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Abstract 

Salt marshes are highly valuable ecosystems that have recently been recognized for the 

climate change mitigation potential of their soil carbon sequestration. This ‘blue carbon’ 

is sequestered annually and can be stored for more than a century, but their storage 

potential has not been well studied on the Pacific coast of North America. This study 

collected sediment cores from high and low marsh zones in the western portion of 

Boundary Bay, Delta, British Columbia (BC), to assess carbon storage and carbon 

accumulation rates (CARs). Carbon stocks in the high marsh were significantly higher 

compared to low marsh, averaging 84.2 ± 30.9 Mg C/ha and 39.3 ± 24.2 Mg C/ha, 

respectively. CARs ranged from 19.5 to 454 g C/m2yr, with an average of 137 ± 162 g 

C/m2yr and a median of 70.1 g C/m2yr. Our CARs indicate that the marsh exhibits 

substantial variability. Both carbon stocks and accumulation rates were at least 45% 

lower than global estimates but were similar to other studies on the Pacific coast of 

North America. By controlling for marsh environment and dating method, we provide a 

new 210Pb estimate of CAR of 88 ± 20 g C/m2yr for the Pacific coast of North America. 

Our low carbon stock and accumulation rates in comparison to global estimates are 

likely due to the shallow depth of the marsh and the dominant type of vegetation. 

Despite historical modifications and disturbances to the marsh, our study suggests that 

the western portion of Boundary Bay marsh has been growing in areal extent since at 

least 1930. Current legislation in the province of BC does not adequately protect salt 

marshes. This study provides the first quantification of carbon stocks and CARs, which is 

an important step towards leveraging the co-benefit of salt marshes for improved 

management, restoration, and preservation for these ecologically and culturally 

important ecosystems. This study outlines subsequent steps and research needed for 

Boundary Bay marsh, or other salt marshes in BC, to be included in a voluntary carbon 

market in British Columbia.  

Keywords:  blue carbon; salt marsh; carbon stock; carbon accumulation; British 

Columbia; coastal management 
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Introduction 

Salt marshes are intertidal ecosystems found on sheltered marine coastlines. 

Coastal wetlands, salt marshes, mangroves, and seagrass meadows, have been 

recognized to sequester large amounts of carbon relative to their small surface area due 

to the ability to efficiently trap and bury suspended organic matter in their soils (Chmura 

et al. 2003; Bridgeham et al. 2006; Drake et al. 2015). Their high carbon sequestering 

abilities are primarily due their high primary productivity, ongoing sediment deposition, 

ongoing burial of autochthonous vegetation (litter and roots), and relatively low 

decomposition rates (Callaway et al. 2012; Drake et al. 2015). This carbon stored in the 

soils of coastal wetlands has been coined ‘blue carbon’. Moreover, due to the vertical 

sediment accretion in response to rising sea level, the size of the carbon stock and 

accumulation rate can increase over time (Stagg et al. 2016).  

Salt marshes are known to be dynamic, complex, and have intra marsh variability 

due to their unique position in the tidal frame (Boyd et al 2017; Lewis et al. 2018). 

Studies have suggested that vegetation, sediment supply, tidal range and elevation are 

important drivers and predictors for carbon sequestration potential in salt marshes 

(Chmura and Hung 2004; Ouyang and Lee 2014; Kelleway et al. 2017). Furthermore, 

the saline conditions in which these marshes thrive ensure net carbon sequestration. 

Seawater contains sulfate ions which undergo sulfate reduction and outcompete 

methanogenesis in soil thus limiting methane production (Kroeger et al. 2017). 

Consequently, polyhaline (salinity >18) tidal marshes have been shown to have 

negligible methane emissions, which implies that they are net carbon sinks that can help 

to mitigate climate change (Poffenbarger et al. 2011).  However, tidal marshes with 

salinities less than 18 have been found to have highly variable methane emissions, 

which may be high enough to negate the carbon sequestration of the marsh 

(Poffenbarger et al. 2011; Callaway et al. 2012). Understanding the complete carbon 

budget of a tidal marsh, including all fluxes, is crucial to quantifying the true carbon burial 

potential of a marsh.  

 



2 

With the goal of estimating global and regional estimates, previous research on 

salt marsh blue carbon potential has provided carbon stocks, carbon accumulation rates 

and areal extent of marshes at various locations around the world (Chmura et al. 2003; 

Mcleod et al. 2011; Ouyang and Lee 2014). However, the relatively few data and high 

uncertainty of salt marsh carbon storage and sequestration have necessarily led to 

generalizations of global carbon estimates. The carbon burial rates reported for salt 

marshes range from 18 to 1713 gC m -2 yr-1 (with an estimated average of 244.7 gC m-2 

yr-1). Considering that the global area of marshes likely ranges from 22,000 to 400,000 

km2, these wetlands could be storing between of 4.8 to 87.2 Tg C yr-1 globally (Mcleod et 

al. 2011; Ouyang and Lee 2014). However, global estimates of areal extent and carbon 

burial rates of these ecosystems are most likely extremely inaccurate (±50%), and thus 

better estimates should be a priority (Hopkinson et al. 2012; Macreadie et al. 2019). In 

regions with little or no data, using global estimates, rather than of collecting site specific 

data, may be predicting inaccurate carbon burial rates and carbon stocks, particularly 

given recorded differences between marshes within the same region (Lewis et al. 2018). 

Areas such as the temperate Pacific coast of Canada are notably absent from recent 

synthesis efforts because of the lack of published data (Chmura et al. 2003; Ouyang and 

Lee 2014). Quantifying carbon stocks, accumulation rates and areal extent in 

underrepresented regions to better characterize variability has been recommended in 

recent literature (Mcleod et al. 2011; Lewis et al. 2018; Macreadie et al. 2019).  

In addition to their importance as carbon sinks, coastal wetlands can help coastal 

communities with climate change adaptation through shoreline stabilization, storm surge, 

and flood protection (Lau 2013). Coastal communities will find it beneficial to identify and 

assess ecosystems that have the potential can be managed for climate change 

mitigation and adaptation, as well as enhance conservation efforts (Villa and Bernal 

2018). Coastal communities are increasingly vulnerable to climate change effects such 

as sea level rise, increased storm intensity and frequency, and increased intensity of 

storm surges (Spalding et al. 2014). Action is required by coastal communities to both 

mitigate against rising CO2 emissions and adapt to inevitable change (Spalding et al. 

2014; Moomaw et al. 2018).  A new approach in which communities are responding to 

climate change involves harnessing these multiple ecosystem services found in coastal 

ecosystems through conservation, restoration, and management (Sutton-Grier et al. 

2015).  
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Unfortunately, coastal ecosystems are threatened yearly through losses from 

reclamation, development, and sea level rise, ranging from 0.7 to 7% losses annually 

(Mcleod et al. 2011; Pendleton et al. 2012; Ouyang and Lee 2014). These high rates of 

conversion and degradation highlight their vulnerability and the need for protection and 

restoration to ensure these ecosystems persist, continue to sequester carbon into the 

future, and help communities adapt to climate change. Therefore, meaningful estimates 

of carbon stock and accumulation rates are needed to quantify the potential carbon loss 

and to ensure policy is accurately estimating damages and impacts to carbon 

sequestration and storage (Pendleton et al. 2012; Lewis et al. 2018). Moreover, to 

appropriately and accurately incorporate blue carbon into policy, plans, or programs, 

regionally specific data are required (Pendleton et al. 2013; Sheehan et al. 2018; Villa 

and Bernal 2018). The paucity of salt marsh carbon storage and sequestration data in 

specific regions creates difficulties in designing conservation and restoration plans that 

include blue carbon initiatives, prevents incorporation of these ecosystems into carbon 

markets, and inhibits potential carbon policies (Pendleton et al. 2012; Ullman et al. 2013; 

Sutton-Grier and Moore 2016). Quantifying carbon stocks and carbon accumulation 

rates helps inform provincial, regional, and municipal carbon strategies and can help 

bolster conservation and rehabilitation of salt marshes (Sutton-Grier and Moore 2016; 

Moomaw et al. 2018; Sheehan et al. 2018).  

The salt marsh in Boundary Bay has been recognized as an important 

ecosystem for its critical habitat, biodiversity, and recreational benefits and has been 

designated as provincial Wildlife Management Area (Government of British Columbia). 

Boundary Bay is also the largest salt marsh in the Lower Mainland. Thus, it has the 

potential to be the most important blue carbon ecosystem in the region. Furthermore, the 

municipalities of Delta and Surrey have expressed increasing interest in harnessing the 

marsh’s climate adaptation services to help mitigate against sea level rise (Infrastructure 

Canada). Through enhanced management and by expanding the marsh, the marsh will 

help mitigate the effects of storm surges and flooding. There is also interest in whether 

the Boundary Bay marsh could also be used to help mitigate climate change through its 

carbon sequestration services. Metro Vancouver has recently included Boundary Bay in 

a regional carbon storage data set to better support land-use decision making (Welham 

and Seely 2019).  
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This research provides new and essential data into the role of salt marshes in 

carbon storage and sequestration on the northwest Pacific coast of North America and 

the Lower Mainland of British Columbia. This research improves knowledge of blue 

carbon habitats and their ability to mitigate carbon emissions and provides policy-

relevant carbon estimates. Our study quantifies blue carbon in the western portion of the 

salt marsh found in Boundary Bay, Delta, British Columbia. We calculated dry bulk 

density, percent carbon, and carbon stocks from sediment cores collected from the high 

and low marsh areas. Carbon storage data were extrapolated to the entire marsh using 

estimated marsh area, as well as a new method derived from the volume of the organic 

layer. We used 210Pb and 226Ra radiometric dating to determine sediment core age and 

carbon accumulation rates for high, low and total marsh area. Boundary Bay marsh data 

were then compared to determine site specific carbon variability and drivers, and among 

salt marshes regionally and globally to identify trends. Lastly, we examined the role of 

salt marshes in climate change mitigation and the potential integration of blue carbon 

into regional coastal planning, decision making, and the carbon credit market.  
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Methods  

 Study Area  

The study site is situated in the western portion of Boundary Bay, Delta, B.C 

(Figure 1). The salt marsh is 8.0 km long and 0.5 km wide at its widest point, with a total 

area of 1.4 km2 (140 ha). Sampling occurred in the western portion of the marsh, 

comprising ~0.55 km2 (55 ha) of the marsh. The salt marsh is bounded to the north by a 

large, man-made dike. While the original date of construction is unknown, the dike was 

strengthened and heightened in 1948 (Shepperd 1981). The land north of the dike is 

comprised of various farms, a small airport (Boundary Bay Airport), a golf course, and 

sparse residential housing.  

The water near the leading edge of the marsh has a salinity of 24 to 29, similar to 

that of the Strait of Georgia (Swinbanks and Murray 1981). The Serpentine river and 

Nicomekl river flow into Mud Bay in Surrey, B.C., which is approximately 7km east of the 

marsh area sampled (Baldwin and Lovvern 1994). The tides in Boundary Bay are a 

mixed semidiurnal type, with two high and two low tides (Shepperd 1981). The mean 

tidal range is 2.7 m, with a maximum spring tidal range of at least 4.1 m and a minimum 

neap tidal range of 1.5 m (Swinbanks and Murray 1981). 

Boundary Bay is known as the inactive southern flank of the Fraser Delta, 

because most of the sediment from the Fraser River plume is blocked from entering the 

bay by Point Roberts peninsula (Swinbanks and Murray 1981). Sediment is brought into 

the Bay via loose sediment from the cliffs at Point Roberts. The Serpentine and 

Nicomekl rivers discharge only a minor amount of sediment into the eastern part of the 

Bay (Swinbanks and Murray 1981).  
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 Field Sampling  

All sampling occurred at the widest portion of the marsh in the western part, west 

of 72nd St, in Delta, BC (Figure 1). Sampling included: vegetation surveys, sediment 

coring, marsh depth estimates, and porewater salinity measurements. 

For sediment coring, three transects were chosen to best represent the variability 

of the marsh that occurs from the transition from high to low marsh. Transects were 

parallel to one another positioned perpendicular to the dike’s edge. We attempted to 

evenly sample from both high and low marsh zones. Additional sites away from transect 

lines were sampled to capture full variability in marsh vegetation (Figure 1).  

 



7 

 
Figure 1  Map of the location of Boundary Bay marsh, Delta, B.C. in relation to 

Vancouver, B.C. The inlay map shows the location of three transects 
and coring sites in the western portion of Boundary Bay. All cores 
were collected for carbon analysis. The red dots indicate the three 
high marsh cores that were dated, the blue dots indicate the three 
low marsh cores that were dated and white dots indicate all other 
cores.  

 

Low and high marsh zones were differentiated through vegetation surveys done 

at each core sampling site. At each site a 50 x 50 cm quadrat was placed, and percent 

cover of each species was recorded (Table A1, Appendix A). Sampling sites were 

considered low marsh if the majority of plant species in a given quadrat was Salicornia 

virginica, Triglochin martima, and Spergularia marina (Porter 1982; Weinmann et al. 
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1984). Sampling sites were considered high marsh if the majority of plant species in a 

given quadrat was Atriplex patula, Distichlis spicata, Grindelia integrifolia, Aster 

subspicatus, Deschampsia caespitose, Scirpus maritimus, and Achillea millefolium 

(Porter 1982; Weinmann et al. 1984). Salicornia virginica was found across both strata, 

but it was most prevalent in the low marsh. The only exception to this marsh zonation 

were two cores sampled in salt pannes (cores SP2 and C1). Salt pannes are depressed, 

poorly drained areas where tidal water pools and salinity concentrates through 

evaporation (Pennings and Bertness 2001). Salt panne sampling sites were 

distinguishable in the high marsh through visible depressions in the marsh, standing 

water in the middle of the depression or desiccated bare soil, and Salicornia 

monocultures that clearly transition to high marsh plant species at the circumference of 

the panne. These sites were considered high marsh cores because they do not 

experience the same tidal pressures as the low marsh and are only filled with tidal 

waters due to storms or high tides (Pennings and Bertness 2001).  

A total of 22 sediment cores were collected using a Livingstone piston corer that 

was pushed into the ground to the depth of refusal (Table 1). Depth of refusal is 

considered a reasonable estimate of organic soil thickness because it assumes that 

organic soil is easier to penetrate than underlying sands and/or bedrock (Howard et al. 

2014). For this study, we assumed that the underlying sand layer was formed prior to 

marsh initiation (Howard et al. 2014). Eight cores were collected in the summer of 2014; 

two cores were collected in June of 2017; and the final 12 cores were collected May-

September 2018. Each sediment core was extruded from the corer onto PVC tubing that 

was cut in half, resulting in cores 5.5 cm in diameter. Cores were stored in the Parks 

Canada laboratory and refrigerated at 4˚C. One “core” (Core W-A) is actually a pit that 

was dug until sand was reached, and samples were taken every 5 cm.  
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Table 1 Sediment core sampling information collected in the western portion 
of Boundary Bay, Delta, BC. Core W-A was not a core, but a pit with 
soil samples taken every 5 cm.  

Core ID 
Latitude 

49’ – 
Longitude 
123 02’ – 

Date 
Collected 
Summer - 

Marsh 
Zonation 

Core 
Length 

Depth 
of 

Refusal 

Soil Type 
at 

Bottom 
of Core 

T3 - 2 02' 50.1" 45.2" 2018 HM 25 75 Silt 

T3 - A 02' 49.1" 48.8" 2018 HM 27 52 Slit/Sand 

C2 02' 54.4" 46.1" 2018 HM 19 n/a Woody 
Debris 

C3 02' 53.2" 39.4" 2018 HM 20 25 Slit/Sand 

BB1 02' 55.6" 44.6" 2017 HM 21 21 Sand 

BB1-4 02' 55.7'' 45.5'' 2014 HM 18 n/a Unknown 

BB1-3 02' 50.7'' 43.9'' 2014 HM 24 n/a Unknown 

BB2-5 03' 00.2'' 15.3'' 2014 HM 24 n/a Unknown 

T2-EA 03' 01.1" 04.9" 2018 HM 27 50 Sand 

W-A 02' 36.2" 55.3" 2018 HM 45* 45 (pit) Sand 

C1 02' 54.4" 44.5" 2018 S 21 n/a Silt 

SP2 02' 51.1" 37.0" 2018 S 16 23 Sand 

T3 - 1 02' 52.8" 48.7" 2018 HM 25 35 Sand 

BB1 - 2 02' 49.6'' 42.9'' 2014 LM 29 n/a Unknown 

BB2 02'47.6" 40.0" 2017 LM 23 23 Sand 

BB1 - 1 02' 44.0'' 40.8'' 2014 LM 17 n/a Unknown 

BB2 - 4 02' 59.1'' 13.4'' 2014 LM 19 n/a Unknown 

BB2 - 3 02' 57.4'' 08.3'' 2014 LM 13 n/a Unknown 

BB2 - 2 02' 56.9'' 07.6'' 2014 LM 20 n/a Unknown 

T2 -6 03' 00.1" 12.6" 2018 LM 42 60 Sand 

LM1 02' 47.7" 30.6" 2018 LM 29 40 Sand 

LM2 01' 48.0" 36.6" 2018 LM 29 42 Sand 

HM = high marsh; LM = low marsh; S = salt panne  
* pit  

 

Vegetation surveys and GPS coordinates were recorded at an additional 154 

sampling sites throughout the western portion of the marsh (Appendix Table. A2). 

Twenty-seven transects separated every 50 m were selected, and each sampling site 

was approximately every 50 m in each transect. Of the 154 additional sampling sites, 

139 depth measurements were collected by pushing a metal meter stick one meter in 

length into the ground until sand was hit. These depth profiles were used to calculate 



10 

marsh thickness so that a more robust carbon stock of the marsh could be estimated. 

The vegetation surveys were used to create an accurate map of low marsh and high 

marsh using QGIS 3.0 tools. 

Porewater salinities were collected once in July 2019. Seven porewater samples 

were collected along Transect 2, and two samples were collected east of Transect 2 to 

measure the middle of high marsh. Two samples were extracted from salt pannes; two 

samples were extracted from low marsh; and five samples were extracted from high 

marsh. Porewater was collected using a porewater sipper and a syringe to suction water 

from the soil at depths of 25 – 45 cm. Approximately 30 mL of soil porewater were 

extracted, and the salinity was tested using a hand held YSI conductivity meter (± 0.1 

ppt).  

 Estimating Marsh Area, Volume, and Expansion 

Marsh Area 

To obtain area estimates of high and low marsh zones, QGIS 3.0 tools were 

used with a 50 by 50 m resolution Google satellite base map compiled from images 

taken on July 23, 2018. The difference between high marsh and low marsh was 

delineated by eye through variations in vegetation color using Google Satellite base map 

imagery where plant assemblage transition between high and low marsh can be seen. 

The low marsh, halophyte-dominated, plant assemblage was a lighter shade of green 

compared to the various high marsh plant assemblages that are a darker green. This 

delineation was further verified by vegetation surveys at 176 sample points (from 22 

sediment core sites and 154 additional sample sites) and field notes for 45% (63 ha) of 

the marsh. The other 55% (77ha) of high and low marsh area to the east of the sampled 

zone was delineated only by eye using 2018 Google Satellite base map vegetation 

coloration. 

Marsh Volume 

The volume of a specified bounded area in the western portion of Boundary Bay 

west of 72nd street was calculated using ArcMap 10.3 tools. The volume was calculated 

using the 139 depth profiles to interpolate a surface elevation using the Kriging 

geostatistical method. The surface elevation was used to calculate an estimate of the 
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volume of a specified bounded area of the marsh. The kriging geostatistical method 

makes the highest surface elevations lower than the deepest points recorded (0.90 m) 

and the lowest surface elevations are then higher than the shallowest points recorded 

(0.15 m). Moreover, due to the shallow depths recorded (0.15 m – 0.9 m) in relation to 

the distance between measurements (7.0 m - 90 m), and that the topography is highly 

variable between points, the estimated volume can result in error (Amante 2018). Thus, 

a second, simpler, method was used to verify the interpolated volume through kriging by 

multiplying the area of the same bounded area used for the kriging method and 

multiplying it by the average of the un-compacted core lengths.   

Marsh Expansion 

QGIS 3.0 tools were used with 50 by 50 m resolution Google Satellite base map 

and air photos taken on May 5, 1930 (provided by NRCan, National Earth Observation 

Data) were used to estimate marsh expansion. The 1930 air photo was georeferenced 

and then overlaid on the Google Satellite base map to measure how much the marsh 

had grown.  

 Laboratory Work 

Sediment cores (n=22) were split in the laboratory, where sedimentology was 

logged. Well-determined, 1-cm3 volumes of sediment were sampled at 1 cm increments, 

for the entire length of the sediment core. These samples were oven-dried (72 hrs at 60 

˚C) and weighed to determine dry bulk density (DBD, g/cm3) (Howard et al. 2014).  

These samples were then ground using a mortar and pestle. Ground soil samples were 

combusted in a muffle furnace (4 hrs at 550 ˚C) to burn off all the organic compounds 

(Howard et al. 2014). These samples were then weighed to calculate loss-on ignition 

(LOI) to quantify the fraction of organic carbon lost in each sample:  

% 𝐿𝑂𝐼 = (
𝐷𝑊𝑖−𝐷𝑊𝑓

𝐷𝑊𝑖
) ×  100         (1) 

Where 𝐷𝑊𝑖 is the initial dry weight and 𝐷𝑊𝑓 is the dry weight after burning.  

Elemental analysis (EA) was used on a fraction on these samples to more 

accurately quantify the fraction of organic carbon (%Ctotal), at the University of British 
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Columbia’s Department of Earth, Ocean, and Atmospheric Sciences. The same 

subsamples used to determine EA were analyzed to determine total inorganic carbon 

(IC) using a UIC CM5014 CO2 coulometer connected to a UIC CM5130 acidification 

module at the Climate, Oceans, and Paleo-Environments laboratory at Simon Fraser 

University. Percent inorganic carbon was negligible in all the samples analyzed (max = 

0.01% IC) and was assumed to be zero for all %C calculations (Howard et al. 2014; 

Hodgson and Spooner 2016; Chastain 2017; Postlethwaite et al. 2018) 

The EA results from this study were combined with the results from Chastain 

(2017) for a more robust relationship. Chastain (2017) measured carbon stocks and 

accumulation rates in the salt marshes found in Clayoquot Sound, British Columbia. A 

least-squares regression relationship was then plotted (%Ctotal vs %LOI) so that %LOI 

measurements can be used to determine the fraction of organic carbon (%C) in each 

sample (r2 = 0.97) (Figure 2) (Howard et al. 2014; Postlethwaite et al. 2018). 

 %𝐶 = 0.44 (%𝐿𝑂𝐼) − 1.33        (2) 

 
Figure 2 Percent total carbon (EA) to percent loss-on-ignition (LOI) least-

squares regression relationship. Percent total carbon calculated 
using elemental analyser data from this study (BB1 and BB2) and 
EA and LOI data from Chastain (2017), whose data is calculated from 
cores sampled in marshes in Clayoquot Sound, British Columbia. 
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 Carbon Stocks 

Carbon stocks were quantified first by measuring the soil carbon density (SCD) 

for each 1 cm sample for the entire length of each core (n= 22, n=13 for high marsh, n=9 

for low marsh). Soil Carbon Density (SCD,
𝑔𝐶

𝑐𝑚3) is the mass of carbon found per unit 

volume of soil, which can be derived from the calculated dry bulk density and percent 

carbon for each centimeter interval sampled (Howard et al. 2014). 

 𝑆𝐶𝐷 (
𝑔𝐶

𝑐𝑚3) = (
%𝐶

100
) ×  𝐷𝐵𝐷 (

𝑔

𝑐𝑚3)       (2) 

The carbon stock for each core (g C cm-3) was calculated by the sum of all SCD for the 1 

cm intervals in each core (Howard et al. 2014).  

 𝐶𝑠𝑡𝑜𝑐𝑘𝑐𝑜𝑟𝑒  (
𝑔𝐶

𝑐𝑚2) =  ∑  𝑆𝐶𝐷𝑖
𝑛
𝑖=0 ×  1𝑐𝑚      (3) 

Where n is depth of the core (cm) and  𝑆𝐶𝐷𝑖 is the SCD of each 1 cm interval of soil (g C 

cm-3).  

For cores in which compression was caused by sampling a compression factor 

was used to compensate for the error. To calculate the correct depth of each sample, a 

compression factor is calculated by dividing the length of core penetration by the length 

of core sample recovered (Equation 4), the compression factor is then multiplied by the 

depth of the compressed core sample depth (Equation 5) (derived from Howard et al. 

2014).  

𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 =
𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑐𝑜𝑟𝑒 𝑝𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑐𝑚)

𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑐𝑜𝑟𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑐𝑚)
      (4) 

𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝐷𝑒𝑝𝑡ℎ = 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 ×  𝑑𝑒𝑝𝑡ℎ 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 𝑓𝑟𝑜𝑚 𝑐𝑜𝑟𝑒 (𝑐𝑚) (5) 

The compression factor is used for the entire length of the core, which assumes that all 

sections of the core are compacted equally. However, we note that dry bulk density, 

ability to compact, and soil type are likely to vary throughout the core, which means that 

assuming a constant compression factor may be an oversimplification (Howard et al. 

2014; Morton and White 1997). 
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 Another method used to ensure that our data were properly considering 

compression involved uncompressing the SCDs per core. This method was specifically 

used to help quantify carbon stocks using the volumetric methods explained below. To 

calculate the uncompressed SCD for the volume of the marsh we used the average SCD 

per core multiplied by the compression factor for that specific core derived from Equation 

4 (Equation 6) (derived from Howard et al. 2014): 

𝑈𝑛𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑 𝑆𝐶𝐷 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑖𝑜𝑛 = 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑆𝐶𝐷 ×  𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟  (6) 

The carbon stocks derived from our cores were scaled up to mega grams of 

carbon per hectare (MgC/ha) to calculate carbon stocks for high marsh (n=13), low 

marsh (n=9), and the entire marsh (n=22). Carbon stocks for the marsh were calculated 

using three methods (see section 2.3 and Table 4): (1) a traditional approach of 

multiplying marsh area by average carbon stock, (2) a kriging volumetric based 

approach of multiplying a geostatistical kriging derived marsh volume by average 

uncompressed SCD, and (3) a simplified volumetric approach of multiplying marsh area 

by average core lengths by the average uncompressed SCD (Equation 6).  

This first method is the most widely used, traditional method to calculate carbon 

stocks and uses the area of the marsh and the of carbon stocks calculated for each 

core. To calculate low and high marsh carbon stocks, the carbon stocks from each core 

for each marsh strata are averaged and then multiplied by marsh strata areas (high 

marsh, low marsh) (Mg C). Entire marsh carbon stock is then calculated by adding 

together the low marsh and high marsh carbon stocks.  

The second and third methods are new methods that use the volume of the 

marsh. These methods calculate the carbon stock for specific, bounded areas based on 

the 136 depth profiles collected from Boundary Bay (Mg C). The kriging volume (m3) was 

calculated using a kriging geostatistical method derived from the 136 depth profiles, and 

was then multiplied by the average of the uncompressed SCD ( 
𝑔𝐶

𝑚3) for all cores 

(Equation 6). Due the potential errors associated with the kriging geospatial analysis 

used to calculate the volume, the third, simplified method is used to verify the calculated 

carbon stock. This simpler method uses the bounded area (m2) multiplied by the average 

length of the core depths (m) to calculate volume (m3). This simplified volume (m3) of the 
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bounded area is then multiplied by the average of uncompressed SCD ( 
𝑔𝐶

𝑚3) (Equation 

6).  

These two carbon stocks calculated by volume were compared to the traditional 

calculation of carbon stock for the specific bounded area.  For this comparison, the 

traditional carbon stock calculation for the bounded area (ha) calculated from QGIS 3.0 

tools is multiplied by the average carbon stock of all cores (
𝑀𝑔𝐶

ℎ𝑎
).  

  Carbon Accumulation Rates 

To determine the carbon accumulation rates (CARs), subsamples from six of the 

22 cores (n=3 for high marsh, n=3 for low marsh), were sent for 210Pb (lead) and 226Ra 

(radium) radiometric dating analysis. Cores selected for radiometric dating were chosen 

to best represent the spatial variability and typical sediment layers found in the marsh in 

comparison to the undated cores collected throughout the marsh. All cores used for 

dating purposes were corrected for depth compression to ensure accurate sedimentation 

rates (Equations 4 and 5) (Morton and White 1997). Four cores were sent to GEOTOP 

laboratories at the Université du Québec à Montréal (Montreal, QC), and two cores were 

sent to Flett Research Ltd (Winnipeg, MB).  

All samples sent for radiometric dating were oven-dried (72 hrs at 60 ˚C), 

weighed to determine dry bulk density, and homogenized using a mortar and pestle. 

Between eight and 11 dried sub-samples per core were analyzed for 210Pb 

measurements. One 226Ra measurement per core was analyzed to determine the 

supported 210Pb (210Pbsup) measurements (Figure 3a). 210Pbsup
 is derived from the in situ 

decay of the parent nuclei 226Ra, and 210Pbsup is assumed to equal the 226Ra 

measurement in each core (Arias-Ortiz et al. 2018). The excess of 210Pb (210Pbexs, also 

known as unsupported 210Pb) is calculated by subtracting the total activity of 210Pb minus 

210Pbsup (Figure 3b) (Ghaleb 2009). This 210Pbexs is deposited from the atmosphere and 

accumulates at the sediment surface (Arias-Ortiz et al. 2018). Some of the dated cores 

had visible mixing in the sediments below 28 cm, coincident with the deposition of the 

sand horizon below the marsh soil. Thus, even though 210Pbexs was detected below 28 

cm, these measurements were not included for CAR modelling. The estimated rate of 
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decline of 210Pbexs with depth in each sediment core was used to calculate the CARs of 

the six cores (Arias-Ortiz et al. 2018).  
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Figure 3  Sample of the downcore distribution of 210Pb (core T2-6) where in (a) 
the total 210Pb activity decreases to the supported 210Pb and 226Ra, 
226Ra is represented by the orange marker and the 210Pbsup and 226Ra 
are found in the yellow shadded rectangle, in (b) the 210Pbexs activity 
decreses with depth, and in (c) the ln of 210Pbexs activity decreases 
with depth, the line represents the line of best fit from the linear 
regression, i is the depth interval, and the two red dots represent the 
linear regression adjusted 210Pbexs values for A0 and Ax. Depths are 
uncompressed.  
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To estimate CARs, one must first estimate mass accumulation rates (MARs), 

which are dependent on estimated sedimentation rates (SARs), and ultimately sediment 

ages. The age of the sediments can be calculated differently using two different 

geochronological models: the Constant Initial Concentration model (CIC) and the 

Constant Rate of Supply model (CRS). Both models have been used widely to derive 

210Pb chronologies in salt marsh sediments (Appleby and Olfeld 1978; Ghaleb 2009; 

Mackenzie et al. 2011; Arias-Ortiz et al. 2018). Both models assume that the amount of 

210Pbexs deposited at the sediment surface remains constant through time, and that there 

is negligible migration of 210Pb and associated radionuclides in the sediment (Ghaleb 

2009; Arias-Ortiz et al. 2018). The CIC model also assumes the sediment accumulation 

rates remain constant through time (Appleby and Olfeld 1978; Ghaleb 2009). In contrast, 

the CRS model assumes the supply of 210Pbexs to the sediment surface remains constant 

through time and that any deviation from a constant concentration of 210Pbexs in the 

sediment is due to changes in sedimentation rate (Appleby and Olfeld 1978; Ghaleb 

2009).  

The CIC model uses age-depth relationships constructed using the 210Pbexs 

measurements and the deepest, uncompressed depth in the core above which mixing 

has not affected the downcore distribution of 210Pbexs (Ax) (Figure 3c). For the CIC model, 

the interval (𝑖) is defined the core thickness (cm) between the surface (A0) and this 

deepest uncompressed depth (Ax) (Figure 3c).  

Age derived from the CIC model (tCIC, yr): 

𝑡𝐶𝐼𝐶  (𝑦𝑟) =  −
1

𝜆
 × ln (

𝐴𝑥

𝐴0
)       (7) 

Where Ax is the final 210Pbexs measurement, A0 is the surface 210Pbexs 

measurement, and 𝜆 (0.03114) is the decay constant of 210Pb (see Table A3 for linear 

regression adjusted 210Pbexs).  In this case, we first plotted the natural log (ln) of the 

210Pbexs against uncompressed depth (Figure 3b) and calculated the slope using a linear 

regression (Figure 3c, 11 and 12) (Callaway et al. 2012; Ghaleb 2009). The linear 

regression line was then used to select points Ax and A0 (Figure 3c). Finally, the age of 

the sediment was calculated using Eqn (5) to estimate the SARs, MARs, and CARs for 

each core (Lynch et al. 1989, Ghaleb 2009; Callaway et al. 2012). Thus, using the CIC 

method, a single SAR, MAR and CAR is calculated for each core (Table 5).  



19 

In contrast, the CRS model uses the integration of the total inventory of 210Pbexs in 

a core, the length of the uncompressed sediment core, and the inventory of 210Pbexs in 

each interval in a core (Ghaleb 2009). Here, the interval (𝑖) represents the sediment 

layer (or thickness) between each 210Pbexs measurement (cm). Age derived at each 

interval from the CRS model (tCRS, yr): 

𝑡𝐶𝑅𝑆 (𝑦𝑟) = 𝑙𝑛 (
𝑡𝑜𝑡𝑎𝑙 𝑖𝑛𝑣𝑒𝑛𝑡𝑜𝑟𝑦 𝑜𝑓 210𝑃𝑏𝑒𝑥𝑠 

𝑖 𝐼𝑖 𝐷𝐵𝐷𝑖
) ÷  𝜆     (8) 

Where the total inventory of 210Pbexs is the sum of the 210Pbexs in the sediment column, 𝑖 

is the interval thickness (cm) between each 210Pbexs measurement, Ii is the activity of 

210Pbexs for interval (𝑖), DBDi is the dry bulk density (g/cm3) interval (𝑖), and 𝜆 (0.03114) is 

the decay constant of 210Pb.  

To calculate the SARs, MARs, and CARs of each of the cores, the same 

equations are used regardless of which geochronological model is used. The only 

difference, other than how each model calculates t, is the interval (𝑖) that is chosen. For 

the CIC model a single SAR, MAR, and CAR is calculated for each core, which is due to 

a single interval (𝑖) that is measured between A0 and Ax. In contrast, the CRS model 

calculates SAR, MAR, and CAR for each interval (𝑖), which is a single sediment layer (or 

thickness) between each 210Pbexs measurement throughout a core. Thus, the CRS model 

allows one to estimate changes in age and sedimentation rate for each depth interval. 

The average SAR, MAR, and CAR ± SD can be calculated for each core if needed.  

Once ages are determined, the Sedimentation Accumulation Rate (SAR, 𝑐𝑚 𝑦𝑟⁄ ) is 

calculated as:  

𝑆𝐴𝑅 (
𝑐𝑚

𝑦𝑟
) =  

𝑖

 𝑡𝑥− 𝑡0
       (9) 

Where tx is the age at the base of interval (𝑖) and t0 is the age at the top of interval (𝑖).  

The Mass Accretion Rate (MAR, g/cm2*yr) is calculated using the following equation: 

𝑀𝐴𝑅 (
𝑔

𝑐𝑚2𝑦𝑟
) = 𝐷𝐵𝐷𝑖

̅̅ ̅̅ ̅̅ ̅  ×  𝑆𝐴𝑅 (
𝑐𝑚

𝑦𝑟
)      (10) 

Where 𝐷𝐵𝐷𝑖
̅̅ ̅̅ ̅̅ ̅  is the average DBD for the interval (𝑖). 
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Carbon accumulation rates are calculated in two steps: 

First, the fraction of carbon (Ci) for each depth interval (𝑖) was estimated as the total 

mass of carbon divided by the total mass of the bulk sediment. This fraction was 

estimated by summing the soil carbon densities and dry bulk densities for each depth 

interval: 

𝐶𝑖 =  
∑ 𝑆𝐶𝐷𝑛

𝑛−1 (
𝑔 𝐶

𝑐𝑚3)

∑ 𝐷𝐵𝐷𝑛
𝑛−1 (

𝑔

𝑐𝑚3)
         (11) 

Where, n represents the upper depth and n-1 represents the deepest depth for the 

interval (𝑖) being calculated.  

Second, the carbon accumulation rate (CAR, (
𝑔 𝐶

𝑚2𝑦𝑟
)) is calculated as the product of the 

mass accretion rate and the fraction of carbon for each interval i:  

𝐶𝐴𝑅 (
𝑔 𝐶

𝑚2𝑦𝑟
) = 𝐶𝑖 × 𝑀𝐴𝑅 (

𝑔

𝑚2𝑦𝑟
)      (12) 

For the CIC model (i) represents the depth interval between A0 and Ax. For the CRS 

model the depth interval (i) represents the thickness of the sediment layer between each 

210Pbexs measurement. 

 Statistical Analysis 

All data were tested for normality using the Shapiro-Wilk test for normality. T-

tests were conducted to compare high and low marsh dry bulk densities, percent carbon 

content (%C), carbon stocks, sedimentation accumulation rates, mass accumulation 

rates, and carbon accumulation rates, to test for any significant differences. T- tests 

were also conducted to compare the CIC and CRS derived sedimentation accumulation 

rates, mass accumulation rates, and carbon accumulation rates. The significance level 

of all the tests was set at α = 0.05. All statistical analyses were performed in R (RStudio 

2015).   
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Results  

 Sediment Properties  

Depth of cores ranged from 13 to 41 cm (Table 1). Compression occurred in 

most cores during field sampling. Compression was highest in high marsh cores, and 

ranged between 20 and 67% (n=6, omitting one core where no compression was 

recorded). Low marsh compression ranged between 27.5 and 31% (n=3, omitting one 

core where no compression was recorded). Cores collected in summer 2014 (high 

marsh n=3 and low marsh n=5) and in two cores collected in summer 2018 (high marsh 

n=2), depth of core penetration was not recorded. Thus, we were unable to assess 

compression in these cores.  

Marsh sediment horizons differed between high marsh cores and low marsh 

cores (Figure 3). The high marsh sediment cores (n=10), all had a top peat layer high in 

organic matter, followed by layers of either peat mixed with silt, or silty soils. Cores T3-2 

and W-A had the thickest peat layer at 17 cm and 35 cm, respectively. The bottom of 

most high marsh cores consisted of sand. However, two cores consisted of sand mixed 

with silt, and two ended in silt. Low marsh sediment cores (n=4) all had a top peat layer 

high in organic matter. Core T2-6 had the thickest peat layer of 6 cm. The middle soil 

horizons were for the most part sand mixed with peat. The bottoms of all low marsh 

cores consisted of sand. Soil characteristics were not recorded (high marsh n=3 and low 

marsh n=5) for cores collected in summer, 2014. 
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Figure 4 Soil horizons of each core sampled in summer 2017 and summer 

2018 Boundary Bay in relationship to length of core (cm) (n=14). 
Dark blue represents wood, green represents sand, light blue 
represents sand and peat mix, yellow represents silt and sand mix, 
grey represents silt, orange represents peat and silt mix, and the 
medium shade of blue represents the top peat layer. Core W-A was 
not a core, but a pit with soil samples taken every 5cm. All cores are 
shown with compressed depths.  

 

In all cores, percent weight carbon (%C) was highest in the top peat layers 

(ranging from 2.56 – 28.05 %C) and declined with depth until the sand layer was 

reached (Figure B1, Appendix). Sand layers contained the lowest %C values of 2.0 – 0.0 

%C was recorded in the bottom centimeter. In cores with no sand layer, %C ranged from 

1.7 -10.2 %C. Only cores in the high marsh did not have sand in the deepest core layers 

(Figure 3). Average high marsh %C was significantly higher than average low marsh 

%C, at 11.3 ± 4.9 and 4.3 ± 2.6, respectively (p-value < 0.001) (Figure 4). In contrast, 

the average DBD in high marsh cores was 0.56 ± 0.13 g/cm3, which was significantly 

lower than average DBD in low marsh cores at 0.69 ± 0.16 g/cm3 (p < 0.05). (Figure 5). 

Soil carbon densities (SCD) for high marsh averaged 0.84 ± 0.31 g C/cm3 and were 

significantly higher than low marsh soil carbon densities that averaged 0.39 ± 0.24 g 

C/cm3 (p-value < 0.001) (Table 2).   
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Figure 5 Average percent carbon (%C) comparing high marsh cores (n=13) to 

low marsh cores (n=9). The middle line is the median and the top 
and bottom of the box are quantiles (Q1 and Q3), and the error bar is 
the largest and smallest value (t-value = 3.918, p-value = 0.0004, 
p<0.001).  

 
Figure 6 Average dry bulk densities (g/cm3) comparing high marsh cores 

(n=13) to low marsh cores (n=9). The middle line is the median, the 
top and bottom of the box are quantiles (Q1 and Q3), and the error 
bar is the largest and smallest value (t-value = 2.137, p-value = 0.023, 
p<0.05). 
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Table 2 Summary of core sediment data (depth of core, dry bulk density 
(DBD), average percent carbon (%C), average soil carbon density 
(SCD), and carbon stock) collected for cores in Boundary Bay, Delta, 
B.C.  

Core ID 
Depth of 
core (cm) 

Average 
DBD 

(g/cm3) 
Average %C 

Average 
SCD 

(gC/cm3) 

Carbon stock 
(MgC/ha) 

High Marsh Cores 

T3 - 2 25 0.32 21.1 0.061 159.2 

T3 - A 27 0.42 11.1 0.043 115.4 

C2 19 0.76 6.5 0.031 52.7 

C3 20 0.59 9.0 0.047 78.0 

BB1 21 0.51 10.3 0.039 82.4 

BB1-4 18 0.41 11.4 0.044 79.1 

BB1-3 24 0.78 5.3 0.024 58.7 

BB2-5 20 0.57 12.2 0.034 68.9 

T2-EA 20 0.57 14.0 0.045 103.3 

W-A 45 0.53 20.6 0.062 62.5 

C1 21 0.55 10.0 0.048 106.2 

SP2 15 0.68 6.5 0.030 44.3 

T3 - 1 21 0.57 8.6 0.034 81.9 

Average ± SD 23 ± 7 0.56 ± 0.13 11.3 ± 4.9 0.038 ± 0.02 84.2 ± 30.9 

Low Marsh Cores 

BB1 - 2 25 0.73 3.9 0.018 42.6 

BB2 23 0.94 1.2 0.010 23.5 

BB1 - 1 17 0.74 2.3 0.013 22.4 

BB2 - 4 19 0.58 2.8 0.013 22.6 

BB2 - 3 13 0.42 6.7 0.029 31.7 

BB2 - 2 20 0.83 1.6 0.008 12.0 

T2 -6 27 0.66 8.6 0.024 68.0 

LM1 29 0.78 3.9 0.015 44.7 

LM2 29 0.54 7.2 0.030 86.3 

Average ± SD 22 ± 6 0.69 ± 0.16 4.3 ± 2.6 0.022 ± 0.01 39.3 ± 24.2 

 

Porewater salinity ranged from 5.7 - 33.1 (Table 3). Salt pannes had the highest 

porewater salinity readings at 32.5 and 33.0. Mean low marsh porewater salinity was 

24.2 ± 0.2 (n=2). However, high marsh porewater salinities ranged from 5.7 to 25.6 to 

(n=5). The highest salinity reading was retrieved closest to the water’s edge by a 

channel. High marsh porewater salinity was on average 11.3 ± 6.5 (n=5).  
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Table 3  Porewater salinity samples and the depths (cm) at which the sample 
taken from each marsh zone (high marsh, low marsh and salt 
panne).  

Sample 
ID 

Sample 
Depth 
(cm) 

Marsh Zonation Salinity 
Latitude 
49 02’ - 

Longitude 
123 02’ - 

1 25 Salt Panne 32.5 54.4 45.3 

2 25 Salt Panne 33.0 51.9 41.1 

3 25 High Marsh 22.4 50.9 40.2 

4 25 Low Marsh 25.9 48.5 38.1 

5 25 Low Marsh 25.6 46.9 35.1 

6 35 High Marsh 8.8 48.2 34.1 

7 32.5 High Marsh 10.2 50.4 34.6 

8 45 High Marsh 5.7 53.9 35.3 

9 40 High Marsh 9.3 43.0 43.0 

 

 Marsh Area, Carbon Stocks, and Accumulation Rates 

High marsh accounted for 74% of marsh area at 103 ha. Low marsh only 

covered 26% of the total marsh area at 37 ha (Figure 6). Comparison with the 1930 

aerial photograph suggest that the western portion of Boundary Bay has expanded 

approximately 26 ha between 1930 and 2018 (Figure 7).  
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Figure 7  High marsh and low marsh area in the western portion of Boundary 
Bay, Delta, British Columbia. High marsh is represented by the 
cross hatch fill and low marsh is represented by the solid fill. The 
green color represents area determined by variations in vegetation 
color using Google Satellite base map imagery, vegetation surveys 
at 176 sample points and field notes. The blue color represents area 
determined by variations in in vegetation color using Google 
Satellite base map imagery only. Base Map: Google Maps 2018.  
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Figure 8 Marsh expansion from 1930 to 2018. Air photo from 1930 was 
georeferenced and superimposed onto 2018 base map allowing for 
marsh area comparison. Base Map Source: NRCan, National Earth 
Observation Data  

 

Average core carbon stocks for high marsh (n=13, 84.2 ± 30.9 Mg C/ha) were 

significantly higher compared to average low marsh core carbon stocks (n=9, 39.3 ± 

24.2 Mg C/ha) (p<0.05) (Figure 9). The marsh had a total carbon stock of 10,045 Mg C 

(traditional method), with 8,585 Mg C in the high marsh and 1,146 Mg C in the low 

marsh. 
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Figure 9 Average carbon stock (MgC/ha) comparing high marsh cores (n=13) 

to low marsh cores (n=9). The middle line is the median and the top 
and bottom of the box are quantiles (Q1 and Q3), and the error bar is 
the largest and smallest value (t-value = 3.631, p-value = 0.0008, 
p<0.05).  
 

For the area where depth profiles were collected, the estimated carbon stocks 

ranged from 2,120 Mg C (traditional method) to 3,312 – 3,363 Mg C using the two 

volume-based methods (simplified and kriging approaches, respectively). The kriging 

approach was only 52 Mg C higher than the simplified volumetric approach. In contrast, 

the carbon stock for the bounded area using the traditional method was found to be over 

1,000 Mg C lower than the volume-derived carbon stocks (Table 4). In all methods, 

marsh strata had not been differentiated due to kriging analysis.  
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Table 4 Comparison of carbon stock estimates (Mg C) from a specified 
bounded area, in the western portion of Boundary Bay, derived from 
three different methods: kriging spatial analysis volume (m3), a 
simplified volume using the average core lengths multiplied by the 
area (m2), and the traditional method using the area (m2) multiplied 
by the average core carbon stocks. For these calculations, A is the 

bounded marsh area ,  𝑪𝒔𝒕𝒐𝒄𝒌𝒄𝒐𝒓𝒆
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ is the average of the carbon 

stocks for each core derived by Equation 3, Vkriging is the volume 

derived through kriging, 𝒖𝒏𝒄𝒐𝒎𝒑𝒓𝒆𝒔𝒔𝒆𝒅 𝑺𝑪𝑫̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  is the average value of 
uncompressed soil carbon densities derived from Equation 6, and 

𝒁𝒄𝒐𝒓𝒆
̅̅ ̅̅ ̅̅ ̅ is the average of all uncompressed core lengths.  

Method Equation 
Volume 

(m3) 
Area  
(m2) 

Carbon 
Stock (Mg C) 

Traditional Method 𝐴 ×  𝐶𝑠𝑡𝑜𝑐𝑘𝑐𝑜𝑟𝑒
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  - 324,599 2,120 

Kriging Volume 𝑉𝑘𝑟𝑖𝑔𝑖𝑛𝑔 ×  𝑢𝑛𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑 𝑆𝐶𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  133,664 - 3,363 

Simplified Volume 𝐴 ×  𝑍𝑐𝑜𝑟𝑒
̅̅ ̅̅ ̅̅ ̅ ×  𝑢𝑛𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑 𝑆𝐶𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  131,610 324,599 3,312 

 
 

No significant differences were found between the high and low marsh SARs, 

MARs, and CARs calculated using either the CIC or CRS models. Furthermore, when 

comparing the CIC-derived and CRS-derived SARs, MARs, and CARs, there were also 

no significant differences found.  

The average CAR for the western portion of Boundary Bay was 136.6 ± 161.6 

gCm2 /yr (CIC model) and 125.5 ± 86.82 g C m2 /yr (CRS model) (Table 5 and Figure 

13). CIC-derived CARs ranged from 19.5 to 453.9 g C m2 yr-1 (median of 70.1 g C m2 yr-

1) and CRS derived CARs ranged from 30.5 to 287.9 g C m2 yr-1 (median of 111.4 g C 

m2 yr-1). High marsh cores CARs were on average higher and ranged from 58.6 to 454.0 

C m2 yr-1 and 98.4 to 287.0 C m2 yr-1, for CIC-derived and CRS-derived CARs, 

respectively. Low marsh core CARs were on average lower and ranged from 19.5 to 

151.5 g C m2 yr-1 and 29.3 to 132.8 g C m2 yr-1, for CIC-derived and CRS-derived CARs, 

respectively (Table 5 and Figure. 10).  

High marsh core T2-EA had a notably higher CAR than all other high and low 

marsh cores (Figure 13). For example, T2-EA CAR using CIC was 453.7 gCm2 / yr, 

which is approximately 400 gCm2 / yr higher than the other high marsh cores. Similarly, 

T2-EA CAR using CRS was 287.9 ± 129.5 gCm2 / yr, which is more then 150 gCm2 / yr 
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higher than the other high marsh cores. The average for the western portion of Boundary 

Bay omitting core T2-EA, was 73.1 ± 49.1 gCm2 / yr using the CIC model and 93.0 ± 

38.9 gCm2 / yr using the CRS model. 

We chose to calculate ages from depths of 17 to 28 cm because of apparent 

sediment mixing below these depths in all cores. Our comparison of ages shows 

considerable variability in the ages derived from the two models. Furthermore, no model 

was consistently higher or lower compared to the other (Figure 13). The youngest core 

using the CIC model was high marsh core T2-EA at ~33 years old, whereas high marsh 

core T3-1 was the oldest at ~124 years. Using the CIC model, low marsh cores ranged 

from ~ 51 to 100 years old. In contrast, the youngest core derived from the CRS model 

was T3-1 at ~56 years old, and the oldest core was high marsh core BB1 at ~ 98 years 

old. CRS derived ages for low marsh ranged from ~69 to 98 years old (Figure 13).  

  

Figure 10 A comparison between the CIC-derived and CRS-derived carbon 
accumulation rates (g C m2 yr-1). The middle line is the median, the 
top and bottom of the box are quantiles (Q1 and Q3), the error bar is 
the largest and smallest value, and the x is the mean.  

 

CIC CRS 
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Table 5 Geochronological analyses (210Pb dating) and carbon content were 
used to estimate individual core, high marsh means ±SD, low marsh 
means ±SD, and entire marsh means ±SD sedimentation rates (SAR), 
mass accumulation rates (MAR), and carbon accumulation rates 
(CAR) derived from the Constant Initial Concentration model (CIC) 
and the Constant Rate of Supply model (CRS). The CRS model 
estimates are the mean ± SD calculated for each measurement in 
each core. See Appenidix Table A3 for raw data.  

Core ID 
Marsh 
Zone 

CIC CRS 

SAR 

(cm/yr) 
MAR 

(g m2 / yr) 
CAR 

(g C m2/ yr) 

SAR ± 
 SD 

(cm/yr) 

MAR ±  
SD 

(g m2 / yr) 

CAR ±  
SD 

(g C m2/ yr) 

BB1 High 0.19 870 81.8 
0.21 ± 
0.07 

812 ± 
400 

98.4 ± 37.2 

T3-1 High 0.15 587 58.6 
0.31 ± 
0.09 

1157 ± 
669 

125 ± 38.5 

T2-EA 
(East) 

High 0.85 2843 454.0 
0.52 ± 
0.20 

1583 ± 
490 

287.9 ± 
129.5 

High 
Marsh 

Average 
± SD 

High 
0.40 ± 
0.39 

1433 ± 
1230 

198.1 ± 
228.9 

0.35 ± 
0.16 

1184 ± 
387 

170.7 ± 
112.1 

BB2 Low 0.17 1554 19.5 
0.23 ± 
0.08 

2029 ± 
817 

30.5 ± 21.4 

LM1 Low 0.22 1184 54.1 
0.27 ± 
0.15 

1348 ± 
872 

86.1 ± 75.2 

T2-6 
(East) 

Low 0.50 1413 151.5 
0.39 ± 
0.17 

959 ± 
232 

124.4 ± 
61.0 

Low 
Marsh 

Average 
± SD 

Low 
0.30 ± 
0.18 

1384 ± 
187 

75.0 ± 68.4 
0.30 ± 
0.08 

1446 ± 
542 

80.3 ± 58.3 

Marsh 
Average 

± SD 
- 

0.35 ±  
0.28 

1408 ± 
787 

136.6 ±  
161.6 

0.32 ±  
0.12 

1315 
±445 

125.5 ± 
86.8 
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Figure 11  Downcore distribution of 210Pbex from the low marsh in the western 

portion of Boundary Bay. Blue dots represent peat and orange dots 
represent silt.  

 

 
Figure 12 Downcore distribution of 210Pbex from the high marsh in the western 

portion of Boundary Bay. Blue dots represent peat, orange dots 
represent silt, and red dots represent sand. 
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 Figure 13 A comparison of the carbon accumulation rates (gC/m2yr) derived 

from the CIC and CRS models for each of the six dated cores. Blue 
dots represent mean carbon accumulation rates ± SD derived from 
the CRS model, and orange dots represent carbon accumulation 
rates derived from the CIC model. BB1, T3-1 and T2-EA are high 
marsh cores. BB2, LM1 and T2-6 are low marsh cores.  

 
Figure 14  A comparison of the oldest age (yr) derived from the CIC and CRS 

models for each of the six dated cores. Blue dots represent ages 
derived from CRS model, and orange dots represent ages derived 
from the CIC model. BB1, T3-1 and T2-EA are high marsh cores. 
BB2, LM1 and T2-6 are low marsh cores.  
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Discussion  

 Carbon Stocks  

The carbon stock for the western portion of the Boundary Bay marsh was 10,045 

Mg C. The high marsh had a carbon stock of 8,585 Mg C and made up 75% of the 

marsh. Low marsh areas had a significantly lower carbon stock of 1,460 Mg C. This 

lower carbon stock for low marsh is likely driven by both the small total area and the 

lower core carbon stocks. Low marsh core carbon stocks were on average 39.3 ± 24.2 

Mg C/ha, which is significantly lower than high marsh core carbon stocks (84.2 ± 30.9 

Mg C/ha). Similar results were found in the Blackwater estuary, United Kingdom (Adams 

et al. 2012) and in the Bay of Fundy, Canada (Connor et al. 2001), where the high marsh 

had higher carbon stocks in comparison with the low marsh. The high marsh is typically 

found to have a higher carbon storage because it has deeper rooting plants, increased 

production of below ground biomass, and a more mature plant canopy that enables 

larger pieces of in-situ organic matter and ex-situ organic matter brought in by tides to be 

stored easier in the soil (Connor et al 2001; Adams et al. 2012). Moreover, many other 

studies have found that the top layers of soil in a marsh have the highest amount of 

carbon that declines with depth (Adams et al 2012; Elsey-Quirk et al. 2011; Callaway et 

al. 2012; Jensen et al. 2006; Patrick and DeLaune 1990). Carbon concentrations 

generally decrease with depth in the soil, due to diagenesis of labile material (Adams et 

al. 2012) and ongoing decomposition deeper in the core (Elsey-Quirk et al. 2011; 

Callaway et al. 2012).   

Our core carbon stocks of 39.3 ± 24.2 Mg C/ha for low marsh and 84.2 ± 30.9 Mg 

C/ha for high marsh are substantially lower than the estimated global carbon stock of 

250 Mg C/ha (Chmura et al 2003; Pendleton et al. 2012). Several factors could explain 

why the global estimation of carbon stock is 78-131 Mg C/ha higher than our carbon 

stocks. The leading reason is the different depths used to calculate the carbon stocks. 

The global estimate was calculated from cores using the top meter of soil, which is likely 

driving the high carbon stocks (Duarte et al. 2013). In contrast, our carbon stocks were 

calculated for depths of only 21-70 cm (mean of 32 ± 16 cm) due to the shallow depths 
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of refusal of our cores. Depth of refusal is considered a reasonable estimate of organic 

soil thickness, because it assumes that organic soil is easier to penetrate than 

underlying sands and/or bedrock (Howard et al. 2014). The under lying sands and/or 

bedrock are assumed to have formed prior to marsh initiation (Howard et al. 2014). Our 

results support this assumption because in the nine cores that have a distinct bottom 

sand layer, six of them have no carbon recorded in the sand layer. Similarly, Crooks et 

al. (2013) found carbon stocks of 71.7 Mg C/ha and 53.7 Mg C/ha for two marshes in the 

Snohomish Estuary, Washington. These stocks were estimated from depths of ~70 cm 

and ~45 cm respectively, which are within range of our recorded depths (Table 1). If we 

were to extrapolate our carbon stocks up to 1 m, to compare to the global average, the 

carbon stocks for Boundary Bay would be 130 Mg C/ha and 281 Mg C/ha for the low and 

high marsh, respectively. The high marsh extrapolated carbon stock aligns with the 

global average, while the low marsh is still substantially lower. Our extrapolated results 

indicate that if the marsh’s organic carbon layer became deeper with age, Boundary Bay 

marsh could compare to the global average. Our mean SCD is 0.032 ± 0.015 g/cm3 is 

also within range of the global salt marsh SCD mean of 0.039 ± 0.003 g/cm3 (Chmura et 

al. 2003). Only limited carbon stock data from the Pacific coast of North America have 

been included in global syntheses (Chmura 2003; Ouyang and Lee 2014). Thus, the 

global estimate is likely skewed to other regions that may have marsh depths of one 

meter or deeper, have a different climate, and different vegetation assemblage. 

The carbon stock for Boundary Bay marsh may be underestimated. Percent 

carbon concentrations were greater than zero at the base of five of the thirteen high 

marsh cores where sand was not met in the bottom centimeter. Although we reached the 

depth of refusal while coring, recording carbon in the bottom centimeter may indicate 

that we did not hit marsh initiation as expected. Reasons for not hitting marsh initiation 

while coring may be due to coring technique, in which roots, woody debris or rocks may 

inhibit the corer from reaching sand/marsh initiation (Howard et al. 2014). In those cores, 

carbon stocks are underestimated because carbon would be recorded until sand was 

met. If all cores used to calculate carbon stocks do not reach sand this would in turn lead 

to an underestimation of the high marsh carbon stock, which encompasses 75% of the 

total area of the western portion of Boundary Bay marsh.  

Our new volumetric based methods for calculating carbon stock for the entire 

marsh result in carbon stock estimates that were 35% higher than with the traditional 
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method (Table 4). No other studies that we have found consider the volume of the marsh 

when calculating carbon stock (Howard et al. 2014; Connor et al. 2001; Elsey-Quirk et 

al. 2011). However, the method chosen to calculate carbon stock estimates can 

influence the outcome of carbon stocks, which may be due to the uncertainties 

associated with averaging core values and uncompressing core depths (Chastain and 

Kohfeld 2016). The volumetric derived carbon stock estimation is based on the average 

of core carbon stocks and average core SCDs. In contrast, the traditional method uses 

the sum of SCDs in each core. Averaging SCD may lead to higher SCDs due to the high 

SCDs found at the surface of the core. The core carbon stocks and SCDs used to 

determine the carbon stocks of the bounded area did not account for differences of 

carbon stocks between marsh strata. Regardless of which method is used, if we were to 

differentiate the carbon stocks based on marsh strata, we anticipate that our estimates 

of carbon stocks of the bounded area would be higher because high marsh carbon 

stocks are significantly higher than low marsh carbon stocks and high marsh comprises 

the majority of the bounded area. However, our results also show that the kriging and 

simplified volume methods produce similar estimates of carbon stocks. Specifically, the 

carbon stocks estimated using the kriging volume method are only 1% higher than those 

using the simplified volume method. Therefore, the extra effort required to record depth 

profiles systematically across an entire marsh, in addition to the error associated with the 

interpolation, may not be worth the additional effort when calculating carbon stocks.  

 Carbon Accumulation Rates  

Carbon accumulation rates within the western portion of Boundary Bay marsh 

were calculated using two different age models, the CIC and the CRS. Both models are 

regularly used to determine the sedimentation, mass, and carbon accretion rates in salt 

marshes (Arias-Ortiz et al. 2018; Mackenzie et al 2011; Ghaleb 2009; Appleby and 

Olfeld 1978). Our results showed no significant differences between the two models 

when calculating SARs and CARs in six cores. While previous studies suggest that the 

CRS model may be more appropriate for modelling 210Pb in salt marshes because these 

ecosystems are complex and dynamic (Appleby and Olfeld 1978), only one study, 

Roman et al. (1997), has used the CRS model to estimate SARs in salt marshes. 

Roman et al. (1997) explain that although their 210Pb profiles show an exponential 

decline in activity with depth, each profile contains irregularities deeper in the sediment 
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column. An irregularity can be seen when 210Pb distributions that are scattered 

throughout 210Pb profile or at specific depths (Arias-Ortiz et al. 2018). These irregularities 

may be indicative of some fluctuations in net deposition, sediment mixing, or a change in 

sediment type, which make the CRS model most applicable (Roman et al 1997; Arias-

Ortiz et al. 2018). Some of our cores also presented some profile irregularities with 

depth, which were recorded deeper in the core when the sediment profile transitioned to 

a sand or silt layer (Figure 11 and Figure 12). However, once the transition to sand 

and/or silt is recorded and the 210Pb distribution begins to fluctuate, little or no carbon 

was recorded (6%C for BB1 high marsh core, and 0-1%C for the three low marsh cores).  

Despite the irregularities lower in the core, the CIC model appears to provide 

more accurate estimates of the age of marsh initiation, based on independent 

photographic evidence from the 1930’s (Figure 8). For instance, the location of high 

marsh core T3-1 is found on established marsh in the 1930’s (Figure 8), which would 

indicate that this portion of the marsh is at least 88 years old. The CIC model estimated 

the sediment in this core to be 124 years old, which would be more accurate than the 

CRS model, which estimated the base of the soils to be only 56 years old. The marsh 

age at this location is more likely to be 124 years old (1893 CE) rather than 55 years old 

(1963) because core T3-1 is set well in the backshore of the marsh, and descriptive 

records from 1860 indicate that the marsh was established prior to diking in the 1890’s 

(Fraser River Estuary Study 1978). This inconsistency is found again in the low marsh 

core T2-6. Here, our comparison with aerial photographs from the 1930’s shows that no 

marsh was established at this site during the 1930’s. Thus, this location must be less 

than 88 years old. The CIC model estimated that the sediment is 51 years old in 

comparison to 88 years old using the CRS model. These comparisons suggest that the 

CIC model is providing a more accurate estimate of marsh initiation and therefore also 

estimates of SAR, MAR and CAR. The other dated cores from high and low marsh are 

similar in age and either age model could be used for the estimation. However, in 

support of using the CIC method to represent our sedimentation, mass, and carbon 

accumulation rates, all other studies found report using the CIC model for modelling 

210Pb in salt marsh settings for estimating CAR. (Ansfield et al. 1999; Callaway et al. 

2012; Elsey-Quirk et al. 2011; Jensen et al. 2006; Drake et al. 2015; Boyd et al. 2017; 

Boyd and Sommerfield 2016; Armentano and Woodwell 1975). For these reasons we 

will use the CIC derived SARs, MARs, and CARs for the rest of this discussion.  
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Our CARs do not show any significant differences between high and low marsh. 

Thus, a single average CAR for the western portion of Boundary Bay can be applied at 

136.6 ± 161.6 g C/m2yr. However, our CARs indicate the marsh has strong variability 

where the range in CARs are 19.5 – 454.0 g C/m2yr, with the lowest CAR found in the 

low marsh and the highest CAR found in the high marsh. The average CAR may be 

skewed due to high marsh core (T2-EA) that has a CAR of 454.0 g C/m2yr. Due to the 

financial limitations of this study we have not dated enough cores throughout the marsh 

to indicate if the high CAR is only found in a localized area or representative of a larger 

area. However, because all other cores are in the range of 19.5 - 151.5 g C/m2yr the 

median of the CARs may be a more conservative indicator of the CAR in the western 

portion of Boundary Bay at 70.1 g C/m2yr. The median is also similar to the average 

CAR when omitting core T2-EA, which is 73.1 ± 49.1 g C/m2yr. The median (70.1 g C/m2 

yr) and average (136.6 ± 161.6 g C/m2yr) CARs in the western portion of Boundary Bay 

are similar to those found in marshes on the Pacific coast of North America. Callaway et 

al. (2012) studied four salt marshes and two brackish marshes in San Francisco Bay and 

similarly found no significant differences between high and low marsh. Thus, they 

concluded that a single average CAR of 79 g C/m2yr could be used to characterize 

marsh carbon accumulation rates. In contrast, Crooks et al. (2014) did not distinguish 

between marsh strata and studied 12 sites (representing emergent tidal wetland, 

forested wetland, a regenerating emergent wetland, and drained wetlands) across the 

Snohomish Estuary in Washington, USA. Quilceda Marsh was the only natural saline 

marsh on which 210Pb dates were measured, and CARs were 110.2 g C/m2 yr (Crooks et 

al. 2014).  

Our CARs, as well as Callaway et al. (2012) and Crooks et al. (2014) CARs, are 

lower than global estimates. Ouyang and Lee (2014) estimated an average CAR for the 

Pacific coast of North America from a total of 8 sites and calculated a CAR of 173.6 ± 

45.1 g C/m2yr. However, this high value for CAR is primarily due to two high CAR 

estimations and the methods of estimating CARs that were used. The two high CARs 

reported may be due to unique processes and circumstances and do not constitute an 

average marsh CAR. For example, Patrick and Delaune (1990) reported a high CAR of 

385 gC/m2yr for a marsh that had undergone substantial subsidence as a result of 

groundwater extraction, causing a decrease in elevation of over a meter during a 33-

year period. In contrast, Patrick and Delaune (1990) reported a more conservative CAR 
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of 54 gC/m2yr at a pristine marsh. Both estimations were used to calculate the regional 

estimate. The second high CAR used by Ouyang and Lee (2014) is 343 gC/m2yr from a 

study by Cahoon et al. (1996) who used feldspar marker horizons to estimate the CAR. 

This CAR was estimated from one winter in which a rare storm created a large 

sedimentation event and thus may not be representative of the mean CAR of the marsh 

in Tijuana, California (Cahoon et al. 1996). Moreover, marker horizons are most likely 

overestimating CARs, as they are only taking into consideration short-term accretion 

rates (Chmura et al. 2003). Rates measured over short time periods are likely to be 

higher than those measured using longer-time periods due to ongoing decomposition 

within the sediment column (Callaway et al. 2012; Johannessen and Macdonald 2016). 

This overestimation has also been found in CAR estimates based on 137Cs distributions, 

which are measured from 1964 to present. 137Cs is a residual of nuclear bomb fallout 

that shows a peak in the downcore distribution of 137Cs in 1964 (Callaway et al. 2012). It 

has been estimated that 137Cs CARs are approximately 25% higher than 210Pb derived 

CARs (Turner et al. 2006; Callaway et al. 2012). Ouyang and Lee (2014), also report 

most of the CARs on Pacific coast of North America using 137Cs derived CARs. 

Therefore, if we were to omit the two high CARs on the basis that they are outliers, the 

average would be 110.1 ± 57.3 g C/m2yr, and if this average were then to take into 

account the ratio of 210Pb to 137Cs, the average would be 82.6 g C/m2yr. This average is 

more comparable to the CARs reported on the Pacific coast of North America. A new 

CAR average for the Pacific coast of North America, including the median from this 

study and the marsh from Crooks et al. (2014), would be 87.6 ± 20.5 g C/m2yr.  

The average CAR derived from this study (136.6 ± 161.6 g C/m2yr) and our 

estimated regional average CAR for the Pacific coast of North America (87.6 ± 20.5 g 

C/m2yr) are substantially lower than estimated global rates. Ouyang and Lee (2014) 

estimated a global CAR of 244.7 ± 26.1 g C/m2yr, which is within range of the estimated 

global CAR of 220 g C/m2yr calculated by Chmura et al. (2003). Ouyang and Lee (2014) 

used a higher longitudinal range, include a greater inventory of CARs, and use a more 

complex method for up-scaling CAR from individual sites to global coverage. However, 

Ouyang and Lee (2014) also used many CARs derived from marker horizons and 137Cs, 

which likely leads to an overestimation in CAR (Turner et al. 2006; Callaway et al. 2012). 

Similarly, the global CAR estimated by Chmura et al. (2003) may also be overestimated 

because it includes short term accretion rates from 1-100 years (Callaway et al. 2012). 
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Global CARs must also be read and reported with caution because they may be biased 

to a region and may be limited by the quality and quantity of available data (Ouyang and 

Lee 2014). Nonetheless, these ecosystems are still accumulating carbon at a vast rate. 

For example, the soils in the boreal forest only accumulate carbon at a rate of 8 g 

C/m2yr, which is considerably lower compared to Boundary Bay CAR of 88 g C/m2yr 

(Mcleod et al. 2011). Therefore, salt marshes should be considered hot spots in 

sequestering carbon (Ouyang and Lee 2014; Mcleod et al. 2011; Callaway et al. 2012; 

Chmura et al. 2003).  

Although our study found no significant difference between high marsh and low 

marsh CARs, in large part due to strong heterogeneity in high marsh cores and the 

financial limitations to completely sample both areas. Our results suggest the high marsh 

may have a greater ability to accumulate carbon compared to the low marsh. Similarly, 

tidal marshes in Clayoquot Sound, British Columbia, have been shown to have 

significantly higher CARs in the high marsh compared to the low marsh (Chastain 

personal communication). In contrast, studies that have mostly focused on the east 

coast of North America, which have differentiated between high and low marsh have 

found that low marsh cores have significantly higher CARs (Elsey-Quirk et al. 2011; 

Connor et al 2001; Ouyang and Lee 2014). This difference in high and low marsh carbon 

accumulation may be partially driven by vegetation type, because different types of 

marsh vegetation have been found to contribute varying qualities and quantities of litter 

to sediments (Zhou et al 2007; Mahaney et al. 2008; Kelleway et al. 2017). Elsey-Quirk 

et al. (2011) found that Spartina alterniflora dominated the low marsh and had a CAR of 

154 gC m-2yr-1 and Juncus roemerianus dominated the high marsh and had a CAR of 

119 gC m-2yr-1. Moreover, Ouyang and Lee (2014) found that among five halophyte 

genera, Spartina spp demonstrated the highest capacity for carbon accumulation. 

Ouyang and Lee (2014) also found that CAR declines from low to high marsh. Although 

Ouyang and Lee (2014) did not differentiate plant species in relation to marsh strata, 

Spartina spp is found in the majority (73%) low marsh sites from their collection of 

studies. In contrast, no Spartina spp. was recorded at the low marsh core sites in 

Boundary Bay. Instead, these sites were dominated by Salicornia virginica and 

Triglochin martima. Kelleway et al. (2017) found that Salicornia spp. had a lower carbon 

deposition and lower ability to retain and preserve organic inputs compared to Juncus 

spp. Sediment accretion rates have been found to vary with organic accumulation rather 
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than mineral accumulation (Nyman et al. 2006). Thus, a low marsh site with high mass 

accumulation rates but a substantially lower fraction of carbon could have a lower 

carbon accumulation rate (Nyman et al. 2006). In Boundary Bay, Spartina spp. is 

classified as an invasive species and is being actively managed (BC Spartina Working 

Group 2016). If, Spartina spp. were to fully colonize the low marsh, and displace the 

dominant Salicornia spp., one might observe increased CARs in the low marsh.  

 Marsh Processes and Expansion 

Although our geochronological results show no statistical differences between 

high and low marsh CARs, the analyses may indicate other spatial differences in 

sediment and carbon accretion rates. Two cores collected further east, low marsh core 

T2-6 and high marsh core T2-EA, have higher SARs and CARs than the other cores in 

their marsh strata collected further west. The two cores collected further east are also 

the deepest and the youngest of all the cores collected for 210Pb dating. Salt marshes 

are complex systems which exhibit spatial variability in depositional rates within the 

same marsh (Chmura et al. 2001; Fagherazzi et al. 2012). Tidal range, sediment supply, 

elevation, and vegetation assemblages can all contribute to the spatial variability of 

sediment and carbon deposition within a marsh (Roner et al 2016; Van de Broek et al 

2018; Kelleway et al. 2017). Moreover, studies have shown that sedimentation is not 

uniform across a marsh and can be influenced by differences in elevation, proximity to 

tidal channels, and varying vegetation cover (Fagherazzi et al. 2012; Temmerman et al. 

2005). In this case, a large and deep tidal channel that runs east-west across the 

eastern portion of the marsh may contribute to more frequent flooding, different water 

velocities over the marsh, and greater amounts of sediment and carbon deposition.  

The marsh further east appears to be younger, which may also contribute to its 

higher CARs compared to the marsh slightly more west. Callaway et al. (2012) found 

that younger sites exhibit higher CARs than older established marsh because stored 

carbon has not decomposed. As the marsh ages the soils naturally lose some of the 

carbon in outflow waters as well as through slow rates of decomposition (Callaway et al. 

2012; Villa and Bernal 2018). The eastern portion of the marsh tends to be deeper, 

which suggests that natural compaction of the soils has not yet taken place (Allan 1999).  
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The younger and higher CAR cores in the east may also be indicative of marsh 

resilience. The marsh has seen many human alterations and disturbances over the past 

150 years. In the 1880’s, farmers began protecting their farm land from flooding by 

diking the northern part of the marsh. After the great flood of 1948, the City of Delta 

reinforced the dike along Boundary Bay (Shepperd 1981). Today, the salt marsh is 

bounded landward by a large manmade dike. The marsh has also experienced 

modifications to freshwater inputs, disturbances, and sedimentation (Boyle et al. 1997). 

The 1930 air photo shows a small creek to the northeast of the cores T2-6 and T2-EA no 

longer exists today. Studies of Boundary Bay in the 1960’s and 70’s suggest that the rise 

of the logging industry in British Columbia resulted in increased disturbances from logs 

washing up that then rafted over the marsh surface (Kellerhals and Murray 1969; Porter 

1982). Dredging of the Serpentine and Nikomekle Rivers in the far east of Boundary 

Bay, and the dredging of the Fraser River, as well as upstream deforestation, may all 

have caused fluctuations in sediment supply over the years (Boyle et al. 1997). 

However, despite the historical modification of the marsh, the western portion of the 

Boundary Bay marsh is growing (Figure 8). Marsh expansion has been found to be a 

rare event in coastal marshes and is usually due to anthropogenic land changes within 

the watershed, and accumulation of debris from hydraulic mining (Watson 2008). 

Kellerhals and Murray (1969) hypothesized that this area of the marsh is prograding 

through both typical marsh processes of tidal influence, sedimentation and vegetation 

growth, as well as ecological interactions that influence the growth of hummocks and 

eventual cohesion with the marsh. The researchers surmised that the large quantities of 

eel grass and algae that are rafted onto and among the hummocks in the fall are then 

covered with sand from strong winter storms. The new relief is then colonized with blue-

green algal mats which then allow for typical sediment trapping and eventual halophyte 

propagation. In contrast, the farthest western portion of the marsh contains a large 

beach ridge (Figure C1, Appendix) that was not present in the 1930’s (Figure 8), 

appears to have large logs and flotsam that blocked a large channel that has been now 

overgrown by vegetation (Kellerhals and Murray 1969). Correct estimates of marsh 

dynamics requires knowledge of processes in the east of Boundary Bay where 

Kellerhals and Murray (1969) found evidence of marsh degradation that may be 

transporting sediments to the west, which may be contributing sediment to the 

expanding western portion of the marsh. 
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 Salinity and Blue Carbon  

The relationship between methane emissions and salinity in tidal marshes is an 

important factor in understanding the full carbon budget of a tidal marsh. Poffenbarger et 

al. (2011) found that polyhaline marshes (salinity > 18) have negligible amounts of 

methane emissions, whereas fresh (salinity = 0-0.5) and mesohaline (salinity 5-18) 

marshes have variable methane emissions that could emit more methane than carbon is 

being stored. Poffenbarger et al. (2011) explains the reduced emissions from polyhaline 

marshes result from the presence of sulfate, an anion present in seawater, in the soils. 

Methane production is inhibited by sulfate-reducing bacteria that outcompete 

methanogens (DeLaune et al. 1983; Bartlett et al. 1987; Wang et al. 1996). However, the 

large variation found in methane emitted in tidal marshes with salinities less than 18 may 

be due to methane production regulated by water level, temperature, and plant activity 

(Poffenbarger et al. 2011; Kroeger et al. 2017).  

At Boundary Bay, porewater salinities in the high marsh ranged from 5.7 - 25.6, 

suggesting mesohaline conditions. The low marsh was polyhaline (mean salinity = 24.2 

± 0.16). Similarly, Moore et al. (2011) found that mean salinity values were diverse 

between and across marsh sites throughout the Great Bay estuary, New Hampshire. 

Our porewater salinities were collected once over the span of a day, and 15.5 mm of rain 

fell during the two days prior to collection. The rain may have influenced the porewater 

salinities. Nevertheless, if the high marsh at Boundary Bay is on average mesohaline, 

then further monitoring of methane emissions would be required to estimate the net 

carbon sequestration (Poffenbarger et al. 2011).  

While the majority of our high marsh porewater samples were in the mesohaline 

range, previous work suggests that more analyses may be needed to accurately 

characterize both the spatiotemporal variability in salinity of the Boundary Bay marsh as 

well as the associated methane emissions. Chmura et al. (2016) recorded porewater 

salinities during low tide over approximately four consecutive days to and found that 

readings fluctuated daily between of 23 ± 7 and 20 ± 3 at two tidal marshes in New 

Brunswick, Canada. Poffenbarger et al. (2011) accepted salinity records of adjacent tidal 

creeks to infer the salinity of a marsh in order to quantify the methane emissions from 

tidal marshes and found that marshes with a salinity over 18 had negligible methane 

emissions. Boundary Bay has been found to have a salinity range of 24 to 29 at the 
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leading edge of the marsh (Swinbanks et al. 1981). Boundary Bay receives little 

freshwater influence, and the Fraser River freshwater output has little impact on the 

salinity in the Bay (Kellerhals and Murray 1969; Swinbanks et al. 1981).  

Vegetation assemblages may serve as a preliminary guide to the salinity of a 

marsh, and supporting evidence suggests that Boundary Bay marsh on a whole may be 

greater than 18 (Porter 1982; Weinmann et al. 1984). The majority of descriptive studies 

of tidal marshes in the Lower Mainland note marked changes in the composition of 

species between salt, brackish and fresh marsh (Parsons 1975; Shepperd 1981; Porter 

1982). For example, the large and expansive brackish marshes found at the mouth of 

the Fraser River have distinct plant communities dominated of Carex lyngbei, Typha 

latifolia, and Scirpus spp. The western portion of Boundary Bay salt marsh does not 

have these plant species and instead is dominated by salt tolerant species of Salicornia 

virginica, Distichlis spicata, Grindelia integrifolia, and Atriplex patula (Parsons 1975; 

Shepperd 1981; Porter 1982; this study). The one high marsh site with a porewater 

salinity greater than 18 was near a large channel and contained of 100% Atriplex patula. 

Three porewater salinity readings were collected throughout the high marsh at location 

with salt tolerant plants species such as Salicronia virginica, Distichlis spicata, and/or 

Grindelia integrifolia. However, they also had a variation of different grass species such 

as Juncus spp., Deschampsia spp., and/or Achillea spp, which are known to be less salt 

tolerant species (Weinmann et al. 1984). The presence of these grass species may be 

indicative of a lower porewater salinity and where future monitoring of methane 

emissions could be focused.  

  Salt Marsh Loss, Policy, and Management 

The majority (70 to 83%) of salt marshes have been lost or degraded in British 

Columbia (Government of Canada 1991). Researchers have estimated that salt marshes 

in the Lower Mainland had a historic extent of 2,230 ha and by 1978 only 380 ha 

remained (Fraser River Estuary Study Summary 1978). On a global scale, these highly 

productive and vast stocks of carbon are threatened annually by a 0.7 to 7% loss due to 

development and land-use change (Ouyang and Lee 2014; Pendleton et al. 2012). The 

loss of these ecosystem threatens their ability to function as long term carbon sinks 

(Mcleod et al. 2011). Boundary Bay marsh is fortunate to be provincially protected, 

conserved, and managed. Given that Boundary Bay marsh is situated in the rapidly 
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changing region of the Lower Mainland with a growing population (Infrastructure 

Canada). If the marsh had not been given a high level of protection, the marsh may not 

be in the healthy state it is in today, and the carbon that the marsh stores and 

sequesters may have been lost long ago. Action is still required to help reduce coastal 

wetland losses and create incentives for greater conservation coordination and 

management efforts. Conservation, protection, restoration and management are the 

main approaches that can enhance and protect blue carbon ecosystem (Macreadie et al. 

2019).  

Unfortunately, British Columbia has no existing provincial legislative tools 

designed specifically for managing, protecting, and conserving coastal wetlands, which 

has resulted in an inconsistent and at times an ineffective approach to wetland 

conservation (Rubec and Hanson 2008). The primary provincial mechanism that can be 

used to protect salt marshes is through the 2014 Water Sustainability Act, which 

regulates BC’s water resources. The act protects ‘streams’, which include the definition 

of ‘wetlands’, and ‘marshes’ are included within the definition of ‘wetlands’. The Act’s 

protection includes any ‘works’ that may obstruct, change, or pollute a ‘stream’. Another 

provincial legislative tool that can be used to conserve coastal ecosystems is the 1996 

Wildlife Act. The Act allows for the designation of Wildlife Management Areas (WMA), 

which protects regional and internationally significant fish and wildlife species or their 

habitats. Boundary Bay marsh and its surrounding area is protected through the 

designation of a WMA. However, the primary responsibility for conservation and 

management is often left to regional, municipal and First Nation governments. British 

Columbia’s Local Government Act allows governments to manage land use in coastal 

areas using a range of tools including official community plans and zoning bylaws 

(Government of British Columbia 2013). Unfortunately, the disjointed legislative 

environment where neither jurisdiction takes full responsibility of nearshore ecosystems 

has resulted in limited protection and management for salt marshes.  

On Federal lands (1% of British Columbia’s total landscape), a ‘no net loss’ policy 

for wetlands is enforced through the 1991 Federal Policy on Wetland Conservation. Salt 

marshes that are home to migratory birds may also be protected though 1994 Migratory 

Birds Convention Act. Furthermore, if a salt marsh is deemed a fisheries habitat and is in 

threat of harmful alteration, disruption or destruction the Federal Government can 

supersede provincial power over the area under the 1985 Fisheries Act. The Fisheries 



46 

Act (1985) is a strong legislative mechanism that can be used by the federal government 

to ensure fish habitat is protected.  

Other provinces have developed specific wetland policy, such as New Brunswick 

(2002), Nova Scotia (2011), and Alberta (2013). For example, New Brunswick’s 

Wetlands Conservation Policy (2002) ensures that coastal marshes are considered 

‘Provincially Significant’ and thus receive the highest degree of protection. Nova Scotia’s 

Wetland Conservation Policy (2011) provides direction and a framework for the 

conservation of wetlands and extensively mentions salt marshes as a wetland of ‘Special 

Significance’ that ensures ‘no net loss’. Ensuring ‘no net loss’ of salt marshes in 

provincial policy ensures that if a marsh is lost (e.g. through development, natural 

disaster, sea level rise) a marsh must be created or restored elsewhere in the province. 

A ‘no net loss’ policy promotes restoration and creation projects. However, ‘no net loss’ 

policies should be applied with caution, due to the lack of historical enforcement, 

appropriate land, and capacity to recreate the qualities of pristine sites (Macreadie et al. 

2019). Although Alberta is land locked, the province has created the Alberta Wetland 

Policy (2013) that can be used as an example of a comprehensive wetland strategy to 

ensure the protection, conservation, restoration, and management of wetlands across 

the province.  

A strong coastal wetland policy brings better clarity for businesses and 

developers on expected outcomes and costs of their projects (Pendleton et al. 2013). 

Clear wetland policies also help municipalities with respect to land use decisions around 

salt marshes and provide them with mechanisms to create frameworks to conserve 

wetlands within the context of decision making (Sutton-Grier and Moore 2016). Strong 

and robust policies that promote protection, conservation and restoration this will in turn 

help the province mitigate against negative impacts, including carbon release (Rubec 

and Hanson 2008). Strong legislative protection of blue carbon ecosystems can avoid 

the remineralization of historically sequestered carbon while protecting the ecosystem’s 

future carbon sequestration capacity (Sutton-Grier and Moore 2016; Macreadie et al. 

2019). To our knowledge, no policies or legislation across Canada incorporates or 

considers blue carbon. Blue carbon can be used in legislation and policy to help promote 

conservation, protection, restoration and creation of coastal wetlands.  
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 Blue Carbon and Climate Change Mitigation  

Carbon storage and accumulation are one of many ecosystem services that a 

salt marsh provides, which also include essential habitat for migrating birds, nursery 

habitat, coastal protection, water purification, and cultural importance (Himes-Cornell 

2018; Lau 2013; Chmura 2013). The western portion of Boundary Bay has a significant 

carbon stock that continues to accumulate carbon every year. Although our carbon 

stocks and accumulation rates are lower than global estimates, the marsh can be still 

deemed a local hot spot for carbon storage and accumulation and demonstrates the 

contribution of this ecosystem at mitigating climate change.  

The quantification of a salt marsh’s blue carbon potential as an ecosystem 

service can be used as an additional driver for restoring and preserving these 

ecologically and culturally important ecosystems (Sutton-Grier et al. 2015; Sheehan et 

al. 2018). Blue carbon data can be used to inform where to prioritize restoration efforts, 

as well as support and enhance management decisions that help communities adapt to 

climate change and mitigate greenhouse gas emissions (Duarte et al. 2013; Sheehan et 

al. 2018). For example, restoration efforts can be prioritized for areas that allow marsh 

migration into agricultural or rural areas near the coast, to increase salt marsh area, and 

reduce the threat of coastal squeeze (Elsey-Quirk et al. 2011; Temmermam et al. 2013; 

Schuerch et al. 2018). Understanding what areas promote salt marsh persistence and 

expansion will help support marsh carbon storage and accumulation, as well as the 

other salt marsh climate change adaption ecosystem services such reducing the effects 

of storm surges (Temmermam et al. 2013). 

In urban areas where hard barriers cannot be removed, applying living shoreline 

management and restoration techniques can be used to enhance the resiliency of a 

marsh in the face of sea-level rise (Temmermam et al. 2013; Sheehan 2019). A ‘living 

dike’ is a living shoreline technique that involves managing a naturally-existing salt 

marsh in front of a flood protection structure, for enhanced protection against flooding 

and storm surges (van der Nat et al. 2016). A living dike system can be a valuable 

alternative for coastal communities in place of building new or fortifying existing hard 

infrastructure in that it may be cost effective, use less raw materials, and also increase 

the ecosystem’s adaptability to climate change (van der Nat et al. 2016). The 

government of Canada has committed to help fund a living dike pilot project with the City 
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of Delta, City of Surrey, and the Semiahoo First Nation, in which small sections of the 

Boundary Bay marsh will be managed and enhanced (Infrastructure Canada). The 

western portion of Boundary Bay marsh could be an ideal site for enhanced 

management such as a living dike, which would not only help protect vulnerable 

agricultural land from the threats of climate change, but also help the mitigate climate 

change by increasing the marsh carbon storage capabilities (Sutton-Grier et al. 2015). 

Incorporating carbon as a co-benefit is a potentially valuable strategy that would require 

additional research, such as estimating and ensuring their long-term carbon storage 

potential. Additionally, taking into account this additional value of carbon sequestration 

may attract new partners to support and invest in marsh preservation and enhancement 

(Sheehan et al. 2019).  

 Valuing Blue Carbon  

The recognition and quantification of blue carbon ecosystem services presents 

new opportunities to value coastal salt marshes. An economic carbon market has 

emerged in Canada and in many other countries where carbon is priced, traded, and 

purchased to help governments meet carbon reduction goals (Ullman et al. 2013; 

Sheehan et al. 2019). In response to the wicked problem of climate change and 

unpreceded atmospheric concentrations of GHG, British Columbia has committed in 

legislation to reduce BC’s GHG emissions by at least 33% below 2007 levels by 2020 

(Government of British Columbia, Consultation Backgrounder – Carbon Pricing). In 

2008, British Columbia introduced the Revenue-Neutral Carbon Tax on the purchase 

and use of fuels and combined it with a cap and trade system that includes carbon 

offsets (Government of British Columbia, Consultation Backgrounder – Carbon Pricing). 

Carbon offsets consist of specific activities such as conserving ecosystems that can 

effectively capture anthropogenic emissions of CO2 (Sheehan et al. 2019). Salt marshes 

are currently not part of the regulatory offset program in British Columbia nor any 

regulated carbon market, including the California cap-and trade system. However, 

coastal wetland restoration activities are currently available through the voluntary carbon 

market (Sheehan et al. 2019). The voluntary carbon market allows for local 

governments, corporations, or individuals, who do not have imposed carbon reduction 

commitments, to offset GHG emissions through a certified method (Vanderklift et al. 

2019). Carbon offset prices in the voluntary carbon market currently range from 



49 

US$0.1/tCO2e to more than US$40/tCO2e. This instability in price is due to variables 

such as the scale and location of a project and whether the buyer of the credit offset is 

considering the other co-benefits of the ecosystem (Vanderklift et al. 2019). 

 To ensure the transparency and credibility of generated offsets, projects must 

follow approved methodologies to earn offsets on the voluntary carbon market. For 

example, the first globally applicable wetland restoration methodology has been 

approved (Methodology for Tidal Wetland and Seagrass Restoration, VM003) by the 

world’s leading voluntary GHG program, the Verified Carbon Standard (Emmer et al. 

2015). The methodology provides guidance and protocols for wetland GHG accounting 

which mimic the Intergovernmental Panel on Climate Change (IPCC) standard for 

carbon accounting, created in 2000. Although the IPCC methodology is does not provide 

specific guidelines for tidal wetlands, both methodologies emphasize a high standard in 

setting a baseline for a carbon accounting project as well as a robust and transparent 

monitoring plan. On-going monitoring, reporting, and maintenance of a project and its 

carbon potential (sequestration and stock) is required (IPCC 2000; Emmer et al. 2015).  

Incorporating salt marshes into the offset/credit program in British Columbia 

would ensure that these ecosystems have a stable monetary valuation, which would 

enhance the importance of these ecosystems to the province, businesses, 

municipalities, and the public (Vanderklift et al. 2019). The benefits of incorporating salt 

marshes into an offset/credit system highlights the practical economic importance of 

carbon sequestration service in these ecosystems and also raises the political agenda to 

support blue carbon initiatives and policy (Ullman et al. 2013). Additionally, through the 

offsetting/credit program direct protection, and ongoing funding for the conservation and 

restoration of these ecosystems will be guaranteed (Luisetti et al. 2013).  

However, the inclusion of salt marshes into an offsetting/credit program will be 

difficult with the current state of research, policy design, economic analysis, and policy 

advocacy (Ullman et al. 2013). Research needs to plan for the successful incorporation 

of these ecosystems into the British Columbian regulatory offset system. Based on our 

research and experiences, future research should involve: (a) quantification of other BC 

salt marsh CARs and carbon stocks, (b) a full understanding of marsh specific carbon 

budgets including potential GHG emissions; and (c) modelling and mapping to determine 

marsh persistence into the future. This research may take several years to complete, 
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and therefore salt marsh inclusion in offsetting/credit program, in British Columbia is still 

many years away. Nonetheless, this ecosystem valuation mechanism could be a very 

robust and efficient policy to ensure the sustainability of salt marshes and their carbon 

mitigation abilities in the future (Ullman et al. 2013).  

 Next Steps  

This study provided novel information on the quantification of marsh type, area, 

volume, carbon stocks, and carbon accumulation rates, and this information has led to 

an improved understanding of marsh processes happening in western Boundary Bay. 

However, several additional areas of research could serve as next steps towards any 

implementation of Boundary Bay as a carbon benefit or part of a robust carbon 

accounting scheme. These research steps include determining: (1) allochthonous and 

autochthonous carbon composition in the sediment, (2) permanency of the marsh in 

relation to projected sea level rise, and (3) the carbon budget and marsh topography of 

the entire Boundary Bay marsh. 

Understanding the composition of the allochthonous and autochthonous carbon 

stored in a salt marsh is an important piece to understanding the full story of blue carbon 

potential. Most estimated carbon stocks and accumulation rates assume that the organic 

carbon that is stored in the marsh is autochthonous carbon (Van de Broek et al. 2017). 

Therefore, researchers may be overestimating the carbon sequestration abilities of the 

marsh as ex-situ carbon does not contribute to in-situ carbon sequestration of the marsh 

(Van de Broek et al. 2017; Macreadie et al. 2019). Through tidal influence, salt marshes 

are known to have a combination of allochthonous terrestrial and oceanic organic matter 

inputs, and autochthonous carbon produced by above and below ground macrophyte 

litter (Zhou et al. 2006; Van de Broek et al. 2017). The amount of external inputs into the 

marsh depends various aspects such as the size of the catchment area and land-use 

within, and the duration of exposure to ocean waters (Gillis et al. 2014). Moreover, the 

ratio of in-situ and ex-situ sources can differ between marshes at different locations (Van 

de Broek et al. 2017). Van de Broek et al. (2017), using stable carbon isotopes, found 

that salt marshes in the estuary of the Scheldt River, Belgium, are storing a larger 

amount of marine sourced autochthonous carbon in their soils. In contrast, Yuan et al. 

(2016) used stable carbon isotopes and found that riverine suspended organic matter 

was the primary source of the soil organic matter in a marsh located in Changjiang 
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estuary, China. Various salt marshes in southeastern Australia indicated that in-situ 

carbon contributed the most to soil carbon storage also using stable carbon isotopes 

(Saintilan et al. 2013). In addition to carbon and nitrogen isotope tracers researchers 

also suggest using n-alkanes distributions (Tanner et al. 2010), C/N elemental ratios, 

lignin, lipids, and amino acid biomarkers to help determine carbon sources in salt marsh 

sediments (Zhou et al. 2006; Bianchi et al. 2016; Kramer et al. 2017; Macreadie et al. 

2019). Using stable carbon isotope analysis alone or in combination with another marker 

could add a greater understanding of the composition of allochthonous and 

autochthonous carbon in the sediment of a salt marsh. Quantifying the contributions of 

allochthonous and autochthonous carbon to the soil carbon stock is essential for 

avoiding the overestimation of the rates of marsh carbon sequestration and the “double 

accounting” of carbon from neighboring ecosystems (Van de Broek et al. 2017; 

Macreadie et al. 2019). Moreover, accounting for the appropriate amount and source of 

carbon within the marsh will allow for greater confidence in including these ecosystems 

in carbon accounting/credit programs.  

Another important analysis that should be completed on the Boundary Bay salt 

marsh is measuring elevation of the marsh in order to understand its resiliency to future 

sea level rise. Salt marshes are in threat of drowning from sea level rise if they do not 

have the space to migrate inland or if they do not have accretion rates that exceed 

projected sea level rise (Mcleod et al. 2011; Chmura 2013). Assessing whether a salt 

marsh will persist into the future is essential to verifying if the site is appropriate for a 

greenhouse gas offset credits or programs (Chmura 2013; Macreadie et al. 2019). If a 

marsh is drowned and permanently lost, then the carbon stored in the marsh will be 

released into the atmosphere, contributing to greenhouse gas emissions (Duarte et al. 

2013; Sheehan et al. 2019). The only technology that can provide the digital elevation 

models with vertical resolution relevant to marshes is topographic Lidar (Chmura 2013). 

While several other models can to infer elevations of land close to sea level, most are 

too coarse, as understanding marsh resiliency to sea level rise requires digital elevation 

model accuracy within centimeters (Chmura 2013; Kulp and Strauss 2019). Therefore, 

acquiring Lidar data for the Boundary Bay marsh to determine the permanency of the 

marsh in relation to projected sea level rise.   

Further investigation and research of the full marsh (140 ha), at Boundary Bay is 

still needed for a complete understanding of marsh dynamics. As mentioned in Section 
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4.4., our results suggest the high marsh may be mesohaline, and therefore may be 

emitting methane. To ensure Boundary Bay salt marsh is a carbon sink, a 

comprehensive sampling regime of porewater salinity in combination with flux chambers 

to analyze methane flux throughout the entire marsh would allow for greater certainty in 

the carbon flux (Poffenbarger 2011). Additionally, understanding of the carbon dynamics 

of the entire marsh includes further research of the 85 ha that comprises the eastern 

portion of Boundary Bay marsh. In this area, additional coring and subsequent carbon 

analysis and dating should be completed to quantify more robust carbon stocks and 

accumulation rates, especially given the high variability found among our CARs. 

Moreover, completing the vegetation delineation between high and low marsh further 

east would also lead to more robust carbon stocks, as well as allow for species 

monitoring. To ensure the marsh continues to sequester and store carbon on-going 

monitoring, such as erosion, sea level rise, and species composition of the marsh, will 

be needed. If Boundary Bay marsh were to be incorporated into an offset/credit program 

in British Columbia, all of the recommended next steps, including determining the 

composition of the allochthonous and autochthonous carbon and the measuring of 

elevation, would need to be completed to have a robust and comprehensive baseline for 

carbon credits.  
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Conclusions 

This study quantified carbon storage and accumulation rates in the high and low 

marsh zones of the western portion of the Boundary Bay salt marsh in Delta, British 

Columbia. This research helps fill data gaps in the estimation of blue carbon potential on 

the Pacific Coast of Canada. Carbon stocks in the western portion of Boundary Bay are 

lower than global estimates, with averages of 84.2 ± 30.9 Mg C/ha and 39.3 ± 24.2 Mg 

C/ha for the high and low marsh zones, respectively. Carbon accumulation rates were 

also lower than global carbon rates with a mean of 136.6 ± 161.6 g C/m2yr. However, the 

range of CARs (19.5 – 454.0 g C/m2yr) demonstrates the high spatial variability in 

accumulation of carbon throughout the marsh, and the median of the CARs may be a 

more conservative indicator of CARs in the western portion of Boundary Bay at 70.1 g 

C/m2yr. The median is also similar to the average CAR (73.1 ± 49.1 g C/m2yr) when core 

T2-EAmis omitted from the calculation. Both carbon stocks and accumulation rates were 

within range of other studies on the Pacific coast of North America (Callaway et al. 2012; 

Crooks et al. 2014). By controlling for marsh environment and dating method, we provide 

a new, more conservative 210Pb estimate of CAR of 88 ± 20 g C/m2yr for the Pacific 

coast of North America. The low carbon stock and accumulation rates in comparison to 

global estimates may be due to the shallow depth of the marsh, the differentiating 

dominant type of vegetation, and not all high marsh cores reached marsh initiation.  

Our results showed significant differences between high and low marsh carbon 

stocks, dry bulk densities, soil carbon densities, and percent carbon. Our high marsh 

carbon stocks were significantly higher than the low marsh carbon stocks, which is 

similar to other studies. The higher carbon stocks in the high marsh are likely due to 

deeper rooting plants, increased production of below ground biomass, and a more 

mature plant canopy. Moreover, our carbon stock results may be underestimated 

because of our coring methods did not hit marsh initiation in some high marsh cores. 

We calculated carbon stocks using two different methods, the traditional method 

using area of the marsh and a new volumetric method. Depending on which method 

chosen to calculate carbon stock estimates, the method can influence the outcome of 



54 

carbon stocks. Using the volumetric method produced carbon stocks that were 

approximately 35% higher compared to using the traditional method.  

Our CAR results suggest no significant differences between the high and low 

marsh zones. Thus, a single average can be used for the western portion of Boundary 

Bay marsh. Our results also appear to show the processes within the marsh are acting 

at different rates across the marsh. For example, the samples collected from the east 

are younger, deeper, and have notably higher CARs compared to the samples collected 

further west. Furthermore, the western portion of the marsh shows evidence of 

expansion by ~26 ha since 1930.  

The carbon stored and accumulated in a salt marsh is a powerful and 

underutilized ecosystem service, which can potentially be leveraged by governments 

and organizations to promote and action improved protection, restoration, management, 

and funding for these ecosystems. Blue carbon data can be used to support and 

enhance coastal management decisions. Given the significant loss of coastal wetlands 

across British Columbia, the province lacks specific coastal wetland policy and 

legislation that protects and conserves salt marshes. Strong Provincial wetland policies 

allow municipalities and organizations to make better to land use decisions. These 

ecosystems could be added to a voluntary carbon market to further legitimize their 

climate change mitigation capabilities, all the while ensuring their protection and 

restoration. However, research is needed to ensure carbon size, sequestration, and 

sources of specific salt marshes could be considered for a voluntary carbon market.  

Carbon sequestration as an ecosystem service is still a long way away from 

being utilized in the voluntary carbon market. Essential research is needed before 

including Boundary Bay marsh or any other salt marshes in British Columbia into an 

offsetting/credit program. Specifically, for Boundary Bay, further research into the 

porewater salinity and overall carbon budget, including GHG fluxes, of the marsh would 

confirm whether the marsh is indeed a net carbon sink. Differentiating between the 

allochthonous and autochthonous carbon sources stored in the sediment would ensure 

marsh sequestration is not over estimated. Determining a concise measurement of 

elevation through the use of Lidar would provide the necessary data to determine 

whether the marsh is resilient to sea level rise. Furthermore, investigating the carbon 
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potential of the eastern portion of Boundary Bay would bring a better understanding of 

the full blue carbon potential of the entire salt marsh.  
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Appendix A.   Supplemental Tables and Data  

Table A1.  Species composition and marsh zonation of coring sites in 
Boundary Bay, Delta, BC. 

Core ID Species Percent Cover Marsh Zonation 

BB1-1  

Jaumea <1% 

Low Marsh  
Salicornia 95% 

Triglochin <1% 

Atriplex 2% 

BB1-2  
Salicornia 75% 

Low Marsh  
Atriplex 25% 

BB1-3  
Atriplex  99% 

High Marsh 
Salicornia >1% 

BB1-4  

Distichlis 98% 

High Marsh Atriplex  >1% 

Salicornia >1% 

BB2-2 

Salicornia 70% 

Low Marsh  Atriplex 30% 

Deschampsia <1% 

BB2-3 
Salicornia 85% 

Low Marsh  
Atriplex  15% 

BB2-4 

Salicornia 60% 

Low Marsh  Distichlis 20% 

Atriplex 20% 

BB2-5 
Atriplex 70% 

High Marsh 
Distichlis 30% 

BB - 1   

Salicornia  20% 

High Marsh 
Deschampsia  5% 

Grindelia  10% 

Distichis 25% 

BB - 2  

Salicornia 50% 

Low Marsh  Triglochin 25% 

Juncus  25% 

C1  

Salicornia - 
High Marsh  
(salt panne) 

Dead Salicornia 97% 

Live Salicornia 3% 
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Core ID Species Percent Cover Marsh Zonation 

C2  

Grindelia 30% 

High Marsh 

Elymus 45% 

Atriplex 2% 

Distichlis 10% 

Achillea 2% 

C3  
Juncus 99% 

High Marsh 
Salicornia 1% 

T3-1 

Salicornia 40% 

High Marsh Grindelia  40% 

Distichlis 20% 

T3-2 

Achillea millefolium 25% 

High Marsh 
Elymus 45% 

Solidago 5% 

Atriplex 20% 

T3 -A 
Atriplex (dead) 80% 

High Marsh 
Salicornia 20% 

T2 -EA 

Atriplex 50% 

High Marsh 
Salicornia 25% 

Distichlis 15% 

Grindelia  10% 

T2 -6 

Triglochin 45% 

Low Marsh  
Salicornia 25% 

Distichlis 25% 

Atriplex 5% 

LM1 
Salicornia 95% 

Low Marsh  
Atriplex 5% 

LM2  
Salicornia 95% 

Low Marsh  
Distichlis 5% 

SP2 
Salicornia 2% High Marsh  

(salt panne) Bare ground 98% 

W-A Distichlis 100% High Marsh 
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Table A2.  Coordinates, species composition, and depth (cm) of 154 additional 

sampling sites sites in Boundary Bay, Delta, BC. 

Latitude  Longitude Species Composition  Depth (cm) 

N 49 02'36.6 W 123 02'55.6 Scirpus maritimus  23 

N 49 02'36.7 W 123 02' 55.8  Distichlis spicata  51 

N 49 02'37.6 W 123 02'55.8  
Atriplex patula  

38 
Scirpus maritimus 

N 49 02 38.4 W 123 0256.2 Scirpus maritimus  47 

N 49 02'39.5 W 123 02'56.7 Scirpus maritimus n/a 

N 49 02'40.5 W 123 02'57.6 Distichlis spicata  30 

N 49 02 43.3 W 123 02 56.7 Distichlis spicata 30 

N 49 02 41.7 W123 02 55.8 Distichlis spicata 28 

N 49 02 40.2 W 123 02 55.0 
Achillea millefolium  

34 
Distichlis spicata 

N 49 02 38.6 W 123 02 53.7 Distichlis spicata 48 

N 49 02 40.1 W 123 02 51.6 Distichlis spicata 45 

N 49 02 40.3 W 123 02 51.8 
Salicornia virginica  

35 
Distichlis spicata 

N 49 02 41.1  W 123 02 52.4 Salicornia virginica  30 

N 49 02 41.6 W123 02 53.0  Salicornia virginica  30 

N 49 02 43.4 W 123 02 53.6 
Distichlis spicata 

30 
Achillea millefolium   

N 49 02 45.5 W 123 02 54.5 Distichlis spicata 25 

N 49 02 49.0 W 123 02 55.6  
Scirpus maritimus 

20 
Salicornia virginica  

N 49 02 49.2 W 123 02 55.1 Distichlis spicata 30 

N 40 02 47.7  W 123 02 53.5 
Distichlis spicata 

30 
Atriplex patula  

N 49 02 47.2  W 123 02 53.1 Salicornia virginica  20 

N 49 02 46.6 W 123 02 52.7 
Salicornia virginica  

20 
Atriplex patula 

N 49 02 45.5  W 123 02 52.0 Salicornia virginica  30 

N 49 02 45.2 W 123 02 51.7 Bare soil 7 

N 49 02 42.2 W 123 02 49.4 
Distichlis spicata 

35 
Achillea millefolium   
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Latitude  Longitude Species Composition  Depth (cm) 

N 49 02 44.2  W 123 02 47.7 Distichlis spicata 40 

N 49 02 46.3  W 123 02 48.9 Distichlis spicata 45 

N 49 02 46.3  W 123 02 48.9 

Grindelia integrifolia  

20 Salicornia virginica  

Distichlis spicata 

N 49 02 47.5 W 123 02 50.0 
Salicornia virginica 

30 
Grindelia integrifolia  

N 49 02 47.8 W 123 02 49.9  

Grindelia integrifolia  

n/a Distichlis spicata 

Salicornia virginica 

N 49 02 49.3  W 123 02 50.8  Distichlis spicata 35 

N 49 02 49.4 W 123 02 50.7 
Grindelia integrifolia  

n/a 
Salicornia virginica 

N 49 02 51.6  W 123 02 51.6 

Distichlis spicata 

25 Grindelia integrifolia  

Salicornia virginica 

N 49 02 53.0  W 123 02 52.1 Distichlis spicata 32 

N 49 02 55.1 W 123 02 49.3 

Aster subspicatus 

30 Grindelia integrifolia 

Distichlis spicata 

N 49 02 53.7 W 123 02 48.6 

Grindelia integrifolia 

25 Distichlis spicata 

Salicornia virginica 

N 49 02 53.7 W 123 02 48.6 Salicornia virginica 30 

N 49 02 51.8 W 123 02 47.7 

Grindelia integrifolia  

n/a Salicornia virginica 

Atriplex patula 

N 49 02 51.1 W 123 02 47.0 
Atriplex patula 

60 
High marsh grasses 

N 49 02 51.1 W 123 02 47.1  
Atriplex patula 

58 
Achillea millefolium   

N 49 02 49.9  W 123 02 46.4 

Atriplex patula 

60 
Achillea millefolium   

Aster subspicatus 

Distichlis spicata 

N 49 02 48.9  W 123 02 46.6 High marsh grasses 45 
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Latitude  Longitude Species Composition  Depth (cm) 

N 49 03 29.3  W 123 01 23.6  

Salicornia virginica 

8 
Atriplex patula 

Distichlis spicata 

Juncus roemerianus 

N 49 03 29.6  W 123 01 22.8 

Juncus roemerianus 

3 Salicornia virginica  

Triglochin martima 

N 49 03 31.6  W 123 01 22.6  

Juncus roemerianus 

24 Salicornia virginica 

Grindelia integrifolia 

N 49 03 34.3 W 123 01 20.0  
Atriplex patula 

23 
Salicornia virginica 

N 49 03 34.4  W 123 01 15.9 

Distichlis spicata 

30 Salicornia virginica  

Atriplex patula 

N 49 03 33.1 W 123 01 13.0 

Atriplex patula 

40 Grindelia integrifolia  

Salicornia virginica   

N 49 03 31.5  W 123 01 14.5  Atriplex patula 36 

N 49 03 30.4 W 123 01 15.7 
Atriplex patula 

32 
Salicornia virginica  

N 49 03 29.7 W 123 01 17.8  

Atriplex patula 

37 
Salicornia virginica  

Grindelia integrifolia 

Triglochin martima  

N 49 03 23.8  W 123 01 11.1 

Juncus roemerianus  

0 Atriplex patula 

Salicornia virginica around 

N 49 03 24.5 W 123 01 11.2 

Grindelia integrifolia 

18 
Atriplex patula 

Salicornia virginica  

Juncus roemerianus 

N 49 03 31.0 W 123 01 25.1  

Distichlis spicata  

35 Atriplex patula 

Grindelia integrifolia  

N 49 02'56.0 W 123 02'25.0 Salicornia virginica 35 
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Latitude  Longitude Species Composition  Depth (cm) 

Grindelia integrifolia 

Atriplex patula 

N 49 02'56.3 W 123 02'23.3 

Salicornia virginica  

35 Distichlis spicata  

Atriplex patula 

N 49 02'55.5 W 123 02'22.8 

Salicornia virginica  

20 Distichlis spicata    

Eelgrass Wrack  

N 49 02'56.5 W 123 02'21.2 Atriplex patula 45 

N 49 02'56.2 W 123 02'21.1  
Salicornia virginica 

25 
Atriplex patula 

N 49 02'55.3 W 123 02'20.2  

Salicornia virginica 

15 Triglochin martima 

Eeelgrass Wrack  

N 49 02'56.3 W 123 02'18.6 

Salicornia virginica   

23 Triglochin martima    

Distichlis spicata 

N 49 02'56.7 W 123 02'19.0 
Salicornia virginica  

22 
Juncus roemerianus 

N 49 02'57.5 W 123 02'20.0 
Atriplex patula  

30 
Distichlis spicata 

N 49 02' 58.2 W 123 02'18.7 
Atriplex patula 

40 
Distichlis spicata 

N 49 02'59.0 W 123 02'17.6 Atriplex patula 47 

N 49 02'58.3 W 123 02'17.1 

Salicornia virginica  

25 Triglochin martima 

Distichlis spicata 

N 49 02'58.7 W 123 02'13.7 

Salicornia virginica  

22 Distichlis spicata 

Triglochin martima 

N 49 02'59.9 W 123 02'14.6 

Atriplex patula 

50 
Salicornia virginica  

Distichlis spicata 

Grindelia integrifolia 

N 49 03'00.0 W 123 02'12.3  
Distichlis spicata 

42 
Salicornia virginica  
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Latitude  Longitude Species Composition  Depth (cm) 

Triglochin martima 

N 49 03' 01.5  W 123 02'13.3  

Salicornia virginica  

35 Atriplex patula 

Grindelia integrifolia 

N 49 03'01.6 W 123 02'13.3  
Salicornia virginica  

28 
Atriplex patula 

N 49 03'01.6 W 123 02'10.7 

Triglochin martima 

40 
Salicornia virginica  

Atriplex patula 

Distichlis spicata 

N 49 03'02.4 W 123 02'08.8 

Artriplex patula  

50 Salicornia virginica  

Triglochin martima  

N 49 03'03.0 W 123 02'09.5 

Atriplex patula 

60 
Salicornia virginica  

Distichlis spicata 

Triglochin martima 

N 49 03'04.7 W 123 02'11.3 

Grindelia integrifolia 

33 Atriplex patula 

Distichlis spicata 

N 49 03'05.8 W 123 02'09.6 

Distichlis spicata 

31 
Grindelia integrifolia 

Atriplex patula 

Salicornia virginica  

N 49 03'05.1 W 123 02'08.9 
Salicornia virginica 

30 
Triglochin martima  

N 49 03'04.4 W 123 02'08.5 

Distichlis spicata 

40 Salicornia virginica  

Triglochin martima 

N 49 03'03.5 W 123 02'07.5 Salicornia virginica 50 

N 49 03'03.2 W 123 02'07.1 

Grindelia integrifolia 

80 Atriplex patula 

Salicornia virginica 

N 49 03'04.8 W 123 02'04.7 

Grindelia integrifolia 

80 Atriplex patula 

Salicornia virginica 
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Latitude  Longitude Species Composition  Depth (cm) 

N 49 03'05.1 W 123 02'05.1 Grindelia integrifolia  69 

N 49 03'06.0 W 123 02'06.3 

Salicornia virginica 

45 Triglochin martima 

Distichlis spicata 

N 49 03'07.5 W 123 02'08.3 

Grindelia integrifolia 

60 Aster subspicatus 

Tall grasses  

N 49 03'09.3 W 123 02'06.3 

Distichlis spicata  

32 Salicornia virginica  

Atriplex patula 

N 49 03'09.6 W 123 02'05.2 

Distichlis spicata  

50 Atriplex patula  

Salicornia virginica  

N 49 03'08.2 W 123 02'04.2 

Distichlis spicata  

56 
Salicornia virginica 

Atriplex patula  

Triglochin martima 

N 49 03'06.4 W 123 02'03.0 

Atriplex patula  

80 Grindelia integrifolia 

Salicornia virginica    

N 49 02'55.2 W 123 02'44.2 
Salicornia virginica 

30 
Grindelia integrifolia 

N 49 02'54.2 W 123 02'43.8 Salicornia virginica  25 

N 49 02'52.4 W 123 02'43.0 
Atriplex patula 

70 
Grindelia integrifolia  

N 49 02'56.1 W 123 02'41.2 

Distichlis spicata  

27 Salicornia virginica  

Atriplex patula  

N 49 02'54.8 W 123 02'40.3 Atriplex patula 25 

N 49 02'53.4 W 123 02'39.5 

Salicornia virginica  

25 Atriplex patula 

Distichlis spicata  

N 49 02'53.2 W 123 02'39.2 Salicornia virginica  20 

N 49 02'51.8 W 123 02'38.2 Atriplex patula 26 

N 49 02'50.5 W 123 02'37.3 
Salicornia virginica 

40 
Grindelia integrifolia 
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Latitude  Longitude Species Composition  Depth (cm) 

Atriplex patula 

N 49 02'49.0 W 123 02'36.9 
Atriplex patula 

60 
Grindelia integrifolia 

N 49 02'48.2 W 123 02'36.6 
Atriplex patula 

62 
Grindelia integrifolia 

N 49 02'47.4 W 123 02'36.0 

Salicornia virginica 

20 Distichlis spicata 

Triglochin martima   

N 49 02'47.1 W 123 02'33.1 

Salicornia virginica 

26 Atriplex patula  

Juncus roemerianus 

N 49 02'47.6 W 123 02'33.5 
Grindelia integrifolia  

38 
Atriplex patula 

N 49 02'48.7 W 123 02'34.6 Atriplex patula 40 

N 49 02'50.4 W 123 02'35.2 

Atriplex patula 

28 Distichlis spicata 

Grindelia integrifolia 

N 49 02'50.9 W 123 02'35.3 
Atriplex patula 

25 
Grindelia integrifolia 

N 49 02'52.6 W 123 02'36.6 
Salicornia virginica  

23 
Distichlis spicata  

N 49 02'54.1 W 123 02'37.2 Distichlis spicata 21 

N 49 02'56.2 W 123 02'37.4 

Aster subspicatus 

n/a Distichlis spicata 

High marsh grasses 

N 49 02'56.4 W 123 02'34.9 Distichlis spicata  n/a 

N 49 02'55.0 W 123 02'34.2 
Grindelia integrifolia  

38 
Distichlis spicata 

N 49 02'54.4 W 123 02'33.7 n/a 28 

N 49 02'53.2 W 123 02'30.8 n/a 33 

N 49 02'52.2 W 123 02'28.9 

pear tree 

n/a 

Achillea millefolium   

thistle 

dandilion  

Juncus roemerianus 

N 49 02'52.4 W 123 02'28.5 Salicornia virginica 32 
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Latitude  Longitude Species Composition  Depth (cm) 

Distichlis spicata  

Atriplex patula 

N 49 02'51.3 W 123 02'28.8 

Salicornia virginica   

20 
Grindelia integrifolia 

Atriplex patula  

Distichlis spicata  

N 49 02'49.7 W 123 02'27.9 Atriplex patula 58 

N 49 02'48.5 W 123 02'26.6 Salicornia virginica  45 

N 49 02'47.7 W 123 02'26.4 
Distichlis spicata 

28 
Salicornia virginica  

N 49 02'47.5 W 123 02'21.1 

Salicornia virginica  

15 Distichlis spicata 

Triglochin martima 

N 49 02'48.0 W 123 02'21.4 
Atriplex patula 

50 
Salicornia virginica  

N 49 02'48.2 W 123 02'21.4 
Salicornia virginica  

45 
Grindelia integrifolia  

N 49 02'49.7 W 123 02'21.7 
Atriplex patula 

47 
Salicornia virginica  

N 49 02'50.9 W 123 02'22.7 
Atriplex patula 

60 
Salicornia virginica  

N 49 02'52.8 W 123 02'23.6 
Atriplex patula 

60 
Salicornia virginica  

N 49 02'54.4 W 123 02'24.5 

Salicornia virginica  

60 Atriplex patula  

Grindelia integrifolia   

N 49 02'54.1 W 123 02'26.3 
Salicornia virginica  

40 
Atriplex patula 

N 49 02'55.5 W 123 02'09.4 
Distichlis spicata 

15 
Salicornia virginica  

N 49 02'57.5 W 123 02'04.8 

Salicornia virginica  

25 Artriplex patula  

Distichlis spicata  

N 49 02'58.1 W 123 02'05.1 
Atriplex patula 

30 
Juncus roemerianus  

N 49 02'59.5 W 123 02'06.2 Atriplex patula 45 



75 

Latitude  Longitude Species Composition  Depth (cm) 

Salicornia virginica  

N 49 03'01.0 W 123 02'07.7 Salicornia virginica  90 

N 49 03'02.4 W 123 02'06.3 Salicornia virginica 90 

N 49 03'01.4 W 123 02'03.6 

Atriplex patula 

55 
Distichlis spicata 

Grindelia integrifolia 

Salicornia virginica 

N 49 03'00.5 W 123 02'02.2 

Salicornia virginica  

25 Distichlis spicata 

Juncus roemerianus  

N 49 03'01.6 W 123 02'00.5 
Salicornia virginica 

20 
Triglochin martima 

N 49 03'02.0 W 123 02'02.0 

Distichlis spicata 

70 Atirplex patula 

Grindelia integrifolia 

N 49 03'03.2 W 123 02'02.4 Atriplex patula ridge n/a 

N 49 03'04.5 W 132 02'03.7 Atriplex patula 80 

N 49 03'06.5 W 123 02'01.5 
Atriplex patula 

80 
Salicornia virginica  

N 49 03'05.5 W 123 02'00.0 
Atriplex patula 

85 
Grindelia integrifolia 

N 49 03'04.2 W 123 01'58.2 

Salicornia virginica  

25 Distichlis spicata 

Triglochin martima 

N 49 03'07.4 W 123 01'54.5 

Salicornia virginica 

50 Atriplex patula 

Juncus roemerianus 

N 49 03'09.3 W 123 01'55.7 

Atriplex patula 

50 Grindelia integrifolia 

Distichlis spicata 

N 49 03'11.3 W 123 01'56.8 

Salicornia virginica  

45 Atriplex patula 

Grindelia integrifolia 

N 49 03'12.5 W 123 01'58.5 

Salicornia virginica  

35 Atriplex patula 

Grindelia integrifolia 
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Latitude  Longitude Species Composition  Depth (cm) 

N 49 03'13.6 W 123 02'00.3 Salicornia virginica  22 

N 49 03'14.3 W 123 02'01.6 

Salicornia virginica 

33 Atriplex patula 

Distichlis spicata  

N 49 03'15.3 W 123 02'03.3 Salicornia virginica 20 

N 49 03'15.4 W 123 02'05.4 

Distichlis spicata 

25 Atriplex patula 

Salicornia virginica  

 

 Table A3.  Downcore distribution of 210Pb and 226Ra in the six cores chosen for 
geochronoloigical dating. Cores BB1, T3-1 and T2-EA are high 
marsh cores, and cores BB2, LM1 and T2-6 are low marsh cores. 

Core BB1       

Depth (cm) 
Supported 

210Pb (226Ra) 
(Bq/g) 

210Pb total 
(Bq/g) 

± 
(Bq/g) 

210Pbexs 
(Bq/g) 

Linear 
Regression 

Adjusted 
210Pbexs 

Sediment 
Type 

1 0.0094 0.145 0.006 0.135 0.165 Peat 

3 0.0094 0.147 0.006 0.138 0.117 Peat 

6 0.0094 0.077 0.003 0.068 0.070 Peat/silt 

10 0.0094 0.045 0.002 0.035 0.035 Peat/silt 

15 0.0094 0.020 0.001 0.010 0.015 Silt 

18 0.0094 0.024 0.001 0.014 0.009 Silt 

20 0.0094 0.016 0.001 0.007 0.006 Sand 

21 0.0094 0.012 0.001 0.002 0.005 Sand 

21 (226Ra) 0.0094 0.0094 0.0001 - - - 
       

Core BB2       

Depth (cm) 
Supported 

210Pb (226Ra) 
(Bq/g) 

210Pb total 
(Bq/g) 

±  
(Bq/g) 

210Pbexs 
(Bq/g) 

Linear 
Regression 

Adjusted 
210Pbexs 

Sediment 
Type 

1 0.0088 0.036 0.001 0.0274 0.0499 Peat 

3 0.0088 0.047 0.002 0.0377 0.0339 Peat/Sand 

6 0.0088 0.023 0.001 0.0139 0.0189 Peat/Sand 

11 0.0088 0.015 0.001 0.0062 0.0072 Sand 

14 0.0088 0.020 0.001 0.0114 0.0040 Sand 

17 0.0088 0.011 0.001 0.0027 0.0022 Sand 

19 0.0088 0.010 0.001 0.0012 0.0015 Sand 

21 0.0088 0.010 0.001 0.0010 0.0010 Sand 
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23 0.0088 0.014 0.001 0.0056 - Sand 

21 (226Ra) 0.0088 0.0088 0.0001 - - - 
       

Core T3-1       

Depth (cm) 
Supported 

210Pb (226Ra) 
(Bq/g) 

210Pb total 
(Bq/g) 

±  
(Bq/g) 

210Pbexs 
(Bq/g) 

Linear 
Regression 

Adjusted 
210Pbexs 

Sediment 
Type 

1 0.0089 0.202 0.013 0.1932 0.3632 Peat 

4 0.0089 0.232 0.015 0.2235 0.1774 Peat 

8 0.0089 0.110 0.007 0.1015 0.0693 Peat 

14 0.0089 0.033 0.002 0.0243 0.0198 Peat/silt 

18 0.0089 0.015 0.001 0.0064 0.0077 Peat/Sand 

22 0.0089 0.026 0.002 0.0170 0.0030 Peat/Sand 

27 0.0089 0.022 0.002 0.0134 0.0012 Peat/Sand 

29 0.0089 0.028 0.002 0.0186 0.0006 Peat/Sand 

32 0.0089 0.009 0.001 -0.0003 - Sand 

35 0.0089 0.008 0.001 -0.0011 - Sand 

29 (226Ra) 0.0089 0.009 0.0001 - - - 
       

Core LM1       

Depth (cm) 
Supported 

210Pb (226Ra) 
(Bq/g) 

210Pb total 
(Bq/g) 

± 
 (Bq/g) 

210Pbexs 
(Bq/g) 

Linear 
Regression 

Adjusted 
210Pbexs 

Sediment 
Type 

1 0.0086 0.091 0.006 0.0826 0.1247 Peat 

4 0.0086 0.055 0.003 0.0460 0.0773 Peat/Sand 

8 0.0086 0.027 0.002 0.0180 0.0411 Peat/Sand 

14 0.0086 0.055 0.004 0.0465 0.0177 Peat/Sand 

19 0.0086 0.014 0.001 0.0056 0.0076 Sand 

25 0.0086 0.015 0.001 0.0060 0.0033 Sand 

29 0.0086 0.010 0.001 0.0014 0.0017 Sand 

35 0.0086 0.011 0.001 0.0027 0.0008 Sand 

37 0.0086 0.009 0.001 0.0003 0.0005 Sand 

40 0.0086 0.013 0.001 0.0042 - Sand 

35 (226Ra) 0.0086 0.0005 0.0005 - - - 
       

Core T2-EA       

Depth (cm) 
Supported 

210Pb (226Ra) 
(Bq/g) 

210Pb total 
(Bq/g) 

±  
(Bq/g) 

210Pbexs 
(Bq/g) 

Linear 
Regression 

Adjusted 
210Pbexs 

Sediment 
Type 

1 0.0064 0.1709 0.006 0.1645 0.1658 Peat 

6 0.0064 0.1198 0.005 0.1134 0.1347 Peat 
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11 0.0064 0.1105 0.005 0.1041 0.1044 Peat/silt 

17 0.0064 0.0988 0.004 0.0924 0.0810 Peat/silt 

22 0.0064 0.0727 0.004 0.0663 0.0628 Peat/silt 

28 0.0064 0.0612 0.003 0.0548 0.0487 Peat/silt 

33 0.0064 0.0400 0.003 0.0336 0.0378 Silt 

39 0.0064 0.0072 0.001 0.0008 0.0293 Sand 

48 0.0064 0.0053 0.001 -0.0011 - Sand 

11 (226Ra) 0.0064 0.0064 0.0012 - - - 
       

Core T2-6       

Depth (cm) 
Supported 

210Pb (226Ra) 
(Bq/g) 

210Pb total 
(Bq/g) 

±  
(Bq/g) 

210Pbexs 
(Bq/g) 

Linear 
Regression 

Adjusted 
210Pbexs 

Sediment 
Type 

1 0.0078 0.107 0.004 0.099 0.138 Peat 

4 0.0078 0.120 0.004 0.112 0.108 Peat 

9 0.0078 0.099 0.004 0.091 0.078 Peat 

14 0.0078 0.065 0.004 0.058 0.051 Peat/silt 

20 0.0078 0.033 0.002 0.025 0.033 Peat/silt 

26 0.0078 0.038 0.003 0.031 0.022 Silt 

30 0.0078 0.023 0.002 0.015 0.016 Silt 

36 0.0078 0.004 0.001 -0.003 - Sand 

43 0.0078 0.005 0.001 -0.003 - Sand 

50 0.0078 0.003 0.001 -0.005 - Sand 

60 0.0078 0.004 0.001 -0.004 - Sand 

14 (226Ra) 0.0078 0.008 0.0010 - - - 
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Appendix B.   Supplemental Figures 

 
Figure B1. Profiles of sediment percent carbon (%C) for each core in 

relationship to depth of each core (cm). Red dotted lines represent 
high marsh cores and blue dotted lines represent low marsh cores.  

 
Figure B2.  Profiles of sediment soil carbon densities (gC/cm3) for each core in 

relationship to depth of each core (cm). Red dotted lines represent 
high marsh cores and blue dotted lines represent low marsh cores.  
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Figure B3.  Profiles of sediment dry bulk density and percent carbon for a core 

selected from high marsh (Core ID BB1) and low marsh (core ID 
BB2).  Here it can been that DBD and %C are inversely related, in 
that high DBD corresponds to low %C and vice versa.  

 
 

 
Figure B4.  Downcore distributions of CRS derived carbon accumulation rates 

in relation with depth for all low marsh cores dated.  
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Figure B5.  Downcore distributions of CRS derived carbon accumulation rates 

in relation with depth for all high marsh cores dated.  
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Appendix C   Supplemental Maps  

 
Figure C1.  Marsh zonation with specific vegetation distributions in relation to 

collected cores in the western portion of Boundary Bay. Base Map 
Source: Google Earth 2018. Base Data Source: QGIS 3.0  
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Figure C2.  The kriging spatial analysis completed in ArcMap 10.3 to estimate 

the marsh volume based on the bounded area. Base Map Source: 
Google Earth 2018.  
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Figure C3.  Map of the western portion of Boundary Bay salt marsh in 2018 in 

relation to the leading edge of the marsh in 1930. Base Map Source: 
Google Earth 2018.   




