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A b s t r a c t

Effects o f the introduced Pacific oyster (Crcissostreci gigas) on native eelgrass 

(Zostera marina) health and intertidal community structure were investigated on Cortes 

Island, British Columbia, Canada. While oysters and eelgrass coexist regionally, eelgrass 

is typically absent directly seaward o f oysters on Cortes Island. Nektonic and epibenthic 

assemblages were compared between eelgrass and below-oyster habitats (BOH) to assess 

impacts o f shifting from eelgrass to BOH. Epibenthic species richness and abundance 

were higher in BOH than in eelgrass beds, while nektonic species richness and abundance 

were higher in eelgrass beds than in BOH. An eelgrass transplant experiment was 

conducted to determine suitability o f the below-oyster zone for eelgrass growth. Shoot 

and leaf number were significantly greater over time in eelgrass bed transplants than in 

below-oyster transplants. These results suggest that further expansion of oyster beds will 

result in increased eelgrass loss and a dramatic shift in intertidal community structure.
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I n t r o d u c t i o n

Human-mediated introductions o f non-native species have occurred in marine 

habitats worldwide; some introductions have been accidental, such as larvae transported 

in ballast water, while others have been intentional for aquaculture or fishery puiposes 

(Carlton and Geller 1993, Carlton 1996, Ruiz et al. 1999, Grosholz et al. 2000, Crooks 

2001, Waknitz et al. 2003, Rudnick et a l  2005). M any introduced species are 

detrimental to native species through predation, competition, or habitat modification 

(Carlton and Geller 1993, Carlton 1996, Reusch and W illiam s 1998, Grosholz et al. 2000, 

Crooks 2001, Branch and Steffani 2004, Ross et al. 2004). The effects of a non-native 

species on the invaded environment may be particularly dramatic if  it hanns a native 

organism that provides habitat for other native species (Crooks 2002, Lodge 1993).

Organisms that play a significant role in creating, maintaining or modifying 

habitat have called ecosystem engineers (Jones et al. 1994, 1997, Coleman and Williams

2002). Important marine ecosystem engineers include m angroves, reef-forming corals, 

and seagrasses (Coleman and Williams 2002, Loreto et al. 2003, Mumby et al. 2004). 

Many successful marine invaders also act as ecosystem engineers in their new 

environments (Crooks 2002, Lodge 1993). For example, a macroalga native to the 

Phillipines, Gracilaria salicornia (Agardh), dominates benthic habitats in Waikiki, 

Hawaii, where its mat-fonning habit allows it to monopolize nutrients and exclude native 

macroalgae (Smith et al. 2004). An invasive alga off the coast o f  France, Caulerpa 

taxifolia (Vahl), has outcompeted native seagrasses and covers the substratum with a 

dense rhizoidal mat that prevents foraging by native fish (Levi and Francour 2004). The 

Asian date mussel, Musculista senhousia (Benson), has invaded regions as disparate as

1
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the Adriatic Sea and San Diego Bay, California (Reusch and Williams 1998, Mistri 

2003). In addition to outcompeting native suspension-feeding invertebrates, M. 

senhousia forms extensive mats with its byssal threads, preventing native deposit-feeders 

from foraging in the sediment.

San Francisco Bay, California, is a classic example o f a heavily-invaded 

ecosystem due to heavy shipping traffic carrying ballast water, stocking o f non-native 

fish and molluscs, escapes from aquaculture facilities, and high levels of natural and 

human disturbance that facilitate biological invasions (Cohen and Carlton 1998, Grosholz 

et al. 2000, Rudnick et al. 2005). Ballast-water- and aquaculture-mediated introductions 

are an issue o f increasing importance in other areas along the west coast o f North 

America (Naylor et al. 2003, Waknitz et al. 2003, Rudnick et al. 2005). In British 

Columbia, Canada, fanned non-indigenous species include Atlantic salmon (Salmo salar 

L.), the Manila clam ( Venerupis philippinarum Adams and Reeve), and the Pacific 

oyster (Crassostrea gigas Thunberg) (BCSGA 2003, Naylor et al. 2003, Brooks et al. 

2004, Kruzynski 2004).

The Pacific oyster was introduced to British Columbia from Japan in the 1920s, 

and the first major spawning o f these oysters was recorded in 1932 (Quayle 1964). 

Spawning o f cultured oysters resulted in the establishment o f feral populations on most 

islands in the Strait o f Georgia by 1958 and many populations continue to spawn 

annually in late summer (Quayle 1964, 1988). The shellfish aquaculture industry in 

British Columbia plans to more than triple shellfish production from its 2002 wholesale 

value of $20 million by 2007, with a projected $30 million increase in oyster and clam 

production (BCSGA 2003, Wilson 2003).

2
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Along with several natural and anthropogenic factors, expansion o f feral and 

cultured oyster beds may threaten native eelgrass in British Columbia and the Pacific 

Northwest o f the United States (Short and Wyllie-Echeverria 1996, Wright 2002, Wyllie- 

Echeverria et al. 2003). Significant eelgrass losses have been noted in coastal British 

Columbia, Washington and Oregon (Griffin 1997, Wright 2002, Wyllie-Echeverria et al.

2003). Dredging and filling for harbour construction, shading by docks, sedimentation 

due to logging, introduction o f toxic chemicals in runoff, increased nutrient input from 

septic systems, bioturbation by burrowing invertebrates and grazing pressure from 

Canada geese (Branta canadensis L.) have been cited as factors contributing to eelgrass 

loss in these areas (Wright 2002, Wyllie-Echeverria et al. 2003). Few studies have dealt 

with the possible role o f oyster-eelgrass interactions in eelgrass loss in British Columbia 

and the Pacific Northwest of the United States (Waddell 1964).

Oysters and eelgrass are both found in relatively wave-sheltered areas, with 

oysters occupying the mid-to-high intertidal zone and eelgrass occupying the low 

intertidal to shallow subtidal zone (Dumbauld and Wyllie-Echeverria 2003, pers. obs.). 

Although eelgrass and oyster beds can be found in close proximity, eelgrass is typically 

absent directly seaward from oyster beds (Everett et al. 1995, pers. obs.). Oyster 

presence has also been correlated with decreased eelgrass abundance (Waddell 1964, 

Everett et al. 1995). Eelgrass serves as an ecosystem engineer in native habitats along 

the British Columbia coast by providing refuge from predation and slowing ocean 

currents, and supports a diverse array o f fish and invertebrates including juvenile 

salmonids (Oncorhynchus spp.), Pacific herring (Clupea harengus L.), and Dungeness 

crab (Cancer inagister Dana) (Marsh 1973, Heck and Orth 1980, Lubbers et al. 1990,

3
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Jones et al. 1994, Griffin 1997, Murphy et al. 2000, Coleman and Williams 2002, Wyllie- 

Echeverria et al. 2003). Therefore, eelgrass loss would likely be detrimental to many 

species and could result in a dramatic shift in intertidal community composition. 

Quantifying differences in community structure between eelgrass beds and eelgrass-free 

habitat seaward o f oysters is a critical first step toward understanding the impacts o f 

eelgrass loss.

The Pacific oyster may also act as an ecosystem engineer by altering water flow 

due to its physical structure and high filtration rate, increasing habitat complexity in the 

high-intertidal zone due to its physical structure, adding large quantities of organic matter 

to the sediment, and possibly by causing sulphide accumulation in the sediment (Castel et 

al. 1989). Oyster beds support abundant macrofauna including small gastropods that use 

oyster shells as a hard substratum for attachment, and shore crabs that forage on small 

gastropods and use oyster shells for shelter (Griffin 1997). Although separate studies of 

eelgrass and oyster assemblages exist (Orth et al. 1984, Phillips 1984, Fukao 1995,

Nugues 1996, Murphy et al. 2000), comparisons o f eelgrass assemblages to those on or 

adjacent to oyster beds are rare (eg. Castel et al. 1989, Trianni 1996).

Sulphide accumulation in the sediment seaward of oyster beds may play a role in 

the apparent exclusion of eelgrass by oysters. The large quantity o f organic matter added 

to the sediment by oysters in the form o f feces and pseudofeces is associated with 

hypoxic sediment conditions, which promote the growth of sulphate-reducing bacteria 

(Ingold and Havill 1984, Castel et al. 1989, Nugues 1996, Sorokin et al. 1999, deZwaan 

and Babarro 2001, Kaiser 2001). These bacteria release sulphide, which is associated 

with reduced photosynthesis and growth in eelgrass (Goodman et al. 1995, Holmer and

4
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Bondgaard 2001). Transplants have been used around the world to combat seagrass loss, 

but success o f seagrass restoration depends on  the cause o f loss as well as the degree of 

environmental change following seagrass loss (Homziak el al. 1982, Harrison 1987,

1990, deJonge et al. 1996, Reusch and W illiam s 1998, Peralta et al. 2003). Few 

experiments testing the ability o f  eelgrass to survive near oysters have been published 

(eg. Waddell 1964).

The overall objective o f my study w as to investigate the impacts o f oysters on 

native eelgrass health and to assess the consequences o f eelgrass loss on intertidal 

community structure. I studied eelgrass b ed s and nearby oyster beds on the southwest 

coast o f Cortes Island, British Columbia (50°4 'N , 124°56'W). Cortes Island is among the 

most productive areas for shellfish aquaculture in British Columbia (BCSGA 2003, 

Truscott et al. 2005).

Oysters are cultured on Cortes Island using one o f two methods: off-bottom raft 

culture or beach culture (BCSGA 2003). In  the off-bottom culture method, oysters are 

placed on large trays that are suspended from  rafts or long lines in deep water (Quayle 

1964, 1988, BCSGA 2003). In the beach cu ltu re  method, oysters are grown directly on 

the sediment in the intertidal zone (Quayle 1964, 1988, BCSGA 2003). Abundant feral 

oyster beds are also present on the island, th e ir  structure closely approximating that of 

beach-culturc beds (pers. obs.). Beach-culture tenures for oyster and clam aquaculture 

currently occupy approximately 48 ha on C ortes Island, while off-bottom culture 

occupies approximately 21 ha (Truscott et al. 2005). All eight provincial planning units 

on and around Cortes Island are considered acceptable or conditionally acceptable for 

further development o f beach culture; eelgrass beds have been identified in seven of eight

5

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



planning units (Truscott et al. 2005). Ecological effects o f  oyster beds on native 

community structure must be investigated in order to p redict and mitigate impacts o f 

these proposed increases in fanned populations.

S t u d y  o b je c t iv e s

I had two main objectives:

1) to test the hypothesis that high sulphide levels below  Pacific oyster beds are the 

result o f oyster presence, and that conditions below  oyster beds are inhospitable to 

recolonisation by eelgrass.

2) to compare the assemblages o f  fish and swimming macroinvertebrates, and of 

epibenthic macroinvertebrates and macroalgae, betw een eelgrass beds and below- 

oyster habitats without eelgrass in order to assess th e  impact on intertidal 

community structure o f replacing eelgrass beds w ith  below-oyster zones.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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E f f e c t s  o f  n o n - n a t i v e  o y s t e r  (C r a s s o s t r e a  g ig a s  
T h u n b e r g )  o n  n a t i v e  e e l g r a s s  (Z o s t e r a  m a r i n a  L .)  in  t h e  
S t r a i t  o f  G e o r g i a ,  B r i t i s h  C o l u m b i a

In t r o d u c t io n

Non-native species have invaded marine habitats worldwide. Many of these 

invasions have proven detrimental to native species, either directly through predation and 

competition, or indirectly through habitat modification (Carlton and Geller 1993, Carlton 

1996, Reusch and Williams 1998, Crooks 2001, Branch and Steffani 2004, Ross et al.

2004). Many successful marine invaders act as ecosystem engineers by altering the 

physical conditions o f their new habitat. These changes may lead to exclusion of native 

species (Jones et al. 1997, Coleman and Williams 2002, Lodge 1993). For example, the 

invasive alga Caulerpa taxifolia (Vahl) off the coast of France creates a homogeneous 

substrate matted with extensive rhizoids, leading to the decline o f the native fish Mullus 

surmuletus (L.), which is unable to forage among the dense vegetation (Levi and 

Francour 2004). The Asian date mussel Musculista senhousia (Benson) modifies habitat 

by forming extensive mats that prevent deposit-feeding invertebrates from accessing 

sediment (Reusch and Williams 1998, Mistri 2003). The Mediterranean mussel Mytilus 

galloprovincialis (L.) forms dense beds on South African shores, excluding native 

limpets from rock surfaces (Branch and Steffani 2004).

Another such exotic species, the Pacific oyster (Ostreidae: Crassostrea gigas 

Thunberg), was introduced to coastal British Columbia, Canada, from Japan for 

aquaculture in the 1920s. Feral populations o f the Pacific oyster established throughout

12

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the Strait o f Georgia when unusually warm water temperatures in 1932 and 1958 allowed 

successful spawning and strong oceanic currents aided dispersal (Quayle 1964, 1969). 

Today, feral and fanned populations spawn most years in late summer, although natural 

spawning is considered an insufficiently reliable source of spat for shellfish aquaculture 

(Quayle 1988, BCSGA 2003). The Pacific oyster is cultured in British Columbia using 

one o f two methods: off-bottom tray culture or beach culture (BCSGA 2003). In the tray 

culture method, oysters are placed on large trays which are suspended from rafts or long 

lines in deep water (Quayle 1988, BCSGA 2003). In beach culture, oysters are grown 

directly on the sediment in the intertidal zone (Quayle 1988, BCSGA 2003). The 

shellfish aquaculture industry in British Columbia plans to increase oyster production 

from 7000 tonnes in 2003 to over 14,000 tonnes by 2007 (BCSGA 2003, Wilson 2003, 

DFO 2004). This increase in farmed populations, along with increasing global sea 

surface temperatures, means that another major breeding event would likely result in 

further range expansion of feral oysters.

A potential consequence o f increased feral oyster distribution is the loss o f native 

eelgrass {Zostera marina L.) beds. Oysters and eelgrass coexist at a regional scale in 

coastal British Columbia and the American Pacific Northwest, with oysters inhabiting the 

high-intertidal zone and eelgrass found in the low-intertidal to shallow subtidal zone 

(Dumbauld and Wyllie-Echeverria 2003, pers. obs.). However, coexistence is not 

observed at a fine scale: eelgrass is not found directly adjacent to oysters or in areas of 

former oyster culture, and eelgrass-free patches in the low-intertidal zone often 

correspond with oyster beds directly landward (Everett et al. 1995, pers. obs.). In 

addition, the presence o f farmed oysters has been correlated with decreased eelgrass
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abundance (Waddell 1964, Everett et al. 1995, Griffin 1997). This distribution suggests 

consistent impacts o f oyster beds on eelgrass; however, the mechanisms behind these 

observed distributions are poorly understood and remain speculative (Everett et al. 1995, 

Griffin 1997).

The Pacific oyster differs from British Columbia’s native oyster (Ostrea lurida 

Carpenter) in being larger and faster-growing, and having a higher filtering capacity and 

the ability to ingest a wide range o f particle sizes (Quayle 1964, 1988). These 

characteristics make it both an ideal aquaculture organism and an ecologically significant 

invader. One potential pathway of interaction is that the presence o f Pacific oyster 

affects eelgrass beds through accumulation o f toxic levels of sulphide in sediments. 

Sediment sulphide concentration under cultured bivalves has been shown to be more than 

100 times higher than at reference sites (Dahlback and Gunnarsson 1981, Grant et al. 

1995). Eelgrass is highly susceptible to sulphides, showing decreased photosynthetic 

activity and slower growth at elevated sulphide concentrations (Goodman et al. 1995, 

Holmer and Bondgaard 2001). Through promotion of a sulphide-rich substrate, Pacific 

oyster beds (cultured or feral) may be linked to local eelgrass loss.

Because eelgrass provides habitat for many fish and invertebrate species, loss of 

eelgrass would likely result in substantial changes to intertidal and subtidal community 

structure. Eelgrass beds are characterized by high primary productivity, sediment 

stability, habitat complexity, reduced wave action and protection from predators (Orth et 

al. 1984, Phillips 1984, Everett et al. 1995, Trianni 1996, Coleman and Williams 2002, 

Duarte 2002). On the Pacific coast o f North America, eelgrass beds act as nurseries for 

juveniles o f many commercially and ecologically important organisms such as salmonids
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and crabs, and as egg attachment sites for herring (Orth et al. 1984, Griffin 1997, Murphy 

et al. 2000, Wyllie-Echeverria et al. 2003). Zooplankton and detritus trapped in eelgrass 

beds due to lower current velocity serve as food for juvenile fish and invertebrates 

(Griffin 1997). Infaunal organisms are protected from predators by eelgrass root 

structure (Reise 1985), while eelgrass leaves provide refuge for juvenile crabs and myriad 

other motile epifaunal organisms (Orth and vanMontfrans 1982, Fernandez et al. 1993). 

The shift from eelgrass-dominated to oyster-dominated tidal flats may represent a 

reduction in habitat quality for many species, leading to changes in community 

composition. For instance, fish and decapod predation on macrofauna is higher in tidal 

flats dominated by oysters than in those dominated by eelgrass (Reise 1985, Castel et al.

1989), and overall benthic macrofauna abundance is reduced in oyster-dominated habitats 

due to the accumulation of hypoxic sediments (Castel et al. 1989).

This experiment was conducted to test the hypothesis that high sulphide levels 

below Pacific oyster beds are the result o f oyster presence, and that conditions below 

oyster beds are inhospitable to recolonisation by eelgrass.

M e t h o d s

Study sites
All study sites were located on the southwest coast o f Cortes Island, British 

Columbia, Canada (50°4'N, 124°56'W). Eelgrass transplants were performed at sites 1-3 

(Fig 2-1). Each transplant site consisted o f an area immediately below an oyster bed (the 

‘below-oyster’ zone), and the eelgrass bed adjacent to this area (Fig. 2-2). Substantial 

recreational boat traffic was present in July and August at Site 1 due to proximity to

15

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Manson’s Bay and the government dock at Manson’s Landing Provincial Park. Oyster 

transplants were performed at sites 4 and 5 (Fig 2-1).

Eelgrass transplants
A 20 m transect was placed parallel to shore at each study site so that 10 m of the

transect was in the eelgrass bed and the other 10 in was in the below-oyster zone (Fig 2-

3). The transect line was placed as high as possible within the Z. marina zone to

maximize accessibility and proximity to the oyster bed.

Every 1 m along the transect line, a 15 cm deep hole was excavated using a 10 cm

diameter PVC pipe (Phillips 1990). Cores o f Z. marina (15 cm deep, 10 cm diameter)

were taken from randomly-chosen points along an additional line located about 2 m

seaward from the 20 m transect line, and used to fill the holes along the 20 m transect line

(Fig.2-3). Original sediment from donor cores was kept intact for transplanting (Phillips

1990). A wire-stemmed flag was used to mark the location o f each transplant.

The number o f shoots (leaf bundles) and individual leaves in each transplant were

counted by placing a 10 cm diameter plastic ring around the transplanted core, using the

flag as a guideline for positioning. Shoot and leaf counts were recorded immediately

after transplanting, and at five subsequent sampling events for Site 1, four subsequent

sampling events for Site 2, and two subsequent sampling events for Site 3.

Oyster transplants
Twenty-four 0.25 m2 plots were set up in the eelgrass bed at each o f the two 

oyster transplant sites. Plots were arranged in three rows o f eight plots running parallel to 

shore, with edges o f each plot at least 1.5 m from all other plots (Fig 2-4). There were 

four treatments: high density live oysters (24 oysters per plot), low density live oysters

16

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(12 oysters per plot), low density oyster shells (12 empty shells held shut with plastic 

cable ties) and control (empty plot). High and low densities were based on preliminary 

field surveys o f oyster density at the centre and edge, respectively, o f feral oyster beds. 

Empty oyster shells were used to control for abiotic effects o f oyster shells on eelgrass 

health, such as changes to water flow. Each oyster transplant site consisted of 6 plots of 

high density live oysters, 10 o f low density live oysters, 4 o f oyster shells and 4 control 

plots. Treatments were randomly distributed among plots.

At 4 weeks and 10 weeks after setup, each oyster-transplant plot was sampled for 

sediment sulphide concentration. Samples o f sediment porewater were drawn using a 60 

cc syringe from the seaward edge o f each plot and at 1 m below the seaward edge of each 

plot, at a depth o f 10 cm below the sediment surface. Samples were stored on ice and 

analyzed within 1 h of collection to minimize oxidation (Cline 1969). Sulphide 

concentration was measured using a Hach DR2400 portable spectrophotometer.

Using the same protocol, sulphide concentration was also measured in the 

eelgrass bed and below-oyster zone at Sites 2 and 3. Sixteen samples were taken from 

each eelgrass bed and 10 samples were taken from each below-oyster zone.

Statistical methods
Number o f shoots and leaves in eelgrass-bed transplants and below-oyster

transplants were compared over time using repeated-measures ANOVA in the SAS 8.2

software package (SAS 2001).

Using the SPSS 11.5 software package, repeated-measures ANOVA was used to

compare sediment sulphide concentrations over time among the 4 different treatments in

the oyster transplant experiment (SPSS 2002). Nested ANOVA was used to assess
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differences in sediment sulphide concentrations between the eelgrass bed and below- 

oyster zone (SPSS 2002).

R e s u l t s

Eelgrass transplant
Over time, the number o f  shoots and leaves in cores transplanted within the

eelgrass bed was significantly greater than in cores transplanted to below-oyster zones at 

all sites (shoots p-0.0009, leaves p=0.0004; Table 2-1). While number of leaves per 

transplant in below-oyster transplants decreased over the course o f the experiment, 

number o f leaves per transplant in eelgrass bed transplants increased over time. Time, 

treatment and the interactive effect o f time and treatment all significantly affected the 

number o f shoots and leaves at all sites (p<0.05 for all tests; Table 2-1). Site had a 

significant effect on number of shoots and leaves (shoots pO.OOOl, leaves p=0.0008); 

however, there was no significant interactive term of site, treatment and time (p=0.5220), 

indicating that the interactive effect o f treatment and time was not affected by site (Table 

2 - 1).

Mean number o f shoots and leaves per transplanted core declined until the end of 

July in both treatments at all sites (Fig. 2-5, 2-6). In August, the number o f shoots had 

recovered completely in both eelgrass bed and below-oyster transplants at Site 3, and in 

the eelgrass bed transplants at Site 2 (Fig 2-5). Number o f leaves recovered only in 

eelgrass bed transplants at Sites 2 and 3 (Fig 2-6). Observations at Site 1 were 

discontinued after measurements were taken on 31 July because all plots in the below- 

oyster zone were completely devoid o f eelgrass and very few shoots remained in the 

eelgrass-bed transplants. The eelgrass bed at Site 1 appeared to have experienced
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substantial physical damage (likely due to boat traffic) between 15 July and 31 July, as 

density o f Z. marina was drastically reduced intertidally and appeared somewhat reduced 

subtidally.

The abundance of green filamentous algae (Enteromorpha intestinalis L.) varied 

over time and among sites, but over the course o f the summer, slightly more E. 

intestinalis was present near below-oyster zone transplants than near eelgrass bed 

transplants (Table 2-2). Thick mats o f E. intestinalis were present in the below-oyster 

zone at Site 1 in late June, and in the eelgrass bed at Site 2 in early July (Table 2-2).

Oyster transplant
Sulphide concentrations measured in the oyster transplant experiment ranged 

from 0-80 pg/L but no relationship between treatment (high-density live oysters, low- 

density live oysters, empty oyster shells, and untreated controls) and sulphide 

concentration was found (all p>0.3). No significant difference was found between 

measurements taken at the edge o f the plot and those taken 1 m seaward of the plot edge 

(p >0.2 for both sites). No differences in epiphyte load were observed among treatments.

Average sulphide concentration in the below-oyster zone was 117.25 pg /L 

(N=20; SE=15.89), significantly greater than average sulphide concentration in the 

adjacent eelgrass beds (17.34 pg/L; N=32, SE =2.63) (p = 0.001, Fig 2-7).

D is c u s s io n

Results o f the eelgrass transplant experiment indicate that the below-oyster zone 

is a poor habitat for eelgrass; oyster presence in the high-intertidal was correlated with 

high sulphide concentrations in the low-intertidal, suggesting that sulphide toxicity is a
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possible mechanism for eelgrass loss below oyster beds. Over the course o f the eelgrass 

transplant experiment, leaf number increased in cores transplanted to eelgrass beds and 

decreased in cores transplanted below oyster beds. After an initial decrease in shoot 

density in all eelgrass transplants, those transplanted to an eelgrass bed experienced a 

more rapid increase than those transplanted to the below-oyster zone. No detectable 

sulphide accumulation occurred below transplanted oysters over the experimental period.

Results of other research suggest that sulphide accumulation may be responsible 

for the inability of eelgrass to establish or maintain itself below oysters. Dense 

populations o f filter-feeding bivalves such as oysters can cause a marked increase in 

organic content o f the sediment by depositing large quantities of feces and pseudofeces 

(Castel et al. 1989, Nugues 1996, Sorokin et al. 1999, Kaiser 2001). These deposits o f 

organic material cause increased local oxygen demand by aerobic microbes, leading to 

hypoxic sediment conditions that promote the growth o f sulphate-reducing bacteria 

(Ingold and Havill 1984, Castel et al. 1989, deZwaan and Babarro 2001). These bacteria 

release sulphide into the sediment as a metabolic by-product, resulting in high 

concentrations o f sediment sulphide (Howes et al. 1984, Ingold and Havill 1984, Sorokin 

et al. 1999). I found elevated sulphide concentrations in the below-oyster zone as 

compared to an eelgrass bed, similar to findings o f others (Dahlback and Gunnarsson 

1981, Sorokin et al. 1999). Sulphide toxicity to eelgrass has been demonstrated by 

decreased photosynthesis, increased respiration, and meristematic cell decay following 

sulphide exposure (Goodman et al. 1995, Holmer and Bondgaard 2001). Therefore the 

deposition o f organic matter by oysters and subsequent accumulation o f sulphide in the
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sediment may explain the significantly decreased growth and survival o f eelgrass 

transplanted to the below-oyster zone.

The initial decrease in leaf count and shoot density for all eelgrass transplants 

may have been due to transplanting stress, or transplants may have coincided with other 

factors contributing to eelgrass decline. Annual variation in eelgrass abundance occurs 

due to changes in nutrient availability, temperature, turbidity and salinity as well as 

physical disturbances (Phillips 1984, Kentula and Mclntire 1986). Because eelgrass 

typically dies off in fall and winter and grows dramatically in spring and summer, it is 

unlikely that initial decreases in leaf count and shoot density were due to seasonal growth 

patterns (Phillips 1984, Kentula and Mclntire 1986).

The dramatic changes in algal cover that were observed in eelgrass beds and 

below-oyster areas may have affected eelgrass health: heavy algal cover was likely 

sufficient to block light for photosynthesis, while light algal cover may have provided 

protection from desiccation at low tide. Harrison (1987) found that Z. mcirina seedlings 

took at least a year from transplanting to reach peak shoot density because o f the time 

required to recover from transplant shock and re-establish roots. Monitoring o f non

transplanted eelgrass density for the duration o f the transplant experiment would be 

required to distinguish between these hypotheses. Regardless o f the reason for the initial 

post-transplanting decline, the decline was more pronounced in eelgrass transplanted to 

the below-oyster zone at all sites, and recovery o f eelgrass transplanted to the below- 

oyster zone was significantly poorer than that o f cores transplanted in the eelgrass bed at 

sites 2 and 3.
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Although other studies have found high concentrations of sulphide directly 

beneath established cultures o f oysters (Castel et al. 1989) and other bivalves (Dahlback 

and Gunnarsson 1981, Sorokin et al. 1999), the oyster transplant experiment showed no 

accumulation o f sediment sulphide at the seaward edge o f transplanted oyster plots, and 

no significant differences between treatments. The length of the experimental period may 

have been too short for a measurable concentration o f sulphide to have developed, 

especially given the indirect microbial pathway by which sulphide accumulates below 

bivalve cultures (Dahlback and Gunnarsson 1981, Howes et al. 1983, Ingold and Havill 

1984, Castel et al. 1989, Sorokin et al. 1999). It is also possible that the size o f the oyster 

transplant plots was too small to have produced the anoxia that is a precursor to sulphide 

accumulation, since deposition o f large amounts organic matter in other studies resulted 

from extensive, high-density bivalve cultures (Dahlback and Gunnarsson 1981, Castel et 

al. 1989, Sorokin et al. 1999). Future research should focus on larger oyster transplants 

over a longer period o f time; long-term monitoring o f sulphide and organic carbon in 

sediment below new ground-culture oyster farms would likely yield the most informative 

results.

The results o f this study provide insight into interactions between introduced 

oysters and native eelgrass. Because eelgrass tends to grow in areas considered ideal for 

oyster aquaculture, and because the oyster aquaculture industry continues to expand, such 

interactions may occur throughout coastal British Columbia and the American Pacific 

Northwest (Everett et al. 1995, Simenstad and Fresh 1995, Griffin 1997). The eelgrass 

transplant experiment employed seagrass restoration protocols common in conservation 

projects (Harrison 1990, Phillips 1990) and demonstrated their ineffectiveness for
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restoring Z. marina below oyster beds on Cortes Island. Therefore, the best strategy for 

minimizing the effects o f oyster aquaculture on native eelgrass may be to limit beach- 

culture leases to areas without eelgrass, and to prevent establishment o f feral oyster beds.

Eelgrass faces many anthropogenic threats in addition to the effects of introduced 

oysters. Substantial losses o f seagrass have been documented in Australia (Kendrick et 

al. 2002), along the East coast o f the United States (Short and Burdick 1996), and along 

the West coast of North America in Washington (Wyllie-Echeverria et al. 2003) and 

British Columbia (Wright 2002). A variety o f human-induced disturbances such as 

dredging, eutrophication from agricultural runoff, and industrial waste spills, as well as 

natural disturbances such as extreme weather conditions, grazing and sediment 

resuspension, have been cited as causes o f seagrass declines (Short and Wyllie- 

Echeverria 1996, Wright 2002, Wyllie-Echeverria et al. 2003). The cumulative effects of 

such factors, in addition to the planned increases to shellfish aquaculture, could 

exacerbate eelgrass loss in British Columbia and the American Pacific Northwest.

Non-native species such as the Pacific oyster can profoundly affect ecosystem 

function in their new environment. Little experimental work has been done on the effects 

o f oysters on native eelgrass beds (Waddell 1964, Castel et al. 1989, Everett et al. 1995), 

although correlation between oyster presence and eelgrass loss has been noted (Waddell 

1964, Everett et al. 1995). The results o f this study indicate that eelgrass cannot be re

established below oyster beds simply by transplanting; a more sophisticated means of 

restoration is required (perhaps aimed at reducing sulphides in sediments), or we may 

face permanent long-term reductions in seagrass due to the spread o f Pacific oysters. 

Further research into the mechanisms responsible for eelgrass absence below oyster beds
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is required, as it is likely that many interactive effects, including sulphide accumulation, 

contribute to eelgrass-oyster interactions.
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T a b l e s  a n d  F ig u r e s

Table 2-1. Results of repeated measures ANOVA for each eelgrass transplant site. Site 
and Treatment (i.e. transplanted to eelgrass or below-oyster zone) are between-subjects 
and Time is a within-subjects effect._______________________________
Site Effect Measure P

1 Treatment Shoots 0.0575
Leaves 0.0086

Time Shoots <0.0001
Leaves <0.0001

Time * Treatment Shoots 0.0107
Leaves 0.0003

2 Treatment Shoots 0.0168
Leaves 0.0109

Time Shoots 0.0002
Leaves <0.0001

Time * Treatment Shoots <0.0001
Leaves <0.0001

3 Treatment Shoots 0.0137
Leaves 0.0137

Time Shoots 0.0003
Leaves <0.0001

Time * Treatment Shoots <0.0001
Leaves <0.0001

All Site Shoots <0.0001
Leaves 0.0008

Treatment Shoots 0.0009
Leaves 0.0004

Site * Treatment Shoots 0.8053
Leaves 0.7682

Time Shoots <0.0001
Leaves <0.0001

Site * Time Shoots 0.3223
Leaves 0.9422

Treatment * Time Shoots <0.0001
Leaves <0.001

Site * Treatment * Time Shoots 0.2870
Leaves 0.5220
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Table 2-2. Relative abundance o f green alga E. intestinalis at eelgrass transplant sites.
(-) indicates no visible E. intestinalis; (+) indicates scattered E. intestinalis; (++) indicates 
a thin layer of E. intestinalis through which light could pass; (+++) indicates a mat o f E. 
intestinalis sufficiently thick to block light. Site 1 observations were discontinued on 31 
July because all plots in the below-oyster zone were completely devoid o f eelgrass.

Site 1 Site 2 Site 3
Eelgrass Below oy. Eelgrass Below oy. Eelgrass Below oy.

June 6in: - 
18lh: ++ 
30th: +

6lh: +
18th: +++ 
30th: +++

29th: + 29th: +
n/a n/a

July 15th:-  
31st: +

15th: - 
31st: +

4th: +++ 
14th: +

4th: ++ 
14th: +

18th: + 18m: +

August n/a n/a 2nd: + 
29th: +

2nd: ++ 
29th: ++

2nd: + 
29th: -

2nd: + 
29th: -
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Figure 2-1. Map of Cortes Island with detail of study site locations. Unfilled circles 
indicate eelgrass transplant experiment sites; filled circles indicate oyster transplant 
experiment sites. Transplant Site 1 was located in the low-intertidal zone below a feral 
oyster bed. Beach-culture oyster farms are present south o f Site 1, while eelgrass beds 
are found along the shore north and south of Site 1. Transplant Sites 2 and 3 were 
located in Smelt Bay, north o f Smelt Bay Provincial Park. Eelgrass is found in large 
patches throughout Smelt Bay. A feral oyster bed was located in the high-intertidal 
above Site 2, whereas the below-oyster zone at Site 3 was located below a beach-culture 
oyster farm. Site 4 was an eelgrass bed located approximately 500 m south of Manson's 
Landing Provincial Park. Ground-culture oyster leases were located in the high-intertidal 
directly north and south o f Site 4. Site 5 was an eelgrass bed located in Smelt Bay with a 
feral oyster bed in the high-intertidal directly to the north but no oysters directly to the 
south. No oysters were present in the high-intertidal directly above the eelgrass beds.
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Figure 2-2. Study site layout, (a) shows physical relationship o f below-oyster zone to 
oyster bed and eelgrass bed. (b) shows schematic diagram of below-oyster zone, oyster 
bed and eelgrass bed.
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Figure 2-3. Schematic diagram o f eelgrass transplant experiment (not to scale). Unfilled 
circles represent transplanted eelgrass cores.
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Figure 2-4. Schematic diagram of oyster transplant experiment (not to scale). Squares 
represent 0.5 m x 0.5 m experimental plots. Filled squares represent high-density oyster 
plots (24 oysters/plot); diagonally shaded squares represent low-density oyster plots (12 
oysters/plot); stippled squares represent empty-shell plots (12 shells/plot); unfilled 
squares represent undisturbed control plots. Plots were a minimum of 1.5 m apart from 
the next closest plot in all directions.
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D i s p l a c e m e n t  o f  n a t i v e  e e l g r a s s  {Z o s t e r a  m a r i n a  L .) b y
INTRODUCED OYSTERS {CRASSOSTREA GIGAS THUNBERG) 
SIGNIFICANTLY ALTERS INTERTIDAL COMMUNITY STRUCTURE

In t r o d u c t io n

Many organisms create, modify or maintain habitats through their morphology or 

behaviour (Jones et al. 1994, 1997, Coleman and Williams 2002). Organisms that 

directly or indirectly control other species’ access to resources through physical processes 

have been called “ecosystem engineers” (Jones et al. 1997). Marine ecosystem engineers 

include reef-forming corals, mangroves, mussels and seagrasses, all o f which increase 

habitat complexity and support diverse assemblages o f fish, invertebrates and algae 

(Coleman and Williams 2002, Loreto et al. 2003, Mumby et al. 2004).

Seagrass beds act as ecosystem engineers due to their physical structure, which 

provides refuge from predation, stabilizes sediments, slows ocean currents and traps 

planktonic larvae and suspended particulate matter (Jones et al. 1994, Coleman and 

Williams 2002). The diversity and abundance o f fish and invertebrates associated with 

eelgrass (Zostera marina L.) beds are frequently attributed to these physical 

characteristics (Marsh 1973, Heck and Orth 1980, Lubbers et al. 1990, Griffin 1997). In 

coastal British Columbia and the Pacific Northwest o f the United States, eelgrass beds 

serve as habitat for juvenile salmon (Oncorhynchus spp.) and spawning grounds for 

Pacific herring (Clupea harengus L.) (Reise et al. 1989, Griffin 1997, Murphy et al,

2000, Sheridan and Minello 2003, Wyllie-Echeverria et al. 2003). The suspended 

particulate matter and planktonic organisms trapped by eelgrass blades nourish many
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suspension-feeding invertebrates, and promote the development o f distinct eelgrass- 

associated epibenthic and epifaunal assemblages (Marsh 1973, Lubbers et al. 1990, 

Griffin 1997). In turn, these complex invertebrate assemblages provide prey for crabs 

and fish (Marsh 1973, Trianni 1996). A diverse infaunal assemblage is protected against 

large epibenthic predators by eelgrass root and rhizome structure (Summerson and 

Peterson 1984, Reise 1985).

In coastal British Columbia and the Pacific Northwest, eelgrass beds co-exist 

regionally with the Pacific oyster (Crassostrea gigas Thunberg). C. gigas was introduced 

from Japan in the early 20th century for aquaculture, and has since become a prominent 

feature o f the intertidal zone in many areas (Quayle 1964). Oyster beds on the West 

coast o f North America occur as either beach-cultivated sites, in which oysters are grown 

directly on the substrate in the intertidal zone (BCSGA 2003), or as feral oyster beds, 

which have resulted from spawning o f cultured oysters (Quayle 1964, Dumbauld et al. 

2001 ).

Like many successful invaders, the Pacific oyster alters the physical conditions of 

its new environment, and thereby also acts as an ecosystem engineer (Lodge 1993). 

Oysters change water flow, increase habitat complexity in the high-intertidal zone, add 

large quantities o f organic matter to the sediment, and may increase sulphide 

accumulation in the sediment (Castel et al. 1989). Many oyster beds support encrusting 

macroalgae that grow on oyster shells, and abundant motile macrofauna which use oyster 

shells for shelter and forage on small gastropods (Griffin 1997).

Oysters and eelgrass are both found in sheltered coastal areas o f relatively low 

wave energy. Oysters are typically found in the mid-to-high intertidal zone, while
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eelgrass is constrained to the low intertidal to shallow subtidal zones. While eelgrass can 

be found in close proximity to oyster beds, eelgrass is typically absent directly seaward 

from oyster beds (Everett et al. 1995, pers. obs). Numerous mechanisms may contribute 

to the apparent exclusion of seagrass by oysters; amplification o f sulphide in the sediment 

seaward o f oyster beds is a primary concern. Oysters add large quantities o f organic 

matter to the sediment, causing sediment conditions that favour growth o f sulphide- 

producing bacteria (Ingold and Havill 1984, Castel et a l 1989, deZwaan and Babarro 

2001), and high sulphide levels are associated with reduced photosynthesis and growth in 

eelgrass (Goodman et al. 1995, Holrner and Bondgaard 2001). Eelgrass transplants 

cannot establish in the below-oyster zone, suggesting that oysters may create an eelgrass- 

free below oyster zone by causing sulphide accumulation (Chapter 2). If this is the case, 

expansion of feral and farmed oyster beds will result in reduced eelgrass bed habitat. The 

first step in understanding community-level impacts o f such a shift in intertidal habitat is 

to quantify differences in community structure between eelgrass and below-oyster 

habitats. The objective o f this study was to compare the assemblages of fish, swimming 

macroinvertebrates, epibenthic macroinvertebrates and macroalgae between eelgrass bed 

and below-oyster habitats in order to assess the impact o f replacing eelgrass beds with 

below-oyster zones on intertidal community structure.

M e t h o d s

Study sites

All study sites were located on the southwest coast o f Cortes Island, British 

Columbia, Canada (50° 4'N, 124° 56'W ) (Fig 3-1). The intertidal zone directly seaward 

from oyster beds (the “below-oyster” zone) at the study sites was characterized by large
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cobble, and was often dominated by macroalgae such as Ulva sp. and Sargassum 

muticum (Yendo) (pers. obs.). Below-oyster sites were located directly seaward of feral 

or cultured oyster beds and were at the same tidal height as adjacent eelgrass beds (Fig. 

3-2). The substratum o f eelgrass bed sites was characterized by a layer o f mud or sand 

covering a layer o f large cobble similar to that found in the below-oyster zone.

Epibenthic macroinvertebrates and macroalgae

Field surveys were conducted at low tide to enumerate epibenthic 

macroinvertebrates and macroalgae. Surveys were conducted at five eelgrass beds and 

four below-oyster sites (Fig 3-1). At each site, two transects (15 m) were laid 

perpendicular to the shoreline beginning at the low-tide line and extending through the 

intertidal zone onto shore. Five 0.5 m x 0.5 m quadrats were placed at random along 

each transect. Epibenthic macrofauna were identified to species, with the following 

exceptions: limpets were identified to family, and shore crabs and hermit crabs to genus. 

Barnacles, limpets and littorine snails, particularly in below oyster-transects, were very 

abundant. Thus for sampling efficiency, these taxa were enumerated as rare (0-20 

individuals; exact number reported), common (21-100 individuals), abundant (101-300 

individuals), or very abundant (300-1000 individuals). The exact number of individuals 

was recorded for all other taxa. Macroalgae were identified to species, and abundance 

was recorded as percent cover for each species.
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Fish and swimming macroinvertebrates

Fish and swimming macroinvertebrates were sampled using a 12 m x 2 m x 1 cm 

mesh beach seine at eelgrass beds (N = 3 sites) and in below-oyster zones (N = 3 sites). 

Fish and invertebrates were identified to species and released immediately. All sets were 

done mid-day on an incoming tide for consistency across sampling events.

Statistical methods

T-tests were used to compare benthic macroinvertebrate abundance, macroalgal 

percent cover, fish species richness and abundance, and swimming macroinvertebrate 

species richness and abundance between eelgrass and below-oyster habitats. SPSS 11.5 

software was used to perform all t-test calculations (SPSS 2002).

I analyzed assemblage structure o f epibenthic organisms associated with the 

below-oyster zone and eelgrass beds, and fishes and swimming macroinvertebrates 

associated with each habitat, using the PATN software package (Belbin 1993). Eelgrass 

and oysters were excluded from all analyses. Category midpoints were used for 

epibenthic organisms for which abundance was estimated (barnacles, limpets and 

littorines): common = 60, abundant = 200, and very abundant = 500. Bray-Curtis 

distances between the quadrats were calculated based on raw, log-transformed, and 

presence-absence data, and semi-strong hybrid non-metric multidimensional scaling 

(SSH-NMDS) with 1000 random starts was used to create ordinations. SSH-NMDS was 

chosen as the appropriate algorithm due to its robustness to the high number of zeroes in 

the data matrix (Appendix 1) (Belbin 1993). Ordinations were evaluated using the PATN 

multivariate analysis o f similarity (ANOSIM) with 1000 permutations to determine
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whether assemblage structure in eelgrass beds was significantly different from that in 

below-oyster habitat.

Because sample size for fishes and swimming macroinvertebrates (number of 

seines) was inadequate for ANOSIM, Bray-Curtis distances among sites were used to 

create a dendrogram o f fish and swimming macroinvertebrates.

R e s u l t s

Epibenthic macroinvertebrates and macroalgae

ANOSIM found that the assemblages of epibenthic organisms associated with 

eelgrass beds was significantly different from the below-oyster assemblages using raw, 

log-transformed, and presence-absence data (p<0.001 for all analyses) (Fig. 3-3).

Below-oyster transects were more species-rich than eelgrass bed transects, both in 

total species richness and average species richness per transect (p=0.007 for average 

species richness; Table 3-1). In total, 29 species were found in below-oyster zones 

compared to 22 species in eelgrass beds (Appendix 2).

Plant and macroalgal cover in eelgrass bed transects was significantly higher than 

in below-oyster transects (p = 0.01). In eelgrass bed transects, cover was dominated by 

Z. marina followed by the filamentous green alga Enteromorpha intestinalis and 

Japanese eelgrass Z.japonica (Table 3-2). In total, eleven plant and macroalgal species 

were found in eelgrass bed transects. Below-oyster transects contained a total of eight 

plant and macroalgal species and were dominated by E. intestinalis and the invasive 

brown alga Sargassum muticum.

Eleven animal taxa were found in eelgrass bed transects, while a total o f twenty 

were found in below-oyster transects (Appendix 2). Eelgrass bed transects were
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dominated by the bamboo worm Spiochaetopterus costarum, the dove snail Alia 

carinata, hermit crabs Pagurus spp., and the bubble snail Haminoea vesicula. Average 

animal abundance per below-oyster transect was significantly higher than average animal 

abundance per eelgrass transect (p<0.0001), largely due to numerical dominance of 

barnacles (Balanus glandula) in below-oyster transects (Table 3-3). In addition to 

barnacles, shore crabs Hemigrapsus nudus and H. oregonensis, limpets (Lottidae) and 

hermit crabs {Pagurus spp.) were common in below-oyster transects.

Fish and swimming macroinvertebrates

Eelgrass and below-oyster sets had few taxa in common (Appendix 2), as 

illustrated by the dendrogram (Fig 3-4) which confirms that assemblages o f fish and 

swimming macroinvertebrates differ markedly between eelgrass and the below-oyster 

zones.

Eelgrass bed sites were significantly higher in overall species richness (p =

0.006), number o f fish species (p = 0.002), and number o f swimming macroinvertebrate 

species (p = 0.02) than below-oyster sites (Table 3-4). Abundance of fish was 

significantly higher in eelgrass bed seines than in below-oyster seines (p = 0.01), and 

swimming macroinvertebrates in eelgrass bed seines were slightly more abundant than in 

below-oyster sites (p = 0.06) (Table 3-5).

Representatives o f eleven fish families were found in eelgrass beds. The most 

abundant species were the plainfin midshipman {Porichthys notatus, Batrachoididae), 

shiner perch {Cymatogaster aggregata, Embiotocidae) and staghorn sculpin {Leptocottus 

armatus, Cottidae). Fish abundance was significantly higher in eelgrass sets than in
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below-oyster sets (p=0.002). Four fish families were found in below-oyster seines; each 

family was represented by a single species with the staghom sculpin (Leptocottus 

armatus, Cottidae) being the most abundant fish present in below-oyster habitat overall.

The macroinvertebrate assemblage captured by seine in eelgrass beds consisted 

mainly o f bubble snails (Haminoea vesicula), a hydrozoan jelly (Aequoria victoria) and 

kelp crabs (Pugettia producta) (Fig. 3-5). Abundance o f macro invertebrates was 

significantly higher in eelgrass beds than in below-oyster sets (t-test, p=O.02). Common 

species in below-oyster seines included the same hydrozoan jelly found in eelgrass beds, 

A. victoria, and a ctenophore (Pleurobrachia bachei) (Fig. 3-5).

D is c u s s io n

Eelgrass beds and the below-oyster zone are distinct in their community structure, 

both in terms o f epibenthic assemblages o f macroinvertebrates and macroalgae (Fig 3-2), 

and assemblages o f fish and swimming macroinvertebrates (Fig 3-3). The epibenthic 

assemblages in below-oyster zones displayed higher species richness and abundance than 

those o f eelgrass beds, and the two habitats had few species in common. In contrast, fish 

and swimming macroinvertebrates were more abundant and their assemblages more 

species-rich in eelgrass beds than in below-oyster habitat.

ANOSIM confirmed that epibenthic assemblages in eelgrass and the below-oyster 

zone are significantly different; these differences persist even when data are transformed 

to reduce or eliminate the impact o f high abundance o f below-oyster species such as 

barnacles, shore crabs and limpets. This is consistent with other studies that have found 

assemblages associated with seagrass beds to be distinct from those associated with
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unvegetated sediments (Orth and vanMontfrans 1982, Summerson and Peterson 1984, 

Villarreal 1995).

Many eelgrass-associated macroinvertebrates require either the soft sediment of 

an eelgrass bed or eelgrass blades as substrates. For example, partially buried suspension 

feeders (bamboo worms, Spiochaetopterus costarum), and gastropods that are cryptic on 

eelgrass blades (Haminoea vesicula) or roots (Alia carinata) were among the most 

common eelgrass-associated fauna. The most common below-oyster associated 

macroinvertebrates either required a hard surface for attachment (eg. barnacles and 

limpets) or preyed on small attached fauna (eg. shore crabs).

I found overall epibenthic species richness and abundance higher in the below- 

oyster zone than in eelgrass beds. To my knowledge, no other studies have focused on 

the below-oyster zone, although others have compared fauna within oyster beds to that on 

adjacent mudflats, sandy areas or eelgrass beds (Simenstad and Fresh 1995, Villarreal 

1995, Trianni 1996, Dumbauld et al. 2001). Villarreal (1995) and Trianni (1996) found 

higher invertebrate biomass and species richness in eelgrass beds than in oyster beds and 

unvegetated areas; however, both o f these studies included infauna as well as epibenthic 

species.

Simenstad and Fresh (1995) attribute the higher diversity o f benthic invertebrates 

and macroalgae on oyster beds than on sandy areas or mudflats to increased habitat 

complexity created by oyster shells. Dumbauld et al. (2001) suggest that the increased 

hard surface area provided by oyster shells for attachment o f macroalgae and associated 

invertebrates facilitates higher abundance of these organisms as compared to bare mud 

areas. Although the below-oyster zone is generally devoid o f oyster shells, rocks provide
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a similar hard surface area for attachment o f barnacles, limpets and encrusting 

macroalgae (Fig. 3-6). In contrast, eelgrass blades and the soft, muddy substratum found 

in eelgrass beds are unsuitable for attachment o f these organisms.

My finding that eelgrass beds possess higher fish abundance and species richness 

than below-oyster habitat is supported by results o f other studies comparing eelgrass bed 

fauna to that o f nearby unvegetated sediments (Orth et al. 1984, Summerson and Peterson 

1984, Lubbers et al. 1990, Mattila et al. 1999, Manderson et al. 2000, Murphy et al. 

2000). Several experimental studies have found significantly lower predation on fish in 

seagrass beds than in unvegetated areas (Rooker et al. 1998, Manderson et al. 2000, 

Linehan et al. 2001). The complex physical structure of an eelgrass bed provides 

protection from predation for fish as well as for swimming and epifaunal 

macroinvertebrates (Heck and Orth 1980, Orth et al. 1984, Summerson and Peterson 

1984, Lubbers et al. 1990, Sogard and Able 1991, Connolly 1994, Rooker et al. 1998, 

Murphy et al. 2000, Sheridan and Minello 2003).

Differences in availability of food for fish and swimming macroinvertebrates in 

eelgrass beds as compared to unvegetated areas may also be a contributing factor in the 

higher abundance of swimming organisms in eelgrass bed seines (Marsh 1973, Orth and 

vanMontfrans 1982, Lubbers et al. 1990, Connolly 1994). Slower water currents above 

eelgrass beds trap plankton and detritus in the water column, making them available to 

eelgrass bed inhabitants including juvenile fishes and suspension-feeding epifauna 

(Summerson and Peterson 1984, Lubbers et al. 1990, Jones et al. 1994). Eelgrass leaves 

provide substantial surface area for attachment o f epiphytic algae and small grazers,
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which are important sources o f food for kelp crabs and juvenile fishes (Hines 1982, 

Lubbers et a l  1990).

Both native eelgrass and non-native oysters act as ecosystem engineers by altering 

the physical conditions o f their habitat and thereby controlling resource availability for 

other organisms (Coleman and Williams 2002). Associated with each o f these engineer 

species is a distinct community structure; linked to the presence o f oysters is the below- 

oyster zone and its characteristic assemblages o f fish, macroinvertebrates and 

macroalgae. Because the current distributions o f oyster beds and eelgrass suggest that 

substantial sections o f eelgrass beds have been replaced with below-oyster habitat, it is 

likely that extensive regions of coastal Cortes Island have undergone alterations in 

abundance and diversity of macroalgae, invertebrates and fish. The results of this study 

reinforce the importance of eelgrass conservation in coastal British Columbia. Although 

further research is required to detennine whether a causal link exists between oyster bed 

establishment and eelgrass beds being replaced by below-oyster habitat, further 

expansion o f ground-culture oyster farms should be limited to areas well away from 

eelgrass beds.
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T a b l e s  a n d  F ig u r e s

Table 3-1. Epibenthic macroinvertebrate and macroalgae species richness 
(N = 30 transects in 5 eelgrass beds, 24 transects in 4 below-oyster zone sites)
Habitat Total species 

richness
Average species richness 

per transect 
(N = 5 quadrats/transect)

SE

Eelgrass
Overall 22 7.5 0.45
Plants, macroalgae 11 3.5 0.31
Macroinvertebrates 11 4.0 0.23

Below-oyster
Overall 29 9.1 0.43
Plants, macroalgae 9 3.6 0.28
Macroinvertebrates 20 5.5 0.39

Table 3-2. Percent cover o f plants and epibenthic macroalgae in eelgrass and below- 
oyster transects (N = 30 transects in 5 eelgrass beds, 24 transects in 4 below-oyster zone 
sites; 5 quadrats per transect)______________________________

Average 
percent cover

SE

Eelgrass -  11 plant species
Plants and macroalgae 68 3.12
Z. marina 50.3 3.19
E. intestinalis 8.1 2.22
Z. japonica 6.1 2.67

Below-oyster -  8 plant species
Plants and macroalgae 50.3 7.69
E. intestinalis 33.5 6.97
S. muticum 11.9 4.04
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Table 3-3. Most abundant macroinvertebrate taxa in eelgrass and below-oyster transects 
(N = 30 transects in 5 eelgrass beds, 24 transects in 4 below-oyster zone sites)_________

Average number o f 
individuals per transect 

(N = 5 quadrats/transect)

SE

Eelgrass
All macroinvertebrates 57.3 5.39
Bamboo worm (Spiochaetopterus costarum) 24.6 3.25
Dove snail {Alia carinata) 23.7 5.18
Hermit crabs {Pagurus sp.) 4.9 1.06
Bubble snail {Haminoea vesicula) 1.7 0.77

Below-oyster
* All macroinvertebrates 801.5 80.75
* Barnacles {Balartus glandula) 730.0 73.99

Shore crabs {Hemigrapsus sp.) 23.5 6.01
* Limpets (Fam. Lottidae)

Hermit crabs {Pagurus sp.) 9.71 3.32
* average based on estimated abundance for barnacles, limpets and/or littorine snails

Table 3-4. Fish and swimming macroinvertebrate species richness (N = 3 seines/habitat)
Total species 

richness
Average species 

richness per seine
SE

Eelgrass
Overall 36 23.0 2.89
Fish 22 13.0 1.15
Invertebrates 14 10.0 1.73

Below-oyster
Overall 11 6.00 2.52
Fish 5 2.33 1.33
Invertebrates 6 3.67 1.20
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Table 3-5. Most abundant fish and swimming macroinvertebrate species in seines (N = 3
seines/habitat)

Average number of 
individuals per seine

SE

Eelgrass
All animals 663.7 161.38

All fishes -  11 families 317.3 81.34
Plainfin midshipman (Porichthys notatus) 102.5 67.36
Shiner perch (Cymatogaster aggregala) 89.0 17.15
Staghorn sculpin (Leptocottus armalus) 85.0 40.86

All swimming macroinvertebratcs 346.3 155.30
Bubble snails {Haminoea vesicula) 175.0 140.34
Hydrozoan jelly (Aecjuoria victoria) 70.7 44.80
Kelp crab (Pugettia proclucta) 31.0 15.31

Below-oyster
All animals 48.0 17.78

All fishes -  4 families 11.3 5.24
Staghorn sculpin {Leptocottus armatus) 8.3 2.73

All swimming macroinvertebrates 36.7 16.33
Hydrozoan jelly {Aequoria victoria) 29.5 3.67
Comb jelly {Pleurobrachia bachei) 14.0 6.56
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Figure 3-1. Map of Cortes Island with detail o f study sites. Unfilled circles indicate 
eelgrass bed sites; filled circles indicate below-oyster sites. Sites BO-1 and 3 were below 
feral oyster beds, while sites BO-2 and 4 were located below cultured oyster beds. Sites 
were classified as eelgrass (EEL) or below-oyster (BO). Sampling sites EEL-1, 2, 3 and 
4, and BO-1 were located in Manson’s Landing Provincial Park, and BO-2 was 
immediately south of the park; sites EEL-5 and BO-3 and 4 were located directly north of 
Smelt Bay Provincial Park (Fig. 1).
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Figure 3-2. Study site layout, (a) shows physical relationship o f below-oyster zone to 
oyster bed and eelgrass bed. (b) shows schematic diagram of below-oyster zone, oyster 
bed and eelgrass bed. (c) shows below-oyster zone and adjacent eelgrass bed.
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Figure 3-3. Two-dimensional ordination created using SSH-NMDS (semi-strong hybrid 
non-metric multidimensional scaling) with 1000 random starts in PATN software. Filled 
circles represent eelgrass bed transects (n = 30); unfilled circles represent below-oyster 
transects (n = 24). NMDS stress = 0.1227. ANOSIM p <0.001. Vectors represent 
maximum correlation between each taxon and samples; all vectors shown are significant 
(p<0.05).
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Figure 3-4. Dendrogram of fish and swimming macroinvertebrate assemblages in 
eelgrass and below-oyster habitats. Bray-Curtis association measure was used to 
determine multivariate distances between sites. Site numbers correspond to Fig. 3-1.
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Figure 3-6. Examples o f below-oyster zone habitat (a, b) and eelgrass bed habitat (c,d) 
at same intertidal height. Green macroalgae pictured in (a) and (b) is E. intestinalis.
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S u m m a r y  a n d  C o n c l u s i o n s

I investigated the indirect effects o f the introduced Pacific oyster (Cmssostrea 

gigas Thunberg) on eelgrass health and intertidal community structure on Cortes Island, 

British Columbia, Canada. Oysters physically alter their new environment by increasing 

habitat complexity and altering water flow (Coleman and Williams 2002), and possibly 

by causing sulphide to accumulate in the sediment (Dahlback and Gunnarsson 1981, 

Castel et al. 1989, Grant et al. 1995, Nugues 1996, Sorokin et al. 1999). Sulphide is 

toxic to native eelgrass (Zostera marina L.) (Goodman et al. 1995, Holmer and 

Bondgaard 2001), and the current decline o f native eelgrass in this region may be a 

consequence o f feral oyster population growth (Fig 4-1). While oysters and eelgrass 

coexist at a regional scale, eelgrass is typically absent directly seaward o f oyster beds (the 

“below-oyster zone”) on Cortes Island (pers. obs.).

I compared nektonic (fish and swimming macroinvertebrates) and epibenthic 

(macroinvertebrates and macroalgae) assemblages between eelgrass bed and below- 

oyster habitats to assess impacts o f the shift from eelgrass to below-oyster habitat. I 

sampled the intertidal zone on Cortes Island at low tide using two methods: quadrats to 

enumerate epibenthic macroinvertebrates and macroalgae, beach seines to enumerate fish 

and swimming macroinvertebrates. Using multivariate analyses o f similarity (ANOSIM), 

1 found that the structure of eelgrass-bed nektonic and epibenthic assemblages were 

significantly different from those associated with below-oyster zones. Nektonic species 

richness and abundance were higher in eelgrass beds than in below-oyster habitat (t-test, 

p = 0.006 and p = 0.01, respectively). These results are supported by other studies that 

have found higher fish species richness and abundance in eelgrass beds than on nearby
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unvegetated sediments, although other studies have not focused specifically on the 

below-oyster zone (Orth et al. 1984, Summerson and Peterson 1984, Lubbers et a l  1990, 

Mattila et al. 1999, Manderson et al. 2000). Epibenthic species richness and abundance 

were significantly higher in below-oyster habitat than in eelgrass beds (t-test, p = 0.007 

and p = 0.01, respectively). To my knowledge, this is the first study to compare 

epibenthic assemblages of the below-oyster zone to those o f eelgrass beds.

Because a common method of eelgrass-bed rehabilitation involves transplanting, I 

transplanted plugs o f Z. marina to below-oyster plots to determine whether this habitat is 

suitable for eelgrass growth. I also transplanted plugs into eelgrass beds to control for 

effects o f the transplanting process. Number o f leaves present initially declined in all 

cores after transplanting, but only those transplanted within eelgrass beds had recovered 

by the end o f the experiment. Shoot and leaf number were significantly greater over time 

in eelgrass-bed transplants than in below-oyster transplants (repeated-measures ANOVA 

p<0.05). These results indicate that the below-oyster zone is unsuitable for eelgrass 

growth; this may be due to sulphide toxicity as sediment sulphide levels below oyster 

beds were 6 times higher than sediment sulphide in eelgrass beds.

If a causal link exists between oyster presence in the high intertidal zone and 

eelgrass absence directly seaward, then expansion of feral and fanned oyster beds will 

result in further eelgrass loss. This change from eelgrass bed to below-oyster habitat in 

the low intertidal zone will result in a dramatic shift in intertidal community structure, 

likely including a reduction in fish diversity and abundance, and an increase in small 

gastropods and crustaceans such as littorine snails, barnacles and shore crabs.
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These results have direct implications for management and conservation of 

eelgrass beds. As natural re-establishment is rare once eelgrass has been lost from an 

area, transplants are generally the only option for restoration (Peralta et al. 2003). 

Transplants have been used to expand and re-establish eelgrass meadows around the 

world (Homziak et al. 1982, Harrison 1987, 1990, Phillips 1990, deJonge et al. 1996). 

The goal o f such transplanting projects is to establish vegetation so that the diverse 

community associated with eelgrass beds can develop (Homziak et al. 1982). Previous 

studies have shown that restoration success depends on the cause o f eelgrass loss as well 

as the degree o f environmental change following eelgrass loss (Harrison 1990, deJonge et 

al. 1996, Reusch and Williams 1998, Peralta et al. 2003).

The results o f this study underscore the importance o f eelgrass conservation for 

maintaining intertidal community structure, and demonstrate that simple transplanting 

will likely be ineffective for mitigation o f eelgrass loss below oyster beds on Cortes 

Island. Research should focus on investigating a more effective means of eelgrass 

restoration in these areas; for example, before transplanting is attempted in below-oyster 

zones it may be necessary to remove oysters and allow time for the site to return to pre

oyster sediment conditions. The British Columbia Shellfish Growers’ Association (2003) 

states that industry growth will focus on increasing productivity o f current shellfish 

aquaculture sites rather than expanding production areas. The results of my study suggest 

that this may be the most eelgrass-safe route to increasing oyster aquaculture, and that 

any new beach-culture leases should be issued only in areas well away from eelgrass beds 

to prevent further losses o f eelgrass below oysters. However, the British Columbia 

Ministry o f Sustainable Resource Management has indicated that applications for new
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beach-culture leases will be considered in all eight planning units on and around Cortes 

Island, including seven planning units identified as containing eelgrass beds (Truscott et 

al. 2005). In these planning units, shellfish fanners are instructed to “implement 

measures” to avoid negative impacts to eelgrass when leases are directly adjacent to 

eelgrass beds (Truscott et al. 2005). Development o f such measures to mitigate impacts 

o f shellfish fanning on eelgrass beds will be an important area for future research. One 

such measure might include the culture o f triploid oysters in order to prevent spawning 

and subsequent expansion of feral oyster populations. Eelgrass protection and restoration 

efforts are necessary for conservation of the distinct assemblages associated with 

eelgrass, and as such must be addressed in management and coastal development 

planning.
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F ig u r e s

D en se  fe ta l and  farm ed Pacific oysters 

e s tab lish  in the  m id-to-high intertidal z o n e 1 '

O yster p se u d o fe o e s  in crease  

o rg an ic  oon ten t of se d im e n t3

'(Q u a y le  1088. BC SO A 2 0 0 3 )
^ C a s te l  etal 1030 , N u g u es e f  af 1006 , K aiser 2001) 
^ C a s te l  etal 108 0 , N u gues etal 1008 . Sorokin e f a l  100O) 
^ In g o ld  an d  H avill1984. Sorokin etal 1000)
^(D ah lback  and  O unnarson  1081, O r a n t e t a / 1006, 

S o rok in  e t a i  1009)
■^G oodm an e ta l  1005, H o lm erand  B ondgaaid  2001)

(Chapter 2)

Similar sediment sulphide profiles 
found seaward of oyster beds 
suggests similar mechanism

(Chapter 2)

Eelgrass unable to establish in below- 
oyster zone. Data consistent with 
creation of sulphide-induced 
eelgrass-free patches in be low-oyster 
zones

In c re a se d  bacterial oxygon 

d e m a n d  p ro d u c e s  hypoxic se d im e n t3

H ypoxic se d im e n t prom otes growth 

of su lpha te -reducing  bacteria . 

S u lph ide  accum u la tes  in sedim ent*

H igh se d im e n t su lphide vertically 

b e lo w  su sp e n d e d  bivalve cultures5

S u lph ide to x ic to  eelgrass?

(Chapter 3)

Below-oyster zone ecologically
distinct: epibenthic and nektonic 
assemblages differ significantly 
between eelgrass beds and below- 
oyster zones

Figure 4-1. Schematic diagram o f eelgrass-oyster interactions on Cortes Island based on 
literature and thesis research results.
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Appendix 1. Field survey data. Plant and macroalgal cover are indicated as average percent cover 
from 5 quadrats along each transect. Animal abundance is indicated as total count per transect or 
per seine haul.

Eelgrass - Site 1

Genus Species
June

Transect 1 Transect 2
July

Transect 1 Transect 2
August 

Transect 1 Transect 2

Zostera japonica 0% 0% 0% 0% 0% 0%
Zostera marina 45% 36% 60% 76% 47% 29%
Fucus gardneri 0% 0% 0% 0% 0% 0%
Leathesia difformis 0% 0% 0% 0% 0% 0%
Sargassum muticum 0% 0% 0% 0% 0% 0%
Caltiarthron tuberculosum 0% 0% 0% 0% 0% 0%
Ceramium californicum 0% 0% 3% 4% 0% 0%
Chondracanthus exasperatus 0% 0% 0% 0% 0% 0%
Gracilaria cf. pacifica 0% 0% 0% 0% 0% 0%
Mastocarpus papillatus 0% 0% 0% 0% 0% 0%
Enteromorpha intestinalis 6% 7% 5% 11% 0% 0%
Ulva cf. fenestrata 0% 0% 0% 0% 0% 1%
Anthopleura elegantissima 0 0 0 0 0 0
Aequorea victoria 0 0 0 0 0 0
Aurelia aurita 0 0 0 0 0 0
Pleurobrachia bachei 0 0 0 0 0 0
Heptacarpus sitchensis 0 0 0 0 0 0
Crangon sp. 0 0 0 0 0 0
Pandatus danae 0 0 0 0 0 0
Ligia pallasii 0 0 0 0 0 0
Balanus glandula 0 0 0 0 0 0
Hemigrapsus spp. 0 0 2 2 3 2
Cancer magister 0 0 0 0 0 0
Pagurus spp. 2 0 5 4 19 7
Oregonia gracilis 0 0 0 0 0 0
Pugettia producta 0 0 1 0 0 1
Petrolisthes cinctipes 0 0 0 0 0 0
Spiochaetopterus costarum 29 25 29 30 36 38
Eudistylia Vancouveri 0 1 0 0 0 0
Alia carinata 0 0 9 17 23 7
Amphissa versicolor 0 0 0 1 0 0
Littorina spp. 0 0 0 0 0 0
Batillaria zonalis 0 0 0 0 0 0
Nucella lamellosa 0 0 0 0 0 0
Archidoris montereyensis 0 0 0 0 0 0
Haminoea virescens 0 0 0 0 0 0
Mopalia muscosa 0 0 0 0 0 0
Mytlius trossulus 0 0 0 0 0 0
Lottia and Tectura spp. 0 0 0 0 0 0
Amphipholis cf. squamata 0 0 0 0 0 0
Pisaster ochraceus 0 0 0 0 0 0
Pycnopodia helianthoides 0 0 0 0 0 0
Dendraster excentricus 0 0 0 0 0 0
Cnemidocarpa finmarkiensis 0 0 0 0 0 0
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Eelgrass - Site 2

Genus Species
June

Transect 1 Transect 2
July

Transect 1 Transect 2
August 

Transect 1 Transect 2

Zostera japonica 0% 0% 19% 0% 44% 51%
Zostera marina 59% 44% 60% 90% 22% 31%
Fucus gardneri 0% 0% 0% 0% 0% 0%
Leathesia difformis 0% 0% 0% 0% 0% 0%
Sargassum muticum 0% 0% 0% 0% 0% 0%
Catliarthron tubercutosum 0% 0% 0% 0% 0% 0%
Ceramium californicum 0% 0% 0% 0% 0% 0%
Chondracanthus exasperatus 0% 0% 0% 0% 0% 0%
Gracilaria cf. pacifica 0% 0% 0% 0% 0% 0%
Mastocarpus papillatus 0% 0% 0% 0% 0% 0%
Enteromorpha intestinalis 0% 2% 5% 0% 0% 0%
Ulva cf. fenestrata 1% 0% 0% 0% 0% 0%
Anthopleura elegantissima 0 0 0 0 0 0
Aequorea victoria 0 0 0 0 0 0
Aurelia aurita 0 0 0 0 0 0
Pleurobrachia bachei 0 0 0 0 0 0
Heptacarpus sitchensis 0 0 0 0 0 0
Crangon sp. 0 0 0 0 0 0
Pandalus danae 0 0 0 0 0 0
Ligia pallasii 0 0 0 0 0 0
Balanus glandula 0 0 0 0 0 0
Hemigrapsus spp. 5 3 1 2 2 3
Cancer magister 0 0 0 0 0 0
Pagurus spp. 0 0 8 22 8 17
Oregonia gracilis 0 0 0 0 0 0
Pugettia producta 0 0 0 0 0 0
Petrolisthes cinctipes 0 0 0 0 0 0
Spiochaetopterus costarum 50 0 48 42 63 54
Eudistylia Vancouveri 0 0 0 0 0 0
Alia carinata 0 0 25 15 0 10
Amphissa versicolor 0 0 0 0 0 0
Littorina spp. 0 0 0 0 0 0
Batillaria zonalis 0 0 0 0 0 0
Nucella lamellosa 0 0 0 0 0 0
Archidoris montereyensis 0 0 0 0 0 0
Haminoea virescens 0 0 0 0 0 0
Mopalia muscosa 0 0 0 0 0 0
Mytlius trossulus 0 0 0 0 0 0
Lottia and Tectura spp. 0 0 0 0 0 0
Amphipholis cf. squamata 0 0 0 0 0 0
Pisaster ochraceus 0 0 0 0 0 0
Pycnopodia helianthoides 0 0 0 0 0 0
Dendraster excentricus 0 0 0 0 0 0
Cnemidocarpa finmarkiensis 0 0 0 0 0 0
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Eelgrass - Site 3

Genus Species
June

Transect 1 Transect 2
July

Transect 1 Transect 2
August 

Transect 1 Transect 2

Zostera japonica 0% 0% 0% 0% 0% 0%
Zostera marina 45% 25% 27% 35% 69% 59%
Fucus gardneri 0% 0% 0% 0% 0% 0%
Leathesia difformis 0% 0% 1% 1% 0% 0%
Sargassum muticum 0% 0% 3% 0% 0% 0%
Calliarthron tuberculosum 0% 0% 2% 2% 0% 0%
Ceramium californicum 0% 0% 0% 0% 0% 0%
Chondracar exasperatus 0% 0% 0% 0% 0% 0%
Gracilaria cf. pacifica 0% 0% 3% 2% 3% 6%
Mastocarpu papillatus 0% 0% 0% 0% 0% 0%
Enteromorp intestinalis 5% 10% 44% 22% 1% 13%
Ulva cf. fenestrata 5% 2% 5% 3% 5% 6%
Anthopleun elegantissima 0 0 0 0 0 0
Aequorea victoria 0 0 0 0 0 0
Aurelia aurita 0 0 0 0 0 0
Pleurobract bachei 0 0 0 0 0 0
Heptacarpu sitchensis 0 0 0 0 0 0
Crangon sp. 0 0 0 0 0 0
Pandalus danae 0 0 0 0 0 0
Ligia pallasii 0 0 0 0 0 0
Balanus glandula 0 0 0 0 0 0
Hemigrapst spp. 0 0 2 1 0 2
Cancer magister 0 0 0 0 0 0
Pagurus spp. 4 0 0 0 9 3
Oregonia gracilis 0 0 0 0 0 0
Pugettia producta 0 0 1 0 3 0
Petrolisthes cinctipes 0 0 0 0 0 0
Spiochaetoi costarum 6 15 7 11 17 9
Eudistylia vancouveri 0 0 0 0 0 0
Alia carinata 14 47 67 88 0 0
Amphissa versicolor 3 0 0 1 0 2
Littorina spp. 0 0 0 0 0 0
Batillaria zonalis 0 0 0 0 0 0
Nucella lamellosa 0 0 0 0 0 0
Archidoris montereyensk 0 0 0 0 0 0
Haminoea virescens 0 0 0 1 19 8
Mopalia muscosa 0 0 0 0 0 0
Mytlius trossulus 0 0 0 0 0 0
Lottia and '/ spp. 0 0 0 0 0 0
Amphipholii cf. squamata 0 0 0 0 0 0
Pisaster ochraceus 0 0 0 0 0 0
Pycnopodia helianthoides 0 0 0 0 0 0
Dendraster excentricus 0 0 0 0 0 0
Cnemidocai finmarkiensis 0 0 0 0 0 0
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Eelgrass - Site 4

Genus Species
June

Transect 1 Transect 2
July

Transect 1 Transect 2
August 

Transect 1 Transect 2

Zostera japonica 0% 0% 0% 0% 0% 0%
Zostera marina 71% 64% 56% 39% 50% 45%
Fucus gardneri 1% 0% 0% 0% 0% 0%
Leathesia difformis 0% 0% 0% 0% 0% 0%
Sargassum muticum 1% 0% 0% 0% 0% 0%
Calliarthron tuberculosum 0% 0% 0% 0% 0% 0%
Ceramium californicum 3% 3% 0% 0% 0% 0%
Chondracanthus exasperatus 0% 1% 0% 0% 0% 0%
Gracilaria cf. pacifica 1% 1% 4% 5% 3% 2%
Mastocarpus papillatus 0% 0% 0% 0% 0% 0%
Enteromorpha intestinalis 2% 4% 37% 37% 20% 10%
Ulva cf. fenestrata 4% 7% 2% 4% 2% 7%
Anthopleura elegantissima 0 0 0 0 0 0
Aequorea victoria 0 0 0 0 0 0
Aurelia aurita 0 0 0 0 0 0
Pleurobrachia bachei 0 0 0 0 0 0
Heptacarpus sitchensis 0 0 0 0 0 0
Crangon sp. 0 0 0 0 0 0
Pandalus danae 0 0 0 0 0 0
Ligia pallasii 0 0 0 0 0 0
Baianus glandula 0 0 0 0 0 0
Hemigrapsus spp. 0 0 4 1 6 1
Cancer magister 0 0 0 0 0 0
Pagurus spp. 3 1 0 1 12 7
Oregonia gracilis 0 0 0 0 0 0
Pugettia producta 0 2 4 3 0 0
Petrolisthes cinctipes 0 0 0 0 0 0
Spiochaetopterus costarum 14 12 1 5 8 9
Eudistylia Vancouveri 0 0 0 0 0 0
Alia carinata 27 32 44 25 113 56
Amphissa versicolor 0 1 0 0 0 0
Littorina spp. 0 0 0 0 0 0
Batillaria zonalis 0 0 0 0 0 0
Nucella lamellosa 0 0 0 0 0 0
Archidoris montereyensis 0 0 0 0 0 0
Haminoea virescens 10 0 0 0 0 1
Mopalia muscosa 0 0 0 0 0 0
Mytlius trossulus 0 0 0 0 0 0
Lottia and Tectura spp. 0 0 0 0 0 0
Amphipholis cf. squamata 0 0 0 0 0 0
Pisaster ochraceus 0 0 0 0 0 0
Pycnopodia helianthoides 0 2 0 0 0 0
Dendraster excentricus 0 0 0 0 0 0
Cnemidocarpa finmarkiensis 0 0 0 0 0 0
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Eelgrass - Site 5

Genus Species
June

Transect 1 Transect 2
July

Transect 1 Transect 2
August 

Transect 1 Transect 2

Zostera japonica 0% 0% 0% 20% 45% 4%
Zostera marina 63% 68% 62% 59% 18% 56%
Fucus gardneri 0% 0% 0% 0% 0% 0%
Leathesia difformis 0% 0% 0% 0% 0% 0%
Sargassum muticum 0% 0% 0% 0% 0% 0%
Calliarthron tuberculosum 0% 0% 2% 2% 0% 0%
Ceramium californicum 200% 3% 0% 0% 0% 0%
Chondracanthus exasperatus 0% 0% 0% 0% 0% 0%
Gracilaria cf. pacifica 0% 0% 0% 0% 0% 0%
Mastocarpus papillatus 0% 0% 0% 0% 0% 0%
Enteromorpha intestinalis 0% 0% 1% 0% 0% 0%
Ulva cf. fenestrata 0% 0% 0% 0% 0% 0%
Anthopleura elegantissima 0 0 0 0 0 0
Aequorea victoria 0 0 0 0 0 0
Aurelia aurita 0 0 0 0 0 0
Pleurobrachia bachei 0 0 0 0 0 0
Heptacarpus sitchensis 0 0 0 0 0 0
Crangon sp. 0 0 0 0 0 0
Pandalus danae 0 0 0 0 0 0
Ligia pallasii 0 0 0 0 0 0
Balanus glandula 0 0 0 0 0 0
Hemigrapsus spp. 0 0 0 1 0 0
Cancer magister 0 0 0 0 0 0
Pagurus spp. 1 1 1 2 0 3
Oregonia gracilis 0 0 0 0 0 0
Pugettia products 0 0 1 2 0 0
Petrolisthes cinctipes 0 0 0 0 0 0
Spiochaetopterus costarum 27 37 53 31 22 0
Eudlstylia Vancouveri 0 0 0 1 0 0
Alia carinata 0 1 18 10 1 0
Amphissa versicolor 1 0 0 0 0 0
Littorina spp. 0 0 0 0 0 0
Batillaria zonalis 0 0 0 0 0 0
Nucella lamellosa 0 0 0 0 0 0
Archidoris montereyensis 0 0 0 0 0 0
Haminoea virescens 0 1 0 0 5 7
Mopalia muscosa 0 0 0 0 0 0
Mytlius trossulus 0 0 0 0 0 0
Lottia and Tectura spp. 0 0 0 0 0 0
Amphipholis cf. squamata 0 0 0 0 0 0
Pisaster ochraceus 0 0 0 0 0 0
Pycnopodia helianthoides 0 0 0 0 0 0
Dendraster excentricus 0 0 0 0 0 0
Cnemidocarpa finmarkiensis 0 0 0 0 0 0
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Below-oyster - Site 1

Genus Species
June

Transect 1 Transect 2
July

Transect 1 Transect 2
August 

Transect 1 Transect 2

Zostera japonica 0% 0% 0% 0% 0% 0%
Zostera marina 0% 0% 0% 0% 0% 0%
Fucus gardneri 0% 0% 0% 0% 0% 0%
Leathesia difformis 0% 0% 0% 0% 0% 0%
Sargassum muticum 8% 8% 3% 0% 0% 0%
Caltiarthron tuberculosum 0% 0% 0% 0% 0% 0%
Ceramium californicum 0% 0% 0% 0% 0% 0%
Chondracanthus exasperatus 0% 0% 0% 0% 0% 0%
Gracilaria cf. pacifica 0% 0% 0% 0% 0% 0%
Mastocarpus papillatus 5% 4% 2% 2% 0% 1%
Enteromorpha intestinalis 40% 83% 21% 7% 0% 0%
Ulva cf. fenestrata 2% 3% 3% 1% 0% 0%
Anthopleura elegantissima 0 0 0 0 0 0
Aequorea victoria 0 0 0 0 0 0
Aurelia aurita 0 0 0 0 0 0
Pleurobrachia bachei 0 0 0 0 0 0
Heptacarpus sitchensis 0 0 0 0 0 0
Crangon sp. 0 0 0 0 0 0
Pandalus danae 0 0 0 0 0 0
Ligia pallasii 0 0 0 0 0 0
Balanus glandula 1000 720 720 720 180 1300
Hemigrapsus spp. 82 56 13 67 9 25
Cancer magister 0 0 0 0 0 0
Pagurus spp. 3 5 53 12 0 3
Oregonia gracilis 0 0 0 0 0 0
Pugettia producta 0 2 0 0 0 0
Petrolisthes cinctipes 0 0 0 0 0 0
Spiochaetopterus costarum 4 0 5 0 4 0
Eudistylia Vancouver/ 0 0 0 0 0 0
Alia carinata 0 0 0 0 0 0
Amphissa versicolor 0 0 0 0 0 0
Littorina spp. 0 0 0 0 0 120
Batillaria zonalis 0 0 0 0 0 0
Nucella lamellosa 0 0 0 0 0 0
Archidoris montereyensis 0 0 0 0 0 0
Haminoea virescens 0 0 0 0 0 0
Mopalia muscosa 0 0 0 0 0 0
Mytlius trossulus 0 0 0 0 0 2
Lottia and Tectura spp. 0 0 0 240 0 80
Amphipholis cf. squamata 0 0 0 0 0 0
Pisaster ochraceus 0 0 0 0 0 0
Pycnopodia helianthoides 0 0 0 0 0 0
Dendraster excentricus 0 0 0 0 1 0
Cnemidocarpa finmarkiensis 0 0 0 0 0 0
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Below-oyster - Site 2

Genus Species
June

Transect 1 Transect 2
July

Transect 1 Transect 2
August 

Transect 1 Transect 2

Zostera japonica 0% 0% 0% 0% 0% 0%
Zostera marina 0% 0% 0% 0% 0% 0%
Fucus gardneri 0% 0% 0% 0% 0% 0%
Leathesia difformis 0% 0% 0% 0% 0% 0%
Sargassum muticum 33% 27% 8% 10% 0% 0%
Calliarthron tuberculosum 0% 0% 0% 0% 0% 0%
Ceramium californicum 0% 1% 0% 0% 0% 0%
Chondracanthus exasperatus 0% 0% 0% 0% 0% 0%
Gracilaria cf. pacifica 1% 0% 1% 0% 0% 0%
Mastocarpus papillatus 3% 0% 5% 5% 0% 0%
Enteromorpha intestinalis 36% 32% 90% 90% 0% 2%
Ulva cf. fenestrata 0% 0% 0% 0% 6% 7%
Anthopleura elegantissima 0 0 0 0 0 0
Aequorea victoria 0 0 0 0 0 0
Aurelia aurita 0 0 0 0 0 0
Pleurobrachia bachei 0 0 0 0 0 0
Heptacarpus sitchensis 0 0 0 0 0 0
Crangon sp. 0 0 0 0 0 0
Pandalus danae 0 0 0 0 0 0
Ligia pallasii 0 0 0 0 0 0
Balanus glandula 1020 720 720 380 1300 860
Hemigrapsus spp. 49 11 67 29 25 10
Cancer magister 0 0 0 0 0 0
Pagurus spp. 12 4 12 0 3 4
Oregonia gracilis 0 0 0 0 0 0
Pugettia products 0 1 0 0 0 0
Petrolisthes cinctipes 0 0 0 0 0 0
Spiochaetopterus costarum 0 0 0 0 0 4
Eudistylia Vancouver/' 0 0 0 0 0 0
Alia carinata 0 0 0 0 0 0
Amphissa versicolor 0 0 0 0 0 0
Littorina spp. 0 0 0 0 120 0
Batillaria zonalis 0 0 0 0 0 0
Nucella lamellosa 5 8 0 6 0 3
Archidoris montereyensis 1 0 0 0 0 0
Haminoea virescens 0 0 0 0 0 0
Mopalia muscosa 0 0 0 0 0 0
Mytlius trossulus 0 0 0 0 2 0
Lottia and Tectura spp. 67 0 240 0 80 49
Amphipholis cf. squamata 0 0 0 0 0 0
Pisaster ochraceus 0 0 0 0 0 0
Pycnopodia heliantholdes 0 0 0 0 0 0
Dendraster excentricus 0 0 0 0 0 0
Cnemidocarpa finmarkiensis 0 1 0 0 0 0
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Below-oyster - Site 3

Genus Species
June

Transect 1 Transect 2
July

Transect 1 Transect 2
August 

Transect 1 Transect 2

Zostera japonica 0% 0% 0% 0% 0% 0%
Zostera marina 0% 0% 0% 0% 0% 0%
Fucus gardneri 0% 0% 0% 0% 0% 0%
Leathesia difformis 0% 0% 0% 0% 0% 0%
Sargassum muticum 10% 11% 0% 3% 1% 0%
Calliarthron tuberculosum 0% 0% 0% 0% 0% 0%
Ceramlum californicum 0% 4% 0% 0% 0% 0%
Chondracanthus exasperatus 0% 0% 0% 0% 0% 0%
Gracilaria cf. pacifica 0% 0% 0% 0% 0% 0%
Mastocarpus papillatus 4% 3% 3% 4% 6% 4%
Enteromorpha intestinalis 15% 48% 71% 65% 4% 10%
Ulva cf. fenestrata 0% 0% 2% 1% 160% 280%
Anthopleura elegantissima 0 0 0 0 0 0
Aequorea victoria 0 0 0 0 0 0
Aurelia aurita 0 0 0 0 0 0
Pleurobrachia bachei 0 0 0 0 0 0
Heptacarpus sitchensis 0 0 0 0 0 0
Crangon sp. 0 0 0 0 0 0
Pandalus danae 0 0 0 0 0 0
Ligia pallasii 0 0 0 0 0 0
Balanus glandula 580 860 440 880 580 300
Hemlgrapsus spp. 1 1 6 1 4 7
Cancer magister 0 0 0 0 0 0
Pagurus spp. 1 0 5 11 4 5
Oregonia gracilis 0 0 0 0 0 0
Pugettia producta 0 0 0 0 0 1
Petrolisthes cinctipes 0 0 1 1 0 0
Spiochaetopterus costarum 0 1 0 0 0 0
Eudistylia vancouveri 0 0 0 0 0 0
Alia carinata 0 0 10 10 0 21
Amphissa versicolor 0 0 1 2 0 0
Littorina spp. 0 0 0 0 0 0
Batillaria zonalis 0 0 0 0 0 0
Nucella lamellosa 0 0 0 0 0 0
Archidoris montereyensis 0 0 0 0 0 0
Haminoea virescens 0 0 1 0 0 0
Mopalia muscosa 0 0 0 0 0 0
Mytlius trossulus 0 0 0 0 0 0
Lottia and Tectura spp. 0 0 0 1 0 0
Amphipholis cf. squamata 0 0 0 3 0 0
Pisaster ochraceus 0 0 1 0 0 0
Pycnopodia helianthoides 0 0 0 0 0 0
Dendraster excentricus 0 0 0 0 0 0
Cnemidocarpa finmarkiensis 0 0 0 0 0 0
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Below-oyster - Site 4

Genus Species
June

Transect 1 Transect 2
July

Transect 1 Transect 2
August 

Transect 1 Transect 2

Zostera japonica 0% 0% 0% 0% 0% 0%
Zostera marina 0% 1% 0% 0% 0% 0%
Fucus gardneri 0% 0% 0% 0% 4% 0%
Leathesia difformis 0% 0% 0% 0% 0% 0%
Sargassum muticum 58% 80% 14% 11% 0% 0%
Calliarthron tuberculosum 0% 0% 0% 0% 0% 0%
Ceramium californicum 3% 3% 1% 0% 0% 0%
Chondracanthus exasperatus 0% 0% 0% 0% 0% 0%
Gracilaria cf. pacifica 1% 0% 0% 0% 0% 0%
Mastocarpus papillatus 1% 1% 3% 3% 2% 1%
Enteromorpha intestinalis 0% 0% 87% 80% 12% 9%

Ulva cf. fenestrata 0% 0% 0% 0% 3% 4%
Anthopleura elegantissima 0 0 0 1 0 0
Aequorea victoria 0 0 0 0 0 0
Aurelia aurita 0 0 0 0 0 0
Pleurobrachia bachei 0 0 0 0 0 0
Heptacarpus sitchensis 0 0 0 0 0 0
Crangon sp. 0 0 0 0 0 0
Pandalus danae 0 0 0 0 0 0
Ligia pallasii 0 0 0 0 0 0
Balanus glandula 440 720 300 440 1600 1460
Hemigrapsus spp. 0 0 4 3 20 41
Cancer magister 0 0 0 0 0 0
Pagurus spp. 1 1 5 0 7 7
Oregonia gracilis 0 0 0 0 0 0
Pugettia producta 0 1 0 1 0 0
Petrolisthes cinctipes 0 0 0 0 4 0
Spiochaetopterus costarum 0 2 0 0 0 5
Eudistylia vancouveri 0 0 0 0 0 0
Alia carinata 0 0 6 1 12 4
Amphissa versicolor 0 0 1 0 0 0
Littorina spp. 0 0 0 0 0 0
Batillaria zonalis 0 0 8 12 0 0
Nucella lamellosa 0 0 0 0 1 0
Archidoris montereyensis 0 0 0 0 0 0
Haminoea virescens 0 0 0 0 0 0
Mopalia muscosa 0 0 0 0 1 0
Mytlius trossulus 0 0 0 0 0 0
Lottia and Tectura spp. 0 0 0 0 17 10
Amphipholis cf. squamata 0 0 0 0 2 1
Pisaster ochraceus 4 0 1 2 0 0
Pycnopodia helianthoides 0 0 0 0 0 0
Dendraster excentricus 0 0 0 0 0 0
Cnemidocarpa finmarkiensis 0 0 0 0 0 0
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Genus Species

Eelgrass seines 

Site E 1 Site E5 Site E7

Below-oyster seines 

Site B02  Site B04 Site B05

Anthopleura elegantissima 0 0 0 0 0 0
Aequorea victoria 160 32 20 0 25 34
Aurelia aurita 2 0 0 0 1 0
Pleurobrachia bachei 17 0 20 1 22 19
Heptacarpus sitchensis 7 20 0 0 0 0
Crangon sp. 20 19 10 0 0 0
Pandalus danae 24 32 1 0 0 0
Ligla pallasii 5 0 0 0 1 0
Balanus glandula 0 0 0 0 0 0
Hemigrapsus spp. 1 1 0 1 1 0
Cancer magister 2 3 1 0 0 0
Pagurus spp. 2 2 0 0 3 0
Oregonia gracilis 3 0 0 0 0 0
Pugettia producta 32 57 4 2 0 0
Petrolisthes cinctipes 0 0 0 0 0 0
Spiochaetopterus costarum 0 0 0 0 0 0
Eudistylia vancouveri 0 0 0 0 0 0
Alia carinata 0 17 0 0 0 0
Amphissa versicolor 0 0 0 0 0 0
Littorina spp. 0 0 0 0 0 0
Batillaria zonalis 0 0 0 0 0 0
Nucella lamellosa 0 0 0 0 0 0
Archidoris montereyensis 0 0 0 0 0 0
Haminoea virescens 18 455 52 0 0 0
Mopalia muscosa 0 0 0 0 0 0
Mytlius trossulus 0 0 0 0 0 0
Lottia and Tectura spp. 0 0 0 0 0 0
Amphipholis cf. squamata 0 0 0 0 0 0
Pisaster ochraceus 0 0 0 0 0 0
Pycnopodia helianthoides 0 0 0 0 0 0
Dendraster excentricus 0 0 0 0 0 0
Cnemidocarpa Pinmarkiensis 0 0 0 0 0 0
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Genus Species

Eelgrass seines 

Site E 1 Site E5 Site E7

Below-oyster seines 

Site B02  Site B04 Site B05
Leptocottu armatus 161 21 73 10 12 3
Cottus asper 3 0 0 0 0 0
Clinocottui globiceps 1 0 0 0 0 0
Oligocottui maculosm 0 1 0 0 0 0
Artedius fenestralis 0 1 1 0 0 0
Psychrolut paradoxus 0 1 2 0 0 0
Psettichth> melanostic 1 10 3 0 0 0
Pleuronich coenosus 1 0 0 0 0 0
Platichthys stellatus 19 0 17 0 0 0
Citharichth sordidus 1 20 1 0 0 0
Apodichthj  flavidus 2 0 1 0 0 0
Xererpes fucorum 3 3 0 0 1 0
Pholis laeta 2 4 0 0 0 0
Pholis ornata 0 34 18 0 0 0
Rhacochik vacca 17 0 0 0 5 0
Cymatogai aggregata 0 68 110 0 0 0
Syngnathu griseolinee 52 50 10 0 2 0
Porichthys notatus 185 20 0 0 0 0
Ammodyte hexapteru: 29 0 0 0 0 0
Ophiodon elongatus 3 0 0 0 0 0
Gasteroste aculeatus 0 0 1 0 1 0
Rimicola muscarum 0 1 0 0 0 0
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