE). Dry bulk density and sediment
carbon content values on a per site basis are shown in Table S3.

Unvegetated cores were only collected in the central Salish Sea and British Columbia (Central Coast and
Vancouver Island), and thus, we opted to compare vegetated and unvegetated sediment parameters only
within sites where both core types were collected, as opposed to across the entire study region. In general,
sediment %OC in vegetated areas was higher than that in unvegetated sediments except in the central
Salish Sea (Figure 3).

3.3. Sediment Organic Carbon Stocks

The overall average OC stock in the top 25 cm of sediment was 1,811 ± 154 g OC m−2, including both vege-
tated and unvegetated cores. The 25‐cm OC stocks ranged from 600 to 5,125 g OC m−2. Stocks in the top 25
cm were highest at the Oregon South Slough sites, and lowest in the Southern Salish Sea (Figure 4). When
extrapolated to 1‐m depth, OC stocks ranged from 752 to 20,501 g OC m−2 and averaged 6,512 g OC m−2.
There were four cores (all from South Slough, Oregon) that were at least 1 m in length, from which OC
stocks averaged 14,837 g OC m−2 and ranged from 11,052 to 17,304 g OC m−2. Organic carbon stocks over
the top 25 cm and the extrapolated values to 1 m at each specific site are shown in Table S3.

3.4. Carbon Accumulation Rates Obtained From 210Pb Dating

For five cores (two from British Columbia and three from the central Salish Sea) where 210Pb data were
obtained, the sediments were too mixed to determine accumulation rates with confidence; potential

Figure 2. The percent organic carbon (%OC) in the sediments of Z. marinameadows in the six Pacific northwest regions
(light grey, diagonal hatched bars), compared with the average %OC from other published studies in Z. marina
meadows (medium grey, vertical hatched bars) and the global average for all seagrass species (dark grey bars). Error bars
represent standard error. Sources for %OC values are as follows: 1 = Fourqurean et al. (2012), 2 = Green et al. (2018),
3 = Röhr et al. (2018), 4 = Röhr et al. (2016), 5 = Dahl et al. (2016), 6 = Greiner et al. (2013), 7 = Postlethwaite et al. (2018).
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mechanisms of mixing include hydrodynamic driven resuspension of sediments and bioturbation by
infaunal organisms. Presence of 210Pb at background levels also prevented accurate dating in four cores
fromWashington and one core from British Columbia. Obvious mixing was minimal in 23 cores from vege-
tated sediments and 2 cores from adjacent unvegetated sediments, allowing these to be used for 210Pb dating.
Across these 25 cores, sediment accretion rates ranged from 0.08 to 0.95 cm/year and averaged 0.39 ± 0.05
cm/year (Table 2 and Figure 5). Carbon sequestration rates ranged from 4.6 to 93.0 g OC m−2 yr−1 and

Figure 3. The mean percent organic carbon (%OC) in vegetated (dark grey) and adjacent unvegetated cores (light grey) in
three PNW regions: The BC central coast, Vancouver Island, BC, and the central Salish Sea. Note that unvegetated
cores were not collected from other regions. Error bars are standard errors.

Figure 4. Organic carbon stocks integrated over the top 25 cm of sediment from Z. marina meadows in the six Pacific
northwest regions from this study (light grey, diagonal hatched bars), compared with 25‐cm OC stocks from other
published studies in Z. marina meadows (medium grey, vertical hatched bars) and a published average for Australian
seagrass species (dark grey bar). Error bars denote standard errors. Sources for OC stock values are as follows: 1 = Lavery
et al. (2013), 2 = Röhr et al. (2018), 3 = Röhr et al. (2016), 4 = Postlethwaite et al. (2018). Note that these were the only
studies found that calculated OC stocks to 25 cm.
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the overall average ± SE, based again on all cores, was 24.8 ± 4.5 g OCm−2 yr−1. Accretion rates and carbon
accumulation rates for each core individually are shown in Table 2.

3.5. Carbon and Nitrogen Stable Isotopes

Carbon (δ13C) and nitrogen (δ15N) isotopic signatures of the sediments were obtained from six sites in British
Columbia, three sites in Washington, and two sites in Oregon. Across these 11 sites, the average δ13C signa-
ture of the sediments was −20.3 ± 0.5‰ (SE) and the average δ15N signature was 6.3 ± 0.3‰ (SE). The car-
bon signatures were most depleted in Oregon (−23.2‰), followed by Washington (−20.7‰) and British
Columbia (−19.8‰). Carbon and nitrogen isotope signatures of common macrophytes available from the
Pacific Northwest include Z. marina from various locations, phytoplankton, benthic diatoms, and riverine
and marine particulate organic matter (Table S1).

4. Discussion
4.1. Summary of Findings

Here we provide estimates of sediment organic carbon content (%OC), OC stocks over the top 25 cm and
projected to 1‐m depth, OC accumulation rates, and sediment carbon sources from eelgrass meadows in
the Pacific Northwest. These data add to the growing body of knowledge on carbon sequestration and sto-
rage in temperate Z. marinameadows and provide values for a relatively data‐deficient region, where there
is interest in harnessing the climate benefits of coastal wetlands. In general, these OC stocks and sequestra-
tion rates align with those from other Z. marinameadows but are lower than values reported for seagrasses
globally. Furthermore, the OC in Pacific Northwest eelgrass sediments appears to be largely derived from
noneelgrass (allochthonous) sources.

Table 2
Organic Carbon Accumulation Rates and Accretion Rates Estimated From 25 Cores Obtained From British Columbia,
Washington and Oregon, From Both Vegetated and Unvegetated Sediments

Region Site Cover
OC accumulation rate
(g OC m−2 yr−1)

Accretion rate
(cm/year) Source

BC Choked Passage Vegetated 4.6 0.28 1
McMullins N Vegetated 22.3 0.26 1
Pruth Bay Vegetated 29.4 0.29 1
Pruth Bay Vegetated 6.5 0.13 5
Triquet Bay Vegetated 33.1 0.30 1

K'omoks Estuary Vegetated 28.0 0.35 2
K'omoks Estuary Vegetated 24.0 0.20 2
K'omoks Estuary Unvegetated 17.0 0.19 2
K'omoks Estuary Unvegetated 4.3 0.46 2

WA Padilla Bay Vegetated 7.5 0.18 3
Padilla Bay Vegetated 13.4 0.20 3
Padilla Bay Vegetated 5.0 0.08 3
Padilla Bay Vegetated 11.9 0.24 3
Padilla Bay Vegetated 8.5 0.21 3
Padilla Bay Vegetated 21.7 0.49 3
Padilla Bay Unvegetated 13.6 0.18 3
Padilla Bay Vegetated 29.5 0.57 4
Padilla Bay Vegetated 40.1 0.84 4
Padilla Bay Vegetated 41.0 0.70 4
Skagit Bay Vegetated 44.4 0.64 4
Skagit Bay Vegetated 93.0 0.95 4
Samish Bay Vegetated 13.9 0.26 4
Skagit Bay Unvegetated 45.3 0.93 4

OR Valino Island Vegetated 16.5 0.14 5
Hidden Creek Vegetated 29.6 0.20 5

Note. Sources are as follows: 1 = Prentice et al. (2019), (2) Spooner (2015), (3) Poppe and Rybczyk (2018), (4) Lutz (2018),
and (5) Short et al. (2017).
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4.2. Sediment Carbon Content Trends and Comparisons

Across all samples from the six Pacific Northwest regions sampled here, OC content in the sediments of Z.
marinameadows ranged from 0.1 to 2.3%. The highest sediment OC content was found in Southeast Alaska
and South Slough, Oregon, while the lowest values were found in the Southern Salish Sea (Figure 2). As
such, we did not identify a latitudinal trend in the data, consistent with Röhr et al. (2018), who found that
latitude explained relatively little variation in OC stocks in Z. marina meadows across the Northern
Hemisphere. For example, although the highest %OC values were measured in Alaska (2.32%), some sites
in Alaska also had very low values (0.09%).

The sediment carbon content values reported here fall within the range of those reported from other tempe-
rate Z. marina meadows globally. The mean OC content for the entire Pacific Northwest region (0.7%) is
within the range of values reported from eelgrass meadows in the Black Sea (0.2%), Portugal (0.6%), and
the Baltic Coast of Sweden (0.2%; Dahl et al., 2016), albeit slightly lower than the average value of 1.4%
reported from Z. marina across the globe (Röhr et al., 2018) and the Gullmarn Fjord in Sweden (2.8%;
Dahl et al., 2016). Our PNW values also align with those reported from meadows on the Atlantic coast of
North America of 0.4% (Greiner et al., 2013) as well as from Denmark (1.7%) and Finland (0.2%; Röhr
et al., 2016). However, it is noteworthy that most of the values from temperate eelgrass meadows, including
those from the Pacific Northwest, are lower than the global average OC content for all seagrass species com-
bined (2.5%), reported by Fourqurean et al. (2012).

Similar to sediment OC content, the OC stocks in the top 25 cm of sediment exhibited high variability
throughout the Pacific Northwest, ranging from 600 to 5,125 g OC m−2. Reflecting trends in %OC values,
OC stock values align with those from other temperate Z. marina meadows but are lower than global sea-
grass averages. For example, Dahl et al. (2016) reported stocks in the upper 35 cm ranging from 500 to
3,500 g OC m−2, while Röhr et al. (2016, 2018) reported stocks in the upper 25 cm ranging from 627 to
6,005 g OC m−2 and 318 to 26,523 g OC m−2, respectively. Furthermore, the average OC stock from eelgrass
meadows across all temperate latitudes, reported by Röhr et al. (2018), is 2,721 g OCm−2, is somewhat simi-
lar to our Pacific Northwest average of 1,752 g OC m−2. Additionally, our values align with stocks in the
upper 25 cm from Australia, which range from 262 to 4,833 g OC m−2 and average 1,262 g OC m−2

(Lavery et al., 2013). While there were no 25‐cm OC stocks for seagrass species globally to which we could

Figure 5. Organic carbon accumulation rates from Z. marinameadows in some of the Pacific northwest regions from this
study (light grey, diagonal hatched bars), compared with accumulation rates from other published studies in Z. marina
meadows (medium grey, vertical hatched bars) and a published average for seagrasses globally (dark grey bar). Error bars
denote standard error. Sources for OC accumulation rate values are as follows: 1 = McLeod et al. (2011), 2 = Miyajima
et al. (2015), 3 = Serrano et al. (2018), 4 = Jankowska et al. (2016), 5 = Greiner et al. (2013), 6 = Postlethwaite et al. (2018).
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compare our values, we could compare our results to those reported for the upper 1 m by extrapolating our
25‐cm stocks to 1‐m depth. Once we extrapolated to 1 m and included four cores for which 1‐m stocks had
been directly measured, Pacific Northwest values averaged 6,526 OC m−2. These OC stocks are significantly
lower than the 1‐m OC stock of 13,970 g OC m−2 reported for all seagrass species globally (Fourqurean
et al., 2012).

4.3. Comparing Carbon Content in Vegetated and Unvegetated Sediments

When comparing vegetated areas with adjacent unvegetated areas, we found that carbon content in vege-
tated sediments was only marginally higher than in unvegetated sediments (Figure 3). Based on previous
work (Dahl et al., 2016; Oreska et al., 2017; Ricart et al., 2015), we expected to find higher carbon content
in vegetated sediments relative to unvegetated sediments because seagrass is thought to enhance carbon
accumulation in these areas. While we did observe slightly higher carbon content in vegetated sediments
on the BC Central Coast and Vancouver Island, in the Central Salish Sea, unvegetated sediments had mar-
ginally higher carbon content than nearby vegetated sediments (Figure 3). Moreover, it is worth noting that
in all three locations, the variance in vegetated and unvegetated sediment carbon content was sufficiently
large that the observed trends were not definitive (Figure 3). The vegetated and unvegetated values observed
here are similar to those observed by Postlethwaite et al. (2018) and Prentice et al. (2019) in Clayoquot
Sound, Vancouver Island, and the BC Central Coast, respectively. The observed similarity between vegetated
and unvegetated OC content in the PNWmay be due to the characteristically shallow root systems of Z. mar-
ina, its patchy and sparse nature, and/or its tendency to occupy coarse sandy sediments that are relatively
ineffective at retaining carbon (Howard, 2018), resulting in limited enhancement of OC accumulation rela-
tive to bare sediments. Further, the lack of difference could be attributed to those unvegetated areas having
been potentially previously vegetated. Due to the lack of monitoring and mapping data in these regions, it is
difficult to discern where the meadows were previously, and thus, current conditions may not be reflective of
historical eelgrass meadow distributions. Furthermore, if we did not sample far enough away from the
meadow, the adjacent unvegetated areas may have still been subject to the carbon capturing effect of the
nearby seagrass canopy.

4.4. PNW Carbon Sequestration Rates

The OC accumulation rates from eelgrass meadows in the Pacific Northwest (n = 21 vegetated cores, n = 4
unvegetated cores) ranged from 4.3 to 93.0 g OC m−2 yr−1 and averaged 24.1 g OC m−2. Again, these values
align with rates from other Z. marina meadows, such as those from Clayoquot Sound, British Columbia
(3.9–22.3 g OC m−2 yr−1; Postlethwaite et al., 2018), Poland (0.84–41 g OC m−2 yr−1; Jankowska et al.,
2016), Japan (3–10 g OC m−2 yr−1; Miyajima et al., 2015), and the Atlantic coast of North America (36.7 g
OC m−2 yr−1; Greiner et al., 2013; Figure 5). Again, our PNW rates are lower than those reported for global
seagrasses, which average 138 g OC m−2 yr−1 and range from 45 to 190 g OC m−2 yr−1 (Mcleod et al., 2011).

It is important to note that bioturbation can inflate the apparent accretion rates by transporting sediment
from the surface downward in the sediment column, mixing the 210Pb profile. Although we eliminated
any obvious mixed layers (or entirely mixed cores) from our analysis, effects of bioturbation, erosion, and
resuspension are not necessarily apparent in the 210Pb profile and therefore may have unknowingly affected
some cores. This mixing reduces the downcore rate of 210Pb decline and thereby artificially inflates the
accretion rate. The reported accretion and carbon sequestration rates should thus be considered maximum
possible rates andmay be overestimates. Although this uncertainty presents a challenge for carbon valuation
efforts, our methods are comparable to other blue carbon studies, which allows for comparison of carbon
sequestration rates across studies. For future studies, we highlight the importance of greater depth
subsampling resolution toward the top of the core to accurately measure where the mixed layer terminates.
The thickness of this bioturbation depth is another variable that may control carbon storage.

Z. marina has some habitat requirements that may partially explain its low carbon sequestration potential
relative to some other seagrass species. The species appears to be limited to sediments with low carbon con-
tent to avoid damage from toxic sulfides, and areas with low suspended sediment concentrations to receive
enough light for photosynthesis. Yet both these factors, while limiting to eelgrass growth, are necessary for
carbon sequestration (Poppe & Rybczyk, 2018). Z. marina also has physical characteristics that may limit its
ability to trap and retain sediments. For example, although the canopy can exceed 3 m in our study areas
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(Bulthuis, 2013), the leaves are thin and supple, and high currents can lay them quite flat near the sediment
surface, nearly eliminating their particle‐trapping ability (Prentice et al., 2019). In addition, Z. marina
rhizomes spread just under the sediment surface, primarily within the top 4 cm (Phillips 1984), which
may enhance sediment stability relative to unvegetated areas, but provide much less stability than other
seagrass species with thick root mats such as Posidonia oceanica. Although their rhizomes do provide
some sediment stabilization (Cheap et al., 1985), their shallow hold enables uprooting by brant geese
grazing (Pacific Flyway Council, 2002; Rivers & Short, 2007), bioturbation (Bulthuis, 2013), and orbital
wave motion, which has been found to penetrate the canopy and induce wave‐enhanced bottom shear
stress (Hansen & Reidenbach, 2013).

4.5. Sources of Carbon Contributing to PNW Eelgrass Sediments

Our isotopic data suggest that the organic carbon that ends up in eelgrass meadow sediments is largely
derived from noneelgrass sources, which aligns with previous findings that upward of 50% of carbon in sea-
grass sediments may be allochthonous in origin (Kennedy et al., 2010; Miyajima et al., 2017; Oreska et al.,
2018; Prentice et al., 2019). While we did not have enough replicates of sediment isotope values or enough
localized signatures of potential carbon sources to determine the relative proportion of carbon sources using
an isotope mixing model, the biplot shows a clear separation of signatures in the sediments from those of Z.
marina across various regions (Figure 6). However, beyond this observation, it becomes difficult to distin-
guish among the other noneelgrass sources to the sediments (e.g., relative contributions of marine and river
particulate organic matter, phytoplankton, and other macroalgae). Future work should continue to obtain
finer resolution data on the sources of carbon to coastal sediments. For example, using environmental
DNA has recently been suggested as having promising potential to precisely identify the sources and contri-
butions of different primary producers to sediment carbon in coastal ecosystems (Geraldi et al., 2019; Reef
et al., 2017).

Understanding the relative contributions of allochthonous versus autochthonous carbon stored in eelgrass
meadow sediments is important from multiple perspectives. First, it is important to understand how carbon
flows among coastal ecosystems to gain perspective on seascape connectivity and to better inform conserva-
tion of nearshore habitats (Hyndes et al., 2012, 2014). Second, different sources of carbon may vary in their
persistence in the sediments, as some sources (e.g., seston, macroalgae) are more labile and can be reminer-
alized at a faster rate than recalcitrant sources such as terrestrial carbon or seagrass tissues (Holmer et al.,

Figure 6. Carbon (δ13C) and nitrogen (δ15N) isotope signatures of the sediments from various regions across the Pacific
northwest (dark grey squares) compared with signatures of potential sources of organic carbon (light grey circles).
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2004; Mazarrasa et al., 2017b; Trevathan‐Tackett, Macreadie, et al., 2017). Finally, the relative contribution
of allochthonous versus autochthonous carbon is an important component of carbon accounting, as projects
may not receive credit for allochthonous carbon unless it would have been returned to the atmosphere in the
baseline scenario (Emmer et al., 2015; Needelman et al., 2018).

4.6. Drivers of Variability in Blue Carbon Parameters

Many habitat characteristics have been shown to influence the carbon content of seagrass meadow sedi-
ments, including seagrass species composition, canopy complexity, hydrodynamic regime, water depth,
nutrient availability, and biotic interactions (Mazarrasa et al., 2018). Here we observed notable variability
in sediment carbon content (percentage and stocks) as well as carbon sequestration rates both among and
within regions. This variability is likely driven by a multitude of interacting abiotic and biotic factors, and
without finer resolution data on such variables, it is difficult to discern the specific drivers of variability in
carbon parameters. Moreover, the hydrodynamic environment (e.g., exposure, depth, wave height) has been
shown to play a key role in the magnitude of carbon storage in seagrass meadows in various regions around
the globe (Dahl et al., 2018; Mazarrasa et al., 2017a; Prentice et al., 2019; Samper‐Villarreal et al., 2016), and
likely plays an important role across the meadows sampled herein. While we do not have explicit measures
of the hydrodynamic environment associated with these cores, we anecdotally observed higher carbon
stocks in some of the more sheltered sites (e.g., South Slough in Oregon, Dundar Inlet, Salt Lake Bay, and
Soda Bay in Southeast Alaska, Pruth Bay on the BC Central Coast).

Furthermore, there is undoubtedly an important interaction between the hydrodynamic environment and
sediment grain size, with greater percentages of fine sediments typically found in more sheltered sites
(Mazarrasa et al., 2017a). Sediment grain size likely plays a role in controlling the amount of carbon stored
in eelgrass sediments, as finer sediments are found to contain higher proportions of organic carbon (Dahl
et al., 2016; Mazarrasa et al., 2018; Serrano et al., 2016). In Southeast Alaska, we found a positive relationship
between OC content and a qualitative measure of sediment grain size (R2 = 0.47, p = 0.004), suggesting that
sites with sediments classified as mud or sandy mud tended to have higher %OC (Figure S2a). Moreover, at
sites where % fine sediments (particle size <63 μm) was measured quantitatively, we found that %OC
increased with an increase in % fine sediments, although little variance in %OC was accounted for by the
model (R2 = 0.05, p = 0.04; Figure S2b). Some outliers in the regression (e.g., high %OC values associated
with low % fines) may be attributed to deposits of woody debris, which are high in organic matter, causing
high %OC values regardless of sediment grain size.

In meadows influenced by large river systems or any high unidirectional currents such as channels, it is
important to consider areas of deposition versus erosion, as these smaller‐scale processes likely create
heterogeneity in sediment carbon content across the area of riverine influence. For example, the highest
sediment accretion rates (0.95 cm/year) were found in the Skagit River delta, near the mouth of a new
distributary that resulted from a recent avulsion. This redistributed the bank sediments over a five‐year time
span, elevating accretion at this site, while lower rates (0.35 cm/year) were found nearby. Furthermore, at
some sites located in restricted channels with high tidal exchanges (e.g., Koeye Estuary, Choked Pass on
the BC Central Coast), erosional processes likely restrict the carbon accumulation potential and result in
the loss of buried carbon.

4.7. Other Factors to Consider for Eelgrass Carbon Budgets

There are a variety of other factors to consider when examining the overall carbon budget in seagrass mea-
dows, and when determining whether a given area is a net sink or source of CO2. For example, anthropo-
genic disturbances such as coastal development, shading, clam harvesting, and dredging can expose
sediments to oxygen, thereby facilitatingmicrobial remineralization of carbon stocks and diminished carbon
storage capacity (Barañano et al., 2017; Trevathan‐Tackett et al., 2018; Macreadie et al., 2019). Furthermore,
even natural disturbances such as wave action and bioturbation by infaunal organisms can result in
favorable conditions for microbial degradation of sediment carbon by changing oxygen penetration depths
(Thomson, 2017). In the Pacific Northwest, local disturbances such as active infaunal communities, dred-
ging, diking, log boom shading, increasing sedimentation, and erosion should be further considered in the
context of sediment carbon storage. Furthermore, on the Central Coast of British Columbia and in
Southeast Alaska where sea otter (Enhydra lutris) populations are expanding, the bioturbation effects of

10.1029/2019GB006345Global Biogeochemical Cycles

PRENTICE ET AL. 12 of 16



otters digging for prey such as clams could be further investigated to determine potential effects on carbon
stocks (Eckert et al., 2018).

To date, most work on seagrass blue carbon has focused on organic carbon stocks, whereas the inorganic
carbon fraction of the sediments, primarily calcium carbonate (CaCO3), has been largely unaccounted for
(Mazarrasa et al., 2015; Howard, Creed, et al., 2017; Gullstrom et al., 2017). Seagrass ecosystems can support
active communities of calcifying organisms, and calcification and carbonate dissolution both cause CO2

exchange with the atmosphere. In particular, the process of calcium carbonate production produces CO2,
and thus, in seagrass ecosystems with high calcium carbonate production, carbon sequestration may be off-
set by CO2 produced by calcifying organisms (Macreadie et al., 2017; Howard, Creed, et al., 2017). In some of
the PNW meadows sampled herein, the sediment carbon was largely composed of inorganic carbon, and
thus, the organic to inorganic carbon ratio (OC: IC) was less than 1 (Table S2). The inorganic carbon
component was primarily made up of bivalve shell deposits (shell hash) within the sediments. Shell hash‐
dominated sediments were particularly prominent at some sites in Southeast Alaska and the BC Central
Coast, regions which had the lowest OC: IC ratios, of 0.3 and 0.2, respectively. In meadows with such active
bivalve communities and naturally low organic carbon content, it will be important to investigate the
balance between CO2 exchange during calcium carbonate shell production and carbon sequestered by
means of community photosynthesis or particle capture to determine if the meadow ecosystem is acting
as a net sink or source of CO2 (Mazarrasa et al., 2015; Howard, Creed, et al., 2017; Macreadie et al., 2017).

The fate of exported eelgrass tissue is not well understood but is likely either assimilated into nearshore food
webs in situ and in adjacent ecosystems, buried in nearby sediments, or exported to the deep sea. Although
much of the carbon sequestered in Pacific Northwest eelgrass meadows appears to be from noneelgrass
sources, the carbon contained in seagrass tissues could potentially still contribute to carbon storage else-
where depending upon the transport and fate of the senescing seagrass leaves (Duarte & Cebrian, 1996;
Mateo et al., 2006; Duarte & Krause‐Jensen, 2017). This exported biomass has the potential to be sequestered
elsewhere, either in sediments of surrounding ecosystems or in the deep sea (below 1,000 m), where it is
unlikely to come in contact with the atmosphere for significant time scales (Duarte & Krause‐Jensen,
2017). Thus, future research should expand beyond seagrass meadows themselves, to investigate the fate
of exported eelgrass biomass to gain a more holistic understanding of coastal carbon budgets.

5. Conclusions

For the first time, we report latitudinal trends in seagrass‐associated sediment carbon at multiple sites from
Southeast Alaska to South Slough, Oregon. We present measurements of eelgrass organic carbon stocks,
accumulation rates, and estimates of sediment carbon sources—essential components of project qualifica-
tion under the Verified Carbon Standard (Emmer et al., 2015). We were able to amalgamate data from
139 cores across the Pacific Northwest, providing a range of empirical estimates for this region. However,
broader spatial coverage and more replication is critical to refine estimates for such a long and geographi-
cally complex coastline. This is especially true considering the small‐scale variability and uncontrolled fac-
tors that can cause “spikes” in both organic and inorganic carbon content (e.g., woody debris, bivalve shells).
The meadows included in this study appear representative of the range of Pacific Northwest environments
within which Z. marina grows, from sheltered sites with finer sediments, to exposed sites on the outer coast
with coarser sediments. Thus, the range of parameters reported here may be considered to provide a realistic
estimate of the true range of blue carbon sequestration and storage potential for Pacific Northwest
eelgrass meadows.

As shown by other recent work in temperate Z. marina meadows (Hodgson & Spooner, 2016; Jankowska
et al., 2016; Oreska et al., 2017; Poppe & Rybczyk, 2018; Postlethwaite et al., 2018; Prentice et al., 2019;
Röhr et al., 2018), eelgrass carbon stocks and accumulation rates appear substantially lower than previously
published global estimates for seagrass meadows (Fourqurean et al., 2012; Mcleod et al., 2011). These trends
emphasize the importance of obtaining local values for carbon sequestration and storage in coastal habitats,
particularly in the context of carbon credits and offset schemes. Furthermore, our results suggest the impor-
tance of characterizing habitat features (e.g., exposure, sediment grain size) across different spatial scales to
help refine blue carbon estimates that can be accurately used for carbon accounting. Finally, it is important
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to consider carbon storage as one of a multitude of reasons to conserve and restore eelgrass meadows in the
Pacific Northwest and seagrass meadows globally.
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