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Abstract  

Greenhouse gases, as a significant cause of global climate change, are the highest in 

history.  Coastal ecosystems are said to contribute to climate change mitigation by sequestering 

significant amounts of blue carbon.  Disconcertingly, seagrasses are experiencing global extent 

loss.  Using dated sediment cores, the potential for carbon sequestration was assessed in Zostera 

marina eelgrass bed sediments of the K’ómoks Estuary.  Some of the assessed areas are found to 

be non-depositional.  In areas of deposition the sediment accumulation rate is 0.23 to 0.78 g cm
-2

 

yr
-1

, and the carbon concentration range in buried sediment is 0.06 to 0.22%.  Carbon 

accumulation rates are 0 to 1.3x10
-3

 gC cm
-2

 yr
-1

, lower than in nearby Strait of Georgia.  The 

K’ómoks Estuary is a disturbed site.  The calculated area weighted average carbon sequestration 

rate for the K’ómoks Estuary is 1.18x 10
-5

 tC m
-2

 yr
-1

.
  
At this rate, the author suggests these 

northwest Pacific Ocean eelgrass beds do not sequester carbon at the global rates anticipated by 

previous work.  Protection of all estuarine ecosystems will also provide important ecological 

benefits. 
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Introduction 

Global Climate Change 

The Fifth Climate Assessment Report by the United Nations Intergovernmental Panel on 

Climate Change (IPCC) confirmed that recent anthropogenic emissions of atmospheric 

greenhouse gases (GHGs), a significant cause of global climate change, are the highest in history 

(Intergovernmental Panel on Climate Change (IPCC) AR5 SYR, 2014).  Total anthropogenic 

GHG emissions have continued to increase since 1970, with the largest increases between 2000 

and 2010.  Recently, global economic and population growth were found to be significant 

drivers of increased carbon dioxide (CO2) emissions through fossil fuel combustion (IPCC AR5 

SYR, 2014).  The global impacts of climate change are projected to include continuous increase 

of temperature, change of ecology and related risk to wildlife, polar cap melt and associated sea 

level rise, North Atlantic ocean current shift, increased risk of drought, fire and floods, stronger, 

more frequent extreme weather events, spread of heat related disease, and socio-economic loss 

(Intergovernmental Panel on Climate Change (IPCC) WG2, 2014).  

Role of Coastal Ecosystems in Mitigating Global Climate Change 

Globally, coastal mangrove stands, salt marshes, and seagrass beds play a significant role 

in maintaining human wellbeing and climate stability.  Coastal ecosystems can contribute to 

climate change mitigation by sequestering and storing significant amounts of blue carbon from 

the atmosphere and oceans (Conservation International, 2014).  This is the carbon captured by 

marine organisms and stored in coastal ecosystems such as salt marshes, mangroves and seagrass 

beds.  It has been suggested that together, healthy estuaries containing mangroves, salt marshes, 
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or seagrass beds, can sequester and store (stock) more GHG associated carbon than terrestrial 

ecosystems, including forests (Campbell, 2010; Conservation International, 2014; Duarte et al., 

2010; Fourqurean et al., 2012; Macreadie, Baird, Trevathan-Tackett, Larkum, & Ralph, 2014; 

Pendleton et al., 2012).  Just as in terrestrial systems, the carbon is captured from the atmosphere 

and fixed via photosynthesis.  However, whereas in terrestrial forests the carbon is stored in 

vegetative biomass/necromass for many decades or centuries, the blue carbon in coastal 

vegetated habitats is stored in organic-rich sediments and, if left undisturbed, may be stored for 

millennia (Campbell, 2010; Duarte, Kennedy, Marbà, & Hendriks, 2013; Fourqurean et al., 

2012; Macreadie et al., 2014).   

Seagrasses  

While not true grasses, seagrasses are a small, diverse group of submerged marine 

monocotyledenous angiosperms that grow in water depths that receive periodic light limitations 

due to seasonal sedimentation loading or algal blooms.  They are descended from terrestrial 

plants that returned to the sea by evolving the osmoregulatory capacity to thrive in highly saline 

environments (Green & Short, 2003; Touchette & Burkholder, 2000).  Most seagrasses grow in 

nutrient-rich estuarine and marine sediments that may be muddy, sandy or rocky, where the 

water column sustains periodic increased turbidity from sediment loading or re-suspension, 

phytoplankton blooms or microalgae growth.  Seagrasses may grow in monospecific or mixed 

species stands called beds or meadows, which can persist for decades (Green & Short, 2003).   

Eight species of seagrass are recognized from the Pacific Coast of North America; of 

these, six occur in the Pacific Northwest.  Zostera marina L. is the dominant seagrass in terms of 

biomass and areal extent with a range from Baja California (Mexico) to Southeastern Alaska and 
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the Arctic.  It is one of the most widespread seagrasses, found circumglobally in the northern 

hemisphere’s Pacific and Atlantic oceans and in the Mediterranean and Black Seas (Figure 2) 

(Short et al., 2010).   Despite the broad distributional range and the ecological importance of 

eelgrasses, there are relatively few published studies on the biology and ecology of Z. marina in 

Pacific Northwest estuaries (Kaldy, 2006).  

 

Figure 1.  Global eelgrass Z. marina distribution.   Reprinted from The IUCN Red List of 

Threatened Species by F. T. Short et al., 2010.  Retrieved from http://www.iucnredlist.org/. 

Copyright 2010 by International Union for Conservation of Nature and Natural Resources. 

Reprinted with permission. 

Seagrass beds are perhaps the least understood coastal ecosystem in terms of carbon 

sequestration yet they may be the second greatest carbon sink (Macreadie et al., 2014).  

However, the IPCC reports that seagrass meadows are experiencing a global loss of between 0.4 
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and 2.5% yr
-1

 in area and some authors report rates as high as 5% yr
-1

 (Duarte et al., 2013; IPCC, 

2014; Orth et al., 2006; Waycott et al., 2009).  With an estimated 44% of the global population 

living within 150 km of an ocean in 2010, this decline is expected to increase (Nganyi & Akrofi, 

2010).  Therefore, protection and policy development in support of the restoration and 

conservation of seagrass meadows is crucial because these beds combat environmental change 

through carbon sequestration (Curado, Rubio-Casal, Figueroa, Grewell, & Castillo, 2013).  

However, to date, the development of such management plans and policies has been thwarted by 

limited knowledge of the mechanisms creating conditions for high carbon sink capacity, as well 

as carbon burial rates (Duarte et al., 2013).   

In the last decade, our understanding of the role of seagrass meadows as carbon sinks has 

improved; however, substantial uncertainties and gaps remain (Duarte et al., 2010).  The actions 

required to address some of these uncertainties include: 1) A need for improved estimates of 

global seagrass cover, revised regularly to account for net change; 2) more comprehensive 

investigation of carbon stocks and burial rates over different time scales, including estimates of 

thickness of sediment deposits under extant seagrass meadows; 3) understanding the fate of the 

carbon exported (sediment and biomass) from seagrass meadows; 4) identification of the factors 

responsible for variability in seagrass carbon sink capacity; 5) development of improved models 

to identify suitable areas for seagrass growth; and 6) assessments of seagrass meadow area loss 

and the fate of the accumulated carbon in their bared or disturbed sediments (Duarte et al.. 

2013). 

The tracking of carbon stock changes by the IPCC protocols are equally important to 

understand as the role of carbon sequestration globally and the loss of habitat concerns relating 
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to seagrasses (IPCC, 2014).  Many governments, industries, private and not-for-profit groups are 

interested in developing a voluntary wetland carbon stock and storage (the sequestration of 

carbon on an additionality measurement scale) or expanding on methodologies such as those 

available through the Verified Carbon Standard (VCS) (Louisiana Coastal Protection and 

Restoration Society, CH2M Hill, & EcoPartners, 2014).  Although progress has been made in 

developing suitable methods for mangroves and salt marshes, this is not the case for seagrass 

beds, primarily due to the lack of information on current and future carbon sequestration rates in 

these systems.  Current methods are able to estimate accurately the inventory of carbon stored 

within the seagrass bed sediments.  However, we lack a standard method of determining ongoing 

rates of carbon sequestration in these environments (Dr. Sophia Johannessen, personal 

communication, April 2, 2015). 

Marine Vegetation Carbon Cycle 

Despite the fact that seagrass meadows are some of the most productive ecosystems on 

the planet, their global organic carbon stores have not yet been adequately assessed (Campbell, 

2010; Fourqurean et al., 2012) and most of the assessments that have been done used outdated 

techniques (Conservation International, 2014) or are considered rudimentary by terrestrial 

standards (Macreadie et al., 2014).  Seagrass meadows are estimated to be responsible for 10-

20% (27.4 Tg C yr
-1

) of the global carbon sequestration in marine sediments, while covering  

<0.2% of the ocean surface (Duarte et al., 2005; Fourqurean et al., 2012; Kennedy et al., 2010).   

The organic carbon (Corg) budget is the balance of the exchanges (flux) of carbon 

between the carbon reservoirs of the carbon cycle.  An examination of the carbon budget of a 

pool or reservoir can provide information about whether the pool or reservoir is functioning as a 
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source or sink for carbon dioxide (CO2).  Corg stock is the total amount of organic carbon stored 

in a blue carbon ecosystem of a known size (Conservation International, 2014).  It is important 

to note the current Corg stock alone does not address whether the stock is increasing, declining or 

stable.  Seagrass meadows can act as sinks, sequestering Corg through burial in sediments, or as 

sources releasing Corg into the water column and atmosphere (Macreadie et al., 2014).  Net 

Ecosystem Production (NEP) is calculated as the difference between photosynthetic CO2 uptake 

(gross primary production (GPP) total amount of CO2) and ecosystem respiration (ER) of CO2 

by plants and microbial decomposition of organic matter:  

NEP = GPP – ER   

However, the import (I) and export (E) of Corg must also be considered (Macreadie et al., 2014).   

A portion of the Corg burial in the Strait of Georgia comes from estuary sources.  A recent 

study in Maquoit Bay, Casco Bay Maine, USA, using lipid biomarker concentrations and isotope 

composition, determined that within the estuary sediment cores Z. marina (33%), phytoplankton 

(41%), bacteria (14%), and other C3 plants (12%) contributed to the burial Corg (Sonshine, 

2012).  Several studies have attempted to assess how much of the net community production of 

seagrass meadows is either consumed or exported to adjacent sediments, adjacent beaches or the 

deep seas, and the range of estimates is varied, between 50-70% (Duarte et al., 2010; Heck Jr., 

2008; Herrmann et al., 2015; Kennedy et al., 2010).  Other East Coast researchers conducted a 

synthesis study examining net ecosystem production and carbon balance which modelled that 

East Coast estuaries may serve as Corg sources to the continental shelf, exporting 3.4 Tg C yr
-1

 

(Herrmann et al., 2015).   
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Corg can be imported from other terrestrial and marine sources (transported from 

neighbouring ecosystems such as offshore and terrestrial Corg deposited into the seagrass system) 

(Conservation International, 2014).  Export occurs when Corg is removed from the ecosystem via 

grazers and herbivores.  The amount of Corg stored or sequestered (S) in a given system can be 

calculated as: 

S (Mg ha
-1

) = GPP + I – ER – E 

In seagrass systems, Corg is stored in the above-ground and below-ground biomass, as 

well as in the sediment (bacteria, microalgae, macroalgae and detritus) and in mineral form (e.g. 

carbonates in shells).  However, most authors do not include carbonates in calculations of Corg 

stock even though they contain carbon that might otherwise be released as CO2 to the 

atmosphere.  Therefore, Corg stock may be determined for each subsample depth interval as:  

Corg Mg ha
-1

 = dry bulk density (g cm
-3

) x sediment depth interval (cm) x % Corg   

Fewer global carbon sequestration analyses have been carried out for seagrass systems 

than for mangrove and saltmarsh systems.  Estimated global organic burial rate of seagrass have 

been variable over the last decade.  Recently, Pendleton et al. (2012) estimated global carbon 

sequestration as 1.4x 10
-2

 tC m
-2

 yr
-1

. 

The K’ómoks Estuary 

British Columbia (BC) has over a thousand estuaries along its 27 200 km of coast line.  

Representing just 3% of this coastline, 200 of the 422 estuaries assessed by the Pacific Estuary 

Conservation Program (PECP) in 2007, were found to have been degraded through human 

impact of some kind (figure 2) (Campbell, 2010).  Estuaries have been classified as to their type 

and quality by the Pacific Estuary Conservation Program (Ryder et al., 2007).  The K’ómoks 
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Estuary is listed as one of only ten Class 1 Estuaries in BC for health and function and is 

identified as one of the most productive estuaries on Vancouver Island.  It is considered the 

estuary with the third greatest potential in BC for carbon sequestration, after the Fraser River and 

the Chemainus River estuaries (Campbell, 2010; Ryder et al., 2007).  Eelgrass covers 1.30 km
2
 

of the estimated area of the K’ómoks Estuary seafloor (Figure 10), comprised primarily of native 

eelgrass, Z. marina, with isolated patches of an introduced eelgrass (Zostera japonica) Asch. & 

Graebn. in Engler (Campbell, 2010).   

Currently there is no seagrass carbon protocol developed to apply VCS to use in the 

global carbon market.  Although there is an IPCC 2013 Supplement to the 2006 IPCC 

Guidelines for National Greenhouse Gas Inventories that includes a section on coastal wetlands, 

there has been minimal work carried out on the requirements necessary for seagrasses, and what 

is included is based on a sample size of just six study sites, versus more than 60 for mangrove 

and saltmarsh ecosystems (Intergovernmental Panel on Climate Change (IPCC) AR5 WG1, 

2013). 

Assessing the historic sediment carbon sequestration flux of the carbon stock within the 

K’ómoks Estuary will allow baseline values to be determined, and used, in future comparison to 

other estuary sites and as an evaluation of a benefit of Z. marina restoration; specifically, how 

much carbon can be sequestered through eelgrass bed protection and restoration efforts.   

 



BLUE CARBON SEQUESTRATION IN THE K’ÓMOKS ESTUARY 19  

 

Figure 2.  Locations of the 442 PECP identified estuaries in BC and their importance 

classification (Fraser River estuary analysis not included).  Reprinted from Blue Carbon British 

Columbia – The Case for the Conservation and Enhancement of Estuarine Processes and 

Sediments in BC (Ryder et al., 2007). Retrieved from http://www. sierraclub.bc.ca/publications 

/scbc-reports/Blue%20carbon%20bc%20report%20 final_web.pdf/at_download/file.  Reprinted 

with permission.  
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Research Objectives and Questions  

The objectives of my research were: (1) to develop a best practices method to assess 

carbon sequestration in Z. marina beds based on the field and analytical methods used in this 

study and those found in published literature;  (2) to determine sediment accumulation rates of 

the K’ómoks Estuary Z. marina bed sediments and Strait of Georgia deep basin sediments; (3) to 

determine carbon sequestration rates in the K’ómoks Estuary Z. marina beds compared with 

those in the nearby Strait of Georgia deep basin sediments; (4) to determine sediment mixed 

layer (SML) depths for the K’ómoks Estuary Z. marina beds compared with those in the Strait of 

Georgia deep basin cores.  The corresponding Null Hypotheses were as follows: 

1. H0: There is no difference in sedimentation velocity distributions between K’ómoks 

Estuary Z. marina beds and Strait of Georgia deep basin sediments. 

2. H0: There is no difference in sediment accumulation rate distributions between K’ómoks 

Estuary Z. marina beds and Strait of Georgia deep basin sediments. 

3. H0: There is no difference in the SML depth distributions between the K’ómoks Estuary 

Z. marina beds and Strait of Georgia deep basin sediments. 

Research Methodology 

Study Areas 

The 20.79 km
2
 K’ómoks Estuary is bordered by the communities of Comox, Royston, 

and Courtenay, BC.  The Puntledge and Tsolum Rivers merge into the very short Courtenay 

River which flows into the bay forming the estuary (Figure 3).  This is a dynamic estuary with 

hydrologic influence from the outflow of the Courtenay River, Trent River, several smaller 
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creeks, surface wind waves, and tidal inflow from Baynes Sound.  The marine climate and 

surrounding topography result in dry summers and wet winters with average seasonal surface 

temperature variations from 7.4˚C to 17.4˚C, calculated from sea surface temperatures recorded 

at Chrome Island Lighthouse, BC from 1963 to 2013 (Appendix A, Table A1) (Fisheries and 

Oceans Canada, 2013).  The annual average air temperatures range from 0.9˚C to 22.8˚C and 

there is annual average precipitation of 1153 mm (Canada, 2013).  Historically the K’ómoks 

Estuary was affected by log dumps and booms, a lumber mill, dredging, and upstream mining of 

copper and coal (Figure 4).  Contemporary influences include storm drainage and several 

marinas.  According to the Statistics Canada 2011 census, the populations of the Comox Valley 

Regional District Areas that immediately surround the K’ómoks Estuary totalled 44 665 people 

(Government of Canada, 2012). 

 

Figure 3.  Location of the K’ómoks Estuary on the east coast of Vancouver Island, BC, Canada.  

Copyright 2013 by Comox Valley Project Watershed, Mapping Center.  Reprinted with 

permission.  
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Figure 4.  Historic and current effects on the K’ómoks Estuary.  Copyright 2014 by Comox 

Valley Project Watershed.  Adapted and reprinted with permission.   

Field Methodology  

Study plots and core sites.   The intertidal and subtidal study plots were easily 

accessible, monospecific beds of Z. marina paired with bare areas (for a separate 2014-2015 Z. 

marina transplanting project) at approximately the same bathymetry within the K’ómoks 

Estuary.  Sampling occurred between May and September 2014.  In May of 2014, six paired 

study plots were established in the K’ómoks Estuary; three intertidal and three subtidal (n=12).  
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Each site had one vegetated and one barren 50 m x 10 m plot (Figure 5).  One barren plot in the 

Brooklyn Creek Site was later abandoned as it was deemed unsuitable for future successful Z. 

marina transplantation and was not replaced (Figures 5-8).  Site locations were selected by 

evaluating areas within the estuary that were suitable candidates for future Z. marina restoration.  

Site selection models include important physical habitat characteristics such as bathymetry, 

water quality, sediment distribution, exposure and proximity to other eelgrass beds (McGlathery 

et al., 2012; F. T. Short, Davis, Kopp, Short, & Burdick, 2002).  With these parameters and 

considerations in mind, study plots were located at the same or similar elevation/bathymetry and 

within similar aspect, slope, and substratum type. 

Two sample types were collected between June and August, 2014: (1) sediment cores 

(n=6, four intertidal and 2 subtidal) were collected adjacent to their selected, tied, study plots 

(Figure 5).  Subsamples from the cores were collected for analysis of 
210

Pb and 
226

Ra, Corg, and 

N; (2) subsurface samples (30-35 cm deep) were collected by corer from within the study plots 

for analysis of carbon and nitrogen (n=33).  The cores were used to calculate rates of 

sedimentation and carbon accumulation, while the additional subsurface samples were used to 

describe the degree of variability in the concentration of organic carbon buried throughout the 

K’ómoks Estuary.   
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Figure 5.  Location of radioisotope analysis sediment core locations (N = 6) (labeled IHV, SBB, IBV, IBB, IRV, SBV) and carbon / 

nitrogen sediment sample study plots (N = 12) within the K’ómoks Estuary, 2014.  Each site has a pair of intertidal (I) and subtidal (S) 

study plots detailed in Figures 5 – 8.  Copyright 2014 by Comox Valley Project Watershed.  Adapted and reprinted with permission. 
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Figure 6.  Close up of the Hospital Site study plot locations showing the location of the two intertidal study plots with permanent corner 

anchor points (A, B) vegetated (v) and barren (b) and two similarly paired subtidal study plots.  The sediment core locations are marked 

as intertidal hospital vegetated (IHV) and subtidal barren (SBB).  Copyright 2014 by Comox Valley Project Watershed.  Adapted and 

reprinted with permission. 
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Figure 7.  Close up of Royston Site study plot locations showing the location of the two intertidal study plots with permanent corner 

anchor points (A, B or C, D) vegetated (v) and barren (b) and two similarly paired subtidal study plots. The sediment core locations are 

marked as intertidal Royston vegetated (IRV) and subtidal vegetated (SBV).  Copyright 2014 by Comox Valley Project Watershed.  

Adapted and reprinted with permission. 



BLUE CARBON SEQUESTRATION IN THE K’ÓMOKS ESTUARY 27  

  

Figure 8.  Close up of Brooklyn Creek Site study plot locations showing the location of the remaining intertidal study plot with 

permanent corner anchor points (A, B) vegetated (v) and barren (b) and the similarly paired subtidal study plots.  The sediment core 

locations are marked as intertidal basin vegetated (IBV) and intertidal basin barren (IBB).  Copyright 2014 by Comox Valley Project 

Watershed, Mapping Center.  Adapted and reprinted with permission. 
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Within each area suitable for Z. marina transplantation the specific location of the plots 

and subsurface samples were chosen randomly.  Each sediment core location was also selected 

randomly.  For the intertidal plot area selection, the researcher orientated herself at the closest 

point, via direct shore access, to a portion of a barren area or Z. marina bed area large enough to 

contain the plot.  A wood block was blindly thrown backwards onto the bed.  The landing point 

became a corner anchor point of the plot.  The second anchor point was located 50 m away in the 

direction that maintained the same approximate depth as the first point.  The subtidal plot 

locations were established by having contract divers swim an identified area to locate two areas 

large enough to hold both a 10 m x 50 m vegetated plot and a barren plot.  Sufficiently large 

barren areas were scarce so locating one within the area became the means of site selection.  The 

vegetated plot was selected to have a similar depth, substrate, and aspect as the barren plot.  On a 

subsequent day, the subtidal sediment core locations were randomly selected by approaching the 

waypoints marking the study plots and dropping a small anchor.  The contract divers collected 

the core approximately 2 m ‘in front’ of the anchor.  The bearing between the two anchor pins 

was recorded for both intertidal and subtidal plots. 

All plot anchor points were marked with colour-marked re-bar (Appendix B, Figure B1).  

Pins were pounded into the sediment to mark two anchor corners per plot and the compass 

bearing between the pins was recorded.  Each pin marking the plot was geo-referenced using 

handheld global positioning (GPS) units; the intertidal plots were also professionally surveyed 

(Appendix B, Figure B2 - B4).  The subtidal plot pins were treated the same by contract divers 

except they were not surveyed and a cement block with a yellow float on a 1m line was placed at 

one pin for each plot to facilitate relocation of the pins.  In all subtidal work, contract divers used 
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a vertical pin-to-surface line to approximate the plot and core site positions at the surface in order 

to mark GPS coordinates and note the latitude and longitude coordinates (Table 1).   

At each of the subsurface sample sites, three core locations were randomly selected in the 

following way.  Each 50 m x 10 m plot was drawn out with a 2 m grid overlay.  Each resulting   

2 m x 2 m square was assigned a sequential number from 1 to 125.  A web-based true random 

number generator (Haahr, n.d.) was used to generate three numbers per plot and the 

corresponding numbered 2 m x 2 m square was measured out in the field and the core was taken 

from the center of the square.   

Sediment cores and subsurface samples.  Sediment cores and subsurface samples were 

collected using a 75 cm long, 11.5 cm diameter, clear, acrylic tube corer.  A clear tube was 

selected so the compaction of sediment due to friction alongside the tube walls could be seen and 

measured.  This larger diameter tube size was selected to reduce smear effect and compaction, 

and aid in the penetration of the core in the coarse sediments.  A corer was manually pounded 

into the sediment to a minimum depth of 50 cm (subsurface samples) or 65 cm (sediment cores).  

On land, a piece of a 2x4 lumber was placed on the top of the corer and a soft mallet was used to 

strike the corer into the sediment (Appendix B, Figure B5).  This procedure was necessary 

because of the coarse, sandy sediment found in this estuary.  Underwater, contract divers used 

the same corers and either hammered with the mallet or repeatedly dropped a 5-pound cannon 

ball weight onto a high-density polyethylene plastic (HDPE) board with 5 mm holes drilled into 

it for water passage.  Both the wood and HDPE board were placed over the top of the core tube 

to protect the edge from damage.   
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Intertidal cores were dug out manually with a shovel while still inside the coring tube 

(Appendix B, Figure B6).  Subtidal corers were freed using a shellfish harvesting device called a 

“stinger” (an underwater fire hose that passes seawater out a narrow nozzle).  In both cases, a flat 

disc HDPE insert and plastic plumbing cap were placed on the deep end of the corer before 

removing it from the excavation hole (Appendix B, Figure B6).   

All core tubes were kept shaded and the overlying water was left in the tube in order to 

keep the sediment as wet as possible.  Tubes were stored vertically (for up to one hour) to 

minimize any sediment disturbance or mixing.  When ready to process, cores were mounted on 

an extruding stand and samples of the desired thickness were collected.  If the sediments were 

too coarse to allow the tube to be manually slid down the extracting stand, then the core tubes 

were tapped down using a soft mallet and a piece of 2x4 lumber on their top edge in order to 

move the tube down the desired length of the sample (Appendix B, Figure B7).   

Salinity was measured at each site using a handheld refractometer to permit later salinity 

correction of the results.  Water depth and bottom water were also recorded.  Total vertical 

compression was recorded before removal of the corer from the site and the total length of the 

core was recorded upon extraction.  Vertical compression occurs as the core vertically thins the 

sediment column as the core barrel is pushed downwards (Blomqvist, 1991; Morton & White, 

1997).  Loosely consolidated sands, such as are found in estuaries, are easily compacted (Morton 

& White, 1997).  In order to minimize the compaction error in sediment velocity calculations a 

large barrel, smooth bore with beveled edges core was selected.  The more slowly a core 

penetrates, the less it compacts the sediment; the manual pounding of the cores in to the sediment 

was much slower than gravity or piston coring (Morton & White, 1997).  Cores were handled 
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gently to minimize disturbance and further compaction.  Cores were capped to guard from 

contamination.   

Subsamples were collected from each core at 1 cm intervals for the uppermost 10cm, 

then 2cm intervals for the next 20 cm, and 5 cm intervals for the remainder of the core as 

described by (Johannessen, Macdonald, & Paton, 2003).  The final subsample was sometimes 

less (or 1 cm greater in one case) than 5cm thick, depending on the core depth.   

The 33 subsurface sediment samples were collected using the same coring tube and 

method, but only the 30-35 cm interval was kept for analysis.  We anticipated that this depth 

would be within the burial zone for organic carbon, based on experience with sediments in the 

nearby Strait of Georgia (Dr. Sophia Johannessen, personal communication.) 

Each sample had the outer 1 cm cut away and discarded to avoid the core smearing effect 

(Blomqvist, 1991).  The remainder was placed in a stainless steel bowl and homogenized with a 

plastic or metal spatula (Appendix B, Figure B7).  The sample was then divided and placed in 

two labelled sterile plastic screw-capped containers.  Samples were kept in a 10 ˚C cooler for up 

to 4 hours until transferred to the North Island College laboratory freezer where they were stored 

at -20 ˚C, in the dark, until they were sent for analysis.   

From each sediment core, one set of subsamples were analyzed for 
210

Pb and 
226

Ra 

activity by Flett Research Ltd., Winnipeg, Manitoba.  This lab also salt corrected the samples 

and measured wet volume / dry weight.  A set of subsamples from each sediment core and the 

sediment samples were analyzed for total carbon (TC), total inorganic carbon (Cinorg), N, and salt 

titration (Corg was calculated as TC - Cinorg).  From the sediment samples, a second set of 

subsamples was kept frozen for future stable isotope work by Project Watershed.   
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Figure 9.  Deep basin cores sample locations (n=6) (10, 13, 18, 20, 21, 22) within the Strait of 

Georgia, away from the influence of the Fraser River.  Data adapted from “The Strait of Georgia 

ambient program: phase I, 2002-2007: sediment and benthos”, by Wright, C. A., Johannessen, S. 

C., Macdonald, R. W., Burd, B. J., Hill, P., Van Roodselaar, A., & Bertold, S., 2008, Can. Data 

Rep. Fish. Aquat. Sci., 1208: vi, p. 112.  Image copyright 2013 by Google. 

Deep basin sediment coring.  Sediment cores were collected in the Strait of Georgia 

between 2002 and 2007 by collaborating researchers at Fisheries and Oceans Canada using a 

Pouliot box corer (cores 1-7) and a Pedersen corer (cores 8-22) (Wright et al., 2008).  Sediment 

cores were sectioned onboard in the ship laboratory within a few hours of collection, and core 

sections were homogenized and divided into subsamples, as described above for the estuary core 

samples.  Subsamples were analyzed for 
210

Pb and 
226

Ra activity, Corg, and N using the same 

methods as for estuary core samples.  To represent the range of variability in the region, the six 
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deep basin cores used in this study (Figure 9) were randomly selected from a data subset of cores 

that were away from the influence of the Fraser River from the data set of 20 cores distributed 

throughout the Strait of Georgia away from the influence of the Fraser River (Table 2).  The data 

were provided by Dr. Sophia Johannessen (personal communication Feb, 2015).   

Analytical Methodology 

Radioisotope analysis.  
210

Pb was measured in all sections of each core except the 

intertidal basin barren (IBB) core where only every second section was analyzed for budgetary 

reasons.  The analysis of 
210

Pb at Flett Research Ltd. was through measurement of the 
210

Po 

granddaughter which is in secular equilibrium within two years of 
210

Pb deposition, a modified 

methodology from Eakins and Morrison (1978).  The method detection limit (MDL) is 

dependent on the amount of sample analyzed.  The MDL for a 0.25 - 0.5 g (dry wt.) sample is 

between 0.1 - 0.2 dpm 
210

Po g
-1

 (disintegrations per minute per gram) dry sample at a 95% 

confidence level for 60,000 second counting time and the estimated uncertainty for samples 

analyzed by this method (acid extraction) has been determined to be ± 11% at concentrations 

between 0.6 and 40 dpm/g at 95% confidence (Flett, n.d.).  

226
Ra activity was determined as an average of three 

226
Ra depth points approximating the 

top, middle and bottom of each core.  The activity of 
226

Ra in the sediment samples was 

calculated from the associated 
222

Rn emanation following a modified methodology from 

Mathieu, Biscaye, Lupton, and Hammond (1998).  As for 
210

Po, the MDL of 
226

Ra is dependent 

on the amount of sample analyzed.  For a 60,000 second counting time the MDL at 95% 

confidence for 2 g of dry sample is 0.1 dpm/g and for 0.5 g of dry sample is 0.5 dpm/g, and the 
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estimate of uncertainty of measurement for this method, at the Flett laboratory, is approximately 

±12% at 95% confidence level (approximately 40,000 counts in 60,000 seconds) (Flett, n.d.). 

The radioisotope activities and dry weight / wet volume values (g cm
-3

) were salt 

corrected by Flett Research Ltd. based on the measured salinity of local bottom water (27 ppt).  

The calculation of salt correction was verified by the method described by the International 

Atomic Energy Agency (2003).   

Organic carbon and total nitrogen.  Profiles of organic carbon in sediment were 

derived from measurements made at UBC using established methods (Calvert, Pedersen, Naidu, 

& von Stackelberg, 1995).  The concentration of Corg was calculated as the difference between 

the concentrations of TC and Cinorg.  TC and N were measured by combustion and gas 

chromatography in a carbon-hydrogen-nitrogen-sulfur analyzer, and the carbonate carbon was 

measured in a CO2 coulometer with a precision of ±1.6%; as described by Johannessen et al., 

(2003).  These samples were not salt corrected in this analysis. 

Sediment Mixing Layer 

In many marine sediment cores there is a surface mixed layer (SML) in which the 

sediment is mixed relatively quickly, moving particles both up and down the sediment column 

through bioturbation and wave action.  Below the SML, the sediment is mixed more slowly, if at 

all (Lavelle, Massoth, & Crecelius, 1986). This difference is diffusive versus advection mixing.  

For each core I located the bottom of the SML layer by eye as the depth at which the slope of the 

210
Pb profile changed as per Johannessen et al. (2003).   
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Calculation of Sedimentation Rate 

The radioisotope 
226

Ra occurs naturally in the sediments and through decay emits 
210

Pb; 

therefore this quantity of 
210

Pb supported by 
226

Ra was subtracted from the total 
210

Pb found in 

the sample which provided the excess, 
210

PbEX associated with particles sinking at the site, 

assuming a constant flux of 
210

Pb to the sediment surface (Robbins, 1978).  

Sedimentation velocity (ws) was determined from the slope of the plot of ln(
210

PbEX) 

versus depth, below the SML, using the radioactive decay equation: 

N = Noe
-kt

  

where, for the decay of 
210

Pb, k = -0.03114 yr, N = sample size, t = time (Lavelle et al., 1986). 

In three of the sediment cores, total 
210

Pb values were below detection limits, resulting in 

negative values that could not be applied to the decay rate model.  For any cores where deep 

210
Pbtotal < 

226
Ra, the 

210
Pb value was used as the background value instead of 

226
Ra activity.  

Where all the values of 
210

Pb in the core were under ≤ the limit of detection, the core was 

considered non-depositional and no sediment velocity was calculated.   

Sediment velocity was then converted into sediment accumulation rate using porosity (ϕ) 

where, the salt corrected dry weight / wet volume values (g cm
-3

) from Flett Research Ltd. and 

the assumed sediment particle density ρs of 2.65 g cm
-3

 (solid density of sand – used based on the 

sediment texture observations in the K’ómoks Estuary) were used to calculate ϕ below the SML 

of each sample as per Robbins (1978): 

ϕ = 1 - Dry weight/wet volume  

    ρs  
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next, the mass accumulation rate r (g cm
-2

yr
-1

) was calculated from the sedimentation velocity ws 

(cm yr
-1

), average porosity ϕavg (dimensionless), and density of particles ρs (g cm
-3

) also, as per 

Robbins (1978): 

r = ws(1 - ϕavg)ƿs . 

Minimizing the mean sum of squares between measured and modelled 
210

Pb activities 

was done through testing a range of SMLs by varying parameters until the measured excess 
210

Pb 

(
210

PbEX) matched the modelled plot (Johannessen et al., 2003; Lavelle et al., 1986).  The model 

returns the calculated value of 
210

PbEX at every depth.  This natural log of the modelled activity 

was then plotted as an overlay on the natural log of the measured 
210

PbEX.   

Standard deviation was calculated for sedimentation velocities, accumulation rates, and 

average porosity using propagation of error formulae, beginning with analytical uncertainties in 

the measured values. 

C: N Ratio as an Organic Matter Source Indicator 

In the absence of stable isotope analysis, the ratio of C to N can be used as a rough index 

of the source of the Corg from terrestrial or marine vegetation sources by comparing the 

calculated C:N ratio to: (1) the Redfield ratio of 6.6 for marine source phytoplankton (Redfield, 

Ketchum, B. A., & Richards, F. A., 1963); (2) the C:N ratio of 19.7 (leaf biomass) to 31-62 

(root-rhizome biomass) for Z. marina (Duarte, 1990; James W. Fourqurean, Moore, Fry, & 

Hollibaugh, 1997; Pedersen & Borum, 1992); and (3) a ratio range of 43-66 for terrestrial plants 

(McGroddy, Daufresne, & Hedin, 2004).  The C: N ratios were calculated from the UBC 

laboratory results in order to determine the approximate source of the carbon in the K’ómoks 

Estuary sediments. 
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Calculation of Carbon Sequestration Rate 

For the three cores with a measurable sediment accumulation rate, the sequestration rate 

of Corg (gC cm
-2

 yr
-1

) was determined by multiplying Corg % below the burial depth by the 

sediment accumulation rate (g cm
-2

 yr
-1

).  The amount of gC yr
-1

 in the K’ómoks Estuary was 

determined by multiplying the calculated sequestration rates by the area (cm
-2

) of Z. marina bed 

coverage estimated to be represented by the associated core.  The area associated with each core 

was determined by considering the intertidal or subtidal limit surrounding the core location and 

the current patterns observed by sand ripple direction and pattern, a polygon was drawn by hand 

on Google Earth Pro to obtain the approximate area associated with each core sediment 

accumulation rate.  Only a portion of the K’ómoks Estuary eelgrass bed was assessed in the 

scope of this research.   

Statistical Analyses 

Data sets of both estuary and deep basin values for sediment velocity, carbon 

accumulation rates, and SML depths were first assessed for meeting the assumptions of the 

Student t-test of normal distribution and equal variance.  Using an online statistics software 

calculator (Wessa, 2015), data were tested for normality through the Skewness-Kurtosis All test.   

Since the data were found not to meet the assumptions required for a parametric test, the 

nonparametric, Mann-Whitney test was used (Holliday, 2012).  A caveat is that use of this test 

can increase the possibility of Type II errors (false negatives).  The Mann-Whitney does not 

compare the mean of two datasets but rather the distribution.  Therefore, each null hypothesis 

asserted there was no difference between the estuary and deep basin core distributions. 
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Results 

Sediment Core Measures 

The locations, core length, and observed vertical compression of the six K’ómoks Estuary 

cores are summarized in Table 1.  The associated eelgrass bed areas for each core are shown in 

Figure 10.  Core length can be adjusted for vertical compaction according to a nonlinear 

compression factor applied to each core.  However, due to time constraints related to incoming 

tides and divers’ bottom times, the compaction difference was not measured at every cm of 

penetration so a linear length correction cannot be applied (Morton & White, 1997).  The total 

vertical compaction (cm, %) was recorded to demonstrate that compaction was small overall 

(≤5.3%).  No compaction observations were included in the deep basin data provided (Table 2).   

Sediment Velocity 

Figure 11 shows the profiles of ln
210

PbEX activity from K’ómoks Estuary sediment cores, 

with model fit overlain, as determined through the interpretation and calculations of the 

radioisotope results.  Table 3 summarizes the data used to derive sediment velocity and the final 

outcome of sediment accumulation rate for each core collected.  The results presented in Table 3 

were used for all statistical analyses.   
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Table 1.   

Estuary cores descriptive summary (n = 6). 

Site Name Latitude (˚N) Longitude (˚W) 
Core length 
(cm) 

Core 
compression 
(cm) (%) 

Bathymetry (m) 
±mean zero tide Date collected 

Intertidal     

IBV  49˚ 39.933' 124˚ 54.770' 44 2.5 (5.3) +0.41 June 14 2014 

IBB  49˚ 39.963' 124˚ 54.613' 54 1.5 (2.5) +0.30 June 16, 2014 

IHV  49˚ 40.203' 124˚ 56.312' 58.5 2.5 (4.2) +0.67 June 13, 2014 

IRV  49˚ 39.501' 124˚ 57.239' 50 2 (3.9) +1.15 June 15, 2014 

Subtidal     

SBB 49˚ 40.008' 124˚ 56.087' 47 2 (4.3) -1.18 July 3, 2014 

SBV 49˚ 39.519' 124˚ 56.538' 47 2 (4.3) -1.40 July 3, 2014 

 

Table 2.   

Deep basin cores descriptive summary (n = 6). 

Site Name Latitude (˚N) Longitude (˚W) 
Core length 
(cm) 

Core 
compression 
(cm) (%) 

Bathymetry 
(m) ±mean 
zero tide Date collected 

Core 10 49˚ 50.672' 124˚ 53.207' 52 unknown -310 July 9, 2007 

Core 13 49˚ 23.056' 124˚ 12.611' 39 unknown -326 July 12, 2007 

Core 18 48˚ 51.762' 123˚ 05.681' 20 unknown -157 November 29, 2007 

Core 20 49˚ 19.162' 123˚ 48.092' 57 unknown -365 November 29, 2007 

Core 21 49˚ 58.800' 125˚ 04.300' 45 unknown -260 December 1, 2007 

Core 22 49˚ 38.192' 124˚ 13.642' 69 unknown -373 December 1, 2007 
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Figure 10.  Approximate eelgrass bed area coverage associated with each sediment core.  Note: two cores were collected from one 

area (IBV and IBB) and each calculated rate will be treated as a range for the area.  Copyright 2014 by Comox Valley Project 

Watershed, Mapping Center.  Adapted and reprinted with permission. 
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Table 3.  

Summary of the calculated values of sediment velocity, accumulation rate, and SML depth for both the K’ómoks Estuary and Strait of 

Georgia deep basin core samples.  

Core Name 

Core 
length 
(cm) 

SML 
Depth 
(cm) 

Supported 
210

Pb      
(dpm g

-1
) 

Sedimentation 
velocity (cm yr

-1
)  

Average 
porosity below 
mixed layer 

Accumulation 
rate (g cm

-2
 yr

-1
) 

Associated 
eelgrass bed 
area (m

2
) 

(Figure 10) 

K’ómoks Estuary Cores  

Core IBV 44 5 0.16±0.06 0.36±0.20 0.36±0.01 0.61±0.12 9, 300 (cores 
IBV & IBB) Core IBB 54 5 0.12±0.06 

ᵻ
0.47±0.79 0.37±0.02 0.78±0.55 

Core IHV 58.5 0 0.13±0.07 0 0.40 n/a  78, 854 

Core IRV 50 0 0.11±0.06 0 0.41 n/a 48, 013 

Core SBB 47 3 0.11±0.06 0.13 0.36 0.23 10, 601 

Core SBV 47 0 0.18±0.05 0 0.38 n/a 24, 833 

Strait of Georgia Deep Basin Cores  

Core 10 52 5 22.10 0.18 0.89 0.05 Unknown 

Core 13 39 4 17.60 0.30 0.37 0.50 Unknown 

Core 18 20 5   9.70 0.14 0.49 0.18 Unknown 

Core 20 57 5 19.60 0.27 0.84 0.12 Unknown 

Core 21 45 3 19.00 0.26 0.84 0.11 Unknown 

Core 22 69 10 20.90 0.56 0.88 0.18 Unknown 

Note: All cores have been salt corrected for S= 27, T = 16˚ C.  Supported 210Pb, sedimentation velocity, average porosity and accumulation rate are reported ±1 

SD, as determined using propagation of error formulae.  The SD of the accumulation rate includes errors in the sediment velocity, porosity, measured activity of 
210Pb and supported 210Pb.  Supported 210Pb determined from 226Ra activity (Johannessen et al., 2003). Where 210Pb was below detection limits error formulae 

were limited.  Error calculated for estuary cores from raw data. 
 

ᵻ = there was a range of ws

 
possible, from 0.08 to 0.46 cm yr-1 considered for this core, best fit is shown in Figure 11 

n/a = no accumulation 

Bold = used lowest 210Pb value instead of  226Ra values since supported 210Pb values were below limits of detection 
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Figure 11.  ln(Excess 
210

Pb) activity from K’ómoks Estuary cores profiles.   

Lines represent the model profiles and points represent the measured values.  Outlier points are anomalous readings due to points 

below the detection limits of the test.  The grey lines note where the cores were assessed as fitting the model and measurable 

accumulation rates were calculated (Table 3).  IBB core had only every second subsample analyzed and both IBB and SBB cores 

showed recent sediment accumulation where subsamples with sediment disturbed at depth.  The 
210

PbEX points had the background 

subtracted.  The line slope change point is the depth of the SML, represented by the dashed line. 
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Core IBV.  The ln(Excess 
210

Pb) plot (Figure 11) had the best model fit of the six cores 

analyzed.  With a sedimentation rate of 0.4 cm yr
-1

 and a core depth of 45cm the approximate 

time this core represents was 112 years.  However, due to the half-life period of 
210

Pb, dates over 

100 years are not captured by this method.  

Core IBB.   Due to budgetary constraints only every second sample was analyzed.  The 

SML was difficult to accurately determine by the standard approach.  Therefore, a sensitivity 

analysis was done and examined the range of SMLs and the best fit was selected.  Field notes 

indicate this core was anoxic below 4 cm.  Many points were below 
210

Pb limits of detection.  

The lack of data points made the analysis at depth more challenging, but it appeared that the core 

was disturbed at depth.  At the sedimentation velocity of 0.47 cm yr
-1

 and a core depth of 52.5 

cm this core represents sediment age at depth of approximately 111 years. 

Core SBB.  The SML was difficult to accurately determination by the standard approach.  

Therefore, a sensitivity analysis was done and examined the range of SMLs and the best fit was 

selected.  Many points were below 
210

Pb limits of detection.  The core appeared to be disturbed 

at depth.  At the sedimentation velocity of 0.13 cm yr
-1

 and a core depth of 35 cm this core is 

approximately 269 years at depth, a time period that should be regarded with caution as it is well 

over the 100 year dating limit of 
210

Pb decay.  

Cores IHV, IRV and SBV.  For each of these cores, the ln(Excess 
210

Pb) plot did not fit 

the model (Figure 11) and sediment velocity was zero.  Interpretation options were; 1) there was 

no accumulation, 2) there was a very short accumulation with too few points to interpret 

confidently, or 3) there were two layers, each with a very low sediment velocity rate, with a very 

short decay rate between the layers.  In each case, there was no measurable SML depth, likely 
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due to the upper disturbance layer.   Interpretation best supported option 3; an upper, active, 

more recent layer and older layers with inactive 
210

Pb levels.  In cores IHV and IRV many points 

were below 
210

Pb limits of detection.  Both intertidal sites were disturbed historically and core 

IHV had frequent dredging effects nearby until recently.  Core SBV is situated on the upper 

slope of a marine drop-off.  It is possible there have been numerous slumping events with a large 

slump evident at the top of the core.  There are strong tidal currents at this site. 

Comparison of Sediment Velocity in K’ómoks Estuary and Strait of Georgia   

The box-whisker plot (Figure 12) shows the distribution of sediment velocities is greater 

in the estuary, exhibiting a greater range of variability.  Sediment velocities ranged from 0 (non-

depositional) to 0.47 cm yr
-1

 in the estuary cores (n=6) and from 0.14 to 0.56 cm yr
-1

 in the deep 

basin cores (n=6).  There was no difference in sediment velocity between the estuary (median= 

0.11 cm yr
-1

) and deep basin (median= 0.24 cm yr
-1

) core distributions, U= 10, p= .22649.  

However, for a non-parametric Mann-Whitney test, at a sample size n < 7, there will quite likely 

be a Type II error as all p values generated will always be large (≤ 0.05) (Motulsky, 2015).   

While all deep basin cores in this sample were depositional, there were some non-

depositional cores in the Strait of Georgia away from the area of influence by the Fraser River 

where there are a few sites in the northern strait where old glacial deposit is exposed with no 

sediment overlying them (Sophia Johannessen, personal communication, May 4, 2015).  

Nonetheless, where sedimentation is accumulating in the K’ómoks Estuary, the sediment 

velocity rates are similar to those of the Strait of Georgia, away from the influence of the Fraser 

River. 



BLUE CARBON SEQUESTRATION IN THE K’ÓMOKS ESTUARY 45  

 

Figure 12.  Box-whisker plot of sediment velocity in estuary and deep basin cores. Whisker bars 

show the range of maximum and minimum quartiles; however a negative value is not possible. 

Sediment Accumulation Rate   

There was no significant difference in sediment accumulation rate between the estuary 

(median = 0.61 g cm
-2

 yr
-1

) and deep basin (median = 0.15 g cm
-2

 yr
-1

) core distributions, U = 17, 

p = .93562.  However, at a sample size of n = 6, this test is weak and the result is possibly the 

result of a Type II error.  The box-whisker plot (Figure 13) suggests a difference in sediment 

accumulation distribution between estuary and deep basin cores; specifically, different medians, 

variation, and distribution.  Despite the lack of statistical significance there is an observed 

difference in the sediment accumulation rate distributions between the sites.  The K’ómoks 

Estuary accumulation rates are greater but have a similarly wide spread range.  Sediment 

velocities are higher in the strait, while the accumulation rates are lower, because the sediment 

porosity is lower in the estuary due to the sandy texture of the sediment.  Estuary sediment 

accumulation rates ranged from 0.23 to 0.78 g cm
-2

 yr
-1 

and deep basin sediment accumulation 

rates in this sample ranged from 0.05 to 0.50 g cm 
-2

 yr
-1

.  However, the sediment accumulation 
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rate was zero in three of the five core areas sampled, so it is important to note that the estuary as 

a whole is not accumulating more sediment per unit area than the Strait of Georgia. 

 

Figure 13.  Box-whisker plot of sediment accumulation rates in estuary and deep basin cores.  

Whisker bars show the range of maximum and minimum quartiles. 

Sediment accumulation was most rapid in the K’ómoks Estuary IBB core site.  However, 

the IBB 
210

Pb plot was ‘noisy’, appearing to have had some disturbance at depth and had only 

every second sample analyzed so several interpretations could have been made.  The outlier 

points at depth (Figure 11) could have been included in the range to determine a low sediment 

velocity (0.08 cm yr
-1

) or excluded.  A range of options produced from a sensitivity analysis and 

consideration of geographical influences resulted in the plot with the best fit as presented (0.47 

cm yr
-1

). 

Sediment SML Depth   

Estuary SML depths ranged from 0 to 5 cm and deep basin SML depths ranged from 3 to 

10 cm.  There was no significant difference in SML depth distribution between the estuary 

(median = 1.5) and deep basin (median = 5) cores, U = 7.5, p = .093696.  However, there is a 
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small sample size of n = 6 and the box-whisker plot (Figure 13) visually shows dissimilar SML 

distributions, suggesting the possibility of a Type II error in this case.  There is also a non-

significant tendency for K’ómoks Estuary core SML depths to be less deep and less variable than 

the SML depths in the Strait of Georgia deep basin sediments.  In the accumulating areas of the 

estuary, the SML depths were used to estimate the length of time before Corg accumulation would 

begin, for example after restoration efforts.  In the IBB / IBV eelgrass bed the approximate time 

was 11-14 years and in the SBB eelgrass bed the approximate time was 23 years. 

 

Figure 14.  Box-whisker plots of SML depth in estuary and deep basin cores.  Whisker bars 

show the range of maximum and minimum quartiles; however a negative value is not possible. 

Total Organic Carbon and Nitrogen 

Carbon and nitrogen analysis of the sediment core subsamples and sediment samples 

yielded Corg profiles (Figure 15) that were interpreted to help understand the history of 

disturbances in the K’ómoks Estuary.  Table 4 provides the summaries of the carbon and 

nitrogen analysis results from the sediment cores and sediment samples collected in the K’ómoks 

Estuary in 2014, including %Corg at 30-35 cm sample depth, Cb%, and C: N ratios.  The 
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variability of Corg% through depth differed with each core and rate the profile of decay was 

atypical in non-accumulating cores.  The blue carbon stored in sediments is measured as carbon 

burial percent (Cb%), at depths when both microbial and bacterial activity has slowed and there 

is no appreciable decay in Corg%.   

Table 4.  Summary of results from carbon and nitrogen analysis of sediment core samples 

(buried present organic carbon) and study plot site sediment samples (mean of the three 

replicate 30-35 cm sediment samples collected (n=11)) from each K’ómoks Estuary study plot 

(Figures 7-9). 

Core 
Name 

Sample 
Mass 
(mg) 

Nitrogen 
(μg) 

Total 
Nitrogen 

(%) 
Carbon 

(μg) 

Total 
Carbon 

(%) 

Carbonate 
Carbon           

(% Cinorg) 

Organic 
carbon      
(Cb%) Corg :N 

K’ómoks Estuary Cores (n=6)   

IBV 37.02 11.00 0.03 194.50 0.53 0.35 0.22 7.33 

IBB 31.23 6.49 0.02 238.96 0.77 0.58 0.06 3.00 

IHV 30.32 8.27 0.03 70.21 0.23 0.04 0.18 6.00 

IRV 29.06 7.6 0.03 102.22 0.35 0.05 0.19 6.33 

SBB 35.23 10.40 0.03 408.14 1.16 0.44 0.14 4.67 

SBV^ 28.95 12.94 0.05 436.89 0.49 0.05 unk unk 

K’ómoks Estuary Sediment Samples: Corg % at 30-35 cm (n=11)                                                                                                  

IHV 29.20 6.83 0.02 44.50 0.15 0.01 0.14 6.10 

IBV 27.89 7.77 0.03 122.82 0.44 0.26 0.18 6.43 

IHB 29.78 7.60 0.03 57.84 0.19 0.06 0.14 5.42 

IRV 31.05 10.53 0.03 168.51 0.57 0.20 0.37 10.51 

IRB 30.97 9.04 0.03 126.80 0.41 0.12 0.29 9.93 

SBBV 27.63 8.72 0.03 52.10 0.19 0.01 0.18 5.69 

SBBB 27.23 7.39 0.03 85.59 0.31 0.18 0.14 5.08 

SBHV 32.62 6.51 0.02 74.21 0.23 0.11 0.12 5.94 

SBHB 31.10 42.45 0.14 951.88 3.14 0.25 *2.88 *20.46 

SBRV 29.99 7.70 0.03 149.73 0.49 0.06 *0.43 *16.53 

SBRB 27.54 10.18 0.04 141.33 0.51 0.05 0.46 12.46 

*observed woody debris at 30-35cm depth – from field notes, SBRB high Corg% values were also high, but 

no woody debris was noted.  ^Core SBV had no measurable Cb%. 
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Figure 15.  Plots of %Corg profiles of the 6 estuary sediment cores.   

In Figure 15, the three blue lines indicate plots where carbon accumulation was recorded and 

%Corg decayed with depth steeply through the SML via benthic organism activity then via 

bacterial activity as oxidation decreased, and then levelled off to the mean Cb% range indicated 

by a red horizontal bar in each plot.  The orange lines indicate sediment cores that had no 

measurable sediment accumulation and had atypical carbon decay profiles.  Note: no decay rate 

could be determined for core SBV.  As noted in the figure, peaks in the plot can be reconciled at 
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the same depth as field notes of woody debris and annelids observations.  When a sample 

containing annelid remains and woody debris is analyzed, the carbon value will not be of the 

sediment and will be artificially high.  

Table 5 summarizes the results from the sediment core 30-35 cm samples collected in the 

Strait of Georgia deep basin cores in 2007 by DFO researchers; including burial Corg% and C: N 

ratios.  Burial Corg % ranged from 1.30 to 2.69 % in the deep basin cores (n= 4) and the C: N 

ratios ranged from 7.27 to 8.89, only slightly higher than the Redfield ratio of 6.6 for marine 

source phytoplankton. 

Table 5.   

Summary of carbon and nitrogen analysis from Strait of Georgia deep basin sediment cores 30-

35 cm subsamples as provided from DFO.  Cb% determined from the Corg data profiles.  

Core 
Name 

Total 
Nitrogen 
(%) 

Total 
Carbon 
(%) 

Carbonate 
Carbon 
(% Cinorg) 

Organic 
Carbon 
(Cb%) Corg :N 

Strait of Georgia Deep Basin Cores   

Core 10 0.37 2.88 0.04 2.69 7.27 

Core 13 0.29 2.53 0.11 unk unk 

Core 18 unk unk unk unk unk 

Core 20 0.16 1.37 0.06 1.30 8.13 

Core 21 0.27 2.33 0.06 2.40 8.89 

Core 22 0.27 2.54 0.10 2.20 8.15 

Note: Core 13 had no measurable Cb% and Core 18 was only 19 cm deep so values were unknown.  

Core 22 subsample was 33-38 cm deep. 

Estuary and Deep Basin Variability 

Buried Corg percent and C: N ratios.  Figure 15 shows the degree of variability in Cb% 

of the sediment cores.  Comparison of the sediment core and sediment sample buried Corg % 

(Table 4) shows the sediment cores are representative of the surrounding assessed areas of the 
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K’ómoks Estuary.  Comparing Table 4 values to those of Table 5, the Cb% distribution in the 

estuary was different from those of the Georgia Strait.  From the box-plot (Figure 16), the Cb% 

of the estuary samples varied less compared to the deep basin.  The estuary Cb% ranged from 

0.06 to 0.46% with an average of 0.20 % (n = 14).  Corg burial percent was greatest at the IBV 

study plot; on the edge of a drainage channel fringed with Z. marina from an inner lagoon basin 

and, in contrast, was lowest at the IBB study plot which was upstream of IBV inside the lagoon 

basin.  The deep basin Cb% ranged from 1.30% to 2.69% with a mean of 2.15 (n = 4).  There was 

a non-statistical difference in Cb% between the estuary and deep basin.  Overall, the K’ómoks 

Estuary Cb% are lower than those from the Strait of Georgia deep basin; matching field notes and 

observations of the estuary sediment being predominantly consolidated sand and those of the 

deep basin described as wet, soupy, silty-mud, or sandy/silty, sediment types, which acts as a 

better Corg binding material. 

 

Figure 16.  Box-whisker plot of the buried Cb% from sediment samples in the K’ómoks Estuary 

(n=14) and the Strait of Georgia deep basin cores (n=4).  Whisker bars show the range of 

maximum and minimum quartiles. 
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 In Figure 17 there is very little variability within the deep basin C: N ratios, indicating the 

carbon source is relatively consistent at all sites.  In the estuary there is a large variation where 

the upper quartile is greater than the Redfield ratio of 6.6 for marine source phytoplankton, 

(mean = 6.78, upper quartile range 7.11 – 12.46).  This mean is lower than the mean C: N ratio 

of 19.7 (leaf biomass) and 31-62 (root-rhizome biomass) for Z. marina and yet, not as high as the 

terrestrial source range of 43-66 (Duarte, 1990; James W. Fourqurean et al., 1997; Pedersen & 

Borum, 1992).  The upper C: N ratio range suggests there is a mixture of C sources and while not 

confirming, does not exclude, Z. marina sourced carbon buried in these sediments.  The C: N 

ratio does support the interpretation of woody debris at depth in several of the cores.  There was 

a non-statistical dissimilarity in the means of the estuary (6.78, n = 14) and deep basin (8.11,  

n = 4).  

 

 

Figure 17.  Distribution of the 30-35 cm sample C: N ratio of the estuary sampling sites (n=14) 

and deep basin sites (n=4).  Whisker bars show the range of maximum and minimum quartiles. 

Organic carbon accumulation rate.  The %Corg at burial depth summarized in Tables 4 
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maximum = 0.39) than in the estuary sites (n=3, minimum = 0.0, maximum = 1.3 x10
-3

).  Since, 

the ranges only just overlap there was a non-significant dissimilarity of the means.  

The Corg accumulation rates and the area associated to those cores (Table 6) gave an 

approximation of the tonnes of carbon that can be stored in the associated area of eelgrass bed 

substrate per year.  Corg accumulation rates in single area assessed areas ranged between 0 and 

1.3 x10
-3

 gC cm
-2

 yr
-1

.  Over the whole of the estuary (n = 5 areas, 171 601 m
2
) the carbon 

sequestration rate (Cseq) was 1.18 x10
-5

 tC m
-2

 yr
-1

.   

Table 6.   

Summary of the values derived from all radioisotope and carbon analysis required to determine 

the Corg accumulation rate for the associated eelgrass bed area of the cores in the K’ómoks 

Estuary.  

Core 
Name 

Associated 
Area 
(m

2
) 

Sedimentation 
Velocity 
(cm yr

-1
) 

Sediment 
Accumulation 

rate 
(g cm

-2
 yr

-1
) 

Burial 
Carbon 

(%) 

Corg 
accumulation 

rate 
(gC cm

-2
 yr

-1
) 

Area Corg 

accumulation  
(tC yr

-1
) 

IBV^   9 300 0.36 0.61 0.22 1.3x10
-3
 ^12.48 

IBB^   9 300 0.47 0.78 0.06 5.0x10
-4
 ^4.35 

IHV 78 854 0.0 n/a 0.18 n/a   0.0 

IRV 48 013 0.0 n/a 0.19 n/a   0.0 

SBB 10 601 0.13 0.23 0.14 3.0x10
-4
   3.41 

SBV 24 833 0.0 n/a unk n/a   0.0 

n/a = no accumulation, used 0 value for calculations. 

^ Cores IBV and IBB accumulation rates represent a range as they were sampled from the same 

associated area of the estuary (9 300 m
2
). 
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Table 7.   

Summary of the values derived from all radioisotope and carbon analysis required to determine 

the Corg accumulation rate for the Strait of Georgia Deep Basin Cores 

Site 
Name 

Sediment 
Accumulation rate 
(g cm

-2
 yr

-1
) 

Carbon Burial 
(%) 

Corg accumulation rate 
(gC cm

-2
 yr

-1
) 

Core 10 0.05 2.69 0.15 

Core 13 0.50 n/a n/a 

Core 18 0.18 0.60 0.11 

Core 20 0.12 1.30 0.16 

Core 21 0.11 2.40 0.26 

Core 22 0.18 2.20 0.39 

Note: Core 13 was too shallow to determine the carbon burial %. 

The area of eelgrass bed in the K’ómoks Estuary with a measured accumulation rate was 

approximately 19 001 m
2
 which represents roughly 1.5% of the total estimated eelgrass bed area 

(Figure 10).  Cores IBV and IBB were associated with the same eelgrass bed area but had 

different Corg accumulation rates, the lower rate of 5.0 x10
-4

 gC cm
-2

 yr
-1

 and higher rate of 1.3 

x10
-3

 gC cm
-2

 yr
-1

 represent the range of the rate within that eelgrass bed.  The area associated 

with non-accumulating cores IHV, IRV and SBV (0 gC cm
-2

 yr
-1

) was approximately 11.6% of 

the total estimated eelgrass bed area.  At this time, approximately 86.7% of the estuary’s eelgrass 

beds have not been assessed.  

Discussion 

K’ómoks Estuary – Strait of Georgia Deep Basin 

The K’ómoks Estuary has a long history of use dating to pre-European contact where 

local First Nation oral history tells of the rich resources of the estuary.  However, as was evident 
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in the sediment cores, the more recent historic anthropogenic activities on and around the estuary 

have resulted in both large particle and small particulate level influences as seen in the sediment 

cores.  The greatest disturbance seems to have been related to the log dump and booming 

practices between 1911 and the 1950s and to log storage practices that ended only in 2005.   

The earlier activities layered the estuary bottom with woody debris.  These events and 

time periods were evident visually in the collected cores as well as by corresponding Corg and 

C:N spikes in the core profiles.  Other disturbances, at sites where the 
210

Pb plots were noisy, 

may have been due to the history of a saw mill and of dredging in the estuary, primarily 

upstream in the Courtenay River channel that flows directly into the estuary.  There were 

anthropogenic sources of particles such as fine sediment, sewage, pulp mill effluent, and land 

based non-point-source chemical and nutrient run-off (Dan Bowen, personal communication, 

August, 21 2014).   

Natural disturbances in the estuary include high energy hydrology from rivers and 

streams, strong tidal currents and wind waves.  Natural slumping events would occur along the 

steep drop off of the alluvial fan which is the subtidal limit of Z. marina in the K’ómoks Estuary. 

 Accumulation rates.  The sites within the K’ómoks Estuary that had disturbed cores and 

no measurable accumulation rate have perhaps been the most affected by the past physical 

disturbances.  Those cores that had a measurable accumulation rate could still be seen to have 

210
PbEX values that did not fit the model at depths that roughly correspond to when the log dump 

and booming practices were at peak activity.  In addition, many of these points were at values 

lower than the detection limits of the test.   

Sediment accumulation rates showed a non-significant difference where the deep basin 

sediment accumulation rates were observed to be lower than those of the estuary.  Half of the 
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K’ómoks Estuary sites showed no sedimentation accumulation.  The accumulation rates at the 

other three sites were higher than those measured at the Strait of Georgia sites that were away 

from the influence of the Fraser River.  While sediment accumulation rates were higher in the 

K’ómoks Estuary, the Cb% and resultant Corg accumulation rate were lower.  This difference is 

because Corg is not sequestered until it is buried and there cannot be any ongoing sequestration 

without sediment accumulation (e.g. a site with very high Corg% and no sediment accumulation 

will not sequester carbon). 

Sedimentation velocities ranged from 0.28 to 2.94 cm yr
-1

, associated with sediment 

accumulation rates of 0.087 to 2.32 g cm
-2

 yr
-1

and a mean of 1.20 g cm
-2

 yr
-1

, for the whole of  

Strait of Georgia (Johannessen et al., 2003).  Therefore, the six randomly selected deep basin 

sites used for this study represented the lower range of variability in the Georgia Strait (Table 7).  

 Carbon sequestration / burial rate.  The K’ómoks Estuary was observed to have lower 

sediment velocity than those found in the Strait of Georgia however; the estuary had higher 

sediment accumulation rates.  The K’ómoks Estuary burial Cb% was observed to be lower (mean 

0.2%) than that of the deep Strait of Georgia basin sites (mean 2.15%).  Within the scope of this 

research, the carbon accumulation rates of the estuary and deep basin sites were not observed to 

be similar.  Therefore, inferred from this comparison the estuary Corg accumulation rate range 

was lower than the Strait of Georgia Corg accumulation rate range.   

Most of the particulate organic carbon (POC) is produced inside the Strait of Georgia by 

phytoplankton (2170 x 10
6
 kg yr

-1
) and the import flux, which would include the Corg from other 

marine sources such as the K’ómoks Estuary, is only 220-320 x 10
6
 kg yr

-1
.  Out of the total POC 

budget, only 389 x 10
6
 kg yr

-1
 are buried in the sediment (Johannessen, Macdonald, Burd, 

Roodselaar, & Bertold, 2015; Johannessen et al., 2003).  A similarly sophisticated carbon budget 
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has yet to be developed for the K’ómoks Estuary or estuarine ecosystems in general.  In fact, 

because most estuaries have pronounced spatial and temporal heterogeneity in carbon processing 

and flux, it is difficult to quantify a single estuary’s net carbon budget.  Without accurate 

representative estuary values, accurate global or even regional estimates of net Corg fluxes are not 

yet possible (Bauer et al., 2013). 

A difference that makes the K’ómoks Estuary markedly less efficient at accumulating 

carbon than the Strait of Georgia is that there are proportionally large areas represented within 

the estuary that are not accumulating carbon and while there are areas of the strait that are not 

accumulating, the strait is accumulating carbon over a very large area.  The Z. marina area 

coverage of the K’ómoks Estuary has been mapped as roughly 1.3 km
2
 and the estimated area of 

Z. marina with measured accumulation rates was approximately 13% of this total area (0.17 

km
2
).  For this assessed area of the estuary, the calculated total carbon sequestration rate was 

20.24 tC yr
-1

 with a range, per area, of 0 to 12.5 tC yr
-1

.  An area weighted average carbon 

sequestration rate for the assessed area of the estuary was 1.18x 10
-5

 tC m
-2

 yr
-1

.  This value is 

much lower than the global seagrass long term rate of 8.3x 10
-3

 tC m
-2

 yr
-1

 (n= 5) estimated by 

Duarte et al. (2005) and the global carbon sequestration rate of 1.4x 10
-2

 tC m
-2

 yr
-1

 estimated by 

Pendleton et al. (2012).  Yet the K’ómoks Estuary estimate is far greater than the recent range of 

-2.09x 10
-8 

to 2.05x 10
-8

 tC m
-2

 yr
-1

 (mean 1.38x 10
-9

, n= 49) (Duarte et al., 2013; Kennedy et al., 

2010).  This discrepancy suggests the weighted average of the K’ómoks Estuary (based on only 

13% of the area of the eelgrass bed) is high and that more of the estuary eelgrass bed area should 

be assessed in the future to determine an accurate rate.  Further study is also necessary to 

determine how much of the K’ómoks Estuary Corg is exported to the Strait of Georgia deep basin 

and of that, what portion of Corg is from Z. marina.   
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SML.  Overall, there were no observed differences in the SML depths between the 

estuary cores and the deep basin cores.  However, there was no SML data from the three non-

depositional estuary cores, because there was no accumulating 
210

Pb decay to measure.  Mixed 

cores are found in coastal marine environments and so an exponential decay rate such as is used 

in lake cores cannot be used to determine sediment age or to interpret substance fluxes (Robbins, 

1978).  In fact, if the decay constant analytical method is applied to any mixed core the log-linear 

decay profiles with depth would positively bias the sediment velocity estimates (Johannessen & 

Macdonald, 2012; Silverberg et al., 1986).  While it is not possible to assign dates to discrete 

layers of sediment in a mixed core, the sediment velocity can be used to approximate a 

timeframe surrounding specific events observed in the Corg profile or a time when the sediment 

accumulated will be deeper than the SML and accumulating carbon (Johannessen & Macdonald, 

2012).  Determining these timeframes is of interest when restoring seagrass beds including Z. 

marina since it is the minimum period before additionality of Corg can be included in any CVS or 

IPCC protocol to offset GHG CO2 emissions.   

Sediment Core Analysis - Best Practices 

Sediment coring methods require not only radioisotope analysis but also the 

complimentary analyses of C: N (and phosphorus) and bed / meadow area mapping (Macreadie, 

Allen, Kelaher, Ralph, & Skilbeck, 2012).  For most researchers and community science groups, 

the cost of the radioisotope and C: N analyses represent the greatest expense of the study and 

limit the number of cores and samples that can be analyzed; indeed, it is not uncommon for 

published results to be based on three cores or less.  This results in a corresponding lack of 

power in subsequent statistical analyses. 



BLUE CARBON SEQUESTRATION IN THE K’ÓMOKS ESTUARY 59  

Nothing in the methodology of collecting cores or sediment samples is technically 

difficult.  The challenges lies in correctly interpreting the radioisotope results and calculating 

SML, porosity, mixing coefficients, sediment accumulation rates, and comparing it to the model.  

Once a baseline accumulation rate has been determined for a site or area, multiple sediment 

samples can be collected for the less costly C: N analysis in order to determine the actual 

sediment velocity and accumulation rate variability of the estuary.  However, the initial analysis 

is sufficiently costly that one should make an effort to get the most out of the results, including 

determining the SML depth. 

The importance of determining the SML depth in marine sediment core analysis cannot 

be understated.  The SML represents the depth of sediment that is different from the rest of the 

core due to the active mixing by organisms, wave action, and pressure (advective and diffusive 

mixing), up and down, at a measurable rate.  Below the SML, the sediment is still moving up and 

down diffusively but at a much, much slower rate.  Disregarding the SML depth and continuing 

with any sediment velocity, porosity, and sediment accumulation rate calculations will lead to 

misinterpretations of results (Johannessen & Macdonald, 2012).  It is noteworthy that many 

researchers have not considered the SML depth and as a result, may have contributed to inflated 

global Corg and CO2 accumulation and sequestration rates.  Specific to Corg analysis, the carbon 

accumulation and sequestration values will be higher.  For example, the cores with a measurable 

accumulation rate in this study had a mean C accumulation rate (gC m
-2

 yr
-1

) 15% higher when 

re-calculated as if the SML was not considered.   

It is also best practices to take cores or sediment samples that are deeper than the 

anticipated SML depth of the site.  This depth will be dictated by the variability of the SML in 

different geographic locations and in different seagrass species beds e.g. seagrass species such as 
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Posidonia oceanica L. produces fibrous rhizome mats several meters thick (Macreadie et al., 

2012), the actively growing portion would contribute to a deep SML.  The sediment core must 

also be sufficiently deep in order to collect a core sample that can correctly consider Corg at 

burial depth.  Best practices in Z. marina beds would be a minimum of 50 cm deep cores.  In 

disturbed sites, such as the K’ómoks Estuary, collecting several full core profiles would 

supplement the collection of discrete burial depth samples; in case the chosen depth coincides 

with deeper layers of unrelated material, such as woody debris, from historic log-dump activity.  

A recent study in Oyster Harbour, Australia examined the impact of seagrass loss and 

subsequent re-vegetation on Corg sequestration and stocks (Marbà et al., 2015).  While the study 

provided the first quantitative evidence that the loss of seagrass vegetation leads to a significant 

loss of Corg stocks, it did not account for the SML effects and only shallow cores (12-15 cm) 

were collected.  As a result, the estimated sedimentation values are likely higher, and the 

timelines shorter, than following best practices would have determined.  At best, reporting values 

without considering SML and core depth makes it challenging to compare results with cases in 

which best practices were followed.  

K’ómoks Estuary Accumulation / Sequestration Rate – Global Context 

There are a number of uncertainties that limit current global estimates of carbon 

sequestration rates by seagrasses.  Limitations include: lack of certainty in the global seagrass 

coverage which is currently estimated between 300 000 and 600 000 km
2
 (Duarte et al., 2005), 

no accurate means of tracking global area loss and area loss rates, uncertainty surrounding 

carbon stocks and burial rate data, deficiency of knowledge regarding the fate of carbon exported 

from seagrass meadows, the uncertain factors responsible for seagrass carbon sink capacity 
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variability, lack of models to identify suitable seagrass rehabilitation areas, and a knowledge gap 

in understanding the fate of the carbon stock in areas where seagrass beds are damaged or 

extirpated (Duarte et al., 2013).  All of these unknowns make it difficult to develop a reliable 

protocol for cost-effective measurement of seagrass bed carbon sequestration.   

Recently the IPCC assessments included the coastal contribution to the anthropogenic 

CO2 budget.  However, developing a carbon model in coastal settings has remained challenging 

and, to date, incomplete because of the difficulties of scaling upwards from one site to a global 

model (Bauer et al., 2013; Duarte et al., 2013).  In order for climate change mitigation strategies 

based on conservation and recovery of seagrass beds to be adopted, these uncertainties need to be 

resolved.   

Current estimates of global carbon sequestration rates are cited as being up to 35 times 

higher in marine ecosystems than tropical rainforests (Mcleod et al., 2011) and up to twice the 

global average storage per hectare of terrestrial soils (139.7 Mg Corg ha
-1

) (Fourqurean et al., 

2012).  These estimates far exceed those measured in the K’ómoks Estuary.  However, the 

K’ómoks Estuary may be typical of estuaries and seagrass beds where there has been significant 

historical disturbance and the bed is still recovering.   

The history of degradation and disturbance in the K’ómoks Estuary is far from unique.  It 

is estimated that as much as 29% of global seagrass area has been lost since the beginning of the 

twentieth century (Waycott et al., 2009).  This loss represents in a decrease in global Corg of 6 to 

24 Tg C yr
-1

 sink capacity plus an unmeasured decrease in Corg sequestration (Fourqurean et al., 

2012).  Further, Corg previously stored in sediments under lost seagrass meadows has been 

subsequently released back into the atmosphere (Duarte et al., 2010).   
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Conclusion and Recommendations 

This study has outlined the accumulation rates and carbon sequestration levels for a 

damaged and recovering estuary, a situation that is unfortunately occurring along coastlines 

worldwide.  With this information, we can now determine how much Corg can be projected to 

accumulate as additional Corg stock, as a result of protection and restoration activities by NPOs 

such as Project Watershed.   

This work contributes to the analysis of baseline estuary conditions so that the benefits of 

conserving and restoring seagrass beds, such as in the K’ómoks Estuary, can be assessed.   

Natural seagrass recovery can be a slow process.  Even when ideal conditions exist for successful 

restoration of seagrass beds, at a conservative global recovery rate of 1.08% per decade, the Corg 

accumulation and sequestration rates have been estimated to show only an approximate 10% 

increase above current rates (Irving, Connell, & Russell, 2011).  It is thought that rising CO2 

will, in fact, increase seagrass productivity and reduce calcareous epiphytic algae that is 

currently negatively impacting seagrass by blocking light penetration, so the predicted timeframe 

of returning to 1920 Corg accumulation and sequestration rates may be achieved before the year 

2340 (Beer & Rehnberg, 1997; Irving et al., 2011).  This projection, combined with the 

supported projection that loss of seagrass vegetation leads to significant erosion of carbon stocks 

(Fourqurean et al., 2012; Marbà et al., 2015; Pendleton et al., 2012), only emphasizes that 

protection and preservation of seagrass ecosystems will have the greatest effect at preserving the 

current global Corg stock, limiting damaged and destroyed seagrass beds as a CO2 source and 

maintaining current Corg accumulation rates.   

Restoration and protection of estuarine ecosystems and Z. marina beds also provides 

ecological benefits and ecosystem services: a recent report by the David Suzuki Foundation 
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values the services provided by the Howe Sound, BC Z. marina beds at between $ 23 504 and 

$87 203 ha
-1

 yr
-1

 (Molnar, 2015).  It is recommended these secondary benefits should not be 

overlooked.   

Further study in this area of research is recommended globally, and specifically along the 

Pacific Northwest Coast of North America, in order to better understand sedimentation velocity, 

sediment accumulation, and carbon sequestration; and narrow the uncertainties in regional and 

global rates. 

A major objective of this study was to advocate for best practices when analyzing 

sediment cores. This study considers it best practice to account for SML depth when undertaking 

radioisotope analysis.  When there has already been a commitment towards radioisotope 

analysis, there are only benefits associated with determining the SML and applying the 

appropriate model, as sediment velocity, porosity, and accumulation rates will be more realistic.  

Any dating of a core without considering the SML is an approximation at best.   
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Appendix A 

Table A1 

Monthly sea surface temperature data recorded at Chrome Island Lighthouse, BC 1963-2013 

adapted from BC Lighthouse data (Fisheries and Oceans Canada, 2013). 

year jan feb mar apr may jun july aug sep oct nov dec 
Annual 
mean 

1963 7.05 7.79 8.02 9.15 12.38 14.87 15.68 17.75 14.81 11.57 8.5 7.75 11.3 

1964 7.34 7.07 7.49 8.59 10.96 14.4 15.37 14.81 13.81 11.22 8.71 7.05 10.6 

1965 6.17 6.11 6.88 8.27 11.18 14.76 17.8 17.5 14.52 10.35 9.23 7.82 10.9 

1966 5.59 6.72 7.37 9.1 11.27 13.1 16.12 16.78 13.39 10.97 8.94 7.93 10.6 

1967 7 6.89 7.15 8.46 11.55 17.07 17.25 19.49 13.92 10.66 9.34 7.58 11.4 

1968 7.12 6.8 7.62 8.54 11.82 14.4 17.3 16.13 13.62 10.55 8.97 7.1 10.8 

1969 5.32 5.86 6.77 7.86 12.24 17.05 17.66 14.73 12.93 10.9 9.03 8.07 10.7 

1970 6.9 7.31 7.87 8.7 11.07 15.38 16.08 16.45 13.22 10.83 8.64 7.47 10.8 

1971 6.21 6.25 6.29 8.02 11.34 12.79 16.83 16.41 13.25 10.69 8.55 6.91 10.3 

1972 6.07 6.32 7 7.66 11.21 14.4 15.55 18.47 13.49 10.33 8.4 7.18 10.5 

1973 6.3 6.31 7.32 8.73 11.24 13.02 16.07 17.03 13.67 10.63 8.27 7.39 10.5 

1974 6.42 6.65 6.99 8.33 10.16 13.3 15.46 16.68 15.25 11.18 8.77 8.04 10.6 

1975 6.73 6.33 7.14 8.42 10.6 14.4 18.06 15.09 15 10.63 8.77 7.09 10.7 

1976 7.14 7.01 6.92 8.6 10.59 12.88 15.19 15.41 14.24 11.55 9.36 8.2 10.6 

1977 7.15 7.98 7.73 9.1 11.22 14.53 16.12 18.11 14.12 11.2 8.47 7.37 11.1 

1978 6.4 6.99 7.93 9.29 11.92 15.76 19.14 17.19 13.21 11.81 9.01 8.15 11.4 

1979 6.93 7.17 7.99 9.59 12.09 15.28 16.31 17 13.93 11.59 9.34 8.36 11.3 

1980 6.72 6.8 7.46 8.67 11.36 14 16.42 16.39 13.02 11.14 9.16 7.6 10.7 

1981 7.41 7.38 8.12 8.98 11.1 12.78 16.95 17.17 14.18 12 10.52 8.83 11.3 

1982 7.71 8.05 8.39 9.61 12.83 17.77 17.75 17.45 15.61 12.22 9.6 8.73 12.1 

1983 8.65 8.73 9.07 10.83 13.56 15.33 15.9 17.57 14.55 11.69 9.82 7.71 12.0 

1984 7.98 8.21 8.86 9.67 11.26 15.26 17.29 17.19 13.87 11.13 8.99 7.48 11.4 

1985 7.18 7.77 8.2 9.37 12.06 15.1 18.61 17.13 14.62 11.4 8.08 7.33 11.4 

1986 8 7.33 8.04 9.22 10.99 14.44 16.11 18.24 15.04 11.93 9.44 8.21 11.4 

1987 7.77 7.73 8.25 9.44 11.91 14.26 16.1 17.81 14.95 12.39 9.94 8.5 11.6 

1988 7.84 7.77 8.16 9.82 11.53 14.72 16.92 16.75 14.88 11.77 9.59 8.4 11.5 

1989 7.5 6.42 7.74 9.8 13.52 15.65 15.72 16.84 16.19 11.44 9.46 8.42 11.6 

1990 7.88 7.04 8.04 10.18 12.55 14.83 18.3 18.35 15.95 11.07 9.26 7.46 11.7 

1991 6.87 7.8 7.66 9.6 12.36 14.36 16.73 17.52 15.41 12.45 9.37 8.42 11.5 

1992 7.87 7.94 9.37 10.39 14.23 17.02 18.47 17.79 14.46 12.02 10.07 8.34 12.3 

1993 7.19 7.63 8.67 9.7 12.55 16.34 17.16 18.19 16.87 13 9.83 8.42 12.1 

1994 8.4 7.58 8.5 10.41 13.91 15.04 18.5 18.11 15.7 12.41 9.31 7.95 12.2 

1995 7.14 7.64 8.17 9.94 14.14 16.17 17.64 16.66 15.78 11.19 9.59 8.29 11.9 

1996 7.46 6.96 7.92 9.49 11.73 14.55 17.8 17.61 14.62 11.63 9.11 7.49 11.4 
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year jan feb mar apr may jun july aug sep oct nov dec 
Annual 
mean 

1997 6.81 6.9 7.54 9.36 13.43 14.45 17.8 18.05 15.2 11.56 10.04 8.79 11.7 

1998 7.76 7.85 8.27 9.61 13.83 16.51 18.18 19.41 16.7 11.66 10.18 8.53 12.4 

1999 7.97 7.66 7.79 9.39 11.96 14.74 16.88 17.99 15.56 11.31 9.52 8.15 11.6 

2000 7.38 7.6 8.37 10.01 11.62 15.08 17.9 17.47 14.98 11.81 9.64 8.29 11.7 

2001 8.04 7.71 8.41 9.41 11.79 14.66 18.25 16.05 14.62 11.42 9.74 8.12 11.5 

2002 7.75 7.41 7.45 9.31 11.82 15.57 18.54 18.07 15.22 12.15 9.75 8.9 11.8 

2003 8.12 8.05 8.47 9.63 12.5 16.19 18.18 18.3 15 11.82 9.28 8.27 12.0 

2004 7.5 7.51 8.71 10.78 14.38 16.68 18.41 19.01 15.12 12.55 10.23 9.24 12.5 

2005 7.48 7.8 9.22 10.35 13.28 15.79 17.39 18.85 15.73 11.86 9.9 8.55 12.2 

2006 8.73 7.5 8.35 9.7 12.24 16.45 18.04 18.04 15.61 12.35 9.44 8.25 12.1 

2007 7.27 7.79 8.23 9.43 12.62 14.72 17.19 17.84 15.8 11.02 9.66 8.38 11.7 

2008 8.07 8.53 9 9.83 12.66 15.2 18.73 16.63 15.65 11.61 10.13 8.72 12.1 

2009 8.04 8.01 8.27 9.83 12.79 17.92 19.29 18.48 15.63 12.34 10.05 8.39 12.4 

2010 9.01 9.02 9.37 10.3 12.7 15.39 19.42 19.66 14.99 12.68 10.27 9.23 12.7 

2011 8.26 9.02 8.95 9.77 11.98 15.28 17.42 18.77 16.27 12.23 10.19 9.28 12.3 

2012 8.75 8.52 7.79 9.02 11.73 13.71 17.64 17.76 15.18 10.99 8.78 8.09 11.5 

2013 7.16 7.89 8.17 9.65 12.62 15.82 19.65 17.44 14.98 11.68 9.78 7.33 11.8 

Mean 7.36 7.43 7.99 9.35 12.13 15.08 17.32 17.44 14.79 11.54 9.37 8.07 
  

  



BLUE CARBON SEQUESTRATION IN THE K’ÓMOKS ESTUARY 75  

Appendix B 

Field Methodology 

 

Figure B1.  Example of a study plots, corner anchor point.  The pin was further pounded into the 

sediment until only the top 5-10 cm of the arch was exposed to minimize its visibility and 

snagging/tripping hazard, each anchor point was either marked with a GPS waypoint (subtidal) 

or marked with a GPS waypoint and professionally surveyed (intertidal).  Photo by author. 
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Figure B2.  Drawing of the anchor points for the Hospital site, surveyed on May 15, 2014 (1300h 

to 1400h). Copyright 2014 by Comox Valley Project Watershed.  Adapted and reprinted with 

permission.   
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Figure B3.  Drawing of the anchor points for the Royston site, surveyed on May 16, 2014 (1000-

1100h). Copyright 2014 by Comox Valley Project Watershed.  Adapted and reprinted with 

permission.   
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Figure B4.  Drawing of the anchor points for the Brooklyn Creek site, surveyed on May 16, 2014 

(1400h to 1500h). Copyright 2014 by Comox Valley Project Watershed.  Adapted and reprinted 

with permission.   
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Figure B5.  These images show cores being pounded into intertidal sediments by field assistants.  

Note the sediment compression visible in the left hand image.  The black cap in the right hand 

image has the one way valve initially used to try to facilitate core extraction.  Tape marks target 

penetration. Photo by author. 

 
Figure B6.  These images show the author and PICS student facing the challenges of placing the 

end disc and cap (arrows) on the end before extracting the core.  Copyright 2014 by C. Hodgson.  

Reprinted with permission. 
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Figure B7.  Left to right: a sediment core mounted on the extruding stand, the researcher and 

PICS student assistant extruding a core sediment subsample, and removal of a prepared sediment 

subsample. Copyright 2014 by C. Hodgson (center and right).  Reprinted with permission. 


