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ABSTRACT

American oyster (Crassostrea virginica) populations have sharply declined across their
distribution, primarily due to overexploitation in the 19th century and disease in the 20th
century. For instance, today oysters are only at 10% of their historic abundance in
Atlantic Canada. There have been ongoing efforts to supplement the oyster fishery in the
areas where there have been population declines, by developing programs to enhance
degraded beds. Many of these enhancement programs have gone unmonitored and those
that have been studied have found that the enhancement efforts are mostly unsuccessful
at improving the local fishery. This study aimed to assess the success of the PEI Shellfish
Association’s annual oyster seeding program at three estuaries between 2016 and 2017
and three additional estuaries between 2017 and 2018 across the south shore of Prince
Edward Island. Nine to fifteen samples were collected in the fall and the following
summer to monitor survival as well as changes in growth and shape of the enhanced and
wild oysters within each site. Sediment samples from each site were collected to
determine its composition, and predator and macroalgae surveys were conducted at all six
sites. Results show there was a successful retention of enhanced oysters in Flat River in
2017 and Pinette River in 2018, but a significant decline in enhanced oysters in the other
four sites. Based on the results of this study, enhancement efforts should focus on areas
known to be most suitable for retention and survival of oysters.
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1. INTRODUCTION

Reef and bed-forming oyster populations have declined sharply around the globe
over the past century (Beck et al. 2011). In eastern North America many different factors
have led to the decline in oyster stocks, but the consensus is that over-harvesting is the
primary cause of the decline in the American oyster, Crassostrea virginica (Rothschild et
al. 1994, Mackenzie 2007, Beck et al. 2011, Bagget et al. 2014). Unrestricted harvesting
during the mid to late 19th century resulted in most reefs along North America’s coast to
be stripped bare of their oysters, to satisfy the demands in urban centres across the
continent (MacKenzie 1996). In an attempt to curb the loss of oysters, governments since
the early 20th century have prohibited harvesting methods that damage oysters and their
habitat, but these regulations came too late as most of the damage was already done
(Sephton and Landry 1992, Mackenzie 2007, King 2009). Today, oyster harvesting along
the Eastern United States correspond to only 1-2% of the peak of the commercial
harvesting in the late 19th century (Grabowski and Peterson 2007). Similarly, the profit
per m2 harvested is now down 96% from what it was a century ago (Grabowski and
Peterson 2007).
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The majority of an oyster reef or bed is composed of dead oysters, with a thin
layer of live oyster growing on the periphery (Luckenbach et al. 1999). The mounds of
dead shell provide vertical relief for the oysters to grow on, which without the adult
oysters may become smothered by silt or subjected to an anoxic environment found in
estuaries’ deeper waters (Comeau 2014, Theuerkauf et al. 2015). Harvesting methods like
fishing dredges which are particularly damaging, as the collecting rakes dragged behind
the boats flatten the reefs and kill many undersized oysters and other marine life (Sephton
and Landry 1992, Gosling 2003). The destruction of the three-dimensionalities of the reef
impairs the natural recovery of oyster’s population by creating sub-optimal habitat which
minimizes natural recruitment (Grabowski and Peterson 2007, Theuerkauf et al. 2015).
Since the turn of the 20th century, there have been on-going efforts to restore
oyster reefs to preserve the harvest in North America. Governments and private interest
groups have cooperated in replenishing the loss in structure and living oysters into bays
(Gaffney 2006, La Peyre et al. 2014). These enhancement projects can be categorized
into two broad groups depending on their outcomes: first, habitat restoration projects
which focus on re-establishing the lost habitat to allow to reefs to recover through natural
recruitment (Baggett et al. 2014, Taylor et al. 2017); and second, population
enhancement projects which tend to focus on maintaining or improving the oyster harvest
in a bay, primarily by introducing live oysters (King 2009, Taylor et al. 2017). Despite
restoration efforts, there have been many factors limiting their success including
outbreaks of disease, degraded habitat, and water temperature (Gosling 2003,
McGladdery and Stephenson 2005, Cohen and Zabin 2009, Dunn et al. 2011, Comeau
2014)
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The negative scenario affecting oyster populations in North America is also
evident in Atlantic Canada, where the abundance of oysters is believed to be only a 10%
of its historic abundance (Morse 1971, Beck et al. 2011). Seeding or relaying, the
transference of undersized oysters to be grown into market size, has been the
enhancement method of choice for Prince Edward Island (hereafter PEI) since the early
20th century (MacKenzie 1973, PEISA 2013). Seeding helps to replenish lost oysters and
introduce desired genetic traits like disease resistance to the wild population (Gaffney
2006). However, project managers must consider the condition of the habitat before
deciding to restore it. For instance, the type of sediment will influence the shape of the
oyster will grow into (Lavoie 1995), and the presence of predators such as the European
green crab (Carcinus maenas) will reduce survival of oyster seed if it is to less than 40
mm (Poirier et al. 2017). The local wild oyster population provides managers a reference
to the quality of oysters their seed will grow into (MacKenzie 1973, Sephton and Bryan
1989, Lavoie 1995). The PEI Shellfish Association (hereafter PEISA) has been
conducting oyster development programs for more than 30 years in conjunction with the
PEI Department of Agriculture and Fisheries (PEISA 2013). The PEISA has long relied
on input from local fishers when choosing suitable areas to enhance. The association and
local fishers believe that this method of enhancement has been successful, but no
monitoring has been conducted to confirm that these locations are suitable for the oyster
survival or growth.
This project is a part of a multi-year monitoring program for the PEISA
Enhancement Program. The overarching goal of this thesis is to determine if the oysters
are being spread in locations suitable for survival and growth. To monitor the program’s
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success, the selected enhancement sites were sampled and oysters were collected. The
samples were measured as to compare changes in oyster density, length, and shape of
enhancement oysters between their spreading in the fall of 2016 and 2017, and the
summer of 2017 and 2018 respectively. The information gathered from the monitoring of
2016 PEISA oyster enhancement activities was used in the selection and sampling of
specific sites for enhancement of oyster beds during the fall of 2017.
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2. LITERATURE REVIEW
2.1. The Distribution and History of the American Oyster Fishery
2.1.1. Oyster Distribution and Atlantic Canada Fishery
The American oyster (Crassostrea virginica) is wide ranging species spanning
over 8000 km of shallow coastal waters along the eastern coast of the Americas, from the
Gulf of Saint Lawrence (GSL) (48oN) to northern Argentina (20-30°S) (Gosling 2003).
At the north end of this range, the oysters that inhabit the waters of the Canadian
Maritime provinces are geographically isolated from the most of the continuous stretch of
their range, from the Gulf of Mexico to Maine (Morse 1971). The cold waters around the
Bay of Fundy and Nova Scotia’s Atlantic coast, among other environmental factors,
contribute to this geographic gap. The shallow channels of the Northumberland Strait that
formed after the last ice age 10,000 years ago now has water with an average annual
temperature of 20° C; the warmest north of the Carolinas (Lelièvre 2017b). These waters
provide the ideal habitat for oysters. As a result, abundant oyster populations inhabit the
waters of the Northumberland Strait, with small populations existing in the Bras d’Or
lake in Cape Breton, Nova Scotia (Morse 1971).
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Shellfish have been an essential component in the diets of coastal people for
hundreds of thousands of years (Van Andel 1989, Jerardino 2010). Archaeologists have
dated prehistoric shell middens, large piles of refuse shells and bones, to 140,000 years
ago in coastal South Africa, providing evidence that humans have long exploited bivalves
as a food source (Van Andel 1989). About 2000 years ago, coastal people inhabiting
South Africa began to rely less on large-game animals and more on shellfish, such as
mussels (Jerardino 2010). The switch to a less labour-intensive diet, as bivalves are
sedentary, correlates with a shift to a more sedentary lifestyle in hunter-gatherers and a
rise in population numbers (Jerardino 2010).
In Canada, the First Nations have long relied on bivalves as a dietary staple. Shell
middens found along the Pacific coast of British Colombia provide evidence that the first
people to settle in the Americas dined on shellfish as they travelled down the Pacific
coast over 10,000 years ago (Erlandson et al. 2008). Similarly, the Mi’kmaq First Nation
relied heavily on food gathered from estuaries before European contact (Keenlyside
1999). Shellfish would have been seasonally available in the spring and early summer,
with oysters being one of the ancient Mi’kmaq’s favourites (Keenlyside 1999). The
middens the ancient Mi’kmaq created have been a critical component to uncovering the
pre-European past of Atlantic Canada (Mudie and Lelièvre 2003, Lelièvre 2017a). It was
a common belief throughout the mid-ninetieth century that the Mi’kmaq people had only
arrived in Atlantic Canada briefly before its “discovery” by Europeans (Lelièvre 2017a).
Dating the middens scattered across the Maritimes provided proof that the Mi’kmaq’s
ancestors have inhabited Atlantic Canada for at least 2000 years. Older sites have been
identified, but few places in Atlantic Canada support shell middens over 2000 years old,
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as the coastline has changed as sea levels have risen since the last ice age, leaving many
of the older middens submerged under water (Mudie and Lelièvre 2003, Lelièvre 2017b).
While there is evidence that some aboriginal harvesting did negatively impact the
bivalve populations (Jerardino 2010), it pales in comparison to the advent of commercial
harvesting throughout the ninetieth and twentieth century. The commercial harvest of
oysters has been near-universally unsustainable across the world throughout these
centuries (Beck et al. 2011). The industry can trace its infancy back to the seventieth
century on the shores of the lower Hudson’s River in New York State (Kirby 2004). The
exploitation of a reef was localized near urban centres, since it was difficult to transport
the harvested product before spoilage (Kirby 2004). As one area became depleted, the
industry would move to new, unexploited estuaries. The localized oyster industry was
transformed after the network of transcontinental rail systems were constructed
throughout the 1840-1860s in the United States (U.S.) and Canada (MacKenzie 1996).
The reduction in transportation time and improvements in food preservation allowed
oysters to reach markets in cities further from the Atlantic coast. Soon many interior
cities, like Montréal and Toronto began to acquire a taste for Atlantic Canada’s oysters
(King 2009).
Oysters were not just harvested to become the hors-d'oeuvre of the wealthy; their
shells provided cost-effective raw material for many industries. Shells were grounded
into gravel for roads and as additives in cement (Doran 1965). On Prince Edward Island
(PEI), as well as other locations, live oysters and their reefs were mined for “mussel
mud,” which was used as an agricultural fertilizer (MacFadyen 2013). With such a high
demand for oysters the unsustainable harvesting soon outstripped the ability of the oyster
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stocks to recover, and the harvest began a steep decline after peak harvests in the mid1880s (MacKenzie 1996). The Canadian government began enacting several legislative
measures throughout the 1860’s to the early 1900’s to try and combat the dwindling
oyster harvest (Morse 1971, King 2009, MacFadyen 2013). In 1868 the government
began establishing designated oyster fishing seasons to minimize the impact the harvest
had on setting spat and to ensure there was a next generation of oysters to be harvested
(King 2009).

2.1.2. Prince Edward Island Oyster Fishery
In an attempt to curb destructive methods on PEI, in 1892 restrictions were placed
on harvesting techniques as oyster beds in this province were, and still are, the top oyster
producing areas in Canada. The federal and provincial governments collaborated
extensively to save PEI’s oyster industry. However, these legislative efforts came too
late, as most of PEI’s oyster beds had been fully exploited by the end of the ninetieth
century (Morse 1971). As other bays across PEI became depleted of oysters in the early
years of the twentieth century, Malpeque Bay became one of the last reliable sources of
oysters (Morse 1971, King 2009). The bay became increasingly famous for its highquality oysters after receiving the title “The best in the world” at the 1900 World’s Fair in
Paris (King 2009). To ensure Malpeque would not suffer the same fate of other bays
across the island, the local industry began to spread oyster seed to mitigate the intensive
harvest (McGladdery and Stephenson 2005, King 2009). Ironically, the seeding intended
to preserve the oyster fishery in Malpeque may have led to its abrupt demise in the
summer of 1915 (McGladdery and Stephenson 2005).
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It is believed that oyster seed purchased in the summer of 1914 from New
England was infected with a deadly disease. About one year after spreading the imported
oyster seed across the bay, Malpeque lost 99% of its oysters (McGladdery and
Stephenson 2005). The disease took the industry by complete surprise, and was named
after the bay, and henceforth was called Malpeque Disease (MD) (King 2009). With little
biosecurity measures at the time, MD began to spread to other bays across the island,
leading to the banning of exporting PEI oysters to protect the mainland fishery in the
1930’s (McGladdery and Stephenson 2005). New Brunswick even temporarily replaced
PEI as the top oyster producer in Canada during the MD crisis in the 1930’s (Morse
1971). To save the oyster fishery, the Canadian Fishery Board appointed Dr. Alfred W.H
Needler to develop methods to recover the fishery (Logie et al. 1961, King 2009). He
developed cost-effective methods of collecting MD-resistant spat to be seeded across the
island, providing the groundwork for today’s enhancement projects (Logie et al. 1961,
King 2009).
In 1955, MD reappeared, this time off the Northumberland Strait off of New
Brunswick and in Bras D'Or Lake in Nova Scotia (King 2009). MD decimated the
mainland oyster fishery, but the oysters of PEI were mostly unaffected, due to Dr.
Needler’s work of spreading MD-resistant seed across the island (McGladdery and
Stephenson 2005, King 2009). Soon a program was set in motion to send MD-resistant
seed from PEI to reseed the southern GSL (McGladdery and Stephenson 2005). The plan
was successful, as now the majority of oysters across the Maritimes are tolerant to MD
(Logie et al. 1961, McGladdery and Stephenson 2005). The industry has since recovered
in GSL and today provides a significant contribution to the rural economic development
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in the Maritimes. Today PEI is the undisputed top producer of oysters in Atlantic Canada,
producing 70% of the total harvest from the region, with New Brunswick coming in
distant second (DFO 2017).
Restoration and enhancement measures continue to be critical in the management
of the wild oyster harvest. Past efforts to restore or enhance oyster beds were motivated
by the potential to improve harvests from overfished reefs, but in recent times more
thought have been given to the critical ecosystem services that an oyster reef provides
(Coen and Luckenbach 2000). For the purposes of this paper we can broadly categorize
restoration and enhancement programs into three categories: Oyster seeding and relaying,
desilting, and shell planting.

2.2. Restoration and Enhancement of Oysters
The definition of habitat restoration and fisheries enhancement of oyster beds and
reefs are similar, but these terms are not synonyms. Habitat restoration can be defined as
processes of establishing or re-establishing a habitat which was degraded or lost by
human actions (Baggett et al. 2014). The primary goal is to rebuild the lost structure and
ecosystem services provided by the original condition of the habitat (Rey Benayas et al.
2009). Enhancement efforts tend to be more fishery-centric and can be defined as
measures done to create better conditions for the health, growth, and survival for an
under-performing fishery stock (Molony et al. 2003, King 2009).
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2.2.1. Seeding and Relaying Oysters
Seeding is among the oldest methods of shellfish enhancement. It was first
recorded in 1808 in New York State (Kirby 2004). After 200 years, many bays have
detailed records of the amount and quality of the oyster seed the can produce by natural
recruitment (Luchenbach et al. 1999). Modern enhancers can capitalize on these
extensive records to guide their restoration projects today. Knowing if oysters were
historically present in a bay provides modern enhancers with a measure of likelihood as
to whether a depleted bay could potential recover. Seeding also allows for fishery
managers to potentially improve local brood-stocks by introducing desirable genetic traits
(Gaffney 2006). After MD had wiped out 90% of Atlantic Canada’s oyster beds in the
mid-1950’s, MD-resistant seed from PEI was sent to New Brunswick and Nova Scotia to
aid in the oyster fisheries’ recovery (McGladdery and Stephenson 2005). Though the
seed is often collected from wild stock, hatcheries can provide a large and reliable source
of seed over time, as wild spat production can vary greatly throughout the years (Mann
and Powell 2007).
Relaying is another popular method of enhancement similar to seeding. The
difference between this and seeding is that full-grown oysters are transplanted into
enhancement site that are suspected to be suitable (MacKenzie 1973). A common form of
relaying used in the 1970’s on PEI was stock thinning. That method consisted on the
removal of oysters from crowded beds to be spread on less dense beds. The idea behind
this was that by removing oysters from crowed beds where the oysters frequently grew
deformed to less dense beds, the oysters would have increased room to grow into a more
valuable product (Sephton and Bryan 1989). However, subsequent studies on stock
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thinning revealed that the relayed oysters would grow into a similar shape to the bay’s
local oysters (Sephton and Bryan 1989, Lavoie 1995).
The main challenge for seeding and relay efforts is that evidence shows that no
matter how many oysters are transplanted into a particular bay, if the habitat on that
seafloor is not suitable, the oyster’s growth and potential to reproduce will be
compromised (Luckenbach et al. 1999, Theuerkauf et al. 2015). In order for seeding to be
effective, the oyster seed spread must be larger than what the predators in the bay are able
to consume (Brumbaugh and Coen 2009). Similarly, siltation rates, or the seasonal
deposition and accumulation of fine sediments, must be monitored (MacKenzie 1973), as
it has been demonstrated to have severe effects on oyster growth and mortality (Poirier et
al. 2018).

2.2.2. Desilting
Changes in land use have directly impacted the survival of American oysters
across their distribution range. Deforestation, the increase in the amount of land farmed,
waterfront property development, and the construction of roads and causeways all have
an impact on the rate at which sediments enter a waterway, and the rate at which it settles
to the bottom (MacKenzie 1973, Graf 1975, Swanson and Dyrness 1975, Alberto et al.
2016). Siltation and runoff are the greatest during the early spring, when rain and
snowmelt wash vast amounts of sediment from the land into the estuaries and rivers
(MacKenzie 1973). The silt entering the water impacts oysters in two ways. When oyster
larvae reach competency (i.e. reach a stage when they are ready to metamorphose and
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settle to the bottom) between 280-370 µm in size, they seek out clean, hard surfaces to
permanently attach themselves (Lavoie 1995). Even though the ability to choose a
suitable habitat is limited, even a few millimeters of sediment can deter the larvae from
settling in a given site (Wilber and Clarke 2010). Silt can have negative effects on adult
oysters as well, as silt can bury them over the winter season. If more than 4 cm of silt
covers the oysters over the winter, the oysters will become smothered in approximately
12 days during the spring, when they become active (Comeau 2014).
To combat the excess amount of sediment in the water and the surface of the
bottom, all desilting methods involve removing unwanted sediment in some manner. On
PEI, as in many other locations, scallop racks have been dragged across the bottoms of
estuaries to clear the ground of silt and expose buried oysters while encouraging natural
settlement and recruitment (MacKenzie 1973). On PEI, between 30-40 hectares are
desilted annually to clean shells for settlement (DAF 2005). In addition, and unlike other
provinces, PEI has a spring oyster fishery. The spring relay fishery allows fishermen to
collect slightly contaminated oysters with tongs and send these oysters to a lease in noncontaminated waters for cleansing over the summer for the autumn market (Sephton and
Bryan 1989, Sephton and Landry 1992). This spring fishery is an essential component of
desilting in waters off PEI. The tonging physically cleans off the oysters buried in the
sediment over the winter, exposing the buried oysters before settlement of larvae takes
place during the spring months (Sephton and Landry 1992).
Desilting can be a fruitless endeavour if the restoration fails to address the sources
of the sediments. On PEI, buffer zones are required to be approximately 15 meters wide
(i.e. areas must remain forested in a 15 m fringe between farmed land and the shoreline of
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rivers and estuaries). These buffer zones have been found to be marginally effective at
trapping suspended sediments, and ineffective at stopping dissolved substances from
entering the water column (Dunn et al. 2011).

2.2.3. Shell Planting
One of the many challenges that the recovery of wild oysters faces is the
availability of hard and clean substrate in the environment (Luckenbach et al. 1999).
Shell planting, or shelling, is the use of a hard substrate to promote the settlement of
larvae and subsequent recruitment of oysters. The aim of shell planting is to help rebuild
degraded reefs or to create entirely new reefs (Kreeger et al. 2011). There is a diverse
range of materials that can be used for shelling, and what material is used is mostly
dependent on the budget available to the enhancement project. Cleaned shells and
limestone provide a natural source of a carbonate-rich substrate, while anthropogenic
materials such as engineered concrete and metal structures have been also used as an
alternative substrate (Baggett et al. 2014).There is little information available showing
conclusively whether placing engineered concrete structures or dumping more natural
material, such as shells or limestone, results in a better recovery strategy for a particular
place (La Peyre et al. 2014).
There is evidence that engineered concrete structures with high relief may provide
better habitats for oyster recruitment than the traditional spreading of shells (Theuerkauf
et al. 2015). Concrete structures have been shown to provide several advantages over
shells, as they rise vertically over the bottom and in the water, to allow oyster larvae to
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settle above the bottom of the estuary, thereby minimizing the chances of being buried
and suffocated by silt (Theuerkauf et al. 2015). High amounts of silt not only may
suffocate oysters, they may also turn the bottom of estuaries anoxic, which can kill the
larvae that settle on shells near the bottom, and can also be detrimental to larger oysters.
Shelling may be perceived as an interesting approach to oyster restoration, as it
may involve public participation. While shell-recycling programs have existed in the
United States since the 1850’s (Cohen and Zabin 2009), national shell-recycling
programs and several state-level programs have recently gained widespread interest.
Shell-recycling programs are generally a localized effort involving volunteers and willing
store-owners to participate (Brumbaugh and Coen 2009). Shells are collected from
restaurants, processing plants, and the public with the intention of spreading the most
natural of the substrates for young oysters to colonize (Brumbaugh and Coen 2009,
Cohen and Zabin 2009). Shell-recycling programs have successfully aided in the
restoration of reefs in the United States (Hadley et al 2010). However, these oysterrecycling programs are not without risks. The shells received from the recycling program
frequently are not from the local area. For example, many of the shells collected from
recycling programs being conducted in North Carolina can trace their origins to the Gulf
of Mexico (Cohen and Zabin 2009). Oyster shells can harbour many different organisms,
such as the protozoan Perkinsus marinus, which causes the disease Derrmo (Cohen and
Zabin 2009).
All the aforementioned enhancement and restoration efforts can help to rebuild
oyster reefs that were lost to the destructive harvesting methods of the past, to help
preserve and sustain the modern fishery. Although very different, these efforts help to
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some extent (some more than others) to re-establish the significant ecological functions
that oysters play in their estuarine environment.

2.3. Ecosystem Services Provided by Oysters
Oyster reefs provide critical ecosystem services that no anthropogenic methods
can replicate. Past restoration efforts have focused on restoring dwindling fisheries, but in
more recent time, more thought has been given to the critical ecosystem services that an
oyster reef provides (Coen and Luckenbach 2000). All forms of enhancement require a
significant financial investment and restoration of oyster reefs may not convert directly
into capital in the form of more oysters harvested (Grabowski et al. 2012). However, the
habitat created by oyster reefs has the potential to have a higher value than the harvesting
of oysters itself (Beck et al.2011, Grabowski et al. 2012).

2.3.1. Increasing Biodiversity and Fisheries
Oyster reefs help to create complex habitat that can support higher species
diversity than a more homogenous habitat like bare sediment (Gutiérrez et al. 2003). The
more surface area a structure can provide, the more available space there is for different
organisms to colonize and occupy. Oyster reefs provide up to fifty times the surface area
relative to bare sediment bottoms (Coen et al. 1999): The aggregation of living oysters
and dead shells provides an intricate network offering ideal surfaces for sessile
invertebrates and epiphytes to colonize (Gutiérrez et al. 2003). Constructed reefs were
found to significantly increase nekton richness in intertidal estuaries especially in the
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spring and fall (Kingley-Smith et al. 2012). As a result, restored reefs have the potential
to increase nekton production by more than 25% in 30 years compared to bare sediments
(Peterson et al. 2003). The creation of complex habitat by oysters is vital to estuaries in
PEI and around the world which would otherwise be flat and muddy (Tolley and Volety
2005).
The increased complexity of the habitat reduces predation rates and helps to
bolster the density and diversity of lower trophic species (Grabowski 2004). The threedimensionality of oyster reefs also provides shelter from predators for resident decapod
and fish species and leads to an increase in the density of these smaller species (Tolley
and Volety 2005). The increased abundance of resident species, in return, attracts large
commercial and recreationally important fish and migratory seabirds to the reefs (Tolley
and Volety 2005, Kingley-Smith et al. 2012). Oyster reefs also help large commercially
and recreationally important species of fish and mobile crustaceans. Oyster reefs also
have the potential to not only increase the population densities of fishes but their growth
rates as well (Peterson et al. 2003).
Several other studies have found that oyster reefs increase the productivity of
nekton by providing a safe spawning area, lower mortality of their young stages, and
increased food availability (Stunz et al. 2010). Demersal fish, like the commerciallyimportant spotted seatrout (Cynoscion nebulosus), benefit from oyster reefs as these
provide nursery habitats for their eggs and juveniles (Scyphers et al. 2011). There have
been higher success rates of trout production on reefs compared to bare estuaries bottoms.
Oyster reefs concentrate prey species like grass shrimp (Palaemonetes pugio), to improve
the foraging efficiencies of recreationally-important fish species like white perch
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(Morone americana) and striped bass (Morone saxatilus) found in PEI’s estuaries
(Rodney and Paynter 2006). Oyster reef restoration aids also in the development and
maintenance of a sport-fishing industry (Hackney 2000). Oyster reefs are prized fishing
grounds in the United States, and marine sport fishing generates over $110 million in a
small state like Delaware alone (Ozbay and Cannon 2017).

2.3.2. Improving Water Quality
Oysters are critical for maintaining the water quality of the estuaries were beds
and reefs are located. Nutrient runoff from agricultural and domestic fertilizers causes
eutrophication in many estuaries around the world, which translates in a degradation of
the water quality (Schmidt et al. 2012). Oysters cannot cure eutrophication, but they can
help mitigate eutrophication’s negative impacts by removing excess nutrients from the
water column, and consuming phytoplankton (Dame 1993, Cerco and Noel 2007,
Carmichael et al. 2012). High concentrations of nitrogen in the water can also lead to
ammonia toxicity and potentially kills fish (Lenihan et al. 2001). The nutrients that
oysters are able to remove from the water column aid in nutrient cycling, providing the
benthos with easily accessible nutrients otherwise not available to them. It also allows
submerged aquatic plants to grow instead of being outpaced by blooms of undesirable
algae, such as sea lettuce, or excessive phytoplankton in the water column (Pietros and
Rice 2003). Even small-scale habitat restoration projects have been successful at
improving the estuary at large (Nelson et al. 2004).
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In parallel, nutrient removal by oysters helps to increase oxygen availability,
which can be often low in estuaries (Kellogg et al. 2013). As algae die, their
decomposition takes the oxygen from the water, and large blooms can turn the aquatic
environment hypoxic. Oyster reefs provided nekton “islands” of oxygen during hypoxic
events, as there is more oxygen available on or nearby oyster reefs. Heavy agricultural
activity plagues PEI’s estuaries, and eutrophication and hypoxic events are frequent
events (Schmidt et al. 2012). Restoring oyster reefs and beds would be an important way
to reduce the damage to the island’s estuarine ecosystem by eutrophication. Nutrient
removal by oysters can also be translated into economic figures. It is estimated that the
cost of nitrogen pollution removal that is provided by oysters in Texan estuaries reach
near $300,000 per year when compared to anthropogenic replicates available (Pollack et
al. 2013).
With regards to siltation (see above), oysters also contribute to the desilting of
water. Being suspension feeders, oysters play a critical role in maintaining the water
quality of the bays and estuaries they inhabit by collecting suspended particles. Once
particles and algae are collected by oysters, they are deposited directly into the seafloor in
the form of pseudofaeces or faeces (Dame 1993, Grizzle et al. 2008). By removing
suspended solids from the water column, oysters also provide more light (clarity) and
nutrients for eelgrass. In return, eelgrass complex root systems stabilize soft and sandy
bottom, and creates a firmer bottom for the oysters to grow on (MacKenzie 1973). Both
eelgrass and oyster are important carbon sinks, as eelgrass photosynthesis and oysters
sequester carbon as they remove carbonates from the water and deposit it in their shells
(Hargis and Haven. 1999, Duarte 2010). Improved water clarity has an interesting
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indirect economic benefit. Improved clarity and quality of estuarine water has been
linked to an increase in property value in estuaries like Chesapeake Bay (Leggett and
Bockstael 2000).

2.3.3. Shoreline Stabilization
Oyster beds and reefs, along with eelgrass and other important aquatic plants such
as salt marsh, are important for stabilizing the shoreline and minimizing erosion (Piazza
et al. 2005). Shoreline protection is a serious concern given the frequency of events
damaging the coastline and causing the loss of ecologic and economic resources. This is
becoming more challenging with the prediction of an increase in storm frequency and
severity due to global climate change (Clarke 2017). Oyster reefs are one of the
biologically-generated structures that have the potential to act as self-healing wave breaks
to minimize erosion (Piazza et al. 2005). Engineered concrete structures, like the Oyster
Castle®, are less likely to be washed around by waves than lose shells, and can provide a
better settling ground for oyster spat in areas with high wave action (Theuerkauf et al.
2017). Oyster break waters have been found to reduce shore line erosion by up to 40%
(Scyphers et al. 2011).
Locally, PEI faces rapid costal erosion with an estimated loss of up to 40 cm per
year between 2000 to 2010 (Arnold and Fenech 2017). Exploring the construction of
oyster reefs in proximity to residential areas or areas most exposed to erosion may
provide a long-term solution to slowing erosion. The oyster industry has been an integral
part of the culture and economy of many coastal locations around the world and in the
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Atlantic coast of North America (Kirby 2006). The added value they provide by
contributing to prevent shoreline erosion, improve water clarity and maintain or improve
local biodiversity, are some of the most critical services we perceive from this type of
organisms. Though decimated by unsustainable harvesting, oyster beds and reefs have the
potential to be restored (Peterson et al. 2003, Grizzle et al. 2008). Restored oyster reefs
not only result in direct financial returns in terms of oysters harvested, but also in the
form of these and other ecosystem services (Grabowski et al. 2012).

.
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3. METHODS
3.1. Fall 2016 Enhancement Assessment
3.1.1. Fall 2016 Sampling
During the fall of 2016, the PEISA selected three enhancement sites located along
the south shore of PEI (Figure. 1): Flat River, Tryon River and West River (Figure. 2). In
a preliminary survey, staff from the University of PEI and the PEI Department of
Agriculture and Fisheries (hereafter UPEI and DAF respectively) conducted a visual
inspection of the chosen sites to determine the suitability for spreading oysters. Depth and
type of sediment, the amount and species of macroalgae, the presence of predators, such
as green crabs, and the density and shape of the wild oysters were all assessed. Then, the
suitable enhancement areas were marked using buoys and GPS (Garmin GPSmap 76)
coordinates as follows: Flat River (0.7 hectare), Tryon River (0.3 hectare), and West
River (0.5 hectare).
Prior to spreading seed oysters (hereafter enhanced oysters), fifteen randomly
selected 1 m2 quadrats were sampled within the enhancement area using a PVC frame.
All live and dead oysters within the quadrats were collected and their GPS location was
recorded. All three enhancement sites were seeded with a mechanical spreader, within a
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week of the pre-seeding assessment in 2016. The enhancement sites were re-sampled
again within two week of the spreading at low tide using the same methods as before to
determine the density of enhanced oysters over the sites on the following dates: Flat
River 20/10/2016, Tryon River 26/10/2016, and West River 24/10/2016. All samples
were frozen until analysed in the laboratory.

3.1.2. Spring 2017 Sampling
Enhancement sites from fall of 2016 were re-sampled in the spring of 2017. A
total of fifteen new randomly selected samples from each site were collected during the
summer of 2017 on the following dates: Flat River 02/06/2017, Tryon River 24/05/2017,
and West River 25/05/2017.
Using GPS coordinates from the previous fall the sampled areas were plotted off
at low tide, with buoys marking the corners of the area being survey. A random oyster
sampling was conducted with the same procedures as in fall 2016. The oyster samples
were deposited in bags, labelled and frozen until their analysis in the laboratory.
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Figure. 1. Map outlining the three fall 2016 and fall 2017 enhancement locations on
Prince Edward Island (PEI): A. Bedeque Bay (2017), B. Tryon River (2016), C.
West River (2016), D. East River (2017), E. Pinette River (2017), and Flat River
(2016).
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Figure. 2. Locations of the three fall 2016 enhancement sites Prince Edward Island (PEI):
Flat River (0.7 hectare), Tyron River (0.3 hectare), and West River (0.5 hectare).
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3.2. Fall 2017 Enhancement Assessment
3.2.1. Fall 2017 Sampling
During the fall of 2017, the PEISA selected three additional enhancement sites:
Pinette River, East River, and Bedeque Bay (Figure. 3). In a preliminary survey, staff
from UPEI and the DAF conducted a visual inspection of the chosen sites to determine
the suitability for spreading oysters using the same methods as in fall 2016. After the site
inspection, suitable enhancement areas were marked using buoys and GPS coordinates as
follows: Bedeque Bay Bay (1.21 hectares), East River (0.81 hectare), and Pinette River
(0.41 hectare).
Prior to spreading seed oysters (enhanced oysters), nine randomly selected 1 m2
quadrats were sampled within the enhancement area using the same methods as in fall
2016. Within a week of the fall 2017 pre-site inspection, a PEISA boat and mechanical
spreader seeded all three enhancement sites with oysters (median length ± SD: 41.83 ±
8.56 mm). The enhancement sites were resampled again within two weeks of the
spreading at low tide using the same methods as before, except only nine samples were
taken, to determine the density of the enhanced oysters over the enhancement area:
Bedeque Bay 15/11/2017, East River 09/11/2017, and Pinette River 19/10/2017.
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Figure. 3. Locations of the three fall 2017 enhancement sites Prince Edward Island
(PEI): A. Bedeque Bay (1.21 hectares), B. East River (0.81 hectare), and Pinette
River (0.41 hectares).
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3.2.2. Summer 2018 Sampling
Enhancement sites from fall of 2017 were re-sampled in the summer of 2018. A
total of nine new samples were collected during the summer of 2017 at the following
dates: Bedeque Bay 07/08/2018, East River 10/07/2018, and Pinette River 24/07/2018.
Using GPS coordinates from the previous fall’s enhancement; the sampled areas were
plotted off at low tide, with buoys marking the corners of the area being survey. A
random oyster sampling, similar to the one conducted in the fall 2017. The oyster
samples were deposited in bags, labelled and frozen until their analysis in the laboratory
using the same methods as in the fall.

3.2.3. Laboratory Analysis
The samples collected were processed at the Coastal Ecology Laboratory,
Department of Biology of UPEI. Oysters were thawed and cleaned from debris and sorted
to separate live from dead oysters and remove inorganic material. Live oysters were
separated into two groups: wild and enhancement oysters, identifiable by a distinctive
shell scar left from growing on spat collectors. The oysters’ length and width were
measured with electronic callipers (Titan 23175) to the nearest 0.1 mm.

3.2.4. Summer 2018 Predator Survey
A survey of crustacean decapods (predators) present in the enhancement sites was
conducted within a week of the collection of oyster sampling activities described above.
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This was done to determine the presence or absence of green crabs at the three sites
during summer 2018. Seven traps (Fukui Square Multi Species Marine Trap model FT100) baited with approximately 100 g of mackerel (Scomber scombrus) were placed at
low-tide approximately 10 m apart in enough water they would remain completely
submerged. The traps were retrieved within approximately 24 hours and the species and
number of the crabs per trap were recorded. All crabs captured except green crabs, were
subsequently released unharmed in the study areas. The green crabs were transported to
the laboratory and euthanized by placing them in a freezer for 48 hours. The crabs were
subsequently incinerated in the post-mortem AVC facility.

3.3. Sediment Analysis
Sediment samples from the first 5 cm of the seafloor were collected for within
each of the individual quadrats during the summer 2018 oyster sampling using a small
container. Sediment samples were labelled and frozen until analyses.
Due to the visually fine nature of the sediment collected, the sediment samples
were sorted into three categories using a modified Wentworth scale (Wentworth 1922):
mud (particles <63 µm), fine sand (particles between 63 and 250 µm), and
medium/coarse sand (particles >250 µm). Frozen samples were thawed and the sediment
within the collection container was thoroughly mixed until the sediments were evenly
mixed together as possible. One teaspoon of the mixed sediment was placed on a stack of
two sieves with mesh sizes of a 250 µm and a 63 µm (VWR- U.S.A. Standard Testing
Sieve Model: A.S.T.M. E-11 No. 60, W.S. Tyler Canadian Sieve Series Can1 CGSB-8.1,
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NO. 230, S/N 0636715). The samples were placed in the sieves which sit over a large
funnel which drained into a 1000 mL graduated cylinder. Sediments were rinsed with
water to carefully sort the grain sizes through the sieves. As there are no practical ways to
gather all the mud from within the graduated cylinder, the mud was diluted by adding
water up to 1000 mL, stirred thoroughly, and then a standard 50 mL sample was taken
using a syringe at the 500 mL mark in the graduated cylinder and transferred into a
beaker. Sediment samples were placed into additional 100 ml pre-weighted beakers and
transferred into an oven (Fisher Scientific Isotemp oven Model: 725 G) for 48 hours to
dry at 60 ℃. All equipment was washed between individual samples to minimize the risk
contamination.
The dried weight of the beakers plus sediment was taken to the nearest 10-5 g in a
digital scale (Denver Instrument scale Model: TP-214). The weights of the fine and
medium/coarse sand sample were obtained with the following formula:
Wf = Wd – We

(1)

Were Wf= dry weight of the sediment, Wd= weight of the beaker with dry sediment
inside, and We= weight of the empty beaker. The dry weight of the mud samples was
calculated with a similar formula. The dry mud sample’s final weight, Wf, was multiplied
by 20 to account for only extracting 50 mL from the 1000 mL sample. Then the weights
of the fine sand, coarse sand and mud were add together to find the total weight of the
initial sediment sample. Next each the individual percentage of each type of sediment
was calculated with the following formula:
Ws

𝑆𝑒𝑑. % = WT*100

(2)
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were Sed.%= the percentage of a given sediment type per sample, Ws= the final dry
weight of a given sediment type, either coarse, fine, or mud, and WT= the combined
weight of coarse, fine and mud per sample. The amount of coarse sand, fine sand, and
mud per quadrate were averaged for each enhancement site.

3.4. Statistical Analysis
All the information gathered was entered into Minitab 2017 where the median site
densities, lengths, and shapes (length to the width ratios) were estimated. Given that the
majority of the data was not parametric (Normal probability plot, p<0.05), nonparametric Mann–Whitney U tests were used to compare changes in density, length, and
shape between seasons (i.e. between fall and subsequent spring or summer depending on
the sites). Enhanced and wild oysters within each of location were compared separately.
Size histograms were constructed to compare lengths between fall and the subsequent
summer or spring for each location. For sediment samples, one-way ANOVAs and Tukey
tests were performed on the sediment samples, primarily mud, to compare the variation
among sites during the summer of 2018.
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4. RESULTS
4.1. Fall 2016 Enhancement Assessment
4.1.1. Density
Between fall 2016 and spring 2017 there was a significant decrease in the
enhanced oysters’ median densities in the Tryon River (p<0.05) and the West River
(p<0.05) by over 50%, and a significant increase in the Flat River (p<0.05) by over 33%
(Figure. 4.A). With regards to wild oyster populations the median densities significantly
decreased in the Tryon River by 97% (p<0.05) but remained similar in the other two
locations (p>0.05) (Figure. 4.B).

4.1.2. Length
Between fall and spring there was no significant change in the length of enhanced
oysters in the Flat River (p>0.05) and the West River (p>0.05), but the median length of
enhanced oyster from the Tryon River significantly decreased from 52 mm to 32 mm
(p<0.05; Figure. 5-8). With regards to wild oysters, no significant change in length was
observed at all three locations (p>0.05; Figure. 5-8).
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4.1.3. Shape
Between fall and spring there was a significant reduction in the enhanced oyster’s
median length to width (LW) ratios in Flat River (p<0.05) and Tryon River (p<0.05) but
not in West River (p>0.05; Figure. 9.A). In contrast, there was a slight significant
increase in wild oyster’s LW ratios in the Flat River (p<0.05) and the West River
(p<0.05) but not in Tryon River (p>0.05; Figure. 9.B).

4.1.4. Predator and Macroalgae Survey
Green crabs were observed at all sites in the fall, but not in the spring (except in
West River). Meanwhile, eelgrass beds were only observed in low densities in Tryon
River in both seasons (Table 1).

4.2. Fall 2017 Enhancement Assessment

4.2.1. Density
Between fall 2017 and summer 2018 there was a significant decrease in the
enhanced oysters’ median densities in the Bedeque Bay (p<0.05) by almost 80% and the
East River (p<0.05) by 60% and no significant change in the Pinette River (p=0.79:
Figure. 10.A). With regards to wild oyster populations, the median densities increased
significantly in the Bedeque Bay (p<0.05) and the Pinette River (p<0.05), nearly
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doubling in both location. There was a noticeable increase in the wild oysters surveyed in
East River, but it was not found to be significant (p>0.05; Figure. 10.B).

4.2.2. Length
Between fall and summer there was a significant change in the length of enhanced
oysters sampled at all three locations between 3 to10 mm (p<0.05; Figure. 11-14). With
regards to wild oysters, there was a significant drop in the median oyster lengths sampled
in all three locations, dropping over 30 to 10 mm (p<0.05; Figure. 11-14).

4.2.3. Shape
Between fall and summer there was no significant reduction in the enhanced
oyster’s median LW ratios in the Bedeque Bay (p=0.241) and the Pinette River
(p=0.084), but was reduced by almost 10% in the East River (p<0.05; Figure. 15.A). For
wild oysters, the LW ratios remained unchanged in the East River (p=0.117) and the
Pinette River (p=0.384) but decreased significantly in the Bedeque Bay (p<0.05; Figure.
15.B).
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4.2.4. Predator and Macroalgae Survey
During fall and summer, green crabs were found to be present only in the East
River and the Pinette River (Table 2). Meanwhile, eelgrass beds were found to be only
present at Pinette River and in high density (Table 2).

4.2.5. Sediment Analysis
The sediments of Pinette River were significantly finer in grain size composition
than the other two sites; averaging over 60% mud, which correspond to twice of what
was found at the other two locations (Table 3; One-Way ANOVA, p<0.001, Tukey Test).
Bedeque Bay and East River had similar sediment compositions, with ~75% composed
mostly of fine and coarse sands.
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Figure 4. Box plots comparing median densities measured in fall 2016 (open) and spring
2017 (filled boxplots) in the three sites. A. Enhanced oysters, B. Wild oysters.
Significant fall-spring differences were identified by Mann–Whitney U tests
(p<0.05) and are indicated by letters (a and b) at the top of the boxplots. Outliers
are identified as asterisks
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Figure 5. Box plots comparing median lengths measured in fall 2016 (open) and spring
2017 (filled boxplots) in the three sites. A. Enhanced oysters, B. Wild oysters.
Significant fall-spring differences were identified by Mann–Whitney U tests
(p<0.05) and are indicated by letters (a and b) at the top of the boxplots. Outliers
are identified as asterisks.
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Figure 6. Histograms showing the size class distribution or enhanced (filled) and wild
(open bars) oysters during fall 2016 and spring 2017 in Flat River.
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Figure 7. Histograms showing the size class distribution or enhanced (filled) and wild
(open bars) oysters during fall 2016 and spring 2017 in West River.
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Figure 8. Histograms showing the size class distribution or enhanced (filled) and wild
(open bars) oysters during fall 2016 and spring 2017 in Tryon River.
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Figure 9. Box plots comparing median length to width ratios measured in fall 2016
(open) and spring 2017 (filled boxplots) in the three surveyed sites. A. Enhanced
oysters, B. Wild oysters. Significant fall-spring differences were identified by
Mann–Whitney U tests (p<0.05) and are indicated by letters (a and b) at the top of
the boxplots. Outliers are identified as asterisks.
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Table 1. Presence or absence of green crabs, Carcinus maenas, and eelgrass beds,
Zostera marina, during fall 2016 and spring 2017 at each of the sites indicated.
The presence or absence of green crabs and eelgrass was determined by a visual
survey of the location.

Species
Green crab
Eelgrass

Fall 2017
Summer 2018
Fall 2017
Summer 2018

Flat River

West River

Tryon River

Present
Absent
Absent
Absent

Present
Present
Absent
Absent

Present
Absent
Present
Present
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Figure 10. Box plots comparing median oyster densities measured in fall 2017 (open) and
summer 2018 (filled boxplots) in the three surveyed sites. A. Enhanced oysters, B.
Wild oysters. Significant fall-spring differences were identified by Mann–
Whitney U tests (p<0.05) and are indicated by letters (a and b) at the top of the
boxplots. Outliers are identified as asterisks.
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Figure 11. Box plots comparing median lengths measured in fall 2017 (open) and
summer 2018 (filled boxplots) in the three surveyed sites. A. Enhanced oysters, B.
Wild oysters. Significant fall-spring differences were identified by Mann–
Whitney U tests (p<0.05) and are indicated by letters (a and b) at the top of the
boxplots. Outliers are identified as asterisks.
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Figure 12. Histograms showing the size class distribution or enhanced (filled) and wild
(open bars) oysters during fall 2017 and summer 2018 in Bedeque Bay.
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Figure 13. Histograms showing the size class distribution or enhanced (filled) and wild
(open bars) oysters during fall 2017 and summer 2018 in East River.
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Figure 14. Histograms showing the size class distribution or enhanced (filled) and wild
oysters (open bars) during fall 2017 and summer 2018 in Pinette River.
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Figure 15. Box plots comparing median length to width ratios measured in fall 2017
(open) and summer 2018 (filled boxplots) in the three surveyed sites. A.
Enhanced oysters, B. Wild oysters. Significant fall-spring differences were
identified by Mann–Whitney U tests (p<0.05) and are indicated by letters (a and
b) at the top of the boxplots. Outliers are identified as asterisks.
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Table 2. Presence or absence of green crabs, Carcinus maenas, and eelgrass beds,
Zostera marina, during fall 2017 and summer 2018 at each of the sites indicated.
The presence or absence of green crabs during fall 2017 was determined by a
visual survey of the location. The presence or absence during summer 2018 was
determined by setting seven traps throughout each location. Density per trap
(mean ± SD) is indicated for summer only as traps surveys were conducted during
that survey. The presence or absence of eelgrass was conducted by visual survey
in both seasons.

Species
Green crab

Eelgrass

Fall 2017
Summer 2018

Bedeque Bay
Absent
Absent

East River
Present
Present (7.1 ± 5.9)

Fall 2017
Summer 2018

Absent
Absent

Absent
Absent

Pinette River
Present
Present (39.1 ±
31.6)
Present
Present
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Table 3. Grain size classification (mean ± SD) based on Wentworth scale to characterize
grain size distribution among sites during summer 2018. Significant difference in
sediment composition indicated by letter subscript by location name (One-way
ANOVA, p<0.05, Tukey test).

Sediment
Mud (<63 µm)
Fine Sand (63-250 µm)
Coarse/Medium Sand (>250 µm)

Bedeque Bay
16.18 ± 6.19
50.18 ± 16.31
33.64 ± 11.54

East River
28.06 ± 6.06
44.71 ± 5.18
27.22 ± 5.40

Pinette Rivera
63.06 ± 12.83
23.65 ± 5.05
13.28 ± 8.45
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5. DISCUSSION
Maintenance of PEI's wild oyster harvest is critical for the regional economy, as
70% of Atlantic Canada's oysters come from PEI (DFO 2017). There is a demand for
American oysters from the north-eastern coast of North America, where the slower
growing conditions produce a harder shell, and long winters lead to higher glycogen
content in oysters, leading to a more flavourful flesh than in southern range (Cochet et al.
2015). However, restoring oyster beds for commercial harvest is expensive and often
does not result in direct profits (Grabowski et al. 2012). Many oyster enhancement
projects have been financial failures, as the cost to restore the reef often outweighs the
returns in harvest (Mann and Powell 2007).

5.1. Enhancement and Seasonal Change in Density
Successful enhancement is reflected on the retention or survival of oysters until
they are harvestable. The results of the surveys conducted in spring 2017 and summer
2018 indicate that this was the case in the Flat River and the Pinette River, where
densities remained about the same between the fall and spring/summer. At least in one of
these sites (Pinette River) this could be attributed the higher amounts of eelgrass beds, as
eelgrass may entangle oysters, helping to retain them within the site (Mackenzie 1973).
However, this does not explain the retention of oysters in the Flat River, where other
factors must be involved. In all the other sites there was a significant drop in the oyster
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population. Such drastic reductions may be related to the factors mentioned above (i.e.
lack of eelgrass in high density) and may also be partially related to natural mortality of
oysters, which is common in the region due to low winter temperatures (Lavoie 1995).
However, at least a fraction of those reductions in the number of oysters may be related
to oysters not attaching or entangling and been washed off the sites.
In this study, the loss of enhanced oysters cannot be attributed to green crab
predation. Wild oyster recruitment is limited by predation from green crab in the region
(Poirier et al. 2017). However, crab-vulnerable oysters are less than 40 mm in shell
length, and enhancement efforts routinely spread oyster seed larger than that (Brumbaugh
and Coen 2009). The PEISA spread oyster seed in both fall 2016 and fall 2017 that were
longer than 40 mm. Moreover, the Pinette River was the site with the highest densities of
green crabs, and yet, had no apparent losses in oyster density. Large green crabs can
predate on oysters larger than 40 mm because of their increased claw strength (Miron et
al. 2005), but no sizeable green crabs were observed during the surveys of crustaceans. If
enhancement continues in the same sites, future sampling would help clarify if these
trends are consistent over time or are simply a result of random variation.

5.2. Enhancement and Changes in Size
On PEI, oysters normally grow between 10 and 37 mm per year depending on the
seasonal environmental conditions, averaging between five to seven years to reach
market size of 75 mm (FAD 2005). The enhanced oysters spread in fall 2016 did not
appear to grow at the three selected sites, as there was no significant increase in their
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length in spring 2017. However, oyster spread in fall 2017 appeared to have grown in all
three locations. Between fall 2017 and summer 2018, the enhanced oysters sampled in
the Bedeque Bay were found to have a median length increase of 10 mm, which was
higher than the 3 mm increase observed at the other two sites that season. The Bedeque
Bay’s potentially larger growth could be attributed to that bay being consistently one of
the most productive in PEI (King 2009).
The general trend suggests that the enhanced oysters are not growing much
between the fall spreading and the spring/summer sampling. The growth of enhanced
oysters could be stunned by the stress endured during the enhancement process, and the
fact these oysters had not a full summer to feed and grow when sampled. Studies have
demonstrated that C. virginica has a thermal threshold for feeding above 5 ℃, with no
feeding occurring at 0 ℃ (Comeau et al. 2008). Lab experiments indicate at 5 ℃ oysters
are not all actively feeding: only above 9 ℃ did 50% of the oysters begin feeding
(Comeau et al. 2008). The long cold winters of Atlantic Canada leaves the GLS sea
surface water temperatures consistently below 5 ℃ for five consecutive months between
November and April (Galbraith et al. 2016). Water temperatures remain low well into the
spring, not rising above 9 ℃ until June (Comeau et al. 2008, Galbraith et al. 2016). In
spring 2017, the enhanced oysters were sampled in late May and early June, having less
than a month of optimal feeding. The observed increase in length in summer 2018 could
be attributed that the oysters were sampled later into the summer (mid-July to midAugust), giving these oysters more time to feed and grow.
Meanwhile, wild oysters decreased in median length and there could be multiple
reasons to explain such results. One main reason could be the fall public fishing seasons
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on PEI, which runs from September 15 to November 30. The harvest targets oysters
above 75 mm (DAF 2005). In both fall 2016, where the enhancement happened in
October, and fall 2017, where the enhancement happed from mid-October to midNovember, there were opportunities for fishers to remove market-sized oysters after
enhancement (DFO 2018). In addition there could have been some potentially illegal
under-market sized oysters harvested. As with enhancement oysters, winter mortality
may have also been an important factor in the decline of median sizes. The histograms
also show there is a larger population fraction of smaller oysters sampled in the summer
than in the fall, which may have contributed to the apparent decrease in the median
length.
Commercially speaking, in addition to the growth, it is very important to consider
the shape of the oysters or their length to width ratios. Shape characteristics are not
necessarily relevant from a biological point of view, but relate to the commercial quality
of the product the seed oysters will grow into (Sephton and Bryan 1989). Oyster grades
are critical to commercial profitability or returns of the direct finical returns on the
enhancement, (Lavoie 1995). The data collected during the summer of 2018 indicate that
the enhanced oysters in all sites were growing into higher grade “choice oysters”. In other
words, the oysters put more growth into widening their shells, which may also contribute
to a limited increase in length growth (Mackenzie 1973, Lavoie 1995).
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5.3. Implications for Seeding Practices
Out of the three locations enhanced in fall 2017, Pinette River, the smallest
enhanced area overall and with the smallest wild population, was the one that benefited
the most from seeding. Nelson et al. (2004) found that focusing the enhancement effort
on smaller areas lead to better results than focusing on large-scale areas. Many of the
sites selected for seeding, here and elsewhere, may not necessarily benefit from these
practices. These results are not unique. There is growing evidence that seeding programs
are frequently unsuccessful. Often, the reason for low oyster number retention is the lack
of suitable habitat, not the lack of wild oysters or the number of oysters used for seeding
(Rothschild et al. 1994, Luckenbach et al. 1999, Geraldi et al. 2013, Theuerkauf et al.
2015). Given that seeding is costly, it is best implemented where natural recruitment is
naturally low (Rodney and Paytner 2006, Geraldi et al. 2013). An historical example of
this was the successful seeding in Atlantic Canada to re-establish a breeding population
after MD decimated PEI’s estuaries in the 1910s and the mainland’s in the 1950s (Logie
et al. 1961, McGladdery and Stephenson 2005). Adding oyster seed to a bay is also
effective to introduce desired genetic traits in the wild populations, like disease resistance
(Gaffney 2006).
PEI enhancement programs are unique as unlike many seeding programs in the
United States, PEI’s seed is primarily sourced from the wild, not a hatchery (Mann and
Powell 2007, PEISA 2013). Size histograms from the three locations indicate that the
wild populations in Bedeque Bay and East River have a healthy amount of natural
recruitment, with plenty of undersized oysters (<75 mm), which many public beds in the
Maritimes lack (Mallet et al. 2005). So, natural recruitment does not appear to be a severe
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restraint of some of the island’s beds. In a study analyzing the benefits of seeding
(Geraldi et al. 2013), these authors concluded that natural recruitment would produce far
more oysters than seeding (2013).
As an alternative to seeding, the PEISA could try capitalizing on natural
recruitment with a shelling program in suitable locations. Adding a hard substrate for
oyster larvae to attach to is an alternative to seeding in an area with a natural breeding
population. Shelling is a widespread method that has been used on PEI in the past
(Mackenzie 1973, Baggett et al. 2014).From the data collected in summer 2018, the
Bedeque Bay and the East River appear to be potential sites for shelling, with their
seemingly higher recruitment. However, shelling is costly, just like seeding, and there is a
finite supply of shells (Mann and Powell 2009, Brumbaugh and Coen 2009, Theuerkauf
et al. 2015). In addition, shelling does have several drawbacks. Oysters growing on shells
are still at risk of being buried by silt in the fall and winter (Mackenzie 1973, Theuerkauf
et al. 2015). Siltation of PEI’s estuaries is an annual event, which can lead to the
smothering of healthy adult oysters and silt will deter larvae recruitment (Wilber and
Clarke 2010, Comeau 2014).
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5.4. Summary and Conclusion
The results of this thesis suggest that the PEISA enhancement program may not
be effective in several of the selected sites studied here. Only two sites, the Flat River and
the Pinette River, out of the six sites surveyed appear to effectively retain the enhanced
oysters between the fall enhancement and the spring/summer survey. The remaining four
sites appear to have lost near or over 50% of their enhanced oysters. Sites that have
higher densities of wild oysters do not appear to benefit as much as sites where wild
oysters are virtually absent. Predation from green crabs has been shown to be important
in other studies, but in this case, does not appear to be a direct cause for the loss of
enhanced oysters. Within the limited number of sites compared here, small-scale
intensive seeding seem to yield the best results, but further studies with more sampling
sites are needed to verify. Follow-up studies at these six sites in the future would also
help confirm if the trends being currently observed reflect what is actually occurring in
the estuaries or if the observations are due to large variations in enhanced oyster
distribution within each site. The PESIA and the DAF could focus on providing hard
substrate, whether natural or artificial sourced, to regions where wild oysters are naturally
breeding.
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