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Vegetated coastal ecosystems can contribute greatly to long-term carbon sequestration and greenhouse gas emission mitigation, providing a strong argument for their protection and restoration. We investigated carbon sequestration in the Cowichan Estuary, a temperate estuary on Vancouver Island, Canada, in relation to habitat type (salt marsh, eelgrass, mudflats, and oyster shell beds) and habitat degradation. Stored organic carbon and inorganic carbon were quantified in the top 20 cm of sediment as well as in eelgrass and salt marsh vegetation. Sedimentation and carbon sequestration rates were quantified by 210Pb radiometric dating, and organic matter sources and quality were assessed by δ13C, C:N ratios and photopigment content. We also examined the potential impact of habitat disturbance by industrial activity (log booms) on the estuary’s carbon storage capacity. The salt marsh was the most important carbon reservoir, with a mean sediment organic carbon stock of 58.78 ± 19.30 Mg C ha-1. Sediment organic carbon stocks in the upper mudflats, lower mudflats, eelgrass meadow, and oyster shell beds were 19.30 ± 3.58, 17.33 ± 3.17, 18.26 ± 0.86 and 9.43 ± 1.50 Mg C ha-1, respectively. Carbon accumulation rates in the salt marsh and eelgrass meadows were 68.21 ± 21 and 38 ± 26 g C m-2 yr-1, whereas 210Pb profiles indicated that mudflat sediments were subject to erosion and/or mixing. While eelgrass was absent from the log boom area, likely due to disturbance, sediments there had similar carbon sequestration and bulk properties to adjacent mudflats. Carbon stocks in the eelgrass meadow were similar to those of the mudflats and consistent with the relatively low values reported for other temperate Zostera marina meadows, compared with tropical eelgrass meadows. Stable isotope evidence was suggestive of substantial outwelling and/or decomposition of eelgrass vegetation. Finally, we compared the carbon sequestration potential of the estuary to selected sources and sinks of CO2 in the surrounding region. We estimated that annual carbon sequestration in the estuary offsets approximately twice the greenhouse gas emission increases attributable to local population growth, and is equivalent to approximately twice that of a 20-year-old stand forest.
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Introduction

The capacity of the world’s coastal ecosystems to sequester carbon dioxide (CO2) in biomass and biomass residues, termed “blue carbon,” has been a major focus of research in recent decades in the context of climate change mitigation. Estuarine and intertidal areas in particular have very high rates of carbon sequestration relative to the open ocean (Nelleman et al., 2009; Rogers et al., 2019). In these coastal habitats, photosynthesis by vascular plants, macroalgae, benthic diatoms, and phytoplankton produces and deposits organic matter at rates that often exceed microbial respiration, resulting in the net sequestration of organic carbon (OC) in sediments, where anoxic conditions may greatly restrict remineralization and release of (CO2) into the atmosphere for millennia (Macreadie et al., 2017a). Sediment OC sequestration is additionally enhanced in coastal vegetated habitats by their ability to trap organic particles from river discharge and seawater flow (Van de Broek et al., 2018; Geraldi et al., 2019). Intertidal foundation plant species like salt marsh grasses and sedges, mangrove forests and seagrasses are particularly efficient natural carbon sinks. They are responsible for capturing and storing up to 70% of the OC permanently stored in marine systems despite only occupying 0.2% of the ocean surface (Nelleman et al., 2009; Duarte et al., 2013). Vegetated intertidal ecosystems rank among the most efficient sediment OC sinks on Earth, sequestering sediment OC at aggregated global rates that are disproportionately higher than terrestrial ecosystems, annually storing comparable quantities of sediment OC to terrestrial plants yet comprising only approximately 0.05% of the biomass and less than 3% the areal extent of forests. Recent global interest in blue carbon coastal ecosystems is based on the potential of vegetated habitats for climate change mitigation, coastal protection and wildlife enhancement (Duarte et al., 2005; Nelleman et al., 2009; Mcleod et al., 2011). Unvegetated mudflats, on the other hand, are generally under-represented in blue carbon budgets, despite often representing the largest areal component of intertidal systems with total sediment OC sequestration capacities that can be comparable to vegetated wetlands (Sanders et al., 2010; Phang et al., 2015). In addition, mudflats play important roles in nutrient recycling and supplying bioavailable OC to benthic populations (Van Duyl et al., 1999; Cook et al., 2004).

Salt marshes reportedly have the highest sediment OC burial rates per unit area of all intertidal blue carbon habitats, with a global average rate of 218 ± 24 g C m−2 yr−1 (Chmura et al., 2003; Duarte et al., 2013; Ouyang and Lee, 2014), exceeding long-term accumulation rates for temperate, tropical, and boreal forests, which range from 0.7 to 13.1 g C m-2 yr-1 (Zehetner, 2010; Mcleod et al., 2011). However, Chmura et al. (2003) and Ouyang and Lee (2014) reported salt marsh sediment OC sequestration rates that range widely around the globe, from 18 to 1713 C m−2 yr−1. These estimates of salt marsh SOC accumulation rates were based on a limited number of locations (n = 94) and disproportionate representation from some temperate areas of the world such as Europe and eastern North America, with respect to western North America. Coastal wetlands of the cool, wet Pacific Northwest (British Columbia, Washington, Oregon) climate zone are particularly underrepresented in the global data set (Kauffman et al., 2020). Pacific Northwest salt marshes occur along saline to tidal freshwater gradients and, together with widespread seagrass beds, represent largely unquantified blue carbon sinks (Callaway et al., 2012).

Seagrasses, which have a wide latitudinal distribution, have a reported global average sediment OC burial rate of 138 ± 38 g C m–2 yr–1, which is up to 35 times higher than in soils of temperate and tropical forests (Orth et al., 2006; Mcleod et al., 2011). Seagrasses have been estimated to capture up to 18% of the total carbon permanently stored in marine environments despite accounting for only 0.1 to 0.2% of the total ocean sea floor area globally (Gattuso et al., 1998; Duarte et al., 2005; Fourqurean et al., 2012a). However, most seagrass data used to develop worldwide blue carbon estimates are derived from tropical and subtropical regions. The seagrass Zostera marina (Z. marina), also known as “eelgrass”, is the predominant seagrass species in shallow areas of temperate estuaries along the Pacific coasts of Canada and the United States (Miyajima et al., 2015). The few published papers on carbon sequestration by Z. marina have reported sediment OC sequestration rates and sediment OC stocks orders of magnitude lower than global averages (Greiner et al., 2013; Miyajima et al., 2015; Spooner, 2015; Jankowska et al., 2016; Röhr et al., 2016; Poppe and Rybczyk, 2018; Prentice et al., 2019). Adequate regional and species-specific seagrass meadow data are therefore necessary to complete global blue carbon calculations and assess the relative importance of eelgrass habitats to regional blue carbon budgets.

Surficial mudflat sediments often host photosynthetic microbial biofilms, formed by eukaryotic algae and cyanobacteria, collectively known as ‘microphytobenthos’ (MPB) (Admiraal, 1984; Barranguet et al., 1997; Cahoon and Safi, 2002). The microphytobenthos can represent up to 50% of the total primary production in many estuaries (Underwood and Kromkamp, 1999; Pratt et al., 2015), and on a global scale, the MPB represents one of the most important and largest components of marine/estuarine primary production (Pniewski and Sylwestrzak, 2018). The MPB forms biofilms by excreting extracellular polymeric substances (EPS), mainly polysaccharides, which enhance the stability of the sediment/water interface by reducing resuspension potential (Cahoon, 1999; Blanchard et al., 2000; de Brouwer et al., 2000). Further, biofilms are a major source of high-quality OC for populations of heterotrophic microbes, benthic invertebrates and shore birds (McKew et al., 2013; Schnurr et al., 2020).

Organic carbon generally represents a small fraction of buried material within intertidal habitats, often only 2–3% by weight, although this can be highly variable (Saderne et al., 2019). The remaining sediment is composed of siliciclastic and carbonate (CaCO3) particles, with inorganic carbon (IC) concentrations often exceeding OC (Mazarrasa et al., 2015). Estuarine and other coastal ecosystems provide a variety of habitats for a diverse assortment of calcifying fauna and flora such as crustaceans, echinoderms, molluscs, calcified algae, and foraminifera, whose remains may be deposited onto the sediment and buried. Considerable uncertainty remains regarding the role of CaCO3 as source or sink of atmospheric CO2, since carbonate shell production shifts the dissolved carbonate equilibrium in seawater and produces CO2 with a ratio of ~0.6 mol of CO2 emitted per mol of CaCO3 precipitated (Ware et al., 1992). This has led to the argument that high CaCO3 burial in shell beds may partially offset CO2 sequestration associated with OC burial in some intertidal ecosystems (Howard et al., 2017). However, shellfish also facilitate atmospheric-CO2 drawdown via filtration and rapid biodeposition of carbon-fixing primary producers (Fodrie et al., 2017). For the present, few generalizations can be made about the net result of CaCO3 burial in sediments and CO2 emission from carbonate formation for any given blue carbon system.

Our study site, the Cowichan Estuary, on the east coast of Vancouver Island, British Columbia, is a potentially informative field location for quantitatively addressing two important knowledge gaps related to blue carbon sequestration in the coastal zone. First, it hosts several types of intertidal habitat whose carbon storage capacities are poorly constrained, namely, temperate Pacific coastal salt marshes, temperate eelgrass meadows, mudflats, and shell beds. Second, the relatively simple and historically recent nature of agricultural and industrial activity in the estuary, together with substantial local and Indigenous knowledge, facilitate the quantitative evaluation of the impact of land use changes on habitat distribution and related carbon sequestration.

The Cowichan-Koksilah Estuary (hereafter referred to as the Cowichan Estuary) is the fourth largest estuary on Vancouver Island, with an intertidal/estuarine area about 4.9 km2, including vegetated intertidal lands (saltmarsh and eelgrass), mudflats, and oyster beds (Lambertsen, 1986) (Figure 1). The invasive Pacific oyster (Crassostrea gigas) is now the only oyster species in the Cowichan Estuary, outcompeting the Olympia oyster (Ostrea lurida), the only oyster species native to British Columbia (Schuerholz, 2018). As part of the traditional territory of the Coast Salish People, the Cowichan Estuary supported the largest Indigenous community on Vancouver Island prior to European settlement in Cowichan Bay in the mid-1800s, providing sustainable harvests of shellfish, salmon, herring roe and seaweed for centuries (Dyck, 2000; Schuerholz, 2006; Dale and Natcher, 2015). Like many estuaries in the province and globally, the ecological health of the Cowichan Estuary has been compromised by land use changes. Approximately 102.8 ha of intertidal area has been reclaimed for agricultural or industrial use (Schuerholz, 2017). Much of the salt marsh was dyked and drained for farming, and a shipping terminal, causeway and sawmill occupy infilled areas of salt marsh and mudflat (Figure 1). The distribution of eelgrass in the Cowichan Estuary has been strongly affected by sawmill activity. Log booming in the Cowichan Estuary has been documented since the late 1800s, when log storage was relocated from Cowichan Lake to Cowichan Bay with the construction of a sawmill (O’Donnell, 1988). By the 1980s, log handling, storage and boom assembly affected 129 hectares (45%) of the intertidal zone and was reported to be the major source of environmental impact in estuary (Cowichan Estuary Task Force, 1980). Today, logs for the mill continue to be transported by sea and stored in an approximately 20 ha area of the lower intertidal zone prior to processing. Log booms make physical contact with the seabed during low tides, destroying eelgrass meadows and preventing seedling recolonization (Leschen et al., 2010). The gradual loss of eelgrass has been described in several reports: interviews with First Nations elders and long-term residents of Cowichan Bay Village documented historic eelgrass distribution that extended throughout most of the lower intertidal zone (Cowichan Tribes, 2010); and research publications by Harris (1953) and Bell and Kallman (1976) respectively report on eelgrass distribution before and after the emergence of log booming. Currently, eelgrass covers approximately one third of the previously occupied area in the southern portion of the estuary, and no eelgrass remains on the northern mudflats where log storage is concentrated (Figure 1). Like eelgrass, the microphytobenthos in the lower intertidal zone may have been similarly impacted by the mechanical disturbance and shading of the seabed, with associated losses of MPB productivity potential resulting in decreased carbon sequestration.




Figure 1 | Location map and sediment core sampling sites in the Cowichan Estuary on Vancouver Island, British Columbia, Canada. The rightmost map shows the four dominant habitats found at the Cowichan Estuary: the salt marsh at the landward edge (N1, C1, S1a, S1b), and the seagrass meadow at the seaward edge. The mudflat is in between the salt marsh and seagrass meadow, separated in the upper mudflat (N2, N3, C2, C3, C2, S3), the lower mudflat (N4, C4, C5, C6, S4). Pink shading outlines mapped oyster beds, with blue circles indicating oyster sediment sampling sites. Geo-referenced habitat polygons were delineated and classified by visual aerial photo interpretation of an unoccupied aerial vehicle (UAV)-acquired orthomosaic and verified using ground-based GIS waypoints.



We report here on stocks of organic and inorganic carbon in intertidal sediments of the Cowichan Estuary and their distribution among eelgrass, salt marsh, mudflat, and oyster bed habitats. We also investigated sedimentation and carbon accumulation rates and potential sources of organic matter in each habitat, and estimated the loss of blue carbon sequestration that has resulted from land reclamation for agriculture and current industrial activity in the estuary. Finally, we used our results to assess the contribution of blue carbon in the Cowichan Estuary to climate change mitigation by comparing annual sequestration of carbon dioxide equivalents (CO2e) in the estuary to that of British Columbia forests, and local and regional greenhouse gas (GHG) emissions.



Materials and Methods


Field Sampling and Sample Preparation


Sediment Cores

A series of cores was the primary source of samples for quantitative and qualitative assessment of blue carbon stores in Cowichan Estuary sediments. Sampling sites were chosen to be representative of the major habitat types in the Estuary, according to vegetation presence, vegetation type, tidal inundation, and anthropogenic disturbance. Habitat types were grouped as (1) salt marsh, (2) upper intertidal mudflat, (3) lower intertidal mudflat (the area affected by log booms and likely historical eelgrass habitat), and (4) eelgrass meadows in the lower intertidal zone (eelgrass also extended into the shallow subtidal zone). A total of eighteen sediment cores with 3-6 cores from each habitat type were collected from the Cowichan Estuary in May 2017 (Figure 1 and Table S1). At low tide, sediment cores were collected by slowly inserting acrylic core tubes (50 cm length, 7.62 cm inner diameter) into the substrate at each site. The insertion procedure permitted the collection of sediment cores without visibly disturbing or compacting strata. Core tube penetration ranged from 24 cm to 38.5 cm, depending on sediment compactness; therefore, 20 cm was set as the maximum depth for all analyses except radiometric dating. Immediately after collection, the sediment cores were extruded from their tubes and systematically sectioned at depth intervals of 1 cm from the core surface to 10 cm, and at 2 cm intervals from 10 cm to the bottom of the core. The wet weights and volumes of individual sediment sections were recorded, following which they were subsampled, sealed in plastic containers, transported to the laboratory and frozen at -80°C until further analysis.



Plant Biomass

Separate aboveground and belowground vegetation samples from the salt marsh and eelgrass meadow were harvested to quantify sequestered carbon in living plant material. Sampling methods were designed to minimize destructive impact on each vegetated ecosystem. In the eelgrass meadow, aboveground plant material (Zostera marina) was harvested in five 1 m x 1 m (1 m2) quadrats by cutting eelgrass shoots at ground-level, leaving the roots undisturbed. In addition, a small number of eelgrass shoots with intact roots (n = 8) were carefully extracted by hand. Total belowground eelgrass biomass was then estimated from the quantitative relationship between shoot and root biomass, adapted from the methods of Touchette et al. (2003) and described below. Aboveground salt marsh material, predominantly Lyngbye’s Sedge (Carex lyngbyei Hornem), was harvested by cutting shoots at ground level in five 0.25 m x 0.25 (0.0625 m2) quadrats. The denser belowground biomass in the salt marsh (roots and rhizomes) was estimated from material separated from sediment cores. Fine salt marsh root material could not be separated from sediments and was thus included in the analyses of salt marsh sediment organic material. Following sample collection, all plant material was rinsed with fresh water to remove sediments, carbonates, marine algae, detritus and other organisms, then oven dried and ground for OC estimation and elemental analysis as described for sediments below.



Oyster Beds

To quantify the bulk OC and IC stocks in the oyster shell beds, we collected oyster shell material and sediments from mapped oyster beds in the Cowichan Estuary. The high gravel content of the oyster bed sediments precluded coring, extruding, and fine-resolution depth sampling. Instead, belowground oyster shells and shell debris were isolated from triplicate 25 cm x 25 cm x 20 cm (0.0125 m3 volume) excavated pits by sieving, removing gravel (2-4 mm granule and 4-64 mm pebble), and then drying and weighing the shell material. Three sediment samples of known volume were collected from each 0.0125 m3 pit at 1 cm, 10 cm, and 20 cm depth intervals for bulk OC and sediment IC measurements. Sample volumes ranged from 25 – 45 cm3 and were thus large enough to estimate gravel as a proportion of total sediment volume. Aboveground oyster shell density and mean shell weight data from the 2017 survey were used to calculate total aboveground oyster shell mass and IC content. Intact aboveground oyster shells with all barnacles and oyster flesh removed from a 2017 survey (Schuerholz, 2018) were rinsed, dried at 65°C, and pulverized in a mortar and pestle before being assessed for IC as described below.




Habitat Map

To determine the areal extent of each habitat type in the Cowichan Estuary, we and the Cowichan Estuary Restoration and Conservation Association (CERCA) produced a Cowichan Estuary habitat map in September 2017. Briefly, we collected red-green-blue (RGB) imagery and global information system (GIS) data by flying an unoccupied aerial vehicle (UAV) over the extent of the Cowichan Estuary, in addition to collecting ground-based GPS control point data. Data were processed into point clouds and an orthophoto in Agisoft Photoscan software (Agisoft, St. Petersburg, Russia) using photogrammetry and Structure from Motion (SFM) image processing workflows. A 2-4 cm resolution orthophoto was produced for the entire estuary with the exception of privately-held land by Western Forest Products and the Westcan Terminal leased Crown land. Geo-referenced habitat polygons were delineated and classified by visual aerial photo interpretation in accordance with Canada’s Department of Fisheries and Oceans protocol for estuarine habitat mapping and verified using ground-based GIS waypoints. The total areal extent of each habitat type was calculated from the habitat polygons in ESRI ArcGIS® software. For more detail on the habitat mapping methodology implemented, see Schuerholz (2017).



Sediment Analysis


Bulk Density

The bulk density (BD) of each sediment section was determined from its calculated dry weight divided by its measured volume. The dry weight of each sediment section was calculated from the dry weight of a subsample from each section. First, frozen sediment sections were thawed and subsampled. Each subsample (≈ 4 g) was weighed wet, and then dried to a constant mass at ≤65°C and re-weighed. Then, the dry weight/wet weight ratio of each subsample was then used to calculate the dry weight of its corresponding sediment section, using the previously determined section wet weight. Wet sediment volume (V) of the core sections were determined from the core radius (r) and the section thickness (h) using the formula for the volume of a cylinder.



Grain Size

Particle size analysis by Laser Diffraction (Laser PSA) was performed on a subset of samples (n = 96), at the Natural Resources Analytical Laboratory, University of Alberta, Canada, according to their protocol. Briefly, organic matter and IC in dried sediments <2 mm were removed by the addition of hydrogen peroxide and HCl, respectively. Samples were then dispersed by soaking overnight in 1% sodium hexametaphosphate (Calgon). Using a Laser PSA instrument, a total particle size range of 0.017 – 2000 µm was determined. Results were reported as full particle size distributions and sand/silt/clay size fractions were reported as % volume/volume.



210Pb Sediment Dating

A subset of cores from each habitat type was selected for 210Pb radioisotope dating using alpha spectrometry, assuming that similar sediment deposition rates had occurred within the same hydrogeomorphic location. Samples were analyzed by Chronos Scientific Inc (Ottawa, Ontario) for radionucleotide analysis according to their protocol.




Carbon Stock Determinations

Sediment organic matter content was calculated as the weight loss on ignition at 550°C (LOI550) for 5 hours (e.g., Hoogsteen et al., 2015). In a second step, ashed samples of sediment and whole oyster shells were combusted at 950°C for an additional 2 hours to determine the IC content. Organic carbon content and total nitrogen content in a subset of sediment samples (n = 94) was directly determined by elemental analysis using an Elementar Vario MicroCube elemental analyser in continuous flow mode, in the Géotop Research Centre, at the Université du Québec à Montréal (Montréal, Canada). This carbon content was used to convert organic matter content (LOI550) to sediment OC (% by weight) in all samples (e.g., Prentice et al., 2020). Sediment OC density and sediment IC density were then calculated for each interval of the core sampled (e.g., Howard et al., 2014).

The mass of sediment OC and sediment IC in each core section sampled was calculated by multiplying each sediment carbon density value by the volume of the section (cm). To account for gravel in the oyster shell bed sediment, the volume of gravel in each sample was first measured by the water displacement method and then used to adjust sediment OC and sediment IC (Government of Western Australia, 2020). Core section totals to 20 cm depth were then added to determine the total mass of carbon in each core and converted into the Mg units (Tonnes) on a per hectare basis, as is commonly used in carbon stock assessment (Mg C/hectare(20cm)) (e.g., Howard et al., 2014). The total carbon in the top 20 cm of each habitat type was estimated as the product of total sediment OC and sediment IC per core by each habitat area.

To determine the OC contained in macroscopic plant biomass, harvested aboveground eelgrass and saltmarsh vegetation was first dried and weighed. For the intact eelgrass plants, roots were separated from shoots, dried separately, and used to determine the relationship between shoot and root biomass by fitting a linear regression to root and shoot dry weight data from the individual plants. The OC content (% by weight) of above- and below-ground plant material extracted from sediment cores was determined by elemental analysis, as described above. These values were then used to calculate the organic carbon content of dry harvested vegetation from the mean aboveground and belowground dry weights of the five quadrats, and then extrapolated to weights per hectare.

Total IC in aboveground oyster shells was determined from mean oyster shell IC content (% by weight) multiplied by the total shell weight of all oyster beds in the estuary, as estimated by Schuerholz (2017), based on mean oyster shell weight, mean oyster shell density, and total oyster shell bed habitat area.

Total ecosystem carbon stocks (TECS) were calculated for all habitats as described by Kauffman et al. (2020), where TECS are defined as the masses of all OC and IC in aboveground (vegetated habitats only) and belowground pools to a maximum depth of 20 cm, and expressed as:

	

where CAB is aboveground plant biomass C pool; CBB is belowground biomass C pool and CSOC is the sediment organic carbon pool.



Sediment Organic Carbon Burial Rates

Sediment organic carbon burial rates (Mg C ha−1 yr−1) were calculated using the same 210Pb methods employed by Greiner et al. (2013) with the following equation:

	

where SOC is sediment OC content (%), and MAR is sediment mass accumulation rate (g m−2 yr−1) derived from 210Pb sediment dating. Sediment OCburial of each habitat-specific core was then multiplied by the habitat area in order to determine total annual sediment carbon burial per habitat. The same method was used to calculate the burial rates for sediment IC.



Organic Matter Quality and Sources


Photosynthetic Pigments

Sediment samples for pigment analysis were thawed overnight and mixed thoroughly, then approximately 2 g aliquots were added to 10mL of refrigerated (4°C) 90% acetone in a 15-mL polypropylene centrifuge tube sonicated for 10 min, then incubated for 24 h in the dark at 2° C. The extracted samples were then centrifuged at 1500 rpm for 5 min. Supernatant containing extracted pigments was decanted into a clean 13 x 100 mm borosilicate culture tube. Concentrations of photosynthetic pigments (chl a and phæopigments) were then measured spectrofluorometrically according to Heiri et al. (2001). Standards were prepared using 90% HPLC grade acetone and pure chlorophyll a (chl a) extracted from Anacystis nidulans. Sediment pellets we reweighted after ≥ 4 days of drying.



C:N and δ13C

The molar ratio of the total OC and nitrogen contents was used as an indicator of organic matter origins from terrestrial or marine sources. C:N ratios were calculated from the above-cited elemental analyses. Selected sediment and vegetation tissue ‘end-member’ samples were analyzed to determine carbon stable isotope ratios δ13C, with the goal of identifying sources of OC stored in sediments. Dried, pre-weighed samples were analyzed at the Géotop Research Centre, at the Université du Québec à Montréal (Montréal, Canada), using a Micromass model Isoprime 100 isotope ratio mass spectrometer coupled to an Elementar Vario MicroCube elemental analyser in continuous flow mode.




Carbon Valuation and Greenhouse Gas Equivalents


Comparison to British Columbia Forests

Total Sediment OC stocks from the top 20 cm of the Cowichan Estuary habitats were compared to mature stands in the Pacific Northwest (PNW) as well as old- and second-growth forests of interior British Columbia (B.C.), Canada, as reported by Black et al. (2008). Soil OC represents 30-50% of forest TECS. Additionally, sediment OC burial rates in each habitat and the whole Cowichan Estuary were compared to a chronosequence of coastal Douglas-fir stands since 1998, ranging from clearcut-harvested stands which was a net source of carbon (~22 Mg CO2e ha-1 y-1) to ~15 Mg CO2e ha-1 y-1 carbon sequestration in a 50-60-year-old forest. Because B.C. forest soil OC stocks have been reported to a depth of 1 m, they were divided by five to estimate SOC stocks to a depth of 20 cm, assuming homogeneous sediment OC distribution to a depth of 1 m, for comparison with sediment OC stocks from this study.



Greenhouse Gas Equivalents

To estimate the potential contribution of organic carbon sequestration in the Cowichan Estuary to mitigating regional GHG emissions, sediment organic carbon accumulation rates in this study were converted to equivalents in annual emissions by motor vehicles and per capita emission by B.C. residents, both for the entire estuary and for the different habitats. The United States Environmental Protection Agency (EPA) estimates annual emissions from individual motor cars at 4.6 Mg CO2 yr-1 per vehicle, and B.C.’s annual emissions per capita are 12.6 Mg carbon dioxide equivalents (CO2e), not including transportation or air travel emissions (Business Council of British Columbia, 2019). Calculated carbon sequestration rates from this study were then converted to CO2e sequestration rates for regional-scale comparison with emissions from motor vehicles and residents.




Statistical Analysis

Sediment characteristics of the salt marsh, upper mudflat, lower mudflat, and eelgrass were compared statistically using R Studio version 1.3.1093 (cran.r.project.org). A Levene test of homogeneity of variance revealed that datasets had unequal variances. In addition, Shapiro–Wilk test showed that the datasets were not normally distributed, and the assumptions of the parametric t-test could not be met; thus, non-parametric tests were used. A Welch’s unequal variance t-test was employed to test for differences in the sediment characteristics between the habitats. Simple linear regressions and Pearson’s correlation were used to determine statistical relationship between sediment properties. Natural log transformations of datasets were used when required to satisfy the assumptions of linear regression. Significance level of α = 0.05 was set for all statistical analyses.




Results


Sediment Physicochemical Properties


Bulk Density

Sediment BD generally increased with depth in all habitat types. Mean sediment BD values in the upper 20 cm were significantly different between all habitats (Welch’s t-test, p < 0.05), most similar in the upper mudflat, lower mudflat, and eelgrass meadow, and notably lower in the salt marsh and at intermediate levels in the oyster shell beds (Figure 2 and Table S2).




Figure 2 | Sediment core profiles of average (A) bulk density, and (B) carbon content (% by weight) in the top 20 cm of cores from salt marsh (n = 4), upper mudflat (n = 6), lower mudflat (n = 5), eelgrass (n = 3), and oyster shell bed (n = 2) stations at all sampling sites. All data are presented as the mean ± standard error of the mean.





Sediment Organic Carbon

Concentrations of sediment organic matter and OC in the upper 20 cm were highest at the salt marsh stations (8.96 ± 1.06% organic matter and 4.47 ± 0.77% OC), with a slight increasing trend from the eelgrass (2.49 ± 0.084 and 0.53 ± 0.03%), to the lower mudflat (2.61 ± 0.10 and 0.57 ± 0.06%), and the upper mudflat (3.13 ± 0.28 and 0.86 ± 0.17%) stations. Sediment OC in the oyster shell bed sediments was 0.61 ± 0.08%, comparable to mudflat and eelgrass sediments. Across all habitats, an inverse relationship was observed between bulk density and sediment OC (p ≤ 0.05). None of the depth profiles for sediment OC concentration showed the typical exponential decay trend expected under steady-state conditions of sediment OC accumulation and decomposition (Berner, 1980; Hargrave and Phillips, 1989). Generally, sediment OC content (% by weight) varied little with depth with the exception of the salt marsh cores where sediment OC increased from 2 to 12 cm and decreased from 12 to 20 cm (Figure 2). As a result of this homogeneity along depth profiles, mean sediment OC values over the full 20 cm are used here for comparison between all cores. Generally, sediment OC was low in all habitats compared to similar habitats globally (Table 1).


Table 1 | Comparison of sediment organic carbon (SOC) concentrations (% by weight) and stocks (Mg C ha−1) at different salt marsh, mudflat and eelgrass environments.





Granulometry

Upper mudflat, lower mudflat and eelgrass sediments were mostly sandy (82.56 ± 1.41, 87.14 ± 1.28, and 94.17 ± 0.25% sand, Figure 3), with a small fraction of silt (<12%) and clay (<6%). Salt marsh sediments had the highest fraction of silt and clay (32.39 ± 2.13 and 8.87 ± 0.61%) and the lowest fraction of sand (58.74 ± 2.71%) compared to the other habitats. A general transition in mean grain size was observed from the high to the low intertidal zone, with decreasing clay and silt content and increasing sand content from salt marsh to lower mudflat stations. A positive relationship was observed between bulk density and percentage sand, as well as between sediment OC and clay and silt contents (p ≤ 0.05). Average gravel content in the oyster shell bed sediments was 41.4 ± 4.0%.




Figure 3 | Sediment grain size distribution in the top 20 cm of cores from salt marsh, upper mudflat, lower mudflat, and eelgrass stations at all sampling sites.






Carbon Stocks

Mean SOC stocks (i.e., the amount of OC stored per unit area, down to a fixed sediment depth) in the top 20 cm of sediment were comparable in the upper mudflat (19.30 ± 3.58 Mg C ha-1), lower mudflat (17.33 ± 3.17 Mg C ha−1) and eelgrass meadow (18.26 ± 0.86 Mg C ha−1) cores (Table 2S). Saltmarsh sediments had the highest per-hectare carbon content (58.78 ± 31.45 Mg C ha−1), approximately three-fold higher than all other habitats. When granule (2-4 mm) and pebble (4-64 mm) contents were accounted for, the oyster shell bed had a mean SOC stocks of 9.43 ± 1.50 Mg C ha−1, approximately half those of the mudflats and eelgrass meadow.



Sediment Accretion, Mass Accumulation, and Carbon Sequestration Rates

Sediment accretion, mass accumulation, and carbon accumulation rates could only be determined for salt marsh and eelgrass cores. The four mudflat cores analyzed showed no trends in 210Pbex activity with depth, and thus could not be dated using the CRS model (Table 2 and Figure 4). Successfully dated salt marsh and eelgrass cores had low 210Pbex activity ranges (0.12 to 10.30 and 0.86 to 5.13 Bq kg-1, respectively) which resulted in high uncertainty values for sediment accretion, mass accumulation, carbon accumulation, and dates.


Table 2 | Excess 210Pb (210Pbex) activity, depth of 210Pbex, sedimentation rates and carbon accumulation rates calculated with CRS dating model for each core with positive excess 210Pb activity values, representing an approximately 100-year timeframe.






Figure 4 | Excess 210Pb activity per unit mass of sediment (Bq kg-1) depth profiles of sediment cores from the Cowichan Estuary. Panels (A) (salt marsh) and (B) (eelgrass) show natural log transformations of excess 210Pb (210Pbex) and linear regression lines used to estimate sediment accretion rate (SAR). Panel (C) shows natural log transformations 210Pbex in mudflat cores C2, C3, C4, and C6, which were respectively collected from low to high tidal inundation, omitting values equal to or below the supported “background” 210Pb threshold for each core.



The salt marsh and eelgrass cores analyzed were both 32 cm in length. The maximum depth of excess 210Pb (210Pbex) was 28 cm in the salt marsh core, corresponding to the year 1877 ± 52 years. The sediment accretion rate in the salt marsh core ranged from 0.095 to 0.733 cm yr-1 with an average 0.328 ± 0.103 cm yr-1. Carbon accumulation rates ranged from 27 ± 19 to 122 ± 24 g C m-2 yr-1, averaging 68 ± 21 g C m-2. The maximum depth of 210Pbex in the eelgrass core was also 28 cm, with sediments at that depth dating from the year 1914 ± 31 years. Accretion rates in the eelgrass sediment ranged from 0.078 ± 0.038 to 0.900 ± 0.662 cm yr-1 at an average of 0.465 ± 0.317 cm yr-1, while carbon accumulation rates ranged from 7 ± 3 to 68 ± 50 g C m-2 yr-1, averaging 38 ± 26 g C m-2.



Aboveground and Belowground Biomass and Organic Carbon in Macroscopic Plant Material

The mean aboveground (herbaceous mass) and belowground (root mass) biomass stocks of the Z. marina that dominated the seagrass sites were respectively 0.44 ± 0.059 and 0.39 ± 0.077 Mg ha-1, with area-integrated biomass stocks of 7.91 ± 1.07 Mg and 6.97 ± 1.39 Mg. Eelgrass biomass carbon stocks were 0.087 ± 0.012 and 0.074 ± 0.011 Mg C ha-1 in the below- and aboveground biomass, with area-integrated stocks of 1.57 ± 0.21 and 1.50 ± 0.20 Mg C (Table 3). The aboveground and belowground biomass stocks of the salt marsh dominated by Lyngbye’s sedge (Carex lyngbyei Hornem) were 4.67 ± 0.74 and 18.27 ± 7.02 Mg ha-1. The salt marsh had area-integrated biomass stocks of 443.51 ± 70.56 aboveground and 1728.33 ± 655.17 Mg belowground, with average biomass OC stocks of 1.34 ± 0.21 and 7.144 ± 2.74 Mg C ha-1, and area-integrated biomass carbon stocks of 126.53 ± 20.13 and 675.84 ± 259.61 Mg C. Total area-integrated biomass for both vegetated habitats was 805.44 Mg (see individual habitat stock values for associated standard errors).


Table 3 | Total organic carbon (OC) stocks in salt marsh and eelgrass plant biomass.





Total Ecosystem Carbon Stocks

The term total ecosystem carbon stock (TECS) is defined here as the total sediment and vegetation OC stock per unit-area, excluding IC to remain consistent with established definition of ecosystem carbon stocks used by other contemporary blue carbon studies (Kauffman et al., 2020; Sharma et al., 2020). The TECS in the salt marsh was 67.26 Mg C ha-1 (1.34 ± 0.21, 7.144 ± 2.74, and 58.78 ± 14.19 Mg C ha-1, respectively, for aboveground biomass, belowground biomass and sediment) (Table 2S, Table 3 and Figure 5). The TECS were 19.30 and 17.33 Mg C ha-1, respectively, in the upper mudflat and lower mudflat, and 21.33 Mg C ha-1 in the eelgrass meadow (1.57 ± 0.21, 1.50 ± 0.20, and 18.26 ± 3.17, respectively, for aboveground biomass, belowground biomass and sediment). The oyster shell bed TECS was 9.43 ± 1.50 Mg C ha-1, all of which was accounted for in the sediments. Carbon stocks in the salt marsh were generally three-fold higher than all other habitats, which were all approximately equal. Sediment OC stock dominated the total carbon storage in the eelgrass meadow, with combined aboveground and belowground biomass constituting 0.48% of TECS. In contrast, the salt marsh had the highest biomass contribution relative to total ecosystem carbon (12.61%).




Figure 5 | Comparison of the total biomass and sediment organic carbon (OC) stocks in the salt marsh, upper mudflat, lower mudflat, eelgrass meadow, and oyster shell beds of the Cowichan Estuary. Panel (A) is per-hectare sediment and vegetation biomass organic carbon stocks; Panel (B) is total area-integrated sediment and vegetation biomass OC stocks. Bars represent standard errors.



When per-hectare TECS was multiplied by the area of each of the intertidal habitats, the upper mudflat total covered 52% of the land area (191 ha) and contained approximately 32% (3718.72 Mg C) of the Cowichan Estuary carbon stock (Table 2S and Figure 5). The salt marsh accounted for 25% (95 ha) of the land area, but 51% (6362.49 Mg C) of the TECS. The lower mudflat and eelgrass grass meadow respectively accounted for land areas of 16% (60 ha) and 5% (18 ha), contributing 9% (1085.85 Mg C) and 3% (330.20 Mg C) of the TECS, respectively. The oyster beds accounted for approximately 2% of the estuary area and 0.65% (59.4 Mg C) of the TECS.



Organic Matter Characterization and Sources


Photosynthetic Pigments

At the saltmarsh sites, the depth-integrated total photosynthetic pigment concentration was 15.84 ± 2.44 μg/g, with a surface concentration of 35.77 ± 16.38 μg/g. The eelgrass sites had similar average depth-integrated and surface total pigment concentrations of 11.41 ± 1.23 and 34.78 ± 0.77 μg/g, respectively (Table S3 and Figure 6). Pigment concentrations in upper and lower mudflat sediments were similar, and notably lower than those of the vegetated habitats, for both the depth-integrated (6.69 ± 0.58 and 6.58 ± 0.58 μg/g) and surface layer (14.65 ± 2.10 and 14.35 ± 4.67 μg/g) measures.




Figure 6 | Photosynthetic pigment depth profiles in the top 20 cm of sediment of the Cowichan Estuary: (A) chlorophyll a (chl a) (μg/g dry sediment); (B) Phæopigment (μg/g dry sediment); (C) Total pigment (μg/g dry sediment); (D) Chl a/phæopigment ratio. Horizontal bars represent standard errors.



Depth-integrated chl a concentration increased from lower mudflat (1.55 ± 0.19 μg/g) to upper mudflat (2.49 ± 0.32 μg/g) stations, and eelgrass meadow (2.63 ± 0.37 μg/g) to the salt marsh (4.05 ± 1.02 μg/g). This trend of increasing chl a from low- to high-intertidal and unvegetated to vegetated habitats was more obvious in surface chl a, which increased from 4.43 ± 2.04 μg/g in the lower mudflat, to 8.80 ± 2.08 μg/g in the upper mudflat, 10.02 ± 0.81 μg/g in the eelgrass meadow, and 18.13 ± 7.074 μg/g in the salt marsh.

Surface sediment chl a/Phæopigment ratios were highest in the upper mudflat (1.67 ± 0.28), followed by the saltmarsh (1.47 ± 0.59). Lower mudflat and eelgrass sites had the lowest surface chl a/Phæopigment ratios (0.45 ± 0.097 and 0.41 ± 0.037).



C:N and δ13C

Ranges of C:N ratios and δ13C in cores from this study reflect the mixed nature of organic inputs in these sediments with both terrestrial- and marine-derived material (Table 4 and Figure 7). The highest average δ13C enrichment (-22.6 ± 0.4 ‰) and lowest C:N (10.9 ± 1.2) were found in the eelgrass sediments suggesting a relatively high contribution of marine-derived OM and buried Z. marina biomass (McPherson et al., 2015). In contrast, salt marsh sediments were composed of more terrestrial material with the lowest δ13C enrichment and highest C:N (-26.5 ± 0.1 ‰ and 20.2 ± 0.8) compared to the other habitats. The lower mudflat had slightly lower δ13C (-25.8 ± 0.2 ‰) and higher C:N (12.2 ± 1.1) than the upper mudflat (-24.5 ± 0.1 ‰ and 11.7 ± 0.6), possibly reflecting the input of woody debris from log booms in the low intertidal zone.


Table 4 | Mean organic and nitrogen contents, CLN ratio, and δ13C signatures in biomass, surface sediment (1 cm), and top 20 cm of sediment from salt marsh, upper mudflat, lower mudflat, and eelgrass meadow in the Cowichan Estuary.






Figure 7 | Relationship between C:N ratio to sediment properties: (A) chlorophyll a (chl a)/phæopigment ratio vs. C:N ratio, with hatched line on the x-axis to denote generally labile (C:N <10) and recalcitrant (C:N >10) material; (B) δ13C vs. C:N ratio plot of sediment cores collected from the Cowichan Estuary, with dark-purple labelled points denoting vegetation end-members from the Cowichan Estuary, with phytoplankton and microphytobenthos (MPB) δ13C and C:N estimates from literature (Redfield et al., 1963, France, 1995). The hatched line on the y-axis denotes marine (δ13C <23‰) and terrestrial (δ13C >23‰). Ellipses delineate the 95% confidence interval for each of the habitats, assuming a multivariate t distribution.






Sediment and Oyster Shell Bed Inorganic Carbon Stocks

Inorganic carbon stocks, outside of the oyster shell beds, exhibited a generally positive relationship with tidal inundation, ranging from 6.26 ± 0.90 Mg C ha-1 in the salt marsh and increasing to 11.15 ± 1.24 Mg C ha-1 in the lower mudflats (Figure 1S and Table 2S). Statistically significant differences were found in the sediment IC densities between the salt marsh and all other all other habitats, as well as between the upper- and lower-mudflats, the eelgrass and lower mudflat, and the eelgrass and the oyster shell beds (Welch’s t-test, p < 0.05). Together, the two mudflat IC stocks (1550.4 ± 117.2 and 669.0 ± 74.5 in the upper- and lower mudflat, respectively) contribute ~68% of the IC in the Cowichan Estuary, with the salt marsh and eelgrass meadow respectively accounting for 18% (591.9 ± 84.8 Mg C) and 5% (283.7 ± 19.2 Mg C).

The oyster shell beds represented approximately 9% (434.19 Mg C) of the IC in the intertidal sediments of the estuary despite covering under 2% of the intertidal area. Inorganic carbon accounted for 11.43 ± 0.11% of the shell material. Mean per-hectare aboveground oyster shell IC stock was 37.01 ± 0.34 Mg C ha-1 and the total aboveground oyster shell IC stock for all of the oyster beds was 233.19 ± 2.16 Mg C. With buried shell material included in sediment IC (% by dry weight), the oyster shell bed sediments were statistically distinct from all other habitat types and mean per-hectare sediment IC stocks were highest in the oyster shell beds (31.91 ± 3.04 Mg C ha-1).



Blue Carbon Valuation


Comparison With B.C. forests

The Cowichan Estuary salt marsh per-hectare sediment OC stock is up to to five and three times higher than values reported, respectively, for second- and old-growth forest in the interior of British Columbia, and comparable with the lower range of values for mature stands of Pacific Northwest coastal forest (Table 5). Cowichan Estuary eelgrass and mudflat per-hectare sediment OC stocks are approximately 1.5 times higher than to those of second growth forests and the lower limit of old growth forests of interior B.C., and around two times lower than estimates for mature stands of Pacific Northwest coastal forest.


Table 5 | Comparison of sediment organic carbon (SOC) stocks, reported as carbon dioxide equivalents (CO2e), in the top 1 m of Cowichan Estuary salt marsh and eelgrass meadow, mature stands in the Pacific Northwest (PNW), old- and second-growth forests of interior British Columbia, Canada.





Carbon Sequestration

Estimated areal rates of carbon sequestration for salt marsh and eelgrass meadow in the Cowichan Estuary were respectively 64.53 ± 19.87 and 6.84 ± 4.68 Mg C ha-1 y-1, similar to a 20-year-old stand of forest on coastal Vancouver Island, British Columbia. Together, these two blue carbon habitats (salt marsh and mudflat) in the Cowichan Estuary would have the capacity to sequester the annual equivalent emissions of 133 ± 72 vehicles and 49 ± 26 B.C. residents (Table 6).


Table 6 | Total annual carbon sequestration per habitat in the Cowichan Estuary compared to annual motor vehicle and B.C. resident CO2 emission equivalents (CO2e).







Discussion


Evidence for Strong Hydrodynamics

We observed a number of habitat-related trends in sediment bulk properties in the Cowichan Estuary that we attribute to hydrodynamics. Most distinct were sediments from the salt marsh, where the high intertidal location and thick vegetation would act to minimize wave and current forces, compared to non-vegetated habitats and habitats lower in the intertidal zone. Salt marsh sediments were relatively carbon-rich, and high in moisture (low bulk density) and fine particles. In contrast, mudflat and eelgrass sediments had notably lower organic carbon and moisture contents, and a high percentage of sand. Alone, the relatively homogenous organic carbon profiles in the mudflat sediments could also be attributed to an irregular supply of organic matter or irregular rates of degradation (Alongi et al., 1996, Ruiz-Fernández et al., 2018). However, when combined with the non-trending 210Pb depth profiles and the high percentage of coarser particles mixing and erosion forces are the most likely explanation (Winterwerp and Van Kesteren, 2004; Jacobs et al., 2011; Zhou et al., 2016). In addition, decreased chl a in the surface sediments of the lower mudflats suggests that sediment instability may inhibit the formation of cohesive surface biofilms by epiphytobenthos (Cahoon, 1999; Blanchard et al., 2000; de Brouwer et al., 2000). The down-core trends in the eelgrass sediments also provide evidence for hydrodynamic mixing, possibly dampened by the vegetation. There was no depth-related organic matter decay trend in the eelgrass sediments. However, there was a discernible down-core trend in excess 210Pb in the eel grass sediments that was weaker than the trend observed in the more thickly vegetated salt marsh.

Across intertidal ecosystems globally, reworking of sediment through burrowing and feeding activities of macrofauna, as well as an overabundance of bioturbators in some estuaries, can contribute to substantial remineralization of organic matter (Bentley et al., 2014; Coverdale et al., 2014). However, bioturbation rather that abiotic reworking is less likely to be the primary cause of sediment mixing in the Cowichan Estuary, as few potentially bioturbating macrofauna were observed in the mudflats during coring operations and other field activities. While interannual fluctuations in invertebrate species richness is common, the total macrofauna abundance and biomass is generally less pronounced (Beukema et al., 1993). Seasonally, a pattern of increasing invertebrate abundance has been observed in late spring and early summer in temperate estuaries (Ysebaert, 2000). Sediment cores in this study were collected in May when macrofauna abundances would have likely been relatively high, yet sieved cores only occasionally produced polychaetes or crustaceans. Macrofaunal abundance may therefore be generally low in the Cowichan Estuary. Characterizing the exact role of bioturbation in sediment reworking in the Cowichan Estuary would require more detailed investigation of macrofauna species richness, biomass, and seasonal dynamics.

Cowichan Bay lacks a sill or any other geological features to shelter it from high-energy wave and current action from outside waters in the adjacent Satellite Channel. The Cowichan Estuary is exposed to strong tidal currents, and the associated mixing is known to play an important role in controlling water mass exchange (Davenne and Masson, 2001). A 1984 survey of the surface sediments of Cowichan Bay reported predominantly sandy sediments in most of the intertidal sample sites (>50–90% sand, n = 22 sites) and muddy sediments in the subtidal area extending into Satellite Channel (Luternauer, 1984), suggesting a hydrodynamic that favours the deposition of fine-grained sediment to the subtidal seafloor rather than within the estuary. Furthermore, Saanich Inlet, 6 km to the southeast of the Cowichan Estuary, receives the majority of its deposited terrigenous sediment from the Cowichan River via Satellite Channel (Gucluer and Gross, 1964). Erosion and/or export in the Cowichan Estuary may be enhanced by its many secondary distributary channels, as similar high sand content and deposition of coarse particles have been noted in sediment columns collected close to estuarine channels that are influenced by increased hydrodynamic energy conditions and tidal currents (Boldt et al., 2013; Nayak et al., 2018).

The observed patterns of decreasing total photosynthetic pigments, chl a, and chl a/phaeopigment ratios with depth at all stations offer insight into the relative time scales for the proposed hydrodynamic sediment mixing. Chlorophyll a is an indicator of fresh, recently produced and labile organic material (Gacia et al., 2002), as opposed to 210Pbex and bulk sediment organic matter that degrade over longer periods of time (Fry et al., 1977; Arias-Ortiz et al., 2018). As such, deposited chl a is likely degrading in the sediment faster than the sediment is being mixed vertically, resulting in a vertical decrease in chl a despite evidence of mixing in the profiles of sediment OC and other bulk properties (Figure 8). In both the datable sediment cores from the vegetated habitats and the non-datable cores from the mudflats, 210Pbex activity was detectable to a depth of 28 cm, except for a lower mudflat core that lacked 210Pbex activity below 14 cm. This depth threshold for 210Pbex activity suggests the effects of sediment mixing in the mudflats do not occur deeper than 28 cm. While hydrodynamic-driven mixing does not necessarily penetrate up to 28 cm below the sediment surface, sediments at these depths have not been isolated from atmospheric input for sufficient time to produce statistically significant trends in 210Pbex activity compared to the ~100-year-old sediment below this depth threshold. In the mudflats and eelgrass, this rate of mixing over the past ~100 year may be faster than the rate of measurable sediment OC loss, so that mixing obscures any evidence of decomposition (i.e., exponential decrease in sediment OC to the measured depth of 20 cm). In the eelgrass, the effects of hydrodynamic mixing may be dampened enough to allow for a detectable 210Pbex decay profile to develop over the past ~100 years, but sediment instability and reworking over a longer time period prevent a sediment OC decay to develop in the anoxic sediments. As such, the establishment of photopigment decay profiles is likely to precede the rate at which mudflat sediments are mixed and measurable sediment OC decomposition can be detected. In the salt marsh, where the better defined 210Pbex decay profile indicates more sediment stability than the eelgrass sites, the presence of refractory roots add another level of complexity to interpreting sediment OC trends since they are not expected to decay in the same manner as the more labile sediment OC in the other habitats, and furthermore involve substantial photosynthetic pumping of sediment OC to depth in the sediments (Vaughn et al., 2020).




Figure 8 | Influence of hydrodynamic sediment mixing and relative rates of decay on profiles of chlorophyll a, excess 210Pb, and bulk sediment organic carbon (OC) in deposited sediments in an intertidal system. Panel (A) shows idealized depth profiles with steady-state sediment accumulation where hydrodynamic mixing is minimal, resulting in exponential decay of (1) chlorophyll a followed by (2) excess 210Pb and (3) organic matter decomposition; Panel (B) shows typical depth profiles in a system like the Cowichan Estuary where physical mixing is strong on unvegetated mudflats (dashed blue profiles), and dampened increasingly by eelgrass (dashed red profiles) and salt marsh vegetation (solid black profiles).





Organic Carbon Stocks

Ecosystem organic carbon stocks in the Cowichan Estuary were dominated by sediment organic carbon which accounted for 87-100% of total organic carbon stocks in the different habitats. Above- and belowground macroscopic plant material was not the primary contributor to ecosystem carbon stocks in either of the vegetated habitats. The high organic carbon concentrations in the salt marsh sediments resulted in a total area-integrated carbon stock that was approximately equal to that of the upper and lower mudflats combined, despite the spatial extent of the salt marsh being only about one third that of the mudflats. A substantially higher amount of plant biomass was observed in the saltmarsh compared to the eelgrass, especially in the root material. The eelgrass had a shoot:root ratio of approximately one, whereas the salt marsh had nearly five times as much macroscopic root biomass as aboveground herbaceous plant material, consistent with other studies reporting similar high belowground compared to aboveground salt marsh biomass (Valiela et al., 1976; Valiela et al., 1978; Tripathee and Schäfer, 2014). In salt marsh sediments, root material too fine to be separated from the sediment likely contributed to the high organic matter and low bulk density in cores, relative to the other habitats (Turner et al., 2004).

Salt marsh sediment organic carbon stocks were in the middle of the range reported for similar habitats globally (Table 1), with the exception of some values reported for coastal Australian salt marshes, which were up to eight times higher than reported here (Macreadie et al., 2017b). Closer to the Cowichan Estuary, a multi-site blue carbon survey in the US Pacific Northwest yielded average salt marsh carbon stock estimates similar to ours (Kauffman et al., 2020). That study also separately sampled low marsh and high marsh areas, and reported 37% greater carbon stocks in high marsh compared with low marsh sediments. All of our saltmarsh cores from the Cowichan Estuary were collected from the lower marsh, which is predominantly populated by Lyngbye’s sedge and submerged at high tide. Extrapolations to the entire salt marsh area may not accurately represent carbon storage nearer the riparian zone where bulrush (Typha sp., Bolboschoenus maritimus), and cordgrass (Spartina patens) are more abundant.

Compared to global averages for seagrasses, eelgrass carbon stocks measured here were low. However, such comparisons should be made with caution since global data are disproportionately dominated by tropical and subtropical seagrass species such as Posidonia oceanica, which can form thick, dense mats of roots and rhizomes and sequester orders of magnitude more carbon (Mateo et al., 1997; Gacia et al., 2002; Serrano et al., 2012). Other studies of temperate Z. marina meadows have reported average sediment organic carbon concentrations, carbon stocks, and sequestration rates (Table 1 and Table 7) similar to what we observed in the Cowichan Estuary (Ruesink et al., 2010; Yang et al., 2013 and Ruesink et al., 2015). Several species-specific morphologies and habitat requirements have been proposed to explain low sediment organic carbon stocks in Z. marina meadows, including a low tolerance by the plant of sediment organic matter accumulations (Barko and Smart, 1983; Batiuk et al., 2000), sub-optimal light conditions in many temperate ecosystems, as well as seasonal Z. marina biomass patterns (Laugier et al., 1999). In a compilation of data from multiple studies worldwide, Fourqurean et al. (2012a) showed that the large majority of Z. marina are found in sediments with low organic carbon levels (average 2.5%). Whatever the underlying reason(s), our results agree with a growing literature consensus that low carbon stocks in Z. marina meadows are not anomalous but rather represent the carbon sequestration capacity of healthy Z. marina.


Table 7 | Global sediment OC (SOC) sequestration rates reported for salt marshes and seagrasses globally, and carbon sequestration rates reported for Z. marina in the Northern Hemisphere.



Despite low carbon burial levels, high annual rates of net primary productivity (NPP) have been reported for Z. marina in nearby Puget Sound, WA (Thom, 1990). Part of this discrepancy can be explained by high rates of decomposition (Kairis and Rybczyk, 2010) and export of plant material. Since NPP in seagrass meadows is often greater than can be degraded or stored within the system, particulate and dissolved OC may be exported to adjacent coastal seawaters and sediments in a process known as “outwelling” (Odum and de la Cruz, 1967; Meziane et al., 1997; Meziane and Tsuchiya, 2000). Leaf shedding, which can be enhanced during strong hydrodynamic events (Cebrián, 2002), can cause aquatic macrophytes like Z. marina to export nutrient-rich detritus to neighbouring coastal systems (Pollard and Moriarty, 1991). In the K’ómoks Estuary on Vancouver Island, eDNA analysis revealed sloughed Z. marina material persisting along the approximately 500 m long wrack line, a fronting saltmarsh and a non-seagrass vegetated area (Hintz et al., 2016). Grazing and movement of macrobenthos such as crustaceans and snails also facilitate export of primary products, littoral particulate organic matter and biodeposits (Kharlamenko et al., 2001). Duarte and Cebrian (1996) reviewed carbon budgets for a variety of coastal habitats and estimated that seagrass ecosystems on average export 24.3% of their total NPP, with 50.3% lost to decomposition, 18.6% to herbivory, and only 15.9% stored in seagrass bed sediments.

To further investigate the effect of losses from outwelling, decomposition and herbivory on the carbon sequestration capacity of Z. marina in the Cowichan Estuary we applied a two-source mixing model (Phillips and Gregg 2003; Limén et al., 2007) to our δ13C data. The model enabled us to quantify the contribution of eelgrass tissue (shoots) to organic matter in the eelgrass sediments. The two δ13C endmembers were eelgrass shoots (-12.2‰) and organic carbon in lower mudflat sediments (-25.8‰) that was sampled outside of the eelgrass meadow (Table 4). The percentage contribution of eelgrass shoots to sediment organic carbon in the eelgrass meadow was determined by solving for x in the following equation:

	

Sedeg, sediment in eelgrass meadow; Sedlm, lower mudflat sediment; EGsh, eelgrass shoots. The mixing model result indicated that 23.4% of the organic carbon in the eelgrass sediment could come from eelgrass shoots, with the remaining 77% from other sources, the same sources supplying the lower mudflat sediments outside of the eelgrass meadow. Eelgrass roots had a similar δ13C signature (-12.0‰) to shoots and yielded a nearly identical result (23.2% contribution) when used in the mixing model in place of eelgrass shoots.

The non-depositional nature of the mudflat sediments may account for the observed lower carbon stocks compared with global averages. Several publications have reported sequestration capacities of intertidal mudflats to be comparable to adjacent vegetated habitats (Sanders et al., 2010; Phang et al., 2015). For example, Phang et al. (2015) reported nearly equal carbon stocks in seagrasses (138 Mg C ha-1) and mudflats (124–143 Mg C ha-1) in a Singaporean estuary. In the Cowichan Estuary, a considerable portion of organic matter that would accumulate on the mudflats under less vigorous hydrodynamic conditions, may instead be exported and deposited elsewhere, such as on the subtidal seafloor in outer Cowichan Bay, where accumulations of fine-grained sediment have been noted (Luternauer, 1984).



Carbon Sequestration Rates in Vegetated Habitats

The sediment accretion rates determined from the 210Pb profiles in cores from the vegetated habitats, together with corresponding sediment carbon density measurements, permitted the calculation of carbon accumulation rates for the seagrass meadow and the salt marsh in the Cowichan Estuary. The generally low levels of excess 210Pb in sediments of these two habitats introduce a degree of uncertainty, and differences in sedimentation rates between the salt marsh and the eelgrass meadow should be interpreted with caution.

The higher organic carbon content of the salt marsh sediments in Cowichan Estuary resulted in this habitat having a higher carbon accumulation rate (68.2 ± 21 g C m-2 yr-1) than the eelgrass (38 ± 26 g C m-2 yr-1), despite having a slightly lower sediment accretion rate and mass accumulation rates (Table 2). The salt marsh carbon accumulation rate reported here is approximately one third of the global average (Table 1). However, there is a wide range of carbon sequestration rates in salt marshes in the global data set (18 to 1713 g C m−2 yr−1), and an underrepresentation of saltmarshes within the Pacific Northwest climate zone (Kauffman et al., 2020).

The average carbon accumulation rate estimated for the eelgrass meadow (38 ± 26 g C m-2 yr-1) was below the range reported globally for all seagrass species (45 to 190 g C m-2 yr-1) but comparable to or higher than average carbon sequestration rates reported in other Z. marina meadows (Table 7). Spooner (2015) reported Z. marina carbon accumulation rates three times lower (ranging from 0 to 13 g C m-2 yr-1) in the K’ómoks Estuary on Vancouver Island, located 170 km north of the Cowichan Estuary. Similarly, carbon accumulation rates of 3.13 to 11 g C m-2 yr-1 have been found in Z. marina meadows in Japan (Miyajima et al., 2015) and Padilla Bay, Washington State (Poppe and Rybczyk, 2018). Greiner et al. (2013) measured a carbon accumulation rate of 36.68 g C m-2 yr-1 Z. marina meadow in coastal bays of the US state of Virginia which had undergone restoration.



Blue Carbon Sources in the Cowichan Estuary

Between-habitat comparisons of sediments photosynthetic pigment concentrations, C:N ratios and δ13C values provide some insights into the primary sources of organic carbon stocks for each habitat.

Beginning with the unvegetated upper and lower mudflats, we interpret the contrasting photopigment profiles between the two habitats to indicate that the upper mudflat had a more developed microphytobenthos than the lower mudflat. This is consistent with other studies that report a positive relationship between MPB biomass and emersion duration due to the increased exposure to favourable ambient conditions (i.e., light, warm temperatures, gas exchange into/out of biofilms) for MPB photosynthesis within the upper intertidal zone (van der Wal et al., 2010; Schnurr et al., 2020). In addition, in surface sediments (upper 1 cm), where microphytobenthos would be concentrated, chl a/phæopigment ratios were highest in the upper mudflat compared to all other habitats including the saltmarsh, indicating fresher OM in the upper mudflat relative to other habitats in the estuary. In contrast, the lower mudflat had the lowest total photopigment and chl a concentrations and the lowest chl a/phæopigment ratios. Microphytobenthos biomass in the Cowichan Estuary mudflats is low compared to similarly sandy estuarine sediments in the region. Ten cm depth-integrated chl a values in the Cowichan Estuary, converted from concentration per unit sediment dry weight calculations, were 377 ± 53 mg m−2 (177–539) in the upper mudflats and 207 ± 34 mg m−2 (132–310) in the lower mudflats. In contrast, Yin et al. (2016) reported 10 cm depth-integrated chl a values averaging 2,044 mg m–2 (160–4,200) and 882 mg m−2 (183–2,569) at two sandy sites in the Fraser River Estuary (across the Strait of Georgia from the Cowichan Estuary), much higher than at two muddy sites in the Fraser River Estuary, which had average chl a concentrations of 84 mg m−2 (41–174) and 235 mg m−2 (77–854).

The extremely high C:N ratios (C:N ≥ 190) of woody debris samples collected from mudflat sediments could have provided a means of identifying potential contributions of woody debris from log storage activity to sediment carbon storage in the estuary. However, there were no significant differences (Welch’s t-test, p = 0.68) in C:N ratios between the lower mudflat sediments (12.2 ± 1.1), where log boom activity was located, and sediments of the upper mudflat (11.7 ± 0.6). This observation excludes woody debris from log storage as a significant contributor to carbon storage in the estuary.

Consideration of only C:N ratios in salt marsh samples could lead to the conclusion that nitrogen-poor root material was likely responsible for the salt marsh sediments having the highest C:N ratio (20.0 ± 0.8) of all habitats. Sampled, larger pieces of macroscopic root material had a notably high C:N ratio (64.2 ± 8.84). However, a similar influence of the distinct δ13C signature of root material (-22.1 ± 1.45) was not apparent in the salt marsh sediment δ13C signature (-26.5 ± 0.1), which was indistinguishable from that of the aboveground saltmarsh vegetation (-25.6 ± 3.04). This leads us to suggest that our analysis of macroscopic root material may not have captured the stable isotope and C:N properties of the visibly abundant fine root material that was likely responsible for the high water and carbon contents of the salt marsh sediments. Compared to the other habitats, salt marsh sediment also had a δ13C signature that was the most consistent with terrestrial vascular plant material, which is generally between −25‰ and −28‰ (Burdige, 2005). As such, the Lyngbye’s sedge (Carex lyngbyei) growing on the lower salt marsh where we collected cores is a C3 plant and likely a dominant source of the refractory, terrestrially derived material found in the salt marsh sediment.

Sediments in the eelgrass meadow were nitrogen rich (C:N = 10.9 ± 1.2), in comparison to samples of eelgrass shoots and roots whose C:N ratios were respectively 16.1 ± 1.08 and 38.7 ± 0.6, consistent with reported values for Z. marina leaf biomass (C:N ratio = 19.7) and root-rhizome biomass (C:N ratio = 31.62) (Duarte, 1990; Pedersen and Borum, 1992; Fourqurean et al., 1997). The lower C:N ratio in the Cowichan Estuary eelgrass meadow sediments likely result from limited burial of Z. marina debris and a predominant input of the same nitrogen-rich, marine-derived material (microphytobenthos and phytoplankton) that accumulates in the mudflat sediments.

As discussed above, the stable isotope data indicate that eelgrass tissues make a minor but notable contribution to blue carbon storage in the eelgrass meadow. We were able to make this determination because of the enriched δ13C signature of eelgrass shoots and roots, compared with other potential carbon sources in the estuary. As a polyphyletic group of aquatic angiosperms with C3 or C3-C4 intermediate metabolisms (Touchette and Burkholder, 2000), seagrasses have much heavier isotopic signatures than terrestrial C3 plants (Peterson and Fry, 1987), ranging from -23‰ to -3‰ (Hemminga and Mateo, 1996). Z. marina in particular generally has high 13C enrichment, with δ13C values in the range of -7 to -12 ‰ in leaves and rhizomes (Kim et al., 2014; McPherson et al., 2015), which are typically heavier than values reported for marine phytoplankton (-22 ± 3 ‰) and marine macroalgae (-20 ‰ to -15 ‰), and MPB (-17 ± 4 ‰) (France, 1995). The end member isotopic signatures for Z. marina shoot and roots here were respectively -12.2 ± 0.80 ‰ and -12.0 ± 0.24 ‰. It is more likely that organic matter in the eelgrass sediment originates from a mixture of marine microalgae (phytoplankton and MPB), with a possible but less significant input of terrestrially-derived OM.



Sediment and Oyster Bed Inorganic Carbon Stocks

Particulate inorganic carbon (PIC) in the form of calcium carbonate (CaCO3) often accumulates in the sediments of blue carbon ecosystems in addition to photosynthesized particulate organic carbon (POC) (Macreadie et al., 2017c). While PIC can represent a substantial carbon stock, the precipitation CaCO3 can result in the depletion of carbonate () and reduction of total alkalinity (TA) in the water column, facilitating the return of CO2 to the atmosphere (Ware et al., 1992; Saderne et al., 2019). Specifically, the production of one mole of CaCO3 consumes two moles of TA and one mole of dissolved inorganic carbon (DIC), thereby increasing the partial pressure of carbon dioxide (pCO2) and potentially resulting in CO2 supersaturation and increased flux to the atmosphere. Because of this, there is concern that CaCO3 precipitation partially offsets the sequestration of OC in blue carbon ecosystems and the current, rapid expansion of blue carbon scientific literature and CO2 offset schemes report only organic carbon while omitting calcium carbonate cycling and sequestration (Macraedie et al., 2017b).

The relationship between carbonate precipitation results and net release of CO2 is defined as the molar ratio of CO2 flux: CaCO3 precipitation (Ψ) (Frankignoulle et al., 1994; Mazarrasa et al., 2015). Shallow-water coastal ecosystems may accumulate approximately two thirds of precipitated CaCO3 in the benthic sediments, theoretically acting as net CO2 sources with equal Ψ values for CaCO3 precipitation and dissolution. However, the strong net primary production in these coastal areas may compensate for increases in pCO2 due to calcification with the uptake of CO2 during organic matter production. The sediments of the Cowichan Estuary habitat were generally dominated by sediment OC relative to sediment IC, and had sediment OC: sediment IC ratios of 9.80 ± 0.95 in the salt marsh, 2.99 ± 0.44 and 1.78 ± 0.18 in the upper and lower mudflats, and 1.87 ± 0.11 in the eelgrass meadow. Assuming that organic carbon and calcium carbonate accumulate in the sediment in proportion to their production, these high ratios indicate primary production is more than compensating for the calcification-associated CO2 production in most of the estuary’s habitats (Mazarrasa et al., 2015). In contrast, the oyster shell bed sediments had Ψ value of 0.62 ± 0.05, suggesting that they act as a source of CO2. However, because the oyster beds account for less than 2% of the total area of the estuary, this venting of CO2 can be considered negligible. Oyster shell beds growing on similar gravel banks from sandy intertidal flats with low sediment OC have been reported as net sources of CO2, resulting from predominantly carbonate deposition, whereas shallow subtidal saltmarsh fringing reefs with organic-carbon-rich sediments functioned as net carbon sinks, on par with vegetated coastal habitats (Fodrie et al., 2017).



Blue Carbon Valuation

The growing interest in blue carbon in recent decades has been founded on the widely reported high carbon sequestration capacities of coastal ecosystems, often estimated to be orders of magnitude greater than terrestrial ecosystems per unit area (Duarte et al., 2005; Mcleod et al., 2011; Atwood et al., 2020). Seagrass meadows have been reported to have global sequestration rates up to 35 times higher than temperate and tropical forests (Orth et al., 2006; Mcleod et al., 2011). Annual per-hectare sediment OC accumulation rates in the Cowichan Estuary were below global averages for each habitat examined, and the estuary as a whole sequesters carbon at approximately 30% that of an estuary of equal size and composition with global average sequestration rates for each habitat (Table S4). Compared to B.C. forests, the Cowichan Estuary, at 363 ha in size, stores about as much carbon in the top 20 cm of sediment as a second-growth forest in B.C. approximately 1.7 times larger in area (619 ha) and accumulates carbon at a rate between 1.39 ± 0.95 and 2.50 ± 0.77 Mg C ha-1 yr−1, approximately equivalent of a 20-year-old stand forest.

Current annual sediment OC burial in the Cowichan Estuary is approximately equal to the annual GHG emission of 133 motor vehicles or 48 British Columbia residents (Table 6). The population of Cowichan Bay Village is 2,394 (City Population, 2020), meaning that the estuary can only offset the emissions produced by 2.05% of the local population per year. At the municipal level, current carbon sequestration in the Cowichan estuary offsets approximately twice the GHG emission increases from the 0.9% annual population growth of the Municipality of North Cowichan’s 29,676-person population (Statistics Canada, 2017). If the historical extents of the salt marsh and mudflat were restored and the reclaimed sawmill, farms, and causeway were made available for carbon sequestration, the resulting carbon sequestration would increase to be equivalent to the annual emissions of 186 motor vehicles and 68 residents, or 2.8% of Cowichan Bay Village, and over GHG emission increases from the annual municipal population growth. The apparently small capacity of the Cowichan Estuary to mitigate anthropogenic GHG emissions even from local sources in a small rural village cannot be solely attributed to its below-average carbon sequestration rates. Even if each habitat in the Cowichan Estuary were to sequester carbon at reported average global rates, with the entire area of mudflat sequestering at the global average rate for seagrass meadows (Table S3), the equivalent emissions of only 461 motor vehicles and 168 people, or 14.25% of the local population, would be offset. Based on the estimations outlined in this valuation, over 20,000 ha of 20-year-old stand forest or a Cowichan Estuary more than 50 times its current size (363 ha) would be required to offset the emissions of Cowichan Bay Village. As such, preserving the areal extent of the Cowichan Estuary and restoring vegetated habitat should be prioritized in order to maintain and maximize its capability to offset GHG emissions. This highlights the current unsustainable level of per-capita GHG emissions, even at the scale of the local population in Cowichan Bay Village, which far exceed the natural capacity of the estuary and other natural carbon reservoirs to trap and store greenhouse gasses.




Conclusions

The lack of a sill or any other geological feature preventing high-energy water exchange between the Cowichan Estuary and the open ocean likely results in strong hydrodynamic mixing, erosion, resuspension and/or export or deposited OM. This was reflected in the low sediment OC and scattered 210Pbex vertical profiles of the unvegetated mudflats. Like the salt marsh, the eelgrass vegetation buffers hydrodynamic forces, stabilizing deposited material enough for an exponential decrease in 210Pbex to be detected over a ~100 year period, but mixing and possible resuspension is still likely to occur on a broader timescale.

Our results point to epiphytobenthos and phytoplankton as the primary sources of organic carbon stored in the upper and lower mudflats and eelgrass sediments. This is evident in the similarly low C:N ratios, suggestive of labile cell material, and the marine stable isotope signatures in the upper and lower mudflat sediments, which are modified somewhat in the eelgrass sediments. The strong hydrodynamic and related outwelling of eelgrass material are also likely behind the modest contribution (23%) of eelgrass shoots and stems to the bulk 13C signature of eelgrass sediments. A blue carbon evaluation of the subtidal area of outer Cowichan Bay would be of great interest for future research.

We found no evidence that log storage activity decreased carbon sequestration in the lower mudflat areas where logs make frequent contact with the seafloor. Carbon stocks in the mudflats were similar to those of the eelgrass meadow, despite being lower than global averages but consistent with recently reported low carbon stocks in Z. marina meadows in the Pacific Northwest. The salt marsh was the most important carbon reservoir in the Cowichan Estuary, which is consistent with a large body of studies that report salt marshes as having the highest carbon sequestration rates of all intertidal blue carbon habitats. However, the Cowichan Estuary salt marsh has a more modest carbon sequestration capacity compared to global averages; while the Cowichan estuary salt marsh’s sequestration capacity is in the range of a 20-year-old forest stand, global average salt marsh carbon sequestration rates have been reported to exceed long-term accumulation rates in forests by many orders of magnitude (Zehetner, 2010; Mcleod et al., 2011). This point highlights the lack of temperate salt marsh representation in western North America in current global blue carbon estimates. Since approximately half of the historical salt marsh habitat in the Cowichan Estuary is currently reclaimed for agricultural and industrial use, consideration should be given to the role of the marsh system as a carbon reservoir in future land-use planning.

CO2 emissions derived from carbonate deposition in the Cowichan Estuary are unlikely to significantly offset the CO2 sink capacity associated with organic carbon burial. Sediment OC was generally three-fold higher than sediment IC. While the oyster shell beds appear to be a net source of CO2, they were very limited in overall area. Interestingly, the current area of oyster beds in the Cowichan Estuary represented a fraction of the former area, as a result of dredging of channels for moving logs from the lower intertidal zone to the sawmill.

Despite being the fourth largest estuary on Vancouver Island and the largest intertidal estuary in the Municipality of North Cowichan, the Cowichan Estuary can only offset the emissions produced by 2.05% of the local population of 2,394 in Cowichan Bay Village (City Population, 2020), highlighting the current unsustainable level of per-capita GHG emissions. Likewise, the Cowichan Estuary cannot significantly offset the emissions of the municipality’s 29,676-person population, which is growing 0.9% per year. Current carbon sequestration in the Cowichan Estuary offsets approximately twice the GHG emission increases from the annual population growth Municipality of North Cowichan, and if all habitats were restored to their natural state and sequestered carbon at current rates, the estuary could have the capacity to offset over three times the GHG emission increases from the annual population growth. As such, preserving the areal extent of the Cowichan Estuary and restoring vegetated habitat should be prioritized in order to maintain and maximize its capability to offset GHG emissions.
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OEBPS/Images/table4.jpg
Site Total OC content (%) Total nitrogen content (%) C:N 8'3C (%0)
Saltmarsh

Sediment (1 cm) 1.08 0.085 14.9 -26.0
Sediment (20 cm) 1.936 + 0.270 0.108 + 0.013 202 +0.8 2-26.5 + 0.1
Aboveground biomass 28.7 £6.11 1.56 + 0.42 222+3.35 -25.6 + 5.26
Belowground biomass 34.3+3.12 0.74 £ 0.08 571 £8.11 -26.6 + 5.53
Upper Mudflat

Sediment (1 cm) 0.450 0.053 9.8 -23.6
Sediment (20 cm) 0.566 + 0.047 0.056 + 0.003 1.7+ 0.6 -24.5+ 0.1
woody debris 45.03 +2.05 0.26 + 0.060 209.5 + 39.2 -26.3 + 0.03
Lower mudflat

Sediment (1 cm) 0.410 0.048 10.0501 -256.3
Sediment (20 cm) 0.533 + 0.075 0.049 + 0.0030 12211 -268 +0.2
woody debris 408 £1.74 0.27 +0.026 194.83 +22.1 -27.2 +0.32
Eelgrass

Sediment (1 cm) 0.894 0.090 1.6 -20.0
Sediment (20 cm) 0.612 + 0.09 0.063 + 0.005 109+1.2 -22.6 +0.4
Aboveground biomass 17.6 +3.67 127 +0.29 16.1 +1.08 -12.2 + 0.80
Belowground biomass 23.6 +6.22 0.71+0.18 38.7 + 0.66 -12.0+0.24

All data except surface sediments are presented as the mean + standard error of the mean.
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Site Vegetation
Salt marsh Aboveground
Belowground
Eelgrass Aboveground
Belowground
Total

OC content (%)

28.65+6.11
39.10 £ 2.05
19.87 + 470
27.46 + 11.63

All data are presented as the mean + standard error of the mean.

Biomass carbon stock (Mg C ha-")

1.34 £ 0.21
7144 £2.74
0.087 + 0.012
0.074 + 0.011

Biomass carbon stock (Mg C)

126.53 + 20.13
675.84 + 259.61
157 £0.21
1.50 +0.20
805.44
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Location

SOC sequestration (g C m™2 yr™")

Reference

Global salt marshes

Cowichan Estuary salt marsh

Global Seagrasses

Zostera marina meadows
K'6moks, British Columbia
K'émoks, British Columbia
K'6moks, British Columbia
Finland

Limfjorden, Denmark
Funen, Denmark

Denmark

Padilla Bay, Washington
Padilla Bay, Washington
Seto Inland Sea, Japan
Seto Inland Sea, Japan
Seto Inland Sea, Japan
Delmarva Peninsula, Virginia
Burnaby, British Columbia
Burnaby, British Columbia
Burnaby, British Columbia
Clayoquot Sound, B.C.
Skagit County, Washington
Gulf of Gdansk, Baltic Sea
Gulf of Gdansk, Baltic Sea
Gulf of Gdansk, Baltic Sea
Cowichan Estuary, Canada

218 £ 24
(range = 18-1713)
n = 96 sites
74 +23

138 + 38
(range = 45-190)
n = 123 sites

3.0
5.0
13.0
5.2
21.3
49.1
36.2
9.14 £ 0.59
11.34 £1.74
3.18
7.10
10.14
36.68
33.98
36.74
3.47
2.90-39.61
43.88 +9.19
0.84+0.16
2.78+0.28
3.85+1.15
38 + 26

Chmura et al. (2003)
Duarte et al. (2005)
Mcleod et al. (2011)
This study

Duarte et al. (2005)
Mcleod et al. (2011)
Duarte et al. (2010)
Kennedy et al. (2010)

Spooner (2015)
Spooner (2015)
Spooner (2015)
R&hr et al. (2016)
Rohr et al. (2016)
Réhr et al. (2016)
Réhr et al. (2016)

Poppe and Rybczyk (2018)
Poppe and Rybczyk (2018)
Miyajima et al. (2015)
Miyajima et al. (2015)
Miyajima et al. (2015)
Greiner et al. (2013)
Prentice et al. (2019)
Prentice et al. (2019)
Prentice et al. (2019)
Postlethwaite et al. (2018)
Lutz (2018)

Jankowska et al. (2016)
Jankowska et al. (2016)
Jankowska et al. (2016)
This study
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OEBPS/Images/table6.jpg
Habitat

Existing Habitat
Salt marsh

Mudflat

Eelgrass

Total

Reclaimed Habitat
Salt marsh
(agriculture)

Mudflat (Westcan
Terminals)

Total including
reclaimed area

Habitat
Area (ha)

94.6
251
18
363.40
91.7

11.09

466.39

Carbon Accumulation
(g COze m2yr™)

250.3 +77.1
139.5 + 95.4
139.5 + 95.4

2603 £77.1

139.5 + 95.4

Cowichan habitat carbon
accumulation (Mg CO,e yr')

236.8 + 72.0
350.0 + 217.5
25.1+15.6
612.0 + 329.6
229.6 £70.7

15.5+10.6

857.0 + 410.8

Annual motor vehicle
emission equivalents

158 +18.8
521 £27.8
55+3.7
1330+ 71.6
499 + 15.4

3423

186.3 + 89.3

Annual per capita B.C. resident
emission equivalents

18858
27.8 £19.0
20+14
48.6 +26.2
182+56

12+08

68.0 + 32.6

Separate data are shown for existing habitat and estimated areas of salt marsh and mudfiat reclaimed for human use. All data except habitat area are presented as the mean + standard

error of the mean.





OEBPS/Images/fmars-09-857586-g005.jpg
Mg Corg e

50 75

25






OEBPS/Images/table2.jpg
Site Station 2'°Pb,, range Depth of Mass accumulation Sediment accretion OC accumulation rate  Habitat SOC accumulation
(Bqkg™) 21%pp,, (cm) rate (g m2yr) rate (cm yr’') (g Cm?2yr?) rate (Mg C yr'™")

Salt N1 0.12-10.30 28 0.382 £0.120 0.328 + 0.103 68.21 + 21 64.53 + 19.87

marsh

Upper c2 1.31-8.33 28 - - -

Mudflat

Upper  C3 067 - 42.77 28 = = = 2

Mudflat

Lower C4 1.20- 8.01 28 = = = =

Mudflat

Lower Cc6 0.40-2.48 14 = = =

Mudflat

Eelgrass S7 0.86-5.13 28 0.752 + 0.517 0.465 + 0.317 38 + 26 6.84 + 4.68

Table Legend: Means and Monte Carlo uncertainty are shown for each core.
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OEBPS/Images/table1.jpg
Habitat SOC (%) SOC stock (Mg C ha™') Sedimentation rate Reference
Salt marshes
Australian coasts = 2.8-192.6 = Macreadie et al. (2017b)
Salada Lagoon, Gulf of Mexico 0.2-1.9 23.1210 26.14 0.06 + 0.01t0 1.03 +0.77 cm yr™'  Ruiz-Fernandez et al.
(2018)
Jiquilisco Bay, El Salvador 0.2-17.3 5.98 to 92.96 0.12 £ 0.09 to 0.40 + 0.05 Ruiz-Fernandez et al.
(2018)
Estero de Urias Lagoon, Gulf of California, 6.7-16.8 61.06 to 72.4 0.07 +0.01t0 0.65 + 0.09 cm yr™'  Ruiz-Fernandez et al.
Mexico (2018)
Sian Ka'an, Mexican Caribbean coast 0.7-3.1 23.38 £ 0.56 0.04 +0.01 t0 0.3 +0.07 Ruiz-Fernandez et al.
(2018)
San Francisco Bay Tidal Wetlands 3.96-4.08 - 02-05cmyr! Callaway et al. (2012)
Pacific Northwest Coast, United States: low 4.79 £ 1.44 38.12 + 1.46 - Kauffman et al. (2020)
marsh
Pacific Northwest Coast, United States: high 6.57 + 1.52 52.36 + 2.48 - Kauffman et al. (2020)
marsh
Quintin Bay northeast Pacific, Mexico - 51.8t0 64 0.01-0.03 gcm=2yr! Cuellar-Martinez et al.
(2019)
Cowichan Estuary, Canada 3.56 + 0.50 49.1 £19.9 0.33+0.10cm yr’ This study
Zostera marina meadows Rohr et al. (2018)
Baltic Sea 03+00 4.62 = Rohr et al. (2018)
Black Sea 35+1.2 5.8 - Rohr et al. (2018)
East and West Atlantic 0.7 and 0.3 11.08 and 10.8 - Rohr et al. (2018)
East and West Pacific 0.4 and 1.1 13.88 and 18.74 = Rohr et al. (2018)
Kattegatt-Skagerrak 25+0.6 389 - Rohr et al. (2018)
Mediterranean Sea 23+0.0 70.34 - Rohr et al. (2018)
Finland and Denmark 0.24 and 1.75 1.25 and 8.648 0.32-4.2 cmyr! Rohr et al. (2016)
Padilla Bay, Washington State 1.68 + 0.09 0.08 +0.01t00.31 +0.03cmyr™"  Poppe and Rybczyk
(2018)
Pacific Northwest Coast, United States 0.635 + 0.14 15.99 + 0.88 - Kauffman et al. (2020)
Clayoquot Sound, Canada 1.30 7.90 + 2.83 - Postlethwaite et al. (2018)
Cowichan Estuary, Canada 0.52 + 0.040 179+1.21 0.47 +0.32cmyr’ This study
Other seagrasses
Oyster Harbour, Western Australia 1.6t016.9 - 0.066 + 0.003 cm yr' Marba et al. (2015)
Chek Jawa, Singapore 11+01 276 - Phang et al. (2015)
Abu Dhabi, UAE 0.6 +0.39 982+ 14 = Campbell et al. (2015)
Global 2x01 32.7 - Fourqurean et al. (2012a)
Florida Bay, USA 21 +03 32.7 Fourqurean et al. (2012b)
Shark Bay, Australia 19+04 48.6 - Fourqurean et al. (2012b)
Palau, Micronesia 16.7 £ 0.5 9.6 + 0.86 - Kauffman et al. (2011)
Quintin Bay northeast Pacific, Mexico - 16.0 to 19.6 0.02-321 gem 2y’ Cuellar-Martinez et al.
(2019)
Mudflats
China - - 0.93 and 2.81 cm y’1 Ye et al. (2015)
Chek Jawa, Singapore 1.4 +02 24810 28.6 - Phang et al. (2015)
Indonesia - 1242 - Sasmito et al. (2020)
Australia 3-5 - - Cook et al. (2004)
3.25-4.41 - 0.33+04cmy’ Bernal and Mitsch (2013)
Tamandaré, Brazil = e 0.73cmyr’ Sanders et al. (2010)
Cowichan Estuary, Canada 0.82+0.13and 0.58 + 19.1 +3.78 and 16.9 + 0.40 + 0.21(mean salt marsh and  This study
0.048 4.36 eelgrass)

Literature values have been divided by five to convert SOC stocks from 100 cm to 20 cm depth.
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Forest TEC stock (Mg CO,e ha™) SOC (30%) (Mg CO,e ha™") SOC (50%) (Mg CO,e ha™)

Mature stands, PNW 549-828 164-248 275-414
Old growth forest, interior B.C. 237-309 71-92 119-155
Second growth forest, interior B.C. 147 44 73
Cowichan Estuary SOC stock (Mg CO.e ha) - -
Salt marsh 215.6 +14.2 - -
Upper mudflat 70.7 £ 4.4 - -
Lower mudflat 63.5 £ 4.4 = -
Eelgrass meadow 66.9 + 0.6 - -
Total

In the terrestrial habitats, 30-50% of carbon is stored in the soil and thus represent the upper and lower limits of SOC calculated from total ecosystem carbon stock (TECS). Forest data
from Black et al., 2008.





