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Abstract 

Climate change related impacts threaten calcium carbonate dependent species, such as 

bivalve shellfish.  Coastal sediment acidification may have disproportionate effects on bivalves.  

Shellfish are ecologically, economically, and socially significant in the Pacific Northwest.  This 

research was guided by First Nation habitat restoration objectives and Indigenous science.  Using 

field studies and microcosm experiments, we investigated the effect of shell treatments on 

sediment porewater conditions in Burrard Inlet, Canada.  Porewater pH and aragonite saturation 

states (Ωarg) were evaluated under different tidal conditions and pH treatments.  Significant 

differences were found in porewater acidity and Ωarg between sites, tidal conditions, and pH 

treatments.  There was no consistent shell treatment effect on porewater pH or Ωarg.  Augmenting 

coastal sediment with shell material has many documented benefits.  Based on the results, shell 

treatments are not recommended as an effective mitigation for acidic sediment conditions in 

support of First Nation shellfish habitat restoration objectives in Burrard Inlet.   

Keywords: porewater, acidification, pH, aragonite saturation state, bivalve shellfish, 

habitat restoration, clam garden, First Nations, Tsleil-Waututh Nation 
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Introduction and Literature Review  

Ocean Acidification 

Since the industrial era, anthropogenic greenhouse gas (GHG) emissions have changed 

the composition of the earth’s atmosphere.  Using certain socio-economic emission scenarios and 

circulation models, the International Panel on Climate Change (IPCC) predicts atmospheric 

carbon dioxide (CO2) could reach 720 to 1,000 ppm by 2100 (2014).  For approximately 400,000 

years preceding the industrial era, atmospheric CO2 concentrations oscillated between 200 and 

280 ppm (Feely R. A. et al., 2004).  Currently, the atmospheric CO2 concentration is 

approximately 400 ppm.   

Increased atmospheric GHG concentrations has led to global climate change.  Climate 

change impacts include, but are not limited to, increasing the earth’s average temperature, 

changing precipitation patterns and amounts, and reducing ice, snow, and permafrost cover.  

Climate change observations include increased frequency, intensity, and duration of extreme 

weather events; broad freshwater, terrestrial, and marine ecosystem shifts; increased threats to 

human health; rising sea levels; and increased acidity of the world’s oceans (United States 

Environmental Protection Agency (US EPA), 2016).   

These impacts will be increasingly apparent and compounded as GHG concentrations 

continue to accumulate.  Global mean sea level, for example, is expected to rise by 44 to 74 cm 

(relative to 1986–2005) by the year 2100 (Vadeboncoeur, 2016).  On a regional level, the median 

sea-level rise projected for southern Vancouver Island, the region surrounding the City of 

Vancouver, and northern coastal British Columbia (BC), Canada, ranges from 50 to 70 cm by 

2100 (Vadeboncoeur, 2016).  Coinciding changes in marine and freshwater conditions with sea-

level changes may lead to physical habitat loss for many coastal and intertidal species.   
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Global oceans absorb one third of anthropogenic CO2 emissions (IPCC, 2014).  Although 

the ocean has a large buffering capacity, this unprecedented rate of CO2 sequestration is altering 

seawater chemistry. Carbon dioxide dissolves in the surface water and forms carbonic acid, 

resulting in ocean acidification (OA).  The pH of ocean surface water has decreased by 0.1 units 

since the pre-industrial era – a 30% increase in acidity (Bednarsek et al., 2012; IPCC, 2014; Orr 

et al., 2005).   

As ocean temperatures rise, the capacity of the ocean to absorb CO2 will be 

overwhelmed.  Ocean pH is anticipated to decrease by another 0.3 to 0.4 units by the end of the 

century, a 100 to 150% increase in acidity (Bednarsek, et al. 2012; IPCC, 2014; Orr, et al. 2005).   

  Rising sea levels, OA, and rising ocean temperature will create large shifts in species’ 

geographic ranges, seasonal activities, biodiversity, migration patterns, abundance, and 

interactions (IPCC, 2014, p. 6; Vadeboncoeur, 2016).  Changing ocean conditions will broadly 

influence geochemical and geophysical processes and cycles, speciation, and bioavailability of 

elements, ocean circulation, and upwelling events – all of which affect both pelagic and benthic 

ecosystems (Doney, Fabry, Feely, & Kleypas, 2009; Feely R. A., Sabine, Hernandez-Ayon, 

Ianson, & Hales, 2008).  The most direct and studied biological impacts of acidification apply to 

organisms that form calcium carbonate shells and skeletons.   

Seawater Carbonate Chemistry 

Seawater carbonate chemistry moderated by oceanic CO2 uptake, and associated acidification 

and saturation states, are described by Cubillas, Kohler, Prieto, Chairat, & Oelkers (2005), 

Doney et al. (2009), Feely et al. (2004), Gazeau et al. (2007), and Green, Waldbusser, Hubaze, 

Cathcart, & Hall (2013).  Research concerning the carbonate system is typically focused on the 

open ocean system where the shells of marine plankton contribute carbonate ions to the water 
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column and sediments through dissolution or deposition (Feely et al., 2004).  The reactions and 

assumptions made of the carbonate system in the marine environment have been transferred to 

research conducted in coastal and estuarine habitats.    

Seawater carbonate chemistry is governed by a series of reactions [1]: 

[1]         CO2 (atmos) ⇆ CO2 (aq) + H20 ⇆ H2CO3 ⇆ H+ + HCO3
– ⇆ 2H+ + CO3

2–  

When atmospheric CO2 dissolves in seawater, it forms carbonic acid.  Carbonic acid (H2CO3) 

quickly dissociates to form bicarbonate (HCO3
–), losing hydrogen (H+) ions.  Bicarbonate can 

break down to form carbonate (CO3
2–) and H+.  The increase in H+ concentrations lowers pH 

because pH = –log10[H+].  Calcium (Ca2+) cannot bind with bicarbonate to form shells.  

Carbonate binds with H+ easier than it binds with Ca2+, producing more HCO3
– (Figure 1).  

The decline in pH reduces the carbonate concentration ([CO3
2–]), and alters the calcium 

carbonate (CaCO3) saturation state (Ω).  The saturation state of seawater is expressed as [2]: 

[2]       Ω = [CO3
2–] [Ca2+] / K’sp          

Where K’sp is the stoichiometric solubility product and is dependent on temperature, salinity, 

pressure, and the CO3
2– mineral phase: calcite, aragonite, high-mg calcite, or low-mg calcite.  

[Ca2+] can be derived from salinity data, and [CO3
2–] can be calculated from dissolved inorganic 

carbon (DIC) and total alkalinity (TA) data.  TA is equal to the charge difference between cations 

and anions (Doney et al., 2009, p. 172). 

The seawater surrounding calcifying organisms needs to be saturated with CO3
2– to allow 

shells to form and protect shells from dissolution.  When Ω is >1, the precipitation of CaCO3 is 

favoured.  When the Ω is <1, dissolution tends to occur in bivalves (Bednarsek et al., 2012).  
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Seawater is typically saturated or supersaturated with [Ca2+] (10 mmol/L at salinity 35); 

therefore, changes in carbonate saturation states are dependent on changes in concentrations of 

CO3
2– (Green et al., 2013, p. 18).   

Calcite is the least soluble mineral form of calcium carbonate and is found in many marine 

taxa, such as coccolithophorids, echinoderms, and coralline algae.  Aragonite is a more soluble 

form of carbonate (50% more soluble than calcite) and is found in corals, pteropods, and other 

molluscs, as well as a variety of other invertebrates and algae (Doney et al., 2009, p. 172).  

 Cubillas et al. (2005) studied the geometric surface area-normalized carbonate dissolution 

rates (rgsa) (p. 59).  Aragonite dissolution rates will also apply to crushed clam and cockle shells, 

which are composed of aragonite.  The aragonite dissolution rate equation is [3]: 

[3]    (rgsa)/(mol. cm2/s) = (2.69 ± 0.5) x 10–10 (1 – Ω) 0.86 ± 0.1 

 Where Ω represents the saturation state of the dissolving carbonate.  The dissolution rate 

of calcite can be applied to oysters, and partially to mussel shells, which are composed of ~90% 

calcite and ~10% aragonite (Cubillas et al., 2005, p. 59).  Fresh oyster shells would dissolve at a 

faster rate than weathered or dredged shells (Gazeau et al., 2011, p. 659).  The calcite dissolution 

rate equation is [4]: 

[4]    (rgsa )/(mol.cm2/s) = (1.82 ± 0.2) x 10–10 (1– Ω)1.25+–0.16 

Marine mollusks produce 50 to 1,000 g of CaCO3/m
2/year, and oysters can produce up to 

90,000 g/m2/year (Gutierrez, Jones , Strayer, & Iribarne, 2003).  Approximately 30% of annually 

produced CaCO3 is buried in marine sediments; the remainder is dissolved within the water 

column, sediment-water interface (SWI), or shallow sediments (Feely et al., 2004, p. 365).  The 
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ocean’s ability to absorb atmospheric CO2 over large temporal scales depends on CaCO3 

dissolution within the water column and marine sediments (Doney et al., 2009, p. 172).   

Carbonate dissolution neutralizes CO2 and increases TA, which further facilitates the 

uptake of atmospheric CO2 (Feely et al., 2004, p. 362).  Surface water TA is increased by [5]: 

[5]     CO2 + CaCO3 + H2O ⇆ 2HCO3
– + Ca2+  

Ocean Acidification in the Pacific Northwest 

The Pacific Northwest of North America (PNW) is a particularly dynamic environment in 

which to study OA, because the northeast Pacific Ocean experiences an advanced state of 

acidification comparable to future IPCC scenarios.  Among other local and regional factors, the 

PNW is influenced by the California Current Ecosystem (CCE), which is characterized in part 

for its seasonal upwelling.  

The CCE is highly influential to the marine ecosystem in California, Oregon, and 

Washington, USA, and to a lesser extent in BC (Figure 2).  However, upwelling from the 

California Current is expected to become increasingly influential on the BC coastal ecosystem.  

In BC, the effects of upwelling conditions will occur in combination with projected climate 

change impacts, such as decreased surface water salinity (related to increased regional 

precipitation) as well as warming surface water temperatures (Vadeboncoeur, 2016).  

Furthermore, the climate and marine conditions of coastal BC are largely influenced by the El 

Niño/La Niña Southern Oscillation and the Pacific Decadal Oscillation climate cycles 

(Vadeboncoeur, 2016). 

PNW upwelling typically begins in the early spring, when northwesterly winds dominate, 

and lasts until late summer or fall (Feely et al., 2008, 1491).  Upwelling brings CO2 and nutrient-

rich cold waters from depth to the coastal shelf (Bednarsek et al., 2012), creating conditions 
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condusive for increased biological productivity and reproductive rates of some marine species but 

acidic conditions with negative effects on other marine species.  Upwelling conditions lead to 

reduced pH, dissolved oxygen and aragonite saturation states (Ωarg) (Feely et al., 2010, p. 443), 

which become corrosive to marine calcifying organisms, such as bivalve shellfish.    

The carbonate saturation state is important when considering marine ecosystems, as it is 

an indication of acidification or corrosive seawater conditions.  Many processes affect the 

temporal and spatial variation of the seawater saturation state, such as upwelling events, deep 

water and coastal respiration, circulation patterns, El Niño events, among others.  Due to 

enhanced CO2 solubility and surface mixing in cold waters, high-latitude oceans experience 

undersaturation more than warm tropical or subtropical regions (Doney et al, 2009).     

Anthropogenic CO2 absorption is concentrated in the thermocline of the upper water 

column (Doney et al, 2009); therefore, processes at the ocean surface and at depth are acting in 

concert to affect saturation values.  According to Bednarsek et al. (2012), during the winter and 

early spring, the PNW coastal waters are supersaturated with respect to aragonite, averaging 

approximately 2.0.  By August, 30% of the upper water column (100 m) is undersaturated due to 

upwelling, which is an increase from the 10% observed in the pre-indstural era.     

An oceanographic cruise conducted by Feely et al. (2008) found that undersaturated waters 

with respect to aragonite reached depths of approximately 40 to 120 m along most transects from 

central Canada to northern Mexico.  In northern California, undersaturated waters reached the 

entire water column shoreward of the 50 m bottom contour during seasonal upwelling (p. 1491).  

Undersaturated conditions were not anticipated to reach the surface waters until 2050 (Doney et 

al, 2009; Feely et al., 2008).  
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Feely et al. (2004) projects the surface waters of the subarctic North Pacific will become 

permanently undersaturated with respect to aragonite when atmospheric partial pressure of CO2 

(pCO2) reaches 1,200 ppmv and, with respect to calcite, 1,900 ppmv (p. 365).  This aragonite 

saturation threshold is more than four times the pre-industrial level of 280 ppmv.  Orr et al. 

(2005) argues that some polar and subpolar surface waters will become undersaturated with 

respect to aragonite at approximately two times the pre-industrial era (~560 ppmv) within the 

next 50 years (p. 681).   

Natural processes and seasonal influxes are combining with the uptake of anthropogenic 

CO2 in the PNW.  Many coastal PNW areas are influenced by large estuarine systems due to 

deep inlets, freshwater inputs, and inland seas.  While the pH of open-ocean seawater typically 

ranges from 7.8 to 8.4, estuarine systems can reach a pH of <7.5 to as low as <7.0 (Ringwood & 

Keppler, 2002).   

 In Puget Sound, Washington, USA, Feely et al. (2010) estimates OA currently accounts 

for 24 to 49% of the pH decrease observed in subsurface waters compared to pre-industrial 

values.  Local factors are attributed to the remainder of the pH decline.  By the end of the 

century, the relative impact of OA is anticipated to account for 49 to 82% of the pH decrease in 

subsurface waters (Feely et al., 2010, p. 442).   

In the Strait of Georgia (SoG), BC, the seasonal variability of pH and the Ωarg may be 

driven by local alternative, compounding factors.  The Fraser River plume is a dominant driver 

of pH and Ωarg of the southern SoG.  Thomson (1981) describes the extent of the Fraser River 

influence on the entire inside passage, from the entrance of Juan de Fuca Strait to the entrance of 

Queen Charlotte Sound.  Up to 60% of the dilution of this region can be attributed to the Fraser 
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River.  The freshwater input may also affect physical variations in surface waters on the outer 

coast of Vancouver Island (Thomson, 1981).   

The Fraser River is predominately a snowmelt-dominated regime, with annual runoff 

occuring mostly during the spring freshet (Vadeboncoeur, 2016).  During the spring freshet, the 

SoG pH decreases due to a freshwater lens attributed to the Fraser River and other cumulative 

freshwater inputs (Moore-Maley, Allen, & Ianson, 2016).  During this time, aragonite-

undersaturated waters can also shoal to the surface (Moore-Maley, Allen, & Ianson, 2016, p. 33) 

and surface water temperatures surrounding the Fraser River estuary are comparatively low to 

the SoG (Thomson, 1981). 

The Fraser River plume also largely contributes to the estuarine circulation common to 

the SoG, Salish Sea, and surrounding inlets – where denser, more saline water moves in from the 

Pacific Ocean at depth, and the overlying, less saline surface waters flow outward.  The influence 

of the Fraser River to the local study area is further described in Appendix 1.   

A model conducted by Moore-Maley et al (2016) identified a number of co-variates for 

the SoG with respect to pH and Ωarg.  The model found a general trend of low pH and 

undersaturated waters in winter, and high pH and supersaturated waters in summer.  Wind speed, 

freshwater flux, and cloud fraction were each found to play a dominant force on pH and Ωarg at 

different times of the year.  Colder water temperatures may absorb and diffuse more CO2, 

reducing the pH and leading to undersaturated conditions in the winter (L. Bendell, pers. conv).  

Surface water mixing is greater at this time as well, especially when the water column is less 

stratified.  Undersaturated waters also shoal to the surface during large spring freshets.   

The model did not include upwelling events.  Local drivers were considered more 

dominant since topography and the Vancouver Island Coastal Current isolate the SoG from CCE 
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upwelling (Moore-Maley, Allen, & Ianson, 2016).  However, upwelling may remain a significant 

driver for the region as a whole as Puget Sound and the SoG are connected by the Salish Sea.   

A variety of co-variates influence carbonate saturation states of coastal sediments.  As 

described by Green et al. (2013), factors that contribute to variable saturation values in coastal 

sediments include temperature, spatial heterogeneity, redox reactions, and transport-related 

controls such as bioirrigation.  Respiratory processes occuring in surface sediments produces 

CO2 at the SWI, which reduces pH and affects Ωarg (Green et al., 2013, p. 19).     

Compounding environmental, socio-economic, and climate-related factors have the 

potential to cross critical physiological thresholds for marine organisms in coastal ecosystems 

(Bednarsek et al., 2012; Feely et al., 2010).  In some bivalve populations along the coast of BC, 

declines of up to 80% have been observed since 1978 (Gazeau et al., 2013, p. 2208).  These 

declines are not necessarily a causal effect of coastal acidification; however, upwelling 

conditions, saturation states, and atmospheric CO2 absorption are likely factors.  Timmins-

Schiffman et al. (2013) reported the pCO2 of shellfish hatchery intake water can reach 1,000 

ppmv during upwelling events in Washington State (p. 1974), leading to mass mortality events in 

the aquaculture industry.  Similar losses are occuring in BC aquaculture facilities, with 

transboundary impacts (Vadeboncoeur, 2016).   

In response to global and regional climate change related impacts, marine fishes on the 

west coast of North America are anticipated to shift their ranges poleward at a median rate of 

10.3 km to 18.0 km per decade by 2050 relative to 2000.  This may lead to a coast-wide decline 

in fisheries catch potential of –4.5% to –10.7% (Weatherdon, Ota , Jones, Close, & Cheung, 

2016).  Under IPCC scenarios in BC, herring and salmon catches are projected to decrease by 

49% and 30%, respectively (Weatherdon, Ota , Jones, Close, & Cheung, 2016).  Due to the 
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predicted northern species migration, the southern BC region will experience more dramatic 

changes in fisheries resources than the Central and North Coast regions (Weatherdon, Ota , 

Jones, Close, & Cheung, 2016).  Biodiversity may remain consistent or increase on account of 

new species migrating into BC waters from the south (Vadeboncoeur, 2016).     

These shifts will undoubtebly have transboundary economic reprocussions.  Commercial, 

recreational, and aquaculture fisheries will be impacted with environmental, social, and 

economic reprocussions in BC and in national and international markets.  First Nation 

communities will face unique challenges with respect to cultural and spiritual health; stewardship 

responsibilities; food, social, ceremonial fisheries; commercial fisheries; and rights-based 

fisheries.  Cultural and spiritual practices often depend on access to and use of traditionally 

significant species.  For many communities, this contributes to the foundation of health and well-

being upon which future generations can thrive (Gaydos, Thixton, & Donatuto, 2015) .    

Conversely, First Nation sardine fisheries are anticipated to expand in warmer waters by 

up to 44% (Weatherdon, Ota , Jones, Close, & Cheung, 2016).  More localized effects studied in 

the Heiltsuk territory (Figure 3) suggest neutral or slight gains (+8.6%) in First Nation native 

littleneck (Protothaca staminea) and manila clam (Venerupis philippinarum) fisheries, associated 

with traditional mariculture techniques (Weatherdon, Ota , Jones, Close, & Cheung, 2016).  

However, the southern part of BC may experience surface water conditions that contract suitable 

bivalve habitat and reproductive success (Vadeboncoeur, 2016).  Weatherdon et al. (2016) 

focused on latitudinal range, habitat preferences, depth range, and other fisheries statistics rather 

than biogeochemical or physiological responses to climate change related impacts.  
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Ocean Acidification Impacts to Calcifying Organisms 

Benthic and pelagic marine calcifying organisms are particularly vulnerable to 

acidification because they require CO3
2– to produce their shells.  Acidification reduces the 

availability of CO3
2– and makes it more difficult for organisms to form biogenic CaCO3 (Orr et 

al, 2005, p.681), causing early mortality and shell deformation in some species.  To date, studies 

show the response to OA is highly species-specific; which may affect community dynamics in 

unpredictable and complicated ways. 

Of particular ecological concern is the response of pteropods to OA.  Pteropods are 

planktonic mollusk gastropods and are integral to the marine food web.  Due to their thin 

aragonite shells, pteropods are indicators of ecosystem health (Orr et al., 2005).  Pteropods occur 

in high abundances and densities in polar and subpolar seas.  The pteropod species Limacina 

helicina is highly productive within the PNW.   

Pteropods are important prey for ecologically and economically significant species, such 

as zooplankton, North Pacific salmon (Oncorhynchus sp.), herring (Clupea harengus pallasi), 

cod (Gadus macrocephalus), baleen whales, and marine birds (Bednarsek et al., 2012, p. 3; Orr 

et al., 2005).  In the North Pacific, pteropods can comprise up to 60% (by weight) of juvenile 

pink salmon (Oncorhynchus gorbuscha) diets (Doney et al, 2009, p. 180).  Pteropods are an 

important component of the pelagic carbon cycle, contributing 20 to 42% towards global CO3
2– 

production (Bednarsek et al., 2012).     

Pteropods are indicators of ecosystem health because they are highly responsive to small 

changes in carbonate chemistry.  Bednarsek et al. (2014) reported that shell dissolution of 

Limacina helicina occurred under short-term exposure (4 to 14 days) to near-saturated waters of 

the CCE (p. 3).  Based on sediment trap data, Orr et al. (2005) reported empty pteropod shells 
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exhibit pitting and partial dissolution as soon as they fall below the aragonite saturation horizon 

(p. 685). 

Pteropods and other marine calcifiers exposed to undersaturated waters during early life 

stages may have challenges during other developmental stages.  Exposure during the larvae stage 

may affect metabolic processes, with potential implications to future growth, fecundity, and 

fitness (Bednarsek et al., 2012, p. 6).  Shells play an essential role in feeding, predator defence, 

buoyancy control, pH regulation, and reproduction; therefore, a loss of shell mass in individuals 

can have significant population effects.      

Bednarsek et al. (2012) estimate the pre-industrial CCE baseline of severe shell 

dissolution is 20% of pteropods during the upwelling season (p. 6).  In August 2011, 53% of 

pteropods were affected by severe shell disslution.  Bednarsek et al. (2012) estimates 70% will 

be affected by severe shell dissolution by 2050, representing a threefold increase from the pre-

industrial baseline (p. 6).  Without time to adapt, pteropods will likely experience contracted 

water column depth and latitude ranges (Doney et al., 2009, p. 180; Orr et al., 2005, p. 685). 

In addition to pteropods, other gastropods, bivalves, cephalops, cold-water corals, 

foraminifera, and coralline algae produce calcareous skeletons or shells (Gazeau et al., 2007).  

Many reef-building corals appear to cease calcification under Ωarg as high as 2.0 (Doney et al., 

2009, p. 180).  Planktonic species such as diatoms may not be impacted, as their shells are 

largely composed of silicate, whereas coccolithopores are composed of calcite carbonate.  

Calcifying organisms may be at a competitive disadvantage to non-calcifying native organisms 

or to invasive species that are more highly adapted.   

Conversely, seagrasses such as the PNW native eelgrass Zostera marina appear to 

increase productivity and biomass under elevated CO2 conditions (Doney et al., 2009, p. 179); 
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however, it is unclear if these benefits are sustained under associated increased temperatures and 

micro algae growth.  Doney at el. (2009) summarized a number of other studies linking increased 

jellyfish frequency in the North Sea since 1970 to decreased ocean pH conditions. 

Research to date on marine organism responses to OA has been conducted across 

different time scales (hours to months) and under pH conditions that apply to projected IPCC 

scenarios.  Results are highly variable and species-specific.  A common finding reaffirms the 

most sensitive period is the larvae stage, with a large majority of studies demonstrating negative 

effects of OA during this critical development stage (Gazeau et al., 2013).       

Bivalve Shellfish: Biological Responses to Acidification 

Bivalve composition and biology 

Mollusks are one of the oldest, largest, diverse, and most successful phylum of marine 

organisms (Yates, 1988, p. 154).  Mollusks comprise 23% of all marine organisms, across six 

classes: gastropoda, bivalvia, cephalopoda, polyplacophora, scaphopoda, and monoplacophora.  

Gastropods and bivalves comprise the majority of all living marine molluscan species (Gazeau et 

al., 2013, p. 2208).   

Bivalves have two hinged, calcified shells (valves) to cover the soft visceral mass (body) 

and siphons to draw in water for filter feeding and oxygen exchange (Yates, 1988, p. 176).  

Bivalves have two large adductor muscles to control the opening of the valves, a muscular foot, 

and lack a distinct head (Figure 4).  Bivalves include clams, cockles, oysters, mussels, and 

scallops.   

The life cycle of bivalve shellfish includes a pelagic embryonic and larvae stage followed 

by a benthic juvenile and adult stage (Figure 5).  Shell formation is a continuous, internal process 

regulated by glands in the mantle – a soft or leathery covering of the inner organs in the internal 
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cavity of the shell (Yates, 1988, p. 176).  The mantle secretes new shell material and proteins into 

extrapallial fluid (between the mantle and shell), which deposits crystals onto the organic matrix, 

inner shell surface, or at the shell edge by a thickened rim of muscular tissue (Doney et al., 2009; 

Green, Waldbusser, Reilly, Emerson, & O'Donnell, 2009; National Oceanic and Atmospheric 

Administration, 2011).   

The production of new shell material is referred to as calcification.  Calcification is an 

internal process that occurs in isolation from ambient seawater but is dependent on saturated or 

supersaturated conditions in order to form CaCO3 crystals (Figure 6).  Bivalves physiologically 

control concentrations of Ca2+, HCO3
–, and CO2 independently of ambient seawater (Green et al., 

2009).  Calcification is regulated by passive and active ion transport between the mantle and the 

extrapallial fluid of the organism.  The result is a shell predominantly composed of a mineral 

phase (95 to 99% calcium carbonate) with an organic matrix (1 to 5%) (Gazeau et al., 2013).  

Depending on the saturation state of ambient seawater, dissolution could be occurring on the 

external shell surface without affecting internal calcification.  

The carbonate mineral phase of a juvenile bivalve shell is composed of aragonite.  As 

adults, biocalcification can result in shells composed of aragonite, calcite, or a mix, depending on 

the species (Green et al., 2013, p. 24).  The bivalve shell structure is composed of three distinct 

layers: the hypostracum, the ostracum, and the periostracum (Cubillas et al., 2005) (Figure 7).   

The hypostracum is the smooth innermost layer, composed of aragonite, and protects the 

animal from abrasion against its shell.  The ostracum is the middle, thickest layer and gives the 

shell its strength. The ostracum is composed of aragonite or calcite crystals of various 

orientations interbedded with proteins.  The periostracum is the outermost layer consisting of a 
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composite material of CaCO3 and chitin.  The periostracum provides protection from the 

surrounding environment (Cubillas et al., 2005; Kegel, 1998; Green et al., 2013).  

In the post-larval development stage, active site selection is the next critical step and 

depends on environmental cues.  Secondary site selection is passive and relies on physical 

processes, such as bed load transport and tidal currents.  A variety of geochemical properties of 

the sediment porewater and SWI influence the active acceptance or rejection by juvenile bivalve 

shellfish.  The SWI carbonate saturation state is a significant settlement cue for juvenile bivalves 

(Green et al., 2013; Clements and Hunt, 2014).   

Green et al (2009) reports that juvenile shellfish settlement densities of 20,000 to 

40,000/m2 are commonly observed (p. 1045); however, shellfish can experience extreme juvenile 

mortality rates exceeding 90% (Green et al., 2009; Parker et al., 2012).  Once settled, 

survivorship and developmental success of juveniles depends on a myriad of factors.  Predation, 

hydrodynamics, temperature, competition, and other biological factors are pertinent threats to 

juvenile bivalves.  The quality of porewater, the SWI, and the sediment surface layer plays 

significant roles in survivorship determination.  

Juvenile bivalve settlement factors  

The external shell remains in direct contact with sediment porewater.  Within 4 days of 

exposure to corrosive porewater conditions, Green et al. (2009) showed substantial pitting of the 

shell ostracum in juveniles (p. 1044).  Until the development of a siphon increases burrowing 

capacity, juveniles are restricted to the upper millimetres of sediment, just below the SWI.  The 

lowest pH of coastal marine sediments typically occurs at the SWI (Green et al., 2013).   

In instances where the surface layer of sediment is disturbed or removed, settling 

juveniles will reject the site (at least temporarily) or may be exposed to adverse conditions.  
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Removal of the surface layer exposes reduced metabolites to oxidation, reducing the pH and 

carbonate saturation state (Green et al., 2013), thereby stimulating shell dissolution. 

 According to Ringwood and Keppler (2002), water quality parameters considered to 

influence benthic organism distribution have been limited to salinity and dissolved oxygen, with 

pH only recently becoming a focus.  High-salinity seawater (~35 ppt) has a strong buffering 

capacity due to the concentrations of dissolved ions.  High saline waters stimulate shellfish 

growth and negate the concern of pH (Ringwood and Keppler, 2002).  In low-salinity seawater 

(<25 ppt), pH is a concern.  

When pH falls to 7.9, shellfish begin showing adverse responses through decreased shell 

formation.  As pH approaches 7.5, these adverse responses are exacerbated through shell 

dissolution mortality, reduced growth and survival rates, and other behavioural responses (Kerr 

Wood Leidal Associated Ltd. & Tsleil-Waututh Nation (KWL & TWN), 2016; Ringwood and 

Keppler, 2002).  The various effects of reduced pH on bivalve shellfish is displayed in Figure 8.   

Carbonate system variables may have different interspecific responses, and intraspecific 

life history stages may react differently to carbonate system variables.  For example, Waldbusser 

et al. (2015) found that the Ωarg had the greatest adverse effect on the California mussel (Mytilus 

californianus) larvae shell development and growth.  Respiration rates were elevated under very 

low pH, and feeding was most sensitive to pCO2.  The saturation state effects during early shell 

development, however, could either preclude later life history stages or compound the various 

effects of coastal acidification conditions (Waldbusser, et al., 2015).     

Shellfish in the Pacific Northwest   

Carbonate saturation states, DIC, pCO2, and pH are independent variables of the 

carbonate system with varying biological and physiological effects on marine bivalves 
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(Waldbusser, et al., 2015).  These variables respond to and interact differently between the open 

ocean and coastal marine environments.  Carbonate system variables are more tightly coupled in 

open-ocean conditions compared to coastal zones, where variables can deviate significantly and 

are less predictable (Waldbusser, et al., 2015).   

The estuarine embayments and coastlines of the PNW experience lower salinities than 

open-ocean conditions and seasonal upwelling.  Low salinity and high rates of production and 

respiration characteristic of estuarine ecosystems lead to low pH and Ωarg, conditions which are 

corrosive to bivalves (Gazeau et al., 2013).   

These pressures compound the cyclic and episodic conditions that estuarine and intertidal 

species have adapted to.  Increasing ocean temperatures may increase respiration rates and 

further exacerbate corrosive conditions.  Bendell, Chan, Crevecoeur, & Prigent (2014) 

demonstrated a diurnal decrease in pH as surface waters experience geochemical changes 

between ebb and flood tides.  Harding, Segal, & Reynolds (2015) suggest larger shellfish are 

often found in the lower intertidal zone because reducing exposure to extreme conditions may 

increase growth and survival (p. 19).   

The interconnections between terrestrial, freshwater, and marine ecosyems are highlighted 

by the annual pulse of marine-derived nutrients provided to coastal PNW forests by Pacific salmon. 

Shellfish are no exception.  Harding, Segal, & Reynolds (2015) found larger (forested) watersheds 

correspond with larger-sized soft shell clams (Mya arenaria) in estuaries located on the Central 

Coast of BC.  The researchers found upland terrestrial-derived nutrients influence downstream 

shellfish biological responses.     
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Some of the bivalve species native to this study area include littleneck clam  (Protothaca 

staminea), butter clam (Saxidomus giganteus), bent-nosed clam (Macoma nasuta), horse clam 

(Tresus capax), heart cockle (Clinocardium nattallii), and olympia oyster (Ostrea lurida).   

Non-native species are typically highly adaptable and competitive, and they can establish 

monocultures in high densities.  Such non-native species as the manila clam (Venerupis 

philippinarum), varnish clam (Nuttalia obscurata), soft shell clam (Mya arenaria), Pacific oyster 

(Crassostrea gigas), and blue mussel (Mytilus edulus) have been present in the study area 

ecosystem for decades and have varying degrees of impact.  The spread or introduction of invasive 

or naturalized non-native species, predicted under climate change, is a growing concern.        

In clam beds with high infaunal abundance and density, such as those heavily populated 

by invasive species, excessive biodeposition can lead to anoxic conditions and decrease 

biodiversity.  High shellfish densities might contribute to or become a source of increased acidity 

in coastal waters (Bendell et al, 2014; Gazeau et al., 2013).  High bivalve densities may also 

contribute a source of ammonium (a limiting nutrient in coastal ecosystems), potentially playing a 

role in enhancing coastal eutrophication or harmful algae bloom occurrences (Bendell et al., 2014).     

Impacts of acidic conditions on bivalve shellfish  

Marine invertebrates display various biological and physiological responses to acidic 

conditions.  Bivalve larvae are consistently negatively impacted by elevated CO2 levels in the 

water, whereas adults display greater variability in responses.  The extent of negative effects is 

largely species-specific, with variations between closely related species and even between 

different populations of the same species (Parker et al., 2012).  Since early life history stages are 

the most vulnerable to acifidication, there is high potential to create bottlenecks in shellfish 



EFFECT OF SHELL HASH ON POREWATER CONDITIONS  29 

populations and large declines in adult populations (Green et al., 2013, p. 22; Whitman Miller, 

Reynolds, Sobrio, & Riedel, 2009; Waldbusser, et al., 2015) .     

Bivalve responses to low pH and Ωarg include significant reductions in growth rates and 

feeding activity (Parket et al., 2012; Ringwood and Keppler, 2002) as well as enhanced 

dissolution mortality in juveniles (Green et al., 2013; Green et al., 2009).  Bivalve larvae have 

displayed smaller growth, developmental and morphological delays, and shell deformities when 

exposd to elevated CO2 (Gazeau et al., 2013; Timmins-Schiffman et al., 2013).  Hard structures 

(e.g. shell) may be impacted differently than soft organs (e.g. feeding appendages), with varying 

impacts on the organism and its broader population dynamics.   

    Sublethal effects of larvae exposure to acidic conditions may lead to carry-over effects in 

later life history stages, with compounded adverse responses to other variables (Waldbusser, et 

al., 2015).  Timmins-Schiffman et al. (2013) suggest developmental delays may be a survival 

strategy in order to preserve energy and extend the pre-settlement larvae stage under acidic 

conditions (p. 1979).  Significant tradeoffs would occur with this tactic, such as prolonged 

exposure in the water column, greater vulnerability to predation, poor environmental conditions, 

and the risk of being transported to unsuitable habitat.   

   Most studies focus on either the adult or the larvae life history stage, but few consider 

connections between the life history stages or the carry-over effects between generations.  Using 

wild and hatchery-bred Sydney rock oysters (Saccostrea glomerata), Parker et al. (2012) 

exposed adults to elevated pCO2 during reproductive conditioning and measured the 

development, growth, and survival responses of their larvae.  Exposing adults to elevated pCO2 

demonstrated positive carry-over effects on the larvae.  
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   Adults exposed to elevated pCO2 produced larvae 10% larger in size and with faster 

development rates than larvae spawned from adults exposed to ambient pCO2.  Survival rates of 

larvae remained consistent between the two treatment groups.  Selectively bred larvae exhibited 

greater resilience to elevated pCO2 than wild larvae and, in general, displayed greater growth, 

development rate, and survival than wild larvae (Parker et al., 2012). 

 According to Parker et al. (2012), the ability to acclimate to elevated pCO2 may be linked 

to an increased standard metabolic rate (SMR) or changes in reproductive strategies.  The SMR 

increases in adults exposed to elevated pCO2.  This response, however, may not be sustained 

when exposed to synergistic climate change related impacts, such as increased temperature and 

shifts in plankton communities and abundance.  A maternal strategy of marine invertebrates 

exposed to environmental stress during reproductive conditioning is to produce fewer, larger 

eggs.  Such changes in reproductive strategies may reduce fecundity, without necessarily 

increasing larval survival (Parker et al., 2012).   

Clements and Hunt (2014) concluded sediment acidification may have disproportionate 

effects on bivalve growth and survival compared to overlying water column conditions.  Green et 

al. (2009) confirmed dissolution mortality is a size-dependent factor when sediments are 

moderately undersaturated with respect to aragonite, regardless if overlying waters are 

supersaturated.  Green et al. (2009) demonstrated the smallest size class (0 to 2 mm) of juvenile 

bivalves experienced >90% dissolution mortality, while other size classes experienced over 50% 

mortality (p. 1044).   

Whitman Miller et al. (2009) suggest the majority of existing studies demonstrating 

negative impacts to bivalve larvae exposed to elevated CO2 do not consider water-quality 

conditions typical of estuaries.  Whitman Miller et al., (2009) argue all such studies investigating 
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Ωarg effects are conducted under fully marine settings (i.e. high salinity) and, therefore, the 

relatively high TA of the seawater may alter observed effects. 

Under typical estuarine water-quality conditions, the Eastern oyster (C. virginica) and 

Suminoe oyster (C. ariakensis) demonstrated normal growth, calcification, and development 

with no obvious morphological deformities when exposed to elevated pCO2 levels  and aragonite 

undersaturation (Whitman Miller et al., 2009). 

Estuarine species should be more tolerant of aragonite undersaturation and elevated CO2 

conditions than fully marine organisms due to greater adaptabillity to variable conditions.  

Estuaries experience localized high pCO2 and spatial and temporal heterogeneity in salinity, 

alkalinity, and pH.  Whitman Miller et al. (2009) suggest the effects of elevated pCO2 and 

aragonite undersaturation on estuarine bivalves are less severe than otherwise reported.  The 

investigators agree; however, the growth and calcification rates of C. virginica larvae, and 

perhaps other estuarine species, will be reduced under future CO2-driven acidification scenarios.    

Current research on potential sediment acidification mitigation strategies   

Sediment acidification studies are limited within the current context of OA research 

initiatives.  Research pertaining to sediment acidification is focused on the east coast of North 

America, such as Chesapeake Bay.  Clements and Hunt (2014), Green et al. (2009), and Green et 

al. (2013) appear to be leading this research, and they are buffering sediments with biogenic 

CaCO3 material to increase porewater Ωarg.   

Supplementing coastal sediment with shell material is not a novel concept.  For thousands 

of years, First Nation communities (described in detail in section “First Nation Shellfish 

Management”) created conditions to recruit naturally occurring shell fragments (e.g. barnacle 

and mussel shell fragments) or discarded clam shells from harvests on managed shellfish beds 
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(Deur, Dick, & Recalma-Clutesi, 2015; Lepofsky et al., 2015).  More recently, commercial 

shellfish growers have used gravel and crushed oyster shell to enhance spat recruitment 

(Thompson, 1995).  Note shell fragments are herein referred to as “shell hash”. 

Sediment with a high shell hash content can provide a substrate for attachment, refuge, 

and interstitial hydraulic flow (Gutierrez et al., 2003) to increase bivalve settlement, porewater 

flow, and oxygen exchange (Groesbeck et al., 2014).  Gutierrez et al. (2003) suggests the 

ecological effects of shell applications are determined by the concentration or degree of shell 

aggregation, the structure of the shell aggregation (e.g. height, connectivity to other shells), and 

the habitat type.  

Green et al. (2009) demonstrated the application of shell hash increases the porewater 

saturation state and increases juvenile bivalve recruitment.  Green et al. (2009) found that 

dissolution mortality is a size-dependent factor in undersaturated sediments even when overlying 

water is saturated with respect to calcium carbonate.  The shells of juvenile hard clams 

(Mercenaria mercenaria) dissolved when exposed to sediment undersaturated with respect to 

calcite and aragonite.  The investigators reported juvenile mortality of 3.9%/day in control (i.e. 

supersaturated) sediments and 14%/day juvenile mortality in treated (i.e. undersaturated) 

sediments (Green et al., 2009, p. 1037).  However, it was difficult for Green et al. (2009) to 

differentiate between reduced dissolution or settlement recruitment cues in experimental 

sediments.    

 Green et al. (2013) added shell hash to in situ sediment, increasing the Ωarg and raising 

the pH (~0.3) of the surface sediments.  The sediment manipulation resulted in increased bivalve 

recruitment by a factor of three over a period of 30 days (Green et al, 2013, p. 18).  Furthermore, 

Clements and Hunt (2014) concluded aragonite-saturated sediment positively affects juvenile 
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bivalve burrowing, while porewater acidification negatively affects juvenile bivalve burrowing 

(p. 65).  

Applying shell to beaches is commonly understood to concentrate environmental 

settlement cues, provide a substrate for juvenile attachment, enhance topographic relief and 

habitat complexity, provide refuge from predation, and provide insulating effects (Dumbauld, 

Ruesink, & Rumrill, 2009; Gazeau et al., 2013; Thompson, 1995).  Investigators are only now 

beginning to understand the function of shell hash treatments in enhancing porewater saturation 

states to reduce bivalve dissolution mortality.  Undersaturated sediment conditions could 

potentially dissolve the exterior shell to the extent of limiting or precluding other life history 

stages, physiological processes, or survivorship.  The literature identifies sediment acidification 

as an important area for further research. 

Ecological, Cultural, and Economic Significance of Shellfish in the Pacific Northwest 

Shellfish are an important ecological, economic, and cultural component of the PNW.  

Shellfish are ecosystem engineers and provide critical ecosystem services. The PNW shellfish 

aquaculture industry is growing, contributing to the economy and food security.   

Shellfish are a staple in many coastal BC First Nation traditional diets, and shellfish 

harvesting is important to coastal BC First Nation subsistence economies.  Harvesting shellfish 

also brings families together on the beach and allows elders to share knowledge, history, culture, 

and language with youth.  It triggers the teachings of management and stewardship practices, 

protocols, and ecosystem connections.  Shellfish also contribute to the cultural fabric of non-

Indigenous coastal communities reliant on local marine resources.   

The ecosystem services associated with shellfish beds include filtering and improving 

water quality, which facilitates increased light penetration for plant and algae growth.  Shellfish 
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beds create habitat for other benthic organisms, are important prey for many taxa, and protect 

and stabilize shorelines.  Biodeposits sustain microbial activity, releasing essential nutrients to 

the sediment and water column, stimulating coastal productivity.  Bioturbation aerates the 

sediment profile (Augustine & Dearden, 2014; Bendell 2014; Gazeau et al., 2007; Gazeau et al., 

2013; Timmins-Schiffman et al., 2013; Wagner, 2015).   

Shellfish are economically important for their production value, direct economic input, 

and ecosystem services.  Shellfish comprise over 60% of global aquaculture production 

(Timmins-Schiffman et al., 2013).  Oyster farming contributes 32% to global shellfish 

production, followed by clams and then mussels (Gazeau et al, 2013).  The PNW aquaculture 

industry is growing, accounting for $184 million in revenue and 3,000 jobs in Washington State 

in 2010 (Wagner, 2015).  The BC shellfish fishery (culture and capture) was valued at $224.9 

million in 2010 (Vadeboncoeur, 2016).  

Finding effective strategies to mitigate or reduce acidification impacts in the PNW will 

contribute to or maintain the economic, ecological, and cultural benefits to the region.  On a 

global scale, OA threatens significant economic loss, as well as negative socio-cultural impacts, 

for coastal communities.  

First Nation Shellfish Management 

This research is concerned with the potential alignment or application of ancient First 

Nation shellfish stewardship and management in contemporary eco-cultural restoration 

initiatives.  Stewardship is often described as a reciprocal relationship between First Nations and 

their environment.  Haggan et al. (2004) refers to stewardship as the “synergy between access 

rights, management responsibilities and the traditional ecological knowledge and wisdom 

resulting from 1000s of years of interdependence” (p. 8).  
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Indigenous peoples hold inherent rights that flow from their continued use and 

occupation of areas in existence prior to European contact in Canada.  In BC, European contact 

is generally considered between 1792 and 1846 because contact occurred at various times for 

various groups.  The assertion of Crown sovereignty occurred in 1846.  When First Nations need 

to prove that they existed in functioning societies prior to contact in a legal context, both the date 

of European contact and Crown sovereignty are important.  Indigenous peoples have consistently 

asserted and defended their rights to their territories, cultures, and governing structures, despite 

the Crown’s assertions of sovereignty and attempts to remove or circumscribe these rights.  

The Canadian Constitution Act (1982) recognizes and affirms inherent rights to 

Indigenous peoples in Canada as “Aboriginal rights” (s. 35); however, the Act does not define 

these rights.  Aboriginal rights has been broadly interpreted to include a range of cultural, social, 

political, and economic rights, such as the right to land, the right to subsistence activities, the 

right to practice one’s own culture and customs, and the right to self-determination and self-

governance, including ongoing social structures and political and legal systems (Hanson, 2009).  

The interpretation and application of constitutionally protected Aboriginal rights have been 

incrementally defined through landmark Supreme Court cases, such as R. v. Calder and R. v. 

Sparrow (Hanson, 2009).   

Despite section 35 of the Act, First Nations remain in a position of having to defend, 

assert, and expand the recognition of Aboriginal rights in Canada.  Progress continues to be made 

through multiple channels, including direct action by First Nations, court cases, as well as efforts 

such as the United Nations Declaration on the Rights of Indigenous Peoples (UNDRIP) and the 

Truth and Reconciliation Commission of Canada (TRC).   
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On a broad level, First Nations generally acknowledge that they hold a sacred and legal 

obligation to steward their ancestral water, land, air, and resources.  Tsleil-Waututh Nation (see 

section “Burrard Inlet and Tsleil-Waututh Nation”), who is within the study area, understands 

this stewardship birthright comes with clear concepts of ownership, governance, and authority or 

responsibility over certain resources or areas (TWN, 2015, p. 10).  For coastal First Nations in 

BC, family lineage may determine the inheritance of harvesting area ownership and management 

(Deur, Dick, & Recalma-Clutesi, 2015, p. 6).  Managers can exert control over how, where, and 

by whom the resource extraction takes place (Caldwell, et al., 2012; Lepofsky, et al., 2015).    

More studies are beginning to focus on the active manipulation and enhancement of both 

terrestrial and marine environments to meet the needs of First Nations for sustenance, cultural, 

and economic purposes (Haggan et al., 2004; Caldwell et al., 2012).  This contradicts the 

previous academic impression that Indigenous peoples were passive hunter-gatherers of local 

resources.  The worldviews and legal obligations, including reciprocity, cultural practices, and 

intimate ecological understandings held by coastal First Nations, have enabled them to manage 

sustainable, highly productive shellfish beds for generations.  One mariculture practice garnering 

broad academic attention is uniquely constructed shellfish beds, now known as clam gardens 

(Figure 9).   

Harper, Haggarty, & Morris (1995) stimulated non-Indigenous attention to clam gardens 

following an aerial survey of the Broughton Archipelago in 1995.  During the survey, Harper et 

al. (1995) identified unusual coastal features of boulder-cobble walls parallel to the shoreline at 

the low water line.  Over 500 of these features were mapped along the Central Coast of BC.  

These features were previously undiscovered by coastal geomorphologists, archaeologists, 

anthropologists, and ecologists but were later determined to be a result of cultural modification.  
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Williams (2006) provides an account of the history, distribution and abundance, and practices 

involved in clam gardens.  

Clam gardens are a significant part of the cultural landscape for Indigenous peoples on 

the BC coast.  Intensive clam mariculture is evidenced to be widespread prior to European 

contact, and in some territories, may remain active today.  It is unclear from published literature 

where clam gardens remain actively harvested today; however, knowledge holders and trained 

managers, such as Chief Adam Dick of Kwakwaka’waka, remain invaluable resources in some 

coastal First Nation communities (Deur, Dick, & Recalma-Clutesi, 2015).   

Regardless of the extent of current management or use of clam gardens, the Aboriginal 

right, interest, and future desired use to re-establish fisheries and resource management through 

traditional practices, persist for many coastal First Nations.  For example, the Hul’q’umi’num 

and WSÁNEĆ are working with and advising Parks Canada on the restoration of two clam 

gardens in the Gulf Islands National Park Reserve (The Clam Garden Network, 2015).   

First Nation communities and researchers have collaborated and identified clam gardens 

from Hagan Creek on southern Vancouver Island and the southern Gulf Islands within Coast 

Salish territory to Baranof Island near Sitka, Alaska (Augustine & Dearden, 2014).  High 

abundance and density of intact clam gardens have been studied in the Northern Coast Salish, 

Heiltsuk, and Kwakwaka’wakw territories (Caldwell et al., 2012; Deur, Dick, & Recalma-

Clutesi, 2015; Groesbeck, Rowell, Lepofsky, & Salomon, 2014; Harper, Haggarty, & Morris, 

1995; Lepofsky et al., 2015) (Figure 3).   

To date, there is no published record of clam gardens on the Coast Salish lower mainland 

of BC; however, this does not preclude the pre-contact existence of clam gardens in this area.  It 

is possible the extent and intensity of coastal development in the localized study area and the 
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Salish Sea, and changing sea levels due to isostatic rebound in the Holocene, has either destroyed 

or made any such structures indistinguishable (Leposky et al., 2015).   

Clam gardens tend to be located in semi-protected areas with strong tidal currents. They 

also tend to be absent from protected areas with high freshwater inputs and fine sediment 

beaches (Lepofsky et al., 2015).  The structures were built during low tides by moving rocks 

from the intertidal clam bed to the average lower low water line (LLWL), forming a rock wall or 

terrace (Augustine & Dearden, 2014; Groesbeck, Rowell, Lepofsky, & Salomon, 2014).  These 

structures either were constructed during a laborious engineering event (and required regular 

maintenance) or are a result of consistent effort over a longer period.   

During harvesting, rock and woody debris would have been cleared from the beach, 

making it easier to dig, reduce competition for space, and mark the beds.  Though clearing the 

beach was a harvesting practice, the deliberate construction of the rock wall at the LLWL acts as 

a sediment trap to increase suitable shellfish habitat, even in some areas where clam habitat did 

not previously exist (Lepofsky et al., 2015).   

Clam gardens have sill heights around +1 m above tide datum and are concave towards 

the water; whereas fish traps are typically located higher within the intertidal zone and are 

concave towards the land (John Haper quoted in Haggan et al., 2004, p. 17).  The rock walls 

could include one or several elements taking the form of a hook, heart, V, crescent, linear, or 

undefinable formation and can be present at a cleared beach or a cleared bedrock depression 

(Caldwell et al., 2012). 

Caldwell et al. (2012) reported clam gardens can also serve alternative purposes, such as 

a fish trap.  Tla’amin elder Charlie Bob informed investigators that a gap can be made in the rock 

wall, allowing fish to enter on an incoming tide (Caldwell, et al., 2012).  Low-lying rock walls, 
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referred to as lead lines, can also lead taxa into the clam garden (Caldwell et al., 2012).  The rock 

walls also attract other flora and fauna, such as seaweed, sea cucumber, crab, and resident fish.   

The substrate of clam gardens is characterized as a biogenic sediment, composed largely 

of barnacle fragments and shell hash.  The rock wall retains shell from the beach and from 

harvesters.  This is an important component of clam gardens, as shell hash increases settlement 

cues, settlement survival, and growth of juvenile bivalves.  As previously described, the porosity 

of biogenic sediment aerates the upper sediment layers and increases the porewater exchange, 

altering the biogeochemical characteristics (Augustine & Dearden, 2014).   

Harvesters would either discard clam shells during a harvest, or would add shell material 

to the beach for the purpose of enhancing productivity (Deur, Dick, & Recalma-Clutesi, 2015; 

Lepofsky, et al., 2015).  Regular harvesting also enhanced shellfish productivity.  To maintain 

productive and sustainable clam gardens, resource managers would aerate the sediment and 

redistribute fine particles to avoid smothering juveniles.   

A common non-Indigenous clamming practice today is to refill the holes with sediment 

where clams were harvested.  Indigenous harvesters, however, typically leave the sediment piled 

around the dug holes, leaving the tide to redistribute the sediment (Deur, Dick, & Recalma-

Clutesi, 2015).  Harvesters also select larger individuals to allow more space and less 

competition for smaller clams to grow (Cannon & Burchell, 2009; Deur, Dick, & Recalma-

Clutesi, 2015).   

Groesbeck et al. (2014) determined clam gardens increase clam productivity (density, 

growth, and survival rates) by altering the slope of beaches and expanding the optimal intertidal 

clam habitat, especially for butter clams and littleneck clams that reside lower in the intertidal 

zone.  Groesbeck et al. (2014) reports clam gardens on Quadra Island contained four times as 
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many butter clams and over twice as many littleneck clams relative to non-walled beaches.  

Transplanted juvenile littleneck clams demonstrated a 1.7 times faster growth rate and higher 

survival rate in clam gardens relative to non-walled beaches (Groesbeck et al., 2014; Lepofsky et 

al., 2015).   

The increased abundance of clams present in clam gardens provided a secure food source, 

and the cleared area made it easier for selective harvesting (Cadwell et al., 2012).  The high 

density of clams also promoted a localized concentration of ecosystem services, with potential 

impacts to site-specific phytoplankton, algae growth, and decomposition (Augustine & Dearden, 

2014).  Conversely, unharvested clam beds would deteriorate due to micro- and macro-algae 

growth, the abundance of large dead bivalves, and sediment compaction.        

In such a values-based system, it is impossible to separate the ecological management of 

clam gardens from its socio-cultural foundation.  Clam bed maintenance, clam garden rock wall 

construction, and clam harvesting offer critical opportunities for cultural transmission and cross-

generational teachings (Augustine & Dearden, 2014; Lepofsky et al., 2015) through sharing 

history, language, legends, and knowledge.  In coastal First Nations societies, many teachings 

and insights are expressed through songs, dances, place names, ancestral names, and stories.  

Applying ancient mariculture techniques and Indigenous science in a contemporary 

setting may assist in improving food security, restoring local ecological and cultural integrity, 

enhancing community resiliency, and providing mitigation options for climate change related 

impacts (Groesbeck et al., 2014; Lepofsky et al., 2015; Weatherdon, Ota , Jones, Close, & 

Cheung, 2016).  It may also work toward reconciling current management regimes with 

constitutionally protected Aboriginal rights.  The benefits of such practices extend beyond the 
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immediate First Nation community by improving local clam densities, biomass, growth rates, 

and ecosystem services.   

Burrard Inlet: Trend in pH  

Burrard Inlet feeds into the SoG, which is bound by the Coast Mountains and Vancouver 

Island and encompassed by the Salish Sea.  The Salish Sea, a highly productive inland sea, 

comprises the waters draining into the SoG, the Strait of Juan de Fuca, and Puget Sound (Figure 

10). 

Burrard Inlet is within the unceded territories of Musqueam Indian Band, Squamish 

Nation, and Tsleil-Waututh Nation.  Unceded territory refers to land, water, and resources that 

were never surrendered or relinquished in any way; therefore, the true “ownership” over the land 

remains in question.   

Seven municipalities border Burrard Inlet, and it supports one of the largest and 

economically productive ports in the Salish Sea.  Of the over 7 million people residing within the 

Salish Sea, 1.1 million people live in the municipalities surrounding Burrard Inlet (Figure 11).   

The shoreline and upland areas are extensively modified, which disrupt natural processes 

and create sources of legacy and continued contamination with long-term ecological 

ramifications.  Refer to Appendix 2 for an extensive overview of Burrard Inlet’s geophysical and 

ecological characteristics.  

 Coastal and estuarine systems are susceptible to increased acidity through a number of 

sources, such as acid rain, respiration, fresh water input, and eutrophication resulting from 

nutrient loads (Green et al., 2009).  Burrard Inlet is dominated by estuarine circulation, which is 

characteristic of lower pH, salinity, and conductivity.  Fossil fuel combustion and agricultural 

practices can reduce coastal ocean pH by an additional 50% (Doney, 2007), and developed 
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coastlines are known to experience increased acidity due to industrial discharges (Marliave, 

Gibbs, Gibbs, Lamb, & Young, 2011).   

The Vancouver Aquarium monitors pH in Burrard Inlet and has revealed acidifying 

conditions in recent years.  From 1954 to 1974, the pH of the Inner Harbour remained stable with 

a pH range of 7.8 to 8.1.  More recently, the pH conditions have become increasingly variable; 

they are experiencing greater extremes and have declined to a range of pH 7.3 to 7.9 (Marliave et 

al., 2011, p. 69) (Figure 12).   

The current BC Ministry of Environment (MOE) Marine Water Quality Objectives for 

Burrard Inlet have a standard pH range of 6.5 to 8.5 (Nijman & Swain, 2001); therefore, the 

current pH conditions are within the established objectives.  The water quality objectives 

established in the 1990s, however, are not suitable for shellfish and may not account for current 

scientific understanding or technological capabilities (KWL & TWN, 2016).   

When pH falls to 7.9, shellfish begin showing adverse responses through decreased shell 

formation.  As pH approaches 7.5, these adverse responses are exacerbated through shell 

dissolution mortality, reduced growth and survival rates, and other behavioural responses.   

The trend in increasingly acidic conditions in Burrard Inlet is likely attributed to industrial 

pollution.  The inlet receives 25 times the volume of permitted industrial discharges than it did in 

1957 (Tsleil-Waututh Nation (TWN), 2015).  OA has the potential to influence Burrard Inlet, or 

push it over another ecological or environmental threshold.   

Whether the corrosive conditions are caused by industrial pollution or coastal acidification, 

Burrard Inlet is a strong candidate site for sediment acidification research.   
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Research Question and Objectives  

This research investigated the potential application of shell hash to mitigate acidic 

sediment conditions in Burrard Inlet.  The investigation of shell hash to buffer sediment 

acidification was informed by elements of Indigenous science with the intent of restoring or 

sustaining traditional food sources and ecosystem services under changing coastal conditions in a 

culturally appropriate way.    

This research was designed to test the hypothesis that shell hash will have a buffering 

effect on porewater pH and Ωarg in Burrard Inlet.  Both quantitative field studies and microcosm 

experiments were used to assess the effect of shell hash on porewater pH and Ωarg under extreme 

tidal conditions and pH treatments.     

Access, management, restoration, and harvesting of natural resources strengthens the 

identities coastal First Nation communities and is an assertion of governance rights.  The various 

elements associated with active resource governance are often entwined with the physical, 

cultural, spiritual, and economic well-being of coastal First Nations in BC.  The outcome of this 

research is specifically applicable to Tsleil-Waututh Nation resource management, use, and 

restoration objectives (see section “Tsleil-Waututh Nation”).   

Other coastal First Nations may have similar objectives to Tsleil-Waututh Nation that 

would benefit from this research.  The results may also inform the PNW aquaculture industry 

and may contribute to the currently limited field of sediment acidification research.  Contrary to 

other studies, this research focused on biogeochemical sediment processes rather than species-

specific responses to carbonate system variables.   
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Methodology 

Sampling Sites   

Two sites were selected for this research on the north shore of the Central Harbour of 

Burrard Inlet: Maplewood Mudflats (MM) and Whey-ah-Wichen/Cates Park (WAW).  Both 

study sites are significant to Tsleil-Waututh Nation (TWN) and are in close proximity to the 

TWN community (I.R. #3) (Figure 13).     

 Maplewood Mudflats is 96 hectares of intertidal mudflats and salt marsh, surrounded by 

a 30-hectare protected upland area.  MM has a long and diverse history, ranging from extensive 

Indigenous uses, a squatter village, and intense industrial use.  The area is now protected as a 

conservation area.    

Whey-ah-Wichen/Cates Park is a co-managed park between the District of North 

Vancouver and TWN.  Whey-ah-Wichen is one of the largest ancient village sites of TWN within 

eastern Burrard Inlet.  WAW is the largest waterfront park in North Vancouver and encompasses 

beaches and upland forested and manicured areas.  

Tsleil-Waututh Nation 

Tsleil-Waututh are the “People of the Inlet.” They have occupied, governed, and travelled 

the lands and waters of Burrard Inlet and the surrounding watersheds since time out of mind 

(TWN, 2009).  Tsleil-Waututh holds a sacred obligation as the stewards of the lands, water, air, 

and resources of their territory, and they govern them according to Tsleil-Waututh laws and Coast 

Salish protocols.  Oral histories, creation stories, archaeological records, and legends centre 

TWN’s identity to Burrard Inlet (Figure 14 and Figure 15) (TWN, 2015).   

The archaeological record of Burrard Inlet contains evidence of over 3,000 years of 

continuous occupation and resource harvesting (Morin, 2015).  Traditionally, Tsleil-Waututh 
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people derived approximately 90% of their diet from local marine resources.  Shellfish 

comprised a significant portion of this diet, especially during periods of low finfish availability 

(e.g. salmon, herring) and during the winter (TWN, 2015, p. 59) (Figure 16).  Nearly 150 years 

of cumulative effects in Burrard Inlet have reduced the availability and health of culturally 

important species (Pierson, 2011, p. 7).     

In 1972, the federal government permanently banned bivalve shellfish harvesting in the 

BC Lower Mainland due to contamination and sanitation concerns.  This not only deprived 

Tsleil-Waututh of an important food source, but also disrupted an important component of 

community well-being by disassociating families from gathering at the beach.  Since the shellfish 

closure, many of the beaches have been degraded, non-native species have outcompeted native 

species, sediment has become compact and anaerobic, and other cumulative factors have limited 

traditional use.   

TWN has a goal to once again harvest wild traditional marine resources from the inlet.  In 

pursuit of this goal, TWN is actively working to restore environmental conditions that will 

support the re-establishment of shellfish harvesting as well as to promote the ecological services 

provided by shellfish in the inlet (TWN, 2015; KWL & TWN, 2016). 

Shellfish Community Survey   

The shellfish community was characterized for each site.  A shellfish survey was 

designed following Gillespie & Kronlund (1999) methods.  Transects were established at regular 

intervals to cover the maximum available intertidal height of shellfish habitat.  Quadrats were 

randomly placed along the transects.  Measurements from each quad included species, shell 

length, height, width, and wet weight.  No bivalves were retained or manipulated for the study.   
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At WAW, transects were established on a section of the beach that was bordered to the 

east by a long row of distinct boulders and to the west by a buffer from a small stream.  The total 

area of surveyed reach of the beach was 1,280 m2; 40 m across with transects up to 32 m long.  

The shortest transect was 15 m.  The location of quads along the transects were randomly 

selected beforehand.  A total of 36 0.25-m2 quads were sampled at WAW.    

At MM, transects were established on a distinguishable, small bay.  The beach was 

bordered to the west by boulders, shrubs, and piles.  The total area surveyed was 225 m2.  Each 

transect was 15 m in length.  The location of the quads along the transects were randomly 

selected beforehand.  A total of 24 0.25-m2 quads were sampled at MM.  

Sediment Characteristics 

Sediment cores were collected from each plot per sampling week.  A 10-cm long PVC 

pipe (~5 cm diameter) was inserted into the sediment and manually plugged at the bottom end.  A 

smaller tube was used to push the sediment out in a uniform manner to split the cores into 

segments.  Cores were divided into 0 to 3 cm, 3 to 6 cm, and 6 to 10 cm segments, placed into 

separately labelled Ziploc bags, stored in a cooler, and then transferred to a freezer until analysis.  

Particle size distribution and organic matter content were used to describe site sediment 

characteristics. 

Organic matter content was measured by weighing approximately 1 g (wet weight) from 

each sediment core segment.  The samples were dried in the oven at 60 C for 48 hours and 

measured for dry weight.  Samples were then placed in a muffle furnace at 400 to 440 C for 5 to 

10 hours and then weighed. 

Approximately 100 g of each sediment core segment was measured and sieved through 

four mesh sizes: 1.0 mm, 0.5 mm, 0.25 mm, and 0.06 mm.  Sediment from each sieve was 
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collected and weighed (wet weight) separately, then placed in the dry oven at 60 C for 48 hours 

and weighed again.       

Shell Dissolution  

To capture any dissolution processes occurring within the sediment of the laboratory 

experimental treatment tanks, the shell mass, particle size, and surface area were evaluated.  

Shell mass, length, width, height, and surface area were measured before and after each sampling 

period.   

Prior to each sampling period, triplicate 100-g shell samples were retrieved and a 

subsample of shell fragments were measured.  Post sampling, triplicate 200-g sediment samples 

were passed through a 1.0 mm sieve and the shell fragments were manually removed.  The shells 

were dried at 60 C for 90 minutes and then weighed and measured.         

Field Study 

The field study was designed to capture natural biogeochemical processes occurring 

within the sediment, with respect to tidal variation (Bendell, Chan, Crevecoeur, & Prigent, 2014), 

while the laboratory experiment (microcosm) supplemented the research under controlled 

conditions.  The intertidal sampling plots were established far enough away from any freshwater 

inputs in attempt to avoid porewater readings from being influenced by surface water.  

Groundwater inputs were unknown for each site.    

Porewater sample collection targeted extreme interstitial water quality conditions by 

capturing the large ebb and flood tides in June and July 2015.  Sampling immediately after ebb 

tides exposed the plots captured conditions resulting from metabolic processes occurring while 

overlying waters interfaced with interstitial water during high tide.  Sampling as flood tides 

inundated the plots captured conditions occurring within the sediment during low-tide exposure.   
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Triplicate treatment (i.e. shell hash) and triplicate control (i.e. no shell hash) plots were 

established at each site, totalling six plots per site.  A combination of oyster shell hash and 

naturally occurring, weathered shell hash was used for the treatment plots.  Equal volumes of 

2.27 kg/m2 of crushed shell were raked into the surface sediment of treatment plots.  Green et al. 

(2009) used the equivalent of 1.2 kg/m2 of crushed shell. 

 Taylor Shellfish, located in Samish Bay in Washington State provided approximately 23 

kg of clean, dried oyster shells in support of this research.  The shell was manually crushed into 

small fragments.  The volume of shell required was supplemented with naturally occurring, 

weathered shell hash collected from WAW deposits.   

An Interstitial Water Sampler (IWS) was inserted in the centre of each plot.  A GPS 

coordinate marked each IWS location.  The IWS was constructed of PVC pipe with holes drilled 

on all sides to allow porewater exchange.  Each IWS had a sampling portal at 3 cm and 6 cm; 

therefore, two porewater samples were extracted from each IWS.  To avoid edge effects, there 

was no physical containment of plots.   

Replicate samples were randomly collected during sampling periods.  The Accumet AP85 

was used to measure temperature and pH, and was calibrated daily.  Salinity and conductivity 

were measured using an YSI30.  All measurements occurred within 10 minutes of sample 

collection.  Porewater samples were labelled, frozen, and retained for future laboratory analysis.  

A surface water sample was collected during each sampling event, and temperature, pH, 

salinity and conductivity was measured.   

Laboratory Experiment – Microcosm       

Triplicate microcosms were designed to investigate differences in porewater pH and Ωarg 
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between controls and treatments.  Two different shell hash treatments were compared to control 

(i.e. no shell hash): Weathered shell hash collected from a naturally occurring deposit at WAW, 

and Fresh shell hash.  Fresh manila clams were ordered from a local retailer, cleaned, and 

manually crushed to procure the Fresh shell treatment material.   

The experimental design used six 0.028-m3 (7.4-gallon) tanks.  Each tank had the same 

shell hash treatment (i.e. Weathered, Fresh, or no shell hash).  Three of the tanks were 

maintained at a control pH of 8.0 (+/– 0.16), and three of the tanks were manipulated with CO2 to 

maintain a treatment pH of 7.0 (+/– 0.23).   

Sediment retrieved from the study sites were filled to a depth of 5 cm in each tank.  The 

tanks were filled with Burrard Inlet seawater from an intake in the Simon Fraser University 

(SFU) laboratory.  The water was poured to a mark 10 cm above the sediment line, equating to 

0.0096 m3 (2.54 gallon) of water.  

The amount of shell hash used in each tank was calculated based on using 2.27 kg/m2 in 

the field study plots and the weight of site-specific sediment.  For both sites, 0.218 kg of shell 

hash was mixed into the sediment.   

An air bubbler was set up in each tank to provide oxygen and prevent the seawater from 

becoming stagnant.  To maintain the control pH 8.0, 1.0 ml of aquavitro’s hydroxide blend was 

added to the water as needed.  The hydroxide blend raises pH without affecting Ca2+ and TA. 

To lower seawater pH to 7.0, Tropica’s Plant Growth System Nano CO2 diffuser was 

used.  The CO2 regulator was adjusted until the optimum pH level was reached.  The CO2 

diffusers in the treatment tanks, and the air bubblers in all of the tanks, were on 24 hours/day 

during the sampling period. 
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Sampling for each shell hash treatment was conducted over a period of 5 days.  Surface 

water and porewater samples were measured for pH, temperature, salinity, conductivity, and 

alkalinity.  The Accumet AP85 was used to measure temperature and pH, and was calibrated 

daily.  The YSI30 was used to measure salinity and conductivity.  Alkalinity was measured using 

a Red Sea KH/Alkalinity Pro titration test kit.  

Porewater Saturation State 

Porewater Ωarg was calculated using the CO2SYS program with measured values and 

constants for pH, alkalinity, salinity, and temperature.   

The CO2SYS model was calibrated using Waldbusser et al. (2015) data.  The mean Ωarg 

as presented by Waldbusser et al. (2015, p. 5) is 2.23.  Similarly, the mean calculated by the 

CO2SYS model using the same data was 2.33.  The model was then calibrated using constants 

for temperature (25 C) and salinity (28 ppt), coupled with measured Waldbusser et al. (2015) TA 

and pH data, and calculated a mean of 2.69.  The CO2SYS program, therefore, provides an 

accurate representation of Ωarg; however, the program may overestimate the saturation indices 

when using constants for temperature and salinity conditions. 

Saturation states with respect to aragonite were calculated for the microcosm data using 

measured porewater pH and TA values, mean room (ambient) temperature (19 C), mean surface 

water temperature (18 C), and mean surface water salinity (11 ppt).  The measured salinity (11 

ppt) appears low but is consistent with Burrard Inlet surface water conditions reported by 

Thomson (1981).  

For comparison, Ωarg was also calculated for the microcosm data using constants for 

temperature and salinity.  Measured porewater pH and TA values were coupled with constants for 

ambient temperature (25 C), salinity (28 ppt), and surface water temperature (18 C).  Based on 
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previous experiments, the SFU Burrard Inlet intake seawater averages 28 ppt (Leah Bendell, 

personal communication, 2016).  This salinity is also consistent with conditions reported by 

Thomson (1981) below a 10-m depth in Burrard Inlet (Appendix 2).    

Alkalinity was not measured during the field study data collection stage.  For the field 

data, measured porewater pH and a constant for alkalinity (1,000 umol/kg seawater), coupled 

with measured mean ambient temperature (25 C), mean surface water temperature (19 C), and 

mean salinity (11 ppt), were used to calculate porewater Ωarg. 

For comparison, porewater Ωarg was calculated for the field data using measured 

porewater pH values and constants for alkalinity (1,000umol/kg), ambient temperature (25 C), 

surface water temperature (18 C), and salinity (24 ppt).  The salinity constant (24 ppt) was based 

on other field data collection surveys and studies in Burrard Inlet (Leah Bendell, personal 

conversation, 2016).       

Statistical Analysis 

Statistical analysis was conducted using Xlstat 2015 to model ANOVA tests (one, two, 

and three-way) to determine factor effects on porewater pH.  Xlstat 2015 was used to model one-

way ANOVA tests to determine porewater Ωarg.  The data was normally distributed for all tests.    

 

Results  

Shellfish Community Survey  

The total bivalve shellfish biomass sampled at the WAW site was 11.47 kg/9 m2.  The 

estimated biomass for the surveyed area was 1.27 kg/m2 (Table 1).  The most prevalent species 

observed at WAW were Nuttalia obscurata, Mya arenaria, and Clinocardium nattallii (heart 

cockle).     
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The total bivalve shellfish biomass sampled at the MM was 1.35 kg/6 m2.  The estimated 

biomass for the surveyed area was 0.23 kg/m2 (Table 1).  The most prevalent species observed at 

MM were Mya arenaria, Venerupis philippinarum, and Macoma nasuta (bentnose macoma 

clam).   

Site Sediment Characteristics  

The organic matter content was similar between the two sites and did not vary with shell 

treatment (Table 2).  The greatest measured difference between site sediment characteristics is 

the particle size distribution.  A shallow layer of coarse material overlaying very fine sediment 

dominated the MM sediment.  The MM sediment cores were largely composed of >1.0 mm (55% 

dry weight) and >0.06 mm (30% dry weight) particle sizes.  Minor amounts of moderate particle 

sizes (0.5 mm and 0.25 mm) occurred in the MM sediment core samples (Table 3).   

Conversely, the biogenic WAW sediment is coarser and has a broader distribution range 

of particle sizes.  The WAW sediment is dominated by >1.0 mm (40% dry weight) and >0.25 mm 

(31% dry weight) particle sizes, with an average of 18% dry weight comprised of >0.5 mm and 

13% dry weight comprised of >0.06 mm particle sizes (Table 3).   

The difference in particle size distribution can help explain differences in benthic 

community abundance and species composition.  Sediment particle size distribution would 

largely govern porewater circulation patterns at the sites and may help explain differences in 

porewater conditions (e.g. pH) between sites.  

Field Study  

Porewater pH 

There was a significant difference in porewater pH as a function of tide (one-way 

ANOVA: F = 30.2, P = 0.001), with ebb tide resulting in lower pH values.  The sediment 
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conditions at MM were significantly more acidic than WAW (one-way ANOVA: F = 153.9; P = 

0.0001) (Table 3).  There was no shell treatment effect found on porewater pH between both sites 

(one-way ANOVA: F = 0.058, P = 0.810) (Table 4). 

Whey-ah-Wichen/Cates Park (WAW) field data 

A significant effect was found between shell treatment and tidal factors (n = 163; two-

way ANOVA: F = 11.82, P = 0.0001) on porewater pH at WAW, which was attributed to the 

difference between ebb and flood tides (t= 4.792, P = 0.001).  Tukey’s test (critical value = 

2.793) confirmed the effect of ebb tide (flood pH 8.17, ebb pH 7.87).  There was no shell 

treatment effect on porewater pH at WAW (two-way ANOVA: t = 0.076, P = 0.940; Tukey’s Test: 

critical value = 1.975, P = 0.242) (Figure 17).   

Maplewood Mudflats (MM) field data  

The ebb tide effect on porewater pH was statistically significant at MM (n= 161; two-way 

ANOVA: t = 3.075, P = 0.002; Tukey’s Test: critical value = 3.672), with a flood pH of 7.68 and 

an ebb pH of 7.47.  No shell treatment effect was found at MM (t = 0.657, P = 0.512), and no 

interaction between the two groups (treatment and tide) was detected (t = 0.928, P = 0.355) 

(Figure 17).   

Three-Way ANOVA: WAW and MM 

 A three-way ANOVA tested the difference within and between the factors of tide, 

treatment, and site on porewater pH.  The ANOVA and Tukey’s Test confirmed there is a 

significant effect on porewater pH (F = 35.705, P = 0.0001) attributed to ebb tide (ANOVA: t = 

5.519, P = 0.0001; Tukey’s Test: critical value = 3.653) and site (t = 7.656, P = 0.0001), with 

MM having lower porewater pH than WAW.  No shell treatment effect on porewater pH was 

detected.  
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Porewater aragonite saturation states (Ωarg) 

There was a significant difference between sites with respect to Ωarg (Constant values F = 

200.89, P = <0.0001; Measured values F = 159.640, P = <0.001).  The WAW site was saturated 

or nearly saturated with respect to aragonite, whereas MM had undersaturated conditions (Table 

4).  

There was a significant difference in Ωarg due to tidal conditions.  Aragonite saturation 

values were significantly lower on the ebb tide compared to flood tide conditions at both sites 

(Constant values – MM: F = 18, P = <0.001, WAW: F = 8.29, P= <0.001; Measured values – 

MM: F = 11.425, P = <0.001, WAW: F = 10.695, P = <0.001). 

There was no shell treatment effect on WAW porewater Ωarg (Constant values: F = 0.908, 

P = 0.342; Measured values: F = 0.024, P = 0.877).  When analyzing measured values for MM 

porewater Ωarg, no shell treatment effect was found (F= 1.932, P = 0.166).  Using constant values 

for MM in the CO2SYS program, the control plots were found to have significantly higher Ωarg 

values (F = 7.01, P = 0.006), which is the opposite effect of what was expected (Figure 18).  

Laboratory Experiment – Microcosm 

Porewater pH 

Whey-ah-Wichen/Cates Park (WAW) microcosm data  

The microcosm identified the same significant difference between the sites as the field 

study, with more acidic porewater conditions occurring at MM compared to WAW (Table 5).   

No effect was found for Weathered shell treatment or Fresh shell treatment on porewater 

pH (n= 89; one-way ANOVA: F = 0.583, P = 0.560).  The pH treatment (pH 7) showed 

significant effects on porewater pH (one-way ANOVA: F = 662.912, P = 0.0001; two-way 

ANOVA: F = 148.015, t = 14.460, P = 0.0001).  The model explained 90% of porewater pH 
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variances when considering the effect of the pH treatment.  No shell treatment effect was 

identified in the two-way ANOVA test.   

There was a significant difference found in the Tukey’s Test, however, between the Fresh 

shell treatment compared to the control (critical value = 2.387, P = 0.021).  The difference 

between Weathered shell treatment and control was not significant (critical value = 2.387, P = 

0.994).  There was a significant difference found between the Fresh and Weathered shell 

treatments (critical value = 2.387, P = 0.026), resulting from the Fresh shell treatment effect.  

In summary, the pH 7 treatment significantly reduced porewater pH.  There was no 

significant shell treatment effect identified by the ANOVA tests; however, the Tukey’s Test 

suggests there may be a difference between the Fresh and Weathered shell treatments, with Fresh 

shell having a greater influence on WAW porewater pH (Figure 19).  

Maplewood Mudflats (MM) microcosm data  

During the experiment, the MM treatments had a tendency toward more acidic 

conditions, making it more difficult to maintain a control pH of 8.  An hydroxide blend solution 

was added to the seawater to maintain an approximate control of pH 8.  Conversely, the WAW 

tanks tended to self-maintain a pH of 8, or exceeded to upwards of 8.60.   

No treatment effect was found for Weathered shell or Fresh shell on porewater pH at MM 

(n= 89; one-way ANOVA: F = 1.511, P = 0.226).  When considering the shell treatment effect on 

porewater pH, the model explained only 3.4% of the variances of pH.   

The model explains 70.9% of porewater pH variances when considering the pH treatment 

effect; therefore, the pH 7 treatment had a significant effect on porewater pH (one-way ANOVA: 

F = 212.26, P = 0.0001; two-way ANOVA: t = 6.92, P = 0.0001). When comparing the two 
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treatment factors (shell hash treatment and pH treatment) on porewater pH, there was no 

significant shell treatment effect identified.   

An effect of Weathered shell treatment on porewater pH was observed; however, it was 

not statistically significant (two-way ANOVA: t = 2.954, P =0.004).  The Tukey’s Test identified 

a significant effect of the Weathered shell treatment compared to the control (critical value = 

2.386, P = 0.005).  The difference between Fresh shell treatment and control was not significant 

(critical value = 2.386, P = 0.195), and there was no difference found between the Weathered and 

Fresh shell treatments (critical value = 2.386, P = 0.296).  

In summary, the pH 7 treatment significantly reduced porewater pH.  There was no 

significant shell treatment effect identified by the ANOVA tests. The Tukey’s Test identified a 

significant difference in Weathered shell treatment effects compared to control at MM.  The 

Fresh shell treatment had no significant effect on MM porewater pH.  The Fresh shell treatment 

effects were comparatively more dominant at the WAW site than the Weathered shell treatment 

effect observed at MM (Figure 19). 

Porewater aragonite saturation states (Ωarg) 

The microcosm experiment found the same significant difference between sites, with 

WAW porewater being saturated or nearly saturated with respect to aragonite compared to the 

undersaturated porewater conditions at MM (Constant values: F = 24.64, P = <0.0001; Measured 

values: F = 23.82, P = <0.0001). 

Using constant values in the CO2SYS program for the WAW pH 7 treatment, no shell 

treatment effect was found (F = 3.640, P = 0.035). However, using measured values for the WAW 

pH 7 treatment, the Fresh shell treatment had a significant effect on porewater Ωarg (F = 3.977, P 

= 0.026). 
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For the WAW control pH (pH 8), both Fresh and Weathered shell treatments had 

significant effects on porewater Ωarg (Constant values: F = 18.611, P = <0.0001; Measured 

values: F = 16.390, P = <0.0001).  Fresh shell was a more effective treatment than Weathered 

shell at WAW.  Mean porewater Ωarg was 1.34 under the Fresh shell treatment, compared to 1.08 

under the Weathered shell treatment (Table 5).   

For the MM pH 7 treatment, the Weathered shell treatment had a significant effect on 

porewater Ωarg (Constant values: F = 4.665, P = <0.0001; Measured values: F = 4.687, P = 

<0.0001).  Weathered shell was found to be more effective for increasing porewater Ωarg at MM 

than Fresh shell treatments.  There was no shell treatment effect on porewater Ωarg for the MM 

control pH conditions (pH 8) (Constant values: F = 1.206, P = 0.310; Measured values: F = 

0.891, P = 0.418) (Figure 20).  

Shell Dissolution 

Shell fragment surface area measurements were used to explain dissolution occurring 

within the sediment that may influence porewater pH and Ωarg values (Table 6).   

Although dissolution of the shell occurred under each MM treatment, the greatest 

dissolution rate occurred in Weathered shell hash under the control pH treatment (pH 8).  After 

the pH 8 treatment at MM, Weathered shell fragments were 62% smaller than pre-treatment 

measurements, whereas Weathered shell fragments measured 50% smaller after the pH 7 

treatment.  Fresh shell fragments dissolved more under the pH 7 treatment (55%) compared to 

the pH 8 treatment (40%).      

The dissolution processes occurring within the sediment supports the disproportional 

treatment effect of Weathered shell treatment observed at MM.  However, this contradicts the 
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expected outcome, as Fresh shell should have greater dissolution rates (see subsection “Seawater 

carbonate chemistry”). 

Using the same method for the WAW site, the post-treatment surface area measurements 

for both Fresh and Weathered shell were larger than pre-treatment sub-sample measurements.  

This is likely a result of either sampling bias or methodology.  It is difficult to separate added 

shell from biogenic sediment; therefore, the sampling bias may have targeted the wrong shell 

fragments to measure post-treatment (i.e. measured fragments native to the sediment rather than 

added shell), or there was a sampling bias towards larger shell fragments to measure.  Other 

studies have used more advanced methods to determine shell dissolution within sediments, 

which may be more appropriate for biogenic sediments.  Therefore, the dissolution of Fresh and 

Weathered shell in WAW sediment was inconclusive for this study and cannot be used to support 

results.      

In summary, the outcome of statistical analyses for both field and laboratory data 

indicated the following:  

1) There was a significant difference in porewater pH and Ωarg between flood and ebb 

tides.  

2) There was a significant difference in porewater pH and Ωarg between sampling sites.  

3) There was no shell treatment effect on porewater pH.  

4) In the microcosm experiment, the pH 7 treatment had significant effects on porewater 

pH.       

5)  The trends in results for porewater Ωarg were generally consistent when using constant 

values and measured values in the CO2SYS program.  Porewater Ωarg states were more similar 
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between constant and measured values for the field data, whereas the measured mean Ωarg states 

were approximately half of constant values for the microcosm data.   

6) The field study results detected no shell treatment effect on porewater Ωarg at WAW or 

MM.    

7) The microcosm experiment results suggest Fresh shell may be an effective treatment 

for WAW porewater Ωarg under acidic conditions (pH 7 treatment).  Under control (pH 8) 

conditions, both Fresh and Weathered shell treatments positively affect WAW porewater Ωarg. 

8) The microcosm experiment results suggest Weathered shell may be an effective 

treatment for MM porewater Ωarg under acidic conditions (pH 7 treatment); however, there was 

no shell treatment effect under MM control (pH 8) conditions.  

 

Discussion  

 Sediment acidification research is limited and largely based on the east coast of North 

America.  The available literature suggests porewater has disproportionate effects on shellfish 

growth and survival than water column conditions.  A significant global concern of climate 

change related impacts is whether populations will acclimate to long-term, multigenerational, 

chronic exposure to acidic or corrosive conditions and the associated larvae responses.   

The ocean’s ability to absorb atmospheric CO2, over century and longer timescales 

depends on the extent of CaCO3 dissolution (Doney, Fabry, Feely, & Kleypas, 2009).  The 

dissolution of CaCO3 (CaCO3 –><– CO3
2– + Ca2+) produces more CO3

2– available for H+ uptake 

in surface waters and the water column.  The geochemical processes occurring in coastal 

sediments, however, are more diverse than coastal or marine water column reactions.  This is 

especially true in estuarine coastal systems. 
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 Microbial activity in coastal sediments produces high rates of organic matter 

remineralization, which leads to elevated CO2 in the SWI and porewater.  Aerobic respiration of 

benthic and infaunal marine organisms also contributes to localized elevated CO2 within the 

same sediment zone.  In addition, the interplay of temperature and salinity changes, spatial 

heterogeneity, redox reactions, sediment dispersal, and terrestrial groundwater, nutrients, and 

sediment deposition can also contribute to variable CO3
2– and porewater pH in coastal sediments.  

The associated increase in CO2 has similar, localized effects as the OA process. 

We predicted CaCO3 augmented sediments (shell treatments) would have higher 

porewater pH and Ωarg compared to untreated sediments because of acid-base reactions.  In 

acidic conditions, an increase in H+ ions will react with CaCO3 to form HCO3
– and releases the 

Ca2+ ion: H+ + CaCO3 –> HCO–
3 + Ca2+ (Green, 2013).  Therefore, a net consumption of H+ 

would be expected.  An increase in [Ca2+] provides a buffering agent, essentially balancing the 

acid effect (Bendell L., 2016).  

The absorption of CO2 in the water column leads to the formation of HCO3
–, which 

quickly dissociates to release further H+ ions that contribute to the acidification process.  It is not 

clear from the literature whether HCO3
– remains in a more stable form in sediment porewater or 

rapidly dissociates to release more H+ ions in the porewater and SWI.  This study also applies the 

assumption that changes in Ωarg are dependent on changes in the [CO3
2–], since seawater is 

typically saturated or supersaturated with respect to Ca2+ based on a seawater salinity of 35 ppt.  

However, the salinity of an estuary environment is much lower.  Further research is warranted to 

confirm whether assumptions for open- ocean carbonate system variables can be broadly applied 

to estuaries.   
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 Since the carbonate system is so complex, and is further complicated in an estuarine 

setting, it is important to consider what the appropriate measurement is when determining the 

efficacy of shell treatments.  Measuring porewater pH is a critical water quality indicator, along 

with other standard measurements such as temperature, salinity, alkalinity, and conductivity.  pH 

may help explain the geochemical processes of porewater and sediment interactions.   

Saturation states are important when considering the potential impacts and responses of 

calcifying organisms to water quality conditions.  Therefore, both variables must be assessed 

when considering shell treatments as a potential mitigation for marine calcifying organisms 

facing increasingly corrosive conditions.   

One of the most prominent and consistent findings of this research was the difference in 

conditions between the two study sites, which are less than 4 km apart.  The sediment porewater 

at MM was significantly more acidic and undersaturated with respect to aragonite compared to 

WAW sediment.  The sediment and site characteristics of MM likely attribute to the more acidic 

conditions observed.  The MM site is an area of deposition and suffers from extensive historic 

industrial impacts.  MM retains legacy pollution from historic log booming, creosote pilings, 

stormwater and wastewater discharges, upland gravel mining, metals, plastics, and other point-

source and non-point-source contaminants.   

Visual observations of odorous black sediment at MM indicate a high iron sulphide 

content.  The MM site has a slightly higher organic matter content, which would stimulate a 

higher rate of decomposition and respiration.  The fine sediment at MM provides a greater 

surface area to volume ratio for ions to bind and limits porewater exchange, which can 

accumulate respiratory products such as ammonium.  Limited porewater circulation and low 

wave energy at MM reduces sediment redistribution, nutrient turnover, and oxygenation.  



EFFECT OF SHELL HASH ON POREWATER CONDITIONS  62 

The WAW site has higher rates of porewater exchange because of greater permeability 

through larger particle size distributions.  WAW has fewer sources of localized historic industrial 

impacts and point-source pollution, and it is situated in an erosion zone rather than a deposition 

area.  The WAW site has greater wave action and tidal currents than MM.  This, in combination 

with better porewater circulation, flushes respiratory products (i.e. nutrients and dissolved trace 

metals from the reduction of particulate metal oxides) that become enriched in the porewater 

compared to open seawater concentrations (Reckhardt et al., 2015).  Greater porewater exchange 

leads to oxygen and organic matter replenishment (Reckhardt et al., 2015).   

The difference in acidic conditions between sites may be attributed to site sediment 

characteristics; however, shell treatments did not have a statistically significant effect on 

porewater pH at either site.  The role of redox reactions and benthic, infaunal, and microbial 

communities may dominate porewater conditions through respiration processes.  This is evident 

by the reduced porewater pH at ebb tide measured in the field study.  Sampling at ebb tide 

captured the respiration reactions occurring during tidal inundation.  Porewater circulation at 

flood tide may play an equally dominant role in creating buffered porewater conditions.  The 

contribution of groundwater was not known for either site and would presumably affect 

porewater conditions.   

At both field study sites, the Ωarg was lower in the ebb tide conditions than in the flood 

tide conditions.  The MM porewater Ωarg was undersaturated (Ω <1) under all field and 

microcosm conditions.  The biogenic sediment at WAW, however, had a higher baseline 

porewater Ωarg.  WAW porewater was nearly saturated at ebb tide field sampling and was 

saturated (Ω >1) with respect to aragonite at flood tide sampling.   
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MM porewater remained undersaturated with respect to aragonite under all microcosm 

conditions.  The WAW sediment porewater exposed to elevated CO2 (pH 7) was undersaturated 

under all shell treatments.  Fresh shell treatment had a significant effect on increasing porewater 

Ωarg compared to sediment with no CaCO3 augmentation (control) and Weathered shell 

treatments; however, it still remained undersaturated with respect to aragonite.   

Microcosm control conditions (pH 8) showed WAW porewater was nearly saturated or 

saturated with all shell treatments, including sediment with no CaCO3 augmentation.  Both Fresh 

and Weathered shell treatments significantly raised WAW porewater Ωarg under the control CO2 

conditions, but the Fresh shell treatment had a comparatively greater effect than the Weathered 

shell treatment.   

It appears that at control ambient CO2 conditions (pH 8) biogenic sediments have the 

capacity to moderate porewater pH and Ωarg.  Both Fresh and Weathered shell increased 

porewater Ωarg; however, unaugmented sediment also maintained Ωarg near saturation.  Although 

shell treatments had significant effects on porewater Ωarg in the biogenic WAW sediments, the 

porewater remained undersaturated with respect to aragonite under elevated CO2 conditions.  

Though biogenic sediment plays a role in moderating Ωarg, the addition of shell treatments may 

not influence the buffering capacity enough to bring the saturation state above 1.0 in acidic 

environments. 

The MM microcosm surface water and porewater had an acidic tendency, making it 

difficult to maintain a control pH 8 in microcosm treatments.  The Weathered shell treatment had 

the greatest effect at MM for both porewater Ωarg and pH under elevated CO2 exposure.  No shell 

treatment effect was detected at MM under control ambient CO2 (pH 8) conditions.  The lack of 



EFFECT OF SHELL HASH ON POREWATER CONDITIONS  64 

treatment effect at MM may be partially explained by the more acidic baseline condition to 

buffer compared to WAW sediments.   

The anoxic sediment, lack of porewater circulation, particle size distribution, and other 

site-specific characteristics at MM may overshadow or interfere with any shell treatment effect.  

However, a maintained shell treatment at MM may be a useful strategy for increasing porewater 

circulation and oxygen exchange.     

This study did not include any assessment of biological responses, such as juvenile 

bivalve site selection, settlement, burrowing, growth, or survival.  Green et al. (2013) added shell 

treatments to study sites dominated by fine grain muds, which may be more comparable to MM 

than WAW sediments.  The results found that juvenile Mercenaria mercenaria settlement was 

significantly higher in CaCO3-augmented mud than adjacent unbuffered mud.  Nearly all clams 

burrowed as the Ωarg approached 1.0.  The researchers predicted that with each 0.1 increase in 

Ωarg, a juvenile Mercenaria mercenaria is almost twice as likely to burrow and settle within 5 

minutes (Green M. A., Waldbusser, Hubaze, Cathcart, & Hall, 2013).     

This raises the question of whether the differences found in MM and WAW porewater 

Ωarg under shell treatments exposed to elevated CO2 were significant enough to affect juvenile 

bivalve settlement and burrowing.  At this time, it is not possible to derive any effects the shell 

treatment results from this study may have on native or non-native juvenile bivalves in Burrard 

Inlet.   

There is an opportunity for future research to investigate the species-specific tolerance of 

bivalves native to the PNW, such as Saxidomus gigantea and Protothaca staminea, to elevated 

CO2.  Further research could also investigate how native bivalve species react to changes in 

sediment porewater pH and Ωarg.  All species currently studied are non-native to this study region 
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but are now the dominant species of Burrard Inlet clam beds.  Therefore, it is unclear whether 

acidic conditions in Burrard Inlet have already, or have potential to, impact native bivalve 

populations. 

The study design had several limitations.  The treatment loading rate was determined 

based on Green et al. (2009) and (2013).  A single application of manually crushed shell hash at a 

rate of 2.27 kg/m2 was used, compared to 1.2 kg/m2 in Green et al. (2009).  However, Green et al. 

(2009) and (2013) used a commercial tamper to achieve smaller particle sizes of ~0.5 cm and 1 

mm, respectively.  Another limitation of this study design is the short time frame.  A minimum 

sampling period of two weeks should be considered for each treatment.   

This study used a combination of oyster and clam shell hash.  Since oyster shells are 

composed of less soluble calcite, differences in treatment effects using clam shell versus oyster 

shell could be assessed.  Future research should investigate the efficacy of shell treatments across 

a range of application rates, frequencies, timelines, and shell material.  

Although the Aboriginal right to harvest exists in Canada, many First Nation 

communities on the coast of BC encounter access barriers to traditional harvesting due to 

pollution, land alienation, depletion of resources, fisheries management policies, among other 

issues (Augustine & Dearden, 2014; TWN, 2015).  The risks of climate change related impacts 

are becoming a greater concern to many communities who rely on marine-derived resources for 

physical, cultural, spiritual, and economic subsistence.  For example, TWN aspires to restore 

healthy clam beds in Burrard Inlet (KWL & TWN, 2016) – a system at risk both to local 

anthropogenic sources of increased acidity and to coastal influences.  Climate change 

acidification may exacerbate or accelerate the current trend in declining pH observed in Burrard 

Inlet. 



EFFECT OF SHELL HASH ON POREWATER CONDITIONS  66 

Using traditional methods for clam habitat and clam bed management, such as First 

Nation clam garden techniques, has proven ecological benefits.  This research supports the use of 

biogenic sediments in creating and maintaining more suitable porewater conditions to support 

bivalve shellfish.  The experimental design was unable to confirm whether shell hash treatments 

would provide an effective mitigation or adaptation mechanism to maintain sustainable shellfish 

resources under acidic coastal conditions.   

Conclusion 

Biogenic substrate has many known benefits, including increased settlement and 

recruitment.  Guided by First Nation practices in clam gardens, as well as common aquaculture 

practices, we investigated the potential added benefit of using shell treatments to mitigate 

increasingly acidic sediment conditions (e.g. porewater pH and porewater Ωarg) of intertidal 

habitat in Burrard Inlet.   

This study demonstrated some shell treatment effects; however, further research is 

recommended to refine these results and address the study design limitations.  Site-specific 

sediment characteristics need to be fully understood in order to assess management options for 

ecological purposes.  Based on this study, shell hash may not be a suitable treatment for fine, 

silty sediments with the management objective of restoring suitable bivalve shellfish habitat.  

The treatment effect of shell hash is greater in biogenic sediments; however, its efficacy is 

reduced under elevated CO2 exposure.   

Shell hash treatments and biogenic sediments have many known benefits to bivalves, 

including settlement cues, habitat complexity and structure.  Returning shell material to the 

beach is a recommended management strategy for harvests, especially during bivalve spawning 

periods when settling juveniles are most susceptible to corrosive conditions.  This study was 
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unable to confirm whether shell treatments are an effective mitigation measure for acidic 

sediment conditions in support of First Nation bivalve habitat restoration objectives in Burrard 

Inlet.   
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Tables 

Table 1 

Whey-ah-Wichen/Cates Park (WAW) and Maplewood Mudflats (MM) Community Shellfish 

Survey Results: Bivalve Biomass 

Species Varnish Cockle Butter Softshell  Manila Bentnose 

macoma 

Littleneck Total  

Whey-ah-Wichen/Cates Park (WAW) 

Biomass (kg) 6.75 0.87 0.38 0.43 0.004 0.0085 0.0297 11.47 kg/9m2 

Estimated site biomass (kg/m2) 1.27 

Maplewood Mudflats (MM) 

Biomass (kg) 0.018 0.004  0.86 0.321 0.111 0.019 1.35 kg/6m2 

Estimated site biomass (kg/m2) 0.23 
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Table 2 

Sediment Characteristics: Organic Matter Content (g) in Whey-ah-Wichen/Cates Park (WAW) 

and Maplewood Mudflats ( MM) Sediment Cores 

Site Plot Mean Organic Content (g) 

MM Control 0.033 

MM Treatment 0.034 

MM Total 0.034 

WAW Control 0.038 

WAW Treatment 0.024 

WAW Total 0.032 
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Table 3 

Sediment Characteristics: Particle Size Distribution (% Dry Weight) in Whey-ah-Wichen/Cates 

Park (WAW) and Maplewood Mudflats (MM) Sediment Cores 

Particle Size Distribution (%) 

Sieve Mesh Size (mm) 1.0 0.5 0.25 0.06 

MM 55.1 6.92 8.46 29.52 

WAW 40.4 17.6 31.43 12.69 
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Table 4 

Field Study: Mean Porewater pH and Ωarg Values 

 WAW 

(µ) 

MM (µ) Total 

Ebb (µ) 

Total 

Flood (µ) 

Total 

Control (µ) 

Total 

Treatment  

(µ) 

Porewater pH 8.03 7.59 7.67 7.91 7.82 7.81 

 

Porewater Ωarg  

(Constant 

values) 

 

1.27 

 

0.47 

 

0.69 

 

0.98 

 

0.85 

 

0.84 

 

Porewater Ωarg  

(Measured 

values) 

 

1.02 

 

0.37 

 

0.52 

 

0.80 

 

0.69 

 

0.66 
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Table 5 

Laboratory Experiment: Mean Porewater pH and Ωarg  and Total Alkalinity Values 

Site pH 

Treatment 

Shell 

Treatment 

Porewater 

pH (µ) 

Mean 

Porewater 

Ωarg  

(Constant 

values) 

Mean 

Porewater 

Ωarg  

(Measured 

values) 

Mean 

Alkalinity 

(umols/kg) 

WAW 7 No Shell 7.17 0.2 0.1 868.38 

WAW 7 Fresh Shell 7.27 0.34 0.17 1252.76 

WAW 7 Weathered 

Shell 

7.17 0.33 0.17 1402.85 

WAW 8 No Shell 8.12 1.29 0.76 916.75 

WAW 8 Fresh Shell 8.25 2.22 1.34 1231.77 

WAW 8 Weathered 

Shell 

8.08 1.93 1.08 1434.71 

MM 7 No Shell 6.77 0.12 0.06 937.99 

MM 7 Fresh Shell 6.98 0.13 0.07 884.89 

MM 7 Weathered 

Shell 

7.19 

 

0.21 0.11 972.01 

MM 8 No Shell 7.84 0.85 0.47 1008.78 

MM 8 Fresh Shell 7.88 0.91 0.51 946.25 

MM 8 Weathered 

Shell 

7.88 1.0 0.55 1063.28 
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Table 6 

Shell Dissolution in Maplewood Mudflats (MM) and Whey-ah-Wichen/Cates Park (WAW) 

sediment. 

 Pre-

Treatment 

SA (mm) 

Post pH 7 

Treatment SA 

(mm) 

Difference 

(%) 

Post pH 8 

Treatment SA 

(mm) 

Difference 

(%) 

MM Fresh 

Shell 

 

MM Weathered 

Shell 

 

WAW Fresh 

Shell 

 

WAW 

Weathered 

Shell 

315.45 

 

 

104.58 

 

 

 

117.71 

 

 

32.14 

 

142.18 

 

 

52.49 

 

 

 

128.12 

 

 

41.08 

 

54.93 

 

 

49.81 

 

 

 

–8.84 

 

 

–27.82 

 

188.57 

 

 

39.36 

 

 

 

171.18 

 

 

43.33 

 

40.22 

 

 

62.36 

 

 

 

–45.43 

 

 

–34.84 
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Figures 

 

 

Figure 1.  The material has been removed because of copyright restrictions.  The removed 

material is a depiction of the ocean carbon cycle producing acidification:  Rafferty, J. P. (2015). 

Ocean acidification biochemistry. Retrieved from Encyclopedia Britannica: 

http://www.britannica.com/science/ocean-dification.  

 

 

 

Figure 2.  The material has been removed because of copyright restrictions.  The removed 

material is a depiction of the California Current Ecosystem, including coastal upwelling zones:  

Rowntree, L. (2010). Charting Climate Change on the Central Coast. Retrieved from Bay 

Nature: an exploration of nature in the San Franscisco Bay Area: 

http://baynature.org/article/charting-climate-change-on-the-central-coast/. 

 

 

Figure 3.  The material has been removed because of copyright restrictions.  The removed 

material is a map showing linguistic boundaries of First Nations in British Columbia, Canada:  

Government of Canada. (2013, May 27). Maps: First Nations of British Columbia. Retrieved 

July 2016, from Indigenous and Northern Affairs Canada: https://www.aadnc-

aandc.gc.ca/eng/1100100021015/1100100021021.   
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Figure 4.  The material has been removed because of copyright restrictions.  The removed 

material is a diagram of internal clam structure and anatomy.    

 

 

Figure 5.  The material has been removed because of copyright restrictions.  The removed 

material is a diagram of clam life history stages: Abraham, & Dillon. (1986). Life histories and 

environmental requirements of coastal fishes and invertebrates. Lafayette, LA: U.S. Wildlife 

Service, Natural Wetlands Resource Center. 

 

 

Figure 6.  The material has been removed because of copyright restrictions.  The removed 

material is a diagram of the molluscan shell calcification process: Gazeau, F., Parker, L. M., 

Comeau, S., Gattuso, J.-P., O'Connor, W. A., Martin, S., Portner, H-O., Ross, P. M. (2013). 

Impacts of ocean acidification on marine shelled molluscs. Marine Biology, 160, 2207–2245. 

doi:10.1007/s00227-013-2219-3.   
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Figure 7.  The material has been removed because of copyright restrictions.  The removed 

material is a diagram of the bivalve shell structure.  The bivalve shell structure comprises three 

distinct layers: the hypostracum, the ostracum, and the periostracum.  This diagram is a 

gastropod shell, which has a similar structure to a bivalve shell: Sun, J., & Bhushan, B. (2012). 

Hierarchical structure and mechanical properties of nacre: a review. ChemInform, 43(50), 7617–

7632. doi:10.1002/chin.201250224. 

 

 

 

Figure 8.  The material has been removed because of copyright restrictions.  The removed 

material is a figure describing the various effects of decreasing pH levels on shelled molluscs 

based on a literature review.  The pH levels responsible for adverse responses range from a pH of 

6.0 to approximately 7.9: Gazeau, F., Parker, L. M., Comeau, S., Gattuso, J.-P., O'Connor, W. A., 

Martin, S., Portner, H-O., Ross, P. M. (2013). Impacts of ocean acidification on marine shelled 

molluscs. Marine Biology, 160, 2207–2245. doi:10.1007/s00227-013-2219-3.   
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Figure 9.  The material has been removed because of copyright restrictions.  The removed 

material is a diagram describing the sequence of clam garden construction, based on Quadra 

Island sites.  The figure shows a naturally sloped, unmodified beach compared to an infilled clam 

garden terrace built on the same beach.  The increase in area of optimal clam habitat is apparent 

by building the wall at a certain tidal height: Lepofsky, D., Smith, N. F., Cardinal, N., Harper, J., 

Morris , M., Gitla (Elroy White), Bouchard, R., Kennedy, D.I.D., Salomon, A.K., Puckett, M., 

Rowell, K. (2015). Ancient shellfish mariculture on the Northwest Coast of North America. 

American Antiquity, 80(2), 236–259. doi:10.7183/0002-7316.80.2.236. 

  

 

Figure 10.  The material has been removed because of copyright restrictions.  The removed 

material is a map of the Salish Sea and surrounding basins: Freelan, S. (2009). Map of the Salish 

Sea & Surrounding Basin. Western Washington University. 
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Figure 11.  The material has been removed because of copyright restrictions.  The removed 

material is a map outlining the basins of Burrard Inlet, including the Outer Harbour, Inner 

Harbour, Central Harbour, Port Moody Arm, and Indian Arm: Burrard Inlet Environmental 

Action Program. (2002). Consolidated environmental management plan for Burrard Inlet 

(CEMP). Burrard Inlet Environmental Action Program. 

 

 

Figure 12.  The material has been removed because of copyright restrictions.  The removed 

material is a graph showing a times series (1968-2010) of pH for Burrard Inlet Inner Harbour:  

Marliave, J., Gibbs, C., Gibbs, D., Lamb, A., & Young, S. (2011). Biodiversity stability of 

shallow marine benthos in Strait of Georgia, British Columbia, Canada through climate regimes, 

overfishing and ocean acidification. In O. Grillo, Biodiversity loss in a changing planet (pp. 49–

74). Croatia: InTech. 
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Figure 13.  Intertidal sampling sites in the Central Harbour of Burrard Inlet.  Red indicates the 

Whey-ah-Wichen/Cates Park sampling site, and yellow indicates Maplewood Mudflats sampling 

site.  The Tsleil-Waututh Nation community is located between the two sites on the north shore 

of the inlet.   

 

 

Figure 14.  The material has been removed because of copyright restrictions.  The removed 

material is a map depicting the Tsleil-Waututh Nation Consultation Area.  The Consultation Area 

represents Tsleil-Waututh use and occupancy based on the living memory of a limited number of 

Tsleil-Waututh community members during a Traditional Use Study in 1998–2000: Tsleil-

Waututh Nation. (2009). Stewardship policy. North Vancouver, British Columbia : Tsleil-Waututh 

Nation Treaty, Lands and Resources Department. 
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Figure 15.  The material has been removed because of copyright restrictions.  The removed 

material is a map depicting pre-contact seasonal migration of fish and wildlife, seasonal patterns 

of vegetation, and permanent or seasonal villages or camps of the Tsleil-Waututh people: Tsleil-

Waututh Nation. (2015). Assessment of the Trans Mountain Pipeline and Tanker Expansion 

Proposal. Tsleil-Waututh Nation, Sacred Trust Initiative. North Vancouver: Treaty, Lands and 

Resources Department. 

 

 

Figure 16.  The material has been removed because of copyright restrictions.  The removed 

material is a map of pre-contact Tsleil-Waututh resource use based on known and investigated 

archaeological sites in eastern Burrard Inlet.  This map indicates the important component of 

shellfish in traditional Tsleil-Waututh diet and resource use.  Preferred clam species were native 

littleneck (Protothaca staminea) and butter clams (Saxidomus giganteus): Tsleil-Waututh Nation. 

(2015). Assessment of the Trans Mountain Pipeline and Tanker Expansion Proposal. Tsleil-

Waututh Nation, Sacred Trust Initiative. North Vancouver: Treaty, Lands and Resources 

Department.    
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Figure 17.  Maplewood Mudflats (MM) and Whey-ah-Wichen/Cates Park (WAW) field study 

porewater pH data as a factor of shell hash treatment and tide effects.  The statistics supporting 

this figure are as follows for MM: control*flood (n = 46; pH = 7.69; SE = 0.032), control*ebb (n 

= 32; pH = 7.53; SE = 0.043), treatment*flood (n = 48, pH = 7.66, SE = 0.033), treatment*ebb (n 

=36; pH = 7.42; SE = 0.043).  WAW data: control*flood (n = 43; pH = 8.6; 0.062), control*ebb 

(n = 37; pH = 7.8; SE = 0.062), treatment*flood (n = 44; pH = 8.16; SE = 0.033), treatment*ebb 

(n = 40; pH = 7.93; SE = 0.047).     
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Figure 18.  Porewater aragonite saturation states (Ωarg) of field study plots using Constant values 

and Measured values in the CO2SYS program.   
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Figure 19.  Maplewood Mudflats (MM) and Whey-ah-Wichen/Cates Park (WAW) microcosm 

porewater pH data as a factor of shell hash treatment and pH treatment. 
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Figure 20.  Porewater aragonite saturation states (Ωarg) of microcosm treatments using Constant 

values and Measured values in the CO2SYS program. The control pH is 8, and pH treatment is 7.  

The shell treatment is control (no shell), Fresh shell, and Weathered shell.     
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Appendix 1 

List of Acronyms  

GHG   Greenhouse gas 

IPCC  International Panel on Climate Change 

USA  United States of America 

US EPA   United States Environmental Protection Agency 

OA   Ocean Acidification  

CO2   Carbon dioxide 

H2CO3  Carbonic acid 

HCO3
–  Bicarbonate 

H+   Hydrogen ion 

CO3
2–   Carbonate 

Ca2+   Calcium 

CaCO3  Calcium carbonate 

Ωarg  Aragonite saturation state 

DIC   Dissolved inorganic carbon 

TA  Total alkalinity 

PNW   Pacific Northwest 

CCE   California Current Ecosystem 

BC  British Columbia 

SWI  Sediment-water interface 

DO   Dissolved oxygen 

MIB   Musqueam Indian Band 
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SN   Squamish Nation 

TWN   Tsleil-Waututh Nation 

KWL  Kerr Wood Leidal Associated Ltd. 

 

BC MOE British Columbia Ministry of the Environment 

MM   Maplewood Mudflats 

WAW   Whey-ah-Wichen/Cates Park  

SFU   Simon Fraser University 

SoG   Strait of Georgia 

LLWL   Lower low water line 

PAHs   Polycyclic aromatic hydrocarbons 

IWS   Interstitial water sampler 

IBA   Important Bird Area 

CSO   Combined sewer outflow  
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Appendix 2 

Burrard Inlet  

Geographic Context 

Burrard Inlet feeds into the Strait of Georgia (SoG), which is bound by the Coast 

Mountains and Vancouver Island, and encompassed by the Salish Sea.  The Salish Sea, a highly 

productive inland sea, comprises the waters draining into the SoG, Strait of Juan de Fuca, and 

Puget Sound (Figure 12).  It is named for the Coast Salish peoples who have inhabited its 

coastline for thousands of years.  Of the over 7 million people residing within the Salish Sea, 1.1 

million people live in the municipalities surrounding Burrard Inlet.   

Burrard Inlet is within the unceded territories of Musqueam Indian Band (MIB), 

Squamish Nation (SN), and Tsleil-Waututh Nation (TWN).  Seven municipalities border Burrard 

Inlet, including: the City of Vancouver, City of Burnaby, City of Port Moody, Village of Belcarra, 

District of North Vancouver, City of North Vancouver, and the District of West Vancouver.  Port 

Metro Vancouver is Canada’s largest port and facilitates trade through Burrard Inlet.     

Physiography 

The Coast Mountains define the north shore of Burrard Inlet, with a densely concentrated 

City of Vancouver occupying the low-lying south shore.  Burrard Inlet is unlike most west coast 

inlets.  As described by Thomson (1981) Burrard Inlet lacks a sill at the seaward entrance, is 

relatively shallow, and is not bound by steep, precipitous cliffs (p. 169).  The inlet receives 

considerable fresh water from 112 local streams, and externally from the Fraser River (KWL & 

TWN, 2016).  These attributes position Burrard Inlet as a natural port and area for concentrated 

settlement.  
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Burrard Inlet is 11, 300 hectares; 30 km long, with a maximum width of 4 km in English 

Bay, and is bound by 190 km of shoreline (Burrard Inlet Environmental Action Program 

(BIEAP), 2002; Levings , Stein, Stehr, & Samis , 2003).  The inlet comprises five distinct basins: 

Outer Harbour (often inclusive of English Bay); Inner Harbour; Central Harbour; Port Moody 

Arm, and Indian Arm (Figure 13).   

The maximum depths of the inlet reach approximately 45 m in the Outer Harbour, 66 m 

depth in the Inner Harbour, and about 10 m in Port Moody Arm (Levings , Stein, Stehr, & 

Samis , 2003).  Two natural Narrows within the inlet separate the Outer, Inner, and Central 

basins, each approximately 0.5 km wide (Levings , Stein, Stehr, & Samis , 2003).  Indian Arm is 

a typical coastal fjord, 22 km long with an average width of 1.3 km, an average depth of 120 m 

and a maximum depth of 245 m (Thomson, 1981).   

Between 40 km and 50 km (approximately 50%) of the inlet’s shoreline is converted to 

riprap, docks, port facilities, and seawalls.  Shoreline alteration is minimal in Indian Arm (exact 

percentage unknown); the Inner Harbour has the highest rate of natural shoreline loss (90%).  

Undisturbed shorelines within the inlet consist primarily of rock and cobble beaches, rocky 

shores, and man-made beaches.  Extensive tidal sandflats and mudflats exist at Spanish Banks, 

Port Moody Arm, Maplewood Mudflats, and the Indian River estuary (Levings , Stein, Stehr, & 

Samis , 2003; Bird Studies Canada, N/A). 

The mountains on the north shore have an effect on local wind and precipitation patterns.  

Winds are predominantly in the east-west direction, with the strongest winds in the winter 

(Thomson, 1981).  Cold water upwelling in the summer meets warmer air temperatures, creating 

a fog that is often trapped in the inlet.  The topography of the north shore mountains also leads to 

significantly greater annual precipitation on the northern side of the inlet compared to the 
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southern side.  For every 30 m rise in elevation on the north shore, there is a 6 cm increase in 

annual precipitation (Thomson, 1981). 

Runoff from the rivers draining into the inlet causes a net seaward flow (Haggarty, 2001).   

The main rivers draining into the inlet are the Capilano River, Seymour River, and Indian River.  

Other important inputs include Mackay Creek, Lynn Creek, and McCartney Creek on the north 

shore, and the Buntzen Bay power station draining from the Coquitlam reservoir.  Many historic 

native creeks throughout the inlet have been lost to development and diversion.   

During excessive rainfall events occurring a few days each year, the discharge of the 

rivers on the north shore might exceed 150 m3/s.  This is approximately 1% of the discharge rate 

of the Fraser River.  The north arm of the Fraser River carries about 20% of the discharge, which 

during the freshet is about 2,800 m3/s, and 160 m3/s during winter low flows (Haggarty, 2001; 

Thomson, 1981).        

Catchment Area 

The surrounding natural drainage basin of Burrard Inlet comprises 98,000 hectares of 

land (BIEAP, 2002).  The Inner basin is the most highly concentrated, commercialized and 

industrialized area (Thomson, 1981), with essentially the entire shoreline converted to industrial 

facilities and operations.  Bulk products such as coal, sulphur, and wood chips are stockpiled and 

uncovered in large volumes on docks and industrial upland properties (Levings , Stein, Stehr, & 

Samis , 2003). 

The extensive urban and industrial development surrounding the inlet has myriad point 

and non-point sources of pollutants (e.g. fecal coliform, toxic microorganisms, heavy metals, 

polycyclic aromatic hydrocarbons (PAHs), organic pollutants, plastics) that effect water quality, 

sediment quality, and food webs of the freshwater and marine environment.   
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BC MOE records indicate that Burrard Inlet has 22 industrial effluent authorizations, one 

municipal wastewater authorization, 18 combined sewer outflow (CSO) outfalls, one sanitary 

sewer overflow outfall, and in excess of 300 municipal stormwater outfalls (TWN, 2015, P. 28).  

The CSOs discharge approximately 20.8 million cubic meters annually of mixed stormwater and 

untreated domestic sewage (Levings , Stein, Stehr, & Samis , 2003).   

In total, 769 million cubic meters of industrial pollution pour into Burrard Inlet each year, 

nearly 25 times the volume that entered the inlet in 1957 (Tsleil-Waututh Nation, 2015).  This is 

in addition to discharges authorized by regulators other than the BC MOE (e.g. chemical plants, 

bulk storage and handling facilities, etc.).  Efforts are in place to decrease the number of CSOs 

through the Metro Vancouver Integrated Stormwater Management Plan initiative.  

The quantity and quality of surface and stormwater runoff is a significant concern for 

water, sediment, and tissue quality.  Stormwater and surface runoff is a greater source of 

contaminants (e.g. metals, pathogens, PAHs, pesticides, pharmaceuticals, plastics, and other 

emerging contaminants of concern) to the receiving waters than are point-source discharges 

(Ostrander, 2015; KWL & TWN, 2016; Mapes, 2016).  Non-point sources of pollution also 

include 29 marinas, 11 ship repair facilities, 7 fueling operations, 29 ship loading facilities 

(Sulphur, metal concentrates, coal, potash, phosphate rock, grain, forest products, chemicals, 

petroleum) and 38 anchorages (Levings , Stein, Stehr, & Samis , 2003).   

Copper, iron, nickel and zinc concentrations are of particular concern in Burrard Inlet 

(Bull & Freyman, 2011).  Duckham & Bendell (2013) investigated metal concentrations in Coal 

Harbour and identified hot spots of high concentrations of copper and lead associated with sewer 

and stormwater outfalls.  The non-native Mya shellfish occurred in high numbers in Coal 
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Harbour, potentially due to higher pollution tolerances to legacy metals from CSOs and historic 

marine practices (Duckham & Bendell, 2013, p. 400).     

Currents and Tides 

Burrard Inlet has mixed, mainly semidiurnal tides.  The mean tidal range is 3.1 m, with a 

maximum range of 5.0 m (Levings , Stein, Stehr, & Samis , 2003).  Tides vary from a high water 

level of 5.0 m near midnight in late December to a low water level of 0.0 m (chart datum) near 

noon in late June.  There is an approximately 30 minute delay in Higher High Water from Point 

Atkinson to the eastern inlet.  Lower Low Water occurs almost simultaneously throughout the 

inlet (Thomson, 1981). 

The Narrows have the greatest tidal mixing in the inlet, with tidal currents reaching 11km/h 

(6 knots) (Levings , Stein, Stehr, & Samis , 2003).  The tidal currents produce predictable water 

movements in the inlet.   

During the flood tide in the Inner Harbour, a counter-clockwise eddy develops to the north of 

the main flow and a clockwise eddy forms to the south.  Once the tide passes through Second 

Narrows into the Central Harbour, a counter-clockwise eddy is present at the north, and two 

clockwise eddies form to the south of the eastward flow.  During the falling tide, the water flows 

seaward and the eddy direction reverses (Haggarty, 2001).   

Water Quality Characteristics 

Salinity  

The SoG, local drainage, tides, wind, and the Fraser River plume affect the salinity and 

temperature distributions in Burrard Inlet (Thomson, 1981).  Generally, the top 5 m of the water 

column is relatively warm, low salinity water overlying colder, more saline water beneath 
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(Thomson, 1981).  Throughout the year, the salinity distribution below 10 m depth is uniform, 

with values ranging from 29 to 30ppt.       

Surface salinities experience a range between summer and winter conditions, and 

gradually decrease east of First Narrows to the head of Indian Arm.  Surface salinities in the 

Outer Harbour range from 10ppt (summer) to 25ppt (winter), whereas Indian Arm ranges from a 

few parts per thousand at the head to about 15ppt at the southern end (Thomson, 1981).   

Although Indian Arm plays a role in moderating salinity (Bird Studies Canada, N/A), the 

north arm of the Fraser River has a significant influence on the Outer Harbour, particularly 

during late spring and summer.  Under certain conditions, Fraser River water can also penetrate 

the Inner Harbour.  The brackish water flows into the inlet along the south shoreline.  The 

insurgence of Fraser River water changes the water quality, resulting in lower salinity and 

warmer waters on the south shore of English Bay compared to the north shore in the summer.   

Temperature 

 Surface temperatures range from 13 to 15 C in the Outer Harbour to 16 to 18 C in Port 

Moody Arm (Levings , Stein, Stehr, & Samis , 2003).  The thermocline is shallow and water 

temperatures decrease by 5 to 10 C within 5 m of the surface.  Below 20 m, water temperatures 

remain around 10 C (Thomson, 1981).  In the winter, the thermocline is less stratified and water 

column temperatures range between 6 to 8 C.  The surface water is slightly colder in the winter 

due to heat loss to the atmosphere (Thomson, 1981). 

Dissolved oxygen  

 Studies conducted in the 1960s and 1970s demonstrated water quality and flushing rates 

in Burrard Inlet maintained dissolved oxygen (DO) levels well above those that would impair 

marine organisms (6 mg/l).  For most of the inlet, seasonal DO ranges from 5 to 10 mg/l 
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(Levings , Stein, Stehr, & Samis , 2003).  Monitoring conducted from 1990 to 2010 indicates a 

decline in some water quality objectives, including DO (Bull & Freyman, 2011).   

Bull & Freyman (2011) report the minimum DO objective (6.5 mg/l) was not met at 

depth at most sites in Burrard Inlet, although surface water DO was not considered a concern (p. 

8).  Indian Arm has low bottom water DO values typical of fjords, occasionally falling below 1.0 

mg/l (Levings , Stein, Stehr, & Samis , 2003).  

pH  

 Coastal and estuarine systems are susceptible to increased acidity through a number of 

sources, such as acid rain, respiration, fresh water input, and eutrophication resulting from 

nutrient loads (Green et al., 2009).  Fossil fuel combustion and agricultural practices can reduce 

coastal ocean pH by an additional 50%, due to the production of strong acids (HNO3 and 

H2S04) and bases (HN3) (Doney, 2007).  Developed coastlines, such as Burrard Inlet, are also 

known to experience increased acidity due to industrial discharges (Marliave, Gibbs, Gibbs, 

Lamb, & Young, 2011).  The study area is highly influenced by estuarine circulation, which is 

characteristic of lower pH, salinity, and conductivity. 

The Vancouver Aquarium monitors pH in Burrard Inlet and has revealed acidifying 

conditions in recent years.  From 1954 to 1974, the pH of the Inner Harbour remained stable with 

a pH range of 7.8 to 8.1.  More recently, the pH conditions have become increasingly variable, 

with greater extremes and have declined to a range of pH 7.3 to 7.9 (Marliave et al., 2011, p. 69) 

(Figure 14).   

The current MOE Marine Water Quality Objectives for Burrard Inlet have a standard pH 

range of 6.5 to 8.5 (Nijman & Swain, 2001); therefore, the current pH conditions are within the 

established objectives.  The water quality objectives established in the 1990s, however, are not 
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suitable for shellfish and may not account for current scientific understanding or technological 

capabilities (KWL & TWN, 2016 (Konovsky, 2015)).   

When pH falls to 7.9, shellfish begin showing adverse responses through decreased shell 

formation.  As pH approaches 7.5, these adverse responses are exacerbated through shell 

dissolution mortality, reduced growth and survival rates, and other behavioural responses.   

The trend in increasingly acidic conditions in Burrard Inlet is likely attributed to industrial 

pollution.  The inlet receives 25 times the amount of permitted industrial pollution than it did in 

1957 (Tsleil-Waututh Nation, 2015).  Ocean acidification has the potential to influence Burrard 

Inlet, or push it over another ecological or environmental threshold.   

Whether the corrosive conditions are caused by industrial pollution or coastal acidification, 

Burrard Inlet is a strong candidate site for sediment acidification research (John Konovsky, 

personal communication, 2015).  

Sediments 

 Sediment types range from fine mud in depositional areas to coarse cobble and gravel in 

more energetic locations.  Levings et al. (2003) describes the sediment transport patterns in the 

inlet as a function of tide.  Flood directed sediment transport dominates the south side of the 

inlet, and ebb-directed transport dominates the central and northern half (p. 9). 

 Contaminant PAHs tend to persist within the surface mixed layer of sediment (Levings , 

Stein, Stehr, & Samis , 2003), and concentrations of cadmium, copper, and other metals often 

exceed sediment quality and disposal at sea permitting guidelines (Duckham & Bendell, 2013; 

Haggarty, 2001).  English sole (Pleuronectes vetulus) showed a high prevalence (58.8%) of liver 

lesions resulting from exposure to toxic and carcinogenic chemicals in the water and sediment, 

with particularly high frequencies in Port Moody Arm and the Inner Harbour (Haggarty, 2001). 
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Ecological Significance 

  The faunal record of archaeological sites in Burrard Inlet reflects the immensely rich and 

abundant marine resources once prevalent, prior to industrial impacts and shoreline 

modifications (Pierson, 2011, p. 49) (Figure 15).  Despite the pressures of industrial and urban 

development surrounding Burrard Inlet, it remains a diverse and important ecosystem to the 

region.   

Over 1,200 species are found in the inlet, many of which have significant economic value. 

These include  mammals, birds, fish, reptiles, amphibians, tunicates, arthropods, molluscs, 

vascular plants, non-vascular plants, marine algae and sea grasses, fungi, plankton, species at 

risk, and invasive species (Stone, Piscitelli, & Demes, 2013, p. 43). 

Burrard Inlet is highly productive, with over 85 taxa of phytoplankton.  Phytoplankton bloom 

in the spring (mid- March to early April) and peak by mid- May to early June, followed several 

weeks later by peak zooplankton abundances (Haggarty, 2001).  Plankton abundances decrease 

from Port Moody Arm and the Central Harbour to the Outer Harbour.  Tidal mixing and 

increased turbidity from the Fraser River plume reduces productivity in the Inner and Outer 

Harbours (Haggarty, 2001). 

Burrard Inlet supports approximately 65 species of both anadromous and resident nearshore 

fish (Haggarty, 2001).  These include herring (Clupea harengus pallassi), surf smelt (Hypomesus 

pretiosus), anchovy (Engraulis mordax), lingcod (Ophiodon elongatus), English sole (Parophrys 

vetulus), rock sole (Lepidopsetta bilineata), dover sole (Microstomus pacificus), quilliback 

rockfish (Sebastes maliger), starry flounder (Platichthys stellatus), and kelp greenling 

(Hexagrammos decagrammus) (Haggarty, 2001).  Some of these populations are remnant of the 

historic masses or are based on historic records.   
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Pierson (2011) found salmon, herring and anchovy were the most abundant taxa at three of 

the investigated archaeological sites in eastern Burrard Inlet (p. 46).  Eulachon (Thaleichthys 

pacificus) represents more than 10% of the vertebrate assemblage of the archaeological record, 

which suggests a local source for this resource (Pierson, 2011, p. 47) that is essentially extirpated 

from the inlet today.      

Pacific salmon, resident and anadromous cutthroat trout (Oncorhynchus (Salmo) clarkiclarki) 

and steelhead (Oncorhynchus mykiss) all inhabit Burrard Inlet and its surrounding watersheds.  

Adult salmon have been observed returning to spawn in 17 streams of the inlet (Haggarty, 2001).  

Juvenile salmon are abundant along the shoreline, estuaries, and nearshore habitats of Burrard 

Inlet in early spring to fall.  As juvenile salmon grow, they move offshore into deeper water and 

migrate to the SoG and the Pacific Ocean. 

Burrard Inlet is internationally recognized as an Important Bird Area (IBA) and supports 

globally significant migratory populations of Western Grebe (Aechmophorus occidentalis), 

Barrow’s Goldeneye (Bucephala islandica), and Surf Scoter (Melanitta perspicillata).  It is also 

recognized as an IBA for the nationally-significant population of the Great Blue Heron (Ardea 

Herodias) (Bird Studies Canada, N/A).  The inlet provides a migration corridor along the Pacific 

Flyway, feeding areas, roosting and nesting sites, and supports 53 species of resident birds 

(Stone, Piscitelli, & Demes, 2013). 

It is common to observe harbor seals (Phoca vitulina richardsii) and river otters (Lontra 

Canadensis) in the inlet, with occasional sightings of orcas (Orcinus orca), grey whales 

(Eschrichtius robustus), pacific white sided dolphins (Lagenorhynchus obliquidens), and harbor 

porpoises (Phocoena phocoena). 

 


