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Understanding the ecological role of Pacific oyster aquaculture (Crassostrea gigas) and eelgrass 

(Zostera marina L.) as important habitats in US Pacific Northwest estuaries is critical for 

management and regulatory decisions. The oyster aquaculture industry is currently restricted by 

regulations concerning impacts of their activities on Z. marina. This seagrass is protected under 

several legislative designations including Essential Fish Habitat (EFH) for federally managed 

fish species under the Magnuson Stevens Act. To date, federal and state regulations do not 

consider aquaculture as functional ecological habitat. While estuarine habitats serve multiple 

functions, the focus of our study was to evaluate fish and crab use. Underwater digital video 

surveys and minnow traps were used to quantify fish and crab abundance and behavior in 

longline oyster aquaculture, eelgrass beds, and the edge between these two habitats. Standardized 

predation tethering units (PTUs) were also deployed in each of these habitats to examine 

predation risk and refuge value.  Our objective was not only to determine what fish and crab 



	

species were present, but also to determine whether their behavior could be used to clarify the 

functional role of these habitats and compare results among estuaries.  

Although there were no differences among habitat types in minnow trap catch, shiner perch 

(Cymatogaster aggregata) and Pacific staghorn sculpin (Leptocottus armatus) were the most 

common fish taken in all three estuaries.  Shiner perch were sighted in Samish Bay video more 

frequently in longline aquaculture than in eelgrass while Pacific staghorn sculpin were more 

frequently sighted on the edge than in either oyster aquaculture or eelgrass.  Additionally, 

behavior of fish and crab did not differ among habitat types in Samish Bay. Results of predation 

assays suggested that predation pressure was highest in Tillamook Bay and lowest in Samish Bay 

where an apparent edge effect is consistent with higher abundance of Pacific staghorn sculpins. 

While benthic structure provided by both eelgrass and oysters has previously been shown to be 

important, our results suggest that the form of the benthic structure (e.g. off-bottom versus on-

bottom) and features such as edge habitats may also play an important role in PNW estuaries. 
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1 
CHAPTER 1 – GENERAL INTRODUCTION  

Seagrass populations have declined globally over the last century (Waycott et al., 2009), 

motivating increased conservation and restoration efforts (Gregory & Wellman, 2001; Orth 

et al., 2006) for many areas of the world including the Pacific Northwest (PNW) region of 

the United States (Thom, Vavrinec, et al., 2014). Eelgrass (Zostera marina) is a federally 

protected species of seagrass because of its ecological significance (Fonseca et al., 1998).  

Conversely, shellfish aquaculture has expanded in PNW estuaries and these operations 

overlap with eelgrass communities (Shellfish aquaculture in Washington State. Final report 

to the Washington State Legislature, 2015). Both eelgrass habitat and bivalve aquaculture 

provide important ecosystem functions and services such as providing food (Orth et al., 

2006,  Dumbauld, Ruesink, & Rumrill, 2009). Eelgrass is considered to serve as an 

important nursery ground for harvested species such as salmon and English sole. Oyster 

aquaculture is emerging as a way to meet seafood demand as some global fisheries have 

declined (deFur & Rader, 1995) and initiatives to support the expansion of bivalve culture 

have been established nationwide (Marine Aquaculture Policy, 2011). This has created a 

complex coastal management issue in PNW estuaries due to competing interests and 

challenges of eelgrass conservation and bivalve aquaculture expansion. Both habitats 

contribute to food sources for human consumption directly (e.g. oysters harvested from 

aquaculture) and indirectly (e.g. Dungeness crab utilizing eelgrass as nursery habitat). 

Seagrasses provide numerous ecosystem services including habitat provision for juvenile 

fish and invertebrate species (refuge from predators and food availability), enhanced water 

quality, carbon sequestration, nutrient cycling, and seasonal protection of shorelines from 



	

	

2 
coastal erosion (Barbier et al., 2011; Koch et al., 2009; Orth et al., 2006).  The Magnuson-

Stevens Fishery Conservation and Management Act designates eelgrass as Essential Fish 

Habitat (EFH) (Magnuson-Stevens Fishery Conservation and Management Act, 2014) for 

several federally managed species of fish, some of which are also listed as threatened or 

endangered under  the Endangered Species Act (ESA). These two designations have caused 

increased scrutiny surrounding any impacts to eelgrass. Protective measures have been 

implemented by both federal and state management agencies. For example, in California and 

other states, regulatory agencies enforce a “no-net loss” policy and employ a precautionary 

principle when regulating estuarine use (California Eelgrass Mitigation Policy and 

Implementing Guidelines, 2014). At the Federal level, the U.S. Army Corps of Engineers 

requires a permit and “pre-construction notification” prior to any shellfish aquaculture 

activities being conducted in proximity to native seagrass and requires a buffer zone be 

established between new shellfish farming activity and seagrass. Additionally, the Clean 

Water Act Section 404 requires permits for any aquaculture activities that may include 

filling or placing dredged material when preparing a site to be farmed (Dumbauld et al., 

2009; Pinnix et al., 2005). 

It is estimated that, worldwide, a billion people live within 50 km of seagrass meadows, 

ecosystems that have been heavily affected by climate change, declines in water quality, and 

other anthropogenic habitat degradation (Waycott et al., 2009). Human population density is 

growing in coastal communities, a trend that has been occurring since the 1970s and is 

projected to continue (National Coastal Population Report, 2013). To meet the demands of 

an increasing population, coastal development is increasing, including infrastructure 



	

	

3 
required to support the seafood industry. Expanding the shellfish aquaculture industry is one 

way to meet this increase in seafood demand, particularly as other fishery stocks decline 

worldwide (Brugère & Ridler, 2004).  

Shellfish initiatives on the US West Coast intend to aid collaboration between communities, 

state policy makers, and connect the public to a local seafood source all while streamlining 

the permitting process for shellfish farmers. Washington currently leads the nation in farmed 

oyster, mussel, and clam production with ~10,600 metric tons harvested in 2013 (SeaGrant, 

2015). This production employs 3,200 people particularly in rural towns and brings $270 

million in economic benefits to the state of WA (“Washington Shellfish Initiative,” 2011). 

To promote efficiency in the bivalve mariculture industry and to foster the economic 

benefits to these small coastal towns, the Washington Shellfish Initiative (WSI) was 

introduced in 2011 and aims to increase aquaculture production, restore native species such 

as the Olympia oyster (Ostrea lurida), and increase efficiency of the permitting process for 

farmers. Additionally, the intent of WSI is to increase working class jobs, increase public 

education and awareness around shellfish harvest, and is being implemented from the 

federal to local level (“Washington Shellfish Initiative,” 2011). Similar efforts that fall under 

NOAA’s National Shellfish Initiative exist in Oregon and California as well. The Oregon 

Shellfish Task Force is working to build collaboration within local communities and policy 

makers to sustain a direct economic value of $10.6 million annually from its mariculture 

industry (Oregon Shellfish Initiative, 2016). In California actions are focused on individual 

bays, Humboldt Bay, Tomales Bay, and Morro Bay, where most of the mariculture is 



	

	

4 
occurring and sustains the state’s $25 million mariculture industry (California Shellfish 

Initiative, 2013).  

An emerging threat to the ecological function of West Coast estuaries is linked to coastal 

development, driven by an increase in human population. Seagrass populations have been 

shown to be vulnerable to habitat modification from development such as over-water 

structures, space competition from shellfish aquaculture, invasive species, and recreation 

e.g. boat propellers scarring beds (Orth et al., 2006). It is also known that the demand for 

seafood will increase with the increasing growth in human population. While some 

researchers have examined the role of on-bottom culture of shellfish including oysters in 

estuaries, little research currently exists on the impacts of longline oyster aquaculture, which 

is increasingly being developed as a tool for increasing seafood production. To better 

understand how seagrasses will be impacted by off-bottom oyster aquaculture it is necessary 

to better understand the ecological functions that each habitat provides for fish and crab such 

as food and shelter. Understanding the ecological role of these habitats within PNW 

estuaries is important in order for managers and policy makers to make informed decisions.  

Several methods are currently used to farm oysters on the US West Coast including on-

bottom ground culture and off-bottom techniques including, longlines, rack and bag, and 

floating bags. Growers have recently shifted some of their operations to these off-bottom 

culture in PNW estuaries due to: 1) shifts in markets as oyster growth can be greater off-

bottom and there is increased demand for half shell oysters marketed in the shell direct to 

restaurants,  2) recognition by regulators that there is potentially less direct impact on 



	

	

5 
seagrass, and 3) a realized effect of less predation and potentially decreased impact of pests 

and siltation (Dumbauld et al., 2009).  

Ecosystem function, including abiotic and biotic processes, in marine systems is becoming a 

more important consideration for management decisions (Bremner, 2008). Identifying 

patterns of habitats located in estuaries as they influence use by fish and crab is one way to 

better understand ecological function. Context for this study of fish and crab use is provided 

by economic importance of some species such as Dungeness crab and English sole that use 

estuaries as nursery grounds (Toft et al. 2015). While the functional role of eelgrass for fish 

and crab is relatively well-known (Heck et al., 2003), studies addressing the role of oyster 

aquaculture, especially off-bottom structures like longlines are fewer (but see Dealteris et al. 

2004; Rumrill and Poulton 2004). I hypothesize that structure provided by longline oyster 

aquaculture including the oysters and the structures (e.g. PVC and rope) that they are grown 

on is comparable to that of eelgrass habitat. Oyster shells may provide a similar surface to 

which epiphytic material attaches and therefore support invertebrates that are prey for fish 

and crab. Oysters and the structure upon which they are grown may also provide areas in 

which fish and crab may seek shelter. 

While previous studies have examined density of fish and crab in eelgrass, open 

unstructured, and on-bottom oyster habitats, we were also interested if there might be an 

edge effect that could explain fish and crab use. We adopted a definition from Boström et al. 

(2006) who refer to the edge effect as “the distinctive species composition or abundance” in 

the perimeter of the area where two different habitats adjoin (Boström et al., 2006).We 



	

	

6 
chose longline oyster aquaculture and eelgrass as the two adjoining habitats in our study. 

Predation is one potential mechanism driving edge effects, shown in a tethering study 

recorded on video (Smith et al., 2011).  Smith et al., 2010 suggested that proximity to the 

edge of eelgrass patches influences the abundance of pipefish (Stigmatopora nigra) because 

the pipefish can use the edge effectively as a predator. Quantifying the abundance and 

behavior of fish and crab that utilize the aforementioned 3 habitats provides valuable insight 

into the role the habitats play. 

In our study, we considered food availability, predation risk and refuge as drivers for fish 

and crab abundance and behavior differences among habitat types across estuaries. 

Comparing seagrass complexity measurements such as eelgrass shoot density and epiphyte 

cover, or fouling material, can allude to fish and crab presence, density, and behavior (Hovel 

et al., 2016). Hovel et al. (2016) found that kelpfish had lower detection rates of grass 

shrimp when eelgrass density was higher and that grass shrimp attempted to escape their 

predators more often in low eelgrass density treatments. Higher shoot density therefore 

could be linked to lower predation rates and higher refuge value for prey species. 

Additionally, it was suggested that refuge value from not only predators, but from dredging 

and pier development, was higher in eelgrass beds than non-vegetated areas of bays in 

Southern California, where beach seine nets were used to quantify fish and crab abundances 

(Obaza et al., 2015). Increasing structural complexity may reduce predator ability to find 

prey and thus increase the prey’s ability to survive (Bartholomew, 2012). 
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We used eelgrass blade morphology and epiphyte load to give a correlative measure of food 

availability as another function provided to fish and crab. Epiphytic algae and diatom matter 

that attach to the eelgrass blades serve as food for invertebrates (Kitting et al., 1984) that are 

then fed upon by mesopredators (e.g. Pacific staghorn sculpin, shiner perch). Epiphytes 

found on eelgrass blades are at the base of the food web for many species of fish and 

invertebrates in PNW estuaries. Epiphyte load (dry weight of epiphyte per dry weight of 

eelgrass) was used to infer food availability levels and was compared among habitat types. 

Structure provided by eelgrass can slow wave velocity allowing food items to be more easily 

attained by fish and crab (Griffin, 1997). 

The primary goal of this study was to examine how fish and crab composition and utilization 

differed between habitat types and to postulate potential drivers for evident differences. My 

thesis research was designed to compare patterns and potential drivers of ecological 

functions provided by each of three habitats for fish and crab in three estuaries in the Pacific 

Northwest, USA. We chose three separate estuaries because we expected context-

dependencies in each estuary that could drive patterns we observed. In many instances, 

managers and local policy makers require data specific to a local estuary. In Chapter 2, I 

present a comparative study of fish and crab use among three habitat types: Pacific oyster 

longline aquaculture, eelgrass, and the edge between these two habitat types. We directly 

measured fish and crab abundance and behavior, surveyed eelgrass and related measures, 

and used a predation assay to better understand the potential habitat function as refuge from 

predation. These measurements were taken at several sites in three US West Coast estuaries. 
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Lastly, in Chapter 3 I conclude with a general discussion of the potential application of our 

results placed in an ecosystem-based management framework. 

CHAPTER 2 

2.1 Introduction 

	
Seagrasses are underwater marine flowering plants found worldwide that provide a variety 

of ecological functions and services such as enhanced biodiversity, habitat provision for 

juvenile fish and invertebrate species (refuge from predators and food availability), 

enhanced water quality, carbon sequestration, nutrient cycling, and seasonal protection of 

shorelines from coastal erosion (Orth et al. 2006). Seagrass populations have declined 

globally during the last century (Waycott et al., 2009), motivating increased conservation 

and restoration efforts (Gregory & Wellman, 2001; Orth et al., 2006) for many areas of the 

world including the Pacific Northwest (PNW) region of the United States (Thom et al., 

2014). Eelgrass (Zostera marina L.) is a federally protected species of seagrass because of 

its ecological significance (Fonseca et al., 1998). Vegetated habitats within estuaries are not 

only sources of food for fish and crab, they provide other important ecological functions 

such as sediment stabilization and contribute to primary productivity (Bloomfield & 

Gillanders, 2005). Shellfish aquaculture operations in PNW estuaries overlap with native 

seagrass (eelgrass) communities (WA SeaGrant, 2015). Since both eelgrass and bivalve 

aquaculture provide important ecosystem functions and services (Orth et al., 2006,  

Dumbauld, Ruesink, & Rumrill, 2009), a complex coastal management issue has developed  



	

	

9 
due to competing these interests and challenges of eelgrass conservation and bivalve 

aquaculture expansion.  

Longline oyster aquaculture was chosen as the focus for this study because it is being used 

more widely by shellfish growers in response to increased demand for half shell oysters 

marketed direct to restaurants (oyster growth can be greater off-bottom where there is less 

predation and siltation) and to regulators that see potentially less direct impact on seagrass  

(Dumbauld et al., 2009). Because it is a newer culture method, little research has been 

conducted on its value as habitat for fish and crab. Longlines were present in all estuaries 

that we sampled. While the longline culture method has been regulated as being the least 

impactful to eelgrass, plant biomass and production has nonetheless been shown to decline 

within longline culture areas (Wisehart et al., 2007). The role of longline oyster aquaculture 

as functional habitat for fish and crab however has not been previously examined in detail, 

in part due to the difficulty of directly sampling eelgrass and longlines with nets. Other 

researchers  have quantified fish and invertebrate use of mudflats as a comparison to oyster 

on- bottom culture and eelgrass and hypothesized about edge effects (Hosack et al., 2006).   

They found higher benthic invertebrate densities in structured habitats than open mudflats, 

but found few differences in densities of more mobile fish and invertebrates amongst 

habitats including commercially important fish and crab. 

Important federal regulations are designed to protect eelgrass as a valuable wetland habitat 

in the US including the Magnuson-Stevens Fishery Conservation and Management Act 

which designates it as Essential Fish Habitat (EFH) for several federally managed species of 



	

	

10 
fish, some of which are also listed as threatened or endangered under the Endangered 

Species Act (ESA).  Protective measures for eelgrass have also been implemented by 

individual states which typically enforce a “no-net loss” policy and employ a precautionary 

principle when regulating estuarine use (e.g. California Eelgrass Mitigation Policy and 

Implementing Guidelines, 2014).  Shellfish aquaculture is thus regulated as an activity that 

influences eelgrass and not as a potentially valuable habitat itself.  Most shellfish 

aquaculture operations are covered under a nationwide permit issued by the US Army Corps 

of Engineers which to date covered existing operations even if they occur in areas with 

eelgrass.  Expanded operations however require  “pre-construction notification” prior to any 

activities being conducted in proximity to native seagrass and require a buffer zone be 

established  between these farming activities and seagrass. (Dumbauld et al., 2009; Pinnix et 

al., 2005).   

In this study, we consider functional habitat use comparisons across three habitats occurring 

in PNW estuaries. Specifically, we asked: 1) Do fish and crab abundance and behavior differ 

among habitat types?, 2) Do habitat complexity measurements differ among habitat types?, 

and 3) Does relative predation pressure vary among habitat types? Our first objective was to 

describe fish and crab use and abundance in these habitats.  To address this, we used passive 

sampling methods including digital video cameras and minnow traps. Our second objective 

was to explore differences in seagrass complexity based on the definition adopted by  

Boström et al., (2006) any measurement of above-ground or below-ground structural 

complexity.” We took above-ground measures of eelgrass including: shoot density, shoot 

length, leaf width, and above-ground biomass, and epiphyte load (dry weight of epiphytes 
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per dry weight of eelgrass). Finally, our third objective was to compare relative predation 

intensity among habitats using a standardized assay, the predation tethering unit (PTU). 

PTUs, also called squidpops, are used in aquatic ecosystems worldwide and within the 

Zostera Experimental Network (ZEN, Duffy et al., 2015). The results of our comparative 

study on the functional roles of oyster aquaculture and eelgrass for fish and crab will help 

answer ecological questions and aid effective management of these habitats and resources in 

PNW estuaries.  

2.2 Materials and Methods 

2.2.1 Study sites 

Field work was conducted in three Pacific Northwest (PNW) estuaries: Samish Bay, WA, 

Tillamook Bay, OR and Humboldt Bay, CA (Appendix Figure E). Humboldt Bay (40° 44’ 

59” N to 124° 12’ 34” W) is California’s second largest estuary at 62.4 km2 in area at high 

tide and is classified as a drowned river valley or a coastal plain estuary. We sampled within 

the North Bay region where most of the mariculture operations occur. Tillamook Bay is also 

a drowned river valley estuary, 37.2 km2 in area, located in Tillamook County, Oregon (45-

30'46'' N, 123-54'59'' W). Samish Bay, located in Skagit County, Washington (48°36'20"N, 

122°31'01" W) is slightly different because it is adjacent to and part of the Salish Sea, a 

large fjord. All three estuaries experience mixed semi-diurnal tides.  

Sampling occurred between early July and early August 2016. Within this time period we 

visited one site per estuary each day at both low and high tides. PNW estuaries are 

connected to the California Current System, which bring is highly productive due to 

upwelling and brings colder, saltier, and nutrient rich water into the estuary during the 
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summer (Hickey & Banas, 2003). The estuaries in this study region have characteristically 

low river discharge and high coastal ocean flushing during the summer season (Hickey & 

Banas, 2003).  

Three sites with longline oyster aquaculture were selected within each estuary to meet the 

following criteria: 1) presence of similarly aged 2-year-old oysters, 2) presence of adjacent 

eelgrass, 3) a discernable edge (sensu Boström et al.) between aquaculture and eelgrass, 4) 

access to sites permitted by the oyster growers, 5) physical consistency (e.g. similar tidal 

elevation), and 6) biological consistency (e.g. sufficient continuous eelgrass). Differences in 

day length, weather, and residence times of tidal flushing were other variables considered 

and could have influenced ecological patterns observed.  

2.2.2 Surveys 

A randomized block design with a total of three blocks (n=3, sites per estuary) with three 

habitat types: longline oyster aquaculture (henceforth aquaculture), eelgrass, and the edge 

between the aquaculture and eelgrass beds as our primary treatments (Appendix F) was used 

to answer our research questions. 

Environmental variables 

One HOBO Onset Data Logger UA-002-64 was zip-tied at 25cm height on one minnow trap 

in each habitat and set to record temperature and relative light at 15 minute intervals. A 

YSI® probe was used to take salinity and temperature measurements as water flooded each 

site. 

Seagrass complexity measurements 
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Eelgrass surveys were conducted during the low tides at each site once. A 50m line with 

markings at 20 random points was deployed to mark a transect through each of three habitat 

types. A 0.0625m2 PVC quadrat was placed on alternate sides of the transect line at each of 

these points. Predation tethering units (PTU, see below) were deployed approximately 1m 

from the quadrat on the opposite side. PTU deployment and eelgrass surveys were 

conducted in tandem to avoid disturbance to the substrate during eelgrass surveys. Eelgrass 

percent cover and shoot density were assessed within the quadrat, as well as percent cover of 

macroalgae (eg. Ulva), and epiphytes on eelgrass blades. One eelgrass shoot was 

haphazardly collected from within each quadrat. If no shoots were present within the 

quadrat, the closest nearby shoot was chosen. Shoots were placed in a cooler, returned to the 

lab and stored in a  -20ºC freezer until processed for epiphyte load, biomass, and 

morphology measurements.  

In the laboratory, the length and width of longest blade of each collected shoot was 

measured and then the entire shoot sample was scraped with the side of a microscope slide 

to remove all epiphyte cover from the blades. The shoots and scraped epiphyte material were 

placed into pre-weighed foil pouches and baking tins respectively and dried in an oven at 

60° C for 48 hours or until a constant weight was achieved. Samples were then weighed and 

dried epiphyte biomass “load” (dry mass epiphyte/dry mass shoot) was calculated for each 

sample.  

Relative predation intensity assay 
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Predation tethering units (PTUs) (Duffy et al., 2015) were used to assess relative predation 

intensity in each habitat type. Two treatments (two heights) of the standard dried squid bait 

square (1cm2) and one live crab treatment were placed (Appendix Figure G). One squid bait 

was tethered onto a bamboo stake using monofilament line and superglue prior to 

deployment to allow glue to set. The high treatment hung on the bamboo stake 30cm from 

the sediment while the low treatment hung from the bamboo stake where it was directly on 

the sediment surface. Additionally, at one site in each estuary, live bait [either a shore crab 

or a Dungeness crab (both 10-20 cm carapace length)] was tethered to a bamboo stake 

allowing for the crab to sit on the sediment surface, giving it the opportunity to burrow. 

Once all PTUs were deployed, a first check occurred when the bait was fully submerged (ca 

1 to 2 hours after deployment) and a second check occurred at 24 hours.  At each check, the 

state of the squid or crab was recorded as present, if no signs of predation occurred, or 

absent, if signs of predation occurred. 

Minnow trap fish and crab abundance   

Three un-baited minnow traps (approximately 60cm x 60cm x 46cm) made of wood and 

metal with two funnel entrances (2.5cm opening) were placed at equal distances on alternate 

sides about 2 m from the 50m transect line in each habitat type during the same low tide as 

the eelgrass surveys (Appendix Figure I). Traps deployed at low tide fished until retrieval on 

the subsequent daylight high tide. All fish and invertebrates caught in the trap were 

identified, counted, measured (total length or carapace width for crab in mm) and then 

returned to the water.  
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Digital video surveys 

PVC mounts were constructed to hold GoPro 4® cameras to survey fish and invertebrates. 

Each mount had a 0.25m2 base, which was intended to stabilize the mount and enable it to sit 

evenly on the substrate surface and also serve as a size reference to the parcel of water being 

surveyed (Appendix Figure H). A vertical 75 cm arm extended from one side of the quadrat 

base with one camera set at about 30cm above the bottom and a second camera on another 

horizontal arm extending parallel to the ground. The first camera recorded laterally, giving 

the most detail for fish species identification, while the second camera faced downward and 

was intended to observe benthic species such as juvenile Dungeness crab and English sole.  

Snorkelers deployed 3 camera mounts to each habitat type, 9 in total per site. Cameras were 

attached with carabiners and line to cinder block anchors that had been set at low tide and 

attached to Neon painted floats for retrieval. The cameras recorded for approximately 2 

hours during the high tide and were retrieved via boat at the end of deployment.  

Video processing included a timestamp and was initially reviewed for visibility. A quality 

index system was used to review in order to determine the best timeframe to analyze. The 

quality index system was created after a rapid preview of video to inform the reviewers on 

what parameters should be used to rate the video quality. Video was rated on a scale of 1 to 

3 (1= poor, 2 = adequate, 3=excellent) for the following parameters: turbidity (3= low, 2= 

mid, 1= high), obstruction by eelgrass (3= <1/3 of the screen, 2 =1/3-2/3 of the screen, 3 = 

>2/3 of the screen), and quadrat visibility (3= full, 2= partial <3 sides, 1= not visible). The 

scale of these parameters were standardized by reviewers who previewed video together. We 
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assessed the parameters and recorded a score for each video along the 2-hour duration, 

pausing video every 20 min to rank. We also considered and noted video duration (some 

videos were cut short due to uncharged batteries or other operator error where cameras did 

not function properly). The middle 60 minutes was found to be of the highest and most 

similar quality for visibility and thus most comparable across video surveys. Therefore, the 

middle 60 minutes of each video was selected and viewed for analysis. The frame of 

reference to quantify fish and crab in the x direction was the full camera view and in the y 

direction became the edge of the quadrat. Video analysis included species type, abundance, 

and behavior identification. BORIS, a free software program available online 

(http://www.boris.unito.it/) was used to code species and behavior categories. One benefit to 

the BORIS program is that the viewer can update the species list and ethogram, or table of 

behavior categories, as observations change.  

The behavior categories quantified here included: 

1. Transit: movement in and out of frame with no other apparent objectives; 

2. Forage: using predatory or herbivorous tactics to ingest food; 

3. Fight: aggression between one or more species; 

4. School: “an aggregation formed when one fish reacts to one or more other fish by 

staying near them” (Keenleyside 1955); 

5. Refuge: using structure to hide from predators or predators seeking vegetated areas 

where prey are present, and 

6. Other 
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These behavioral categories were entered in BORIS as point events. Point events tag the 

start time of the activity associated with the observed fish or crab. For each count, a key was 

entered into BORIS for both the species and the observed behavior. Data was exported as a 

CSV file and imported into R© (Team, 2016) for statistical analyses. Because it was 

challenging to know whether the same fish or crab was repeatedly visiting the site, counts 

may have been artificially inflated. Therefore, we chose “sightings” to describe the response 

variable rather than count or catch.  

2.2.3 Statistical analyses 

All data were imported into R© for analyses. Linear mixed effects models were used to 

examine eelgrass measures, physical characteristics and data on fish and crab 

sightings/counts from video/ traps. Because the individual measures taken along a transect 

line could not be considered independent replicates of the habitat treatment, we treated these 

as repeated observations nested within our blocks in order to address asphericity due to the 

variance-covariance structure (Baayen et al., 2008). Estuary and habitat type were modeled 

as fixed effects because we were interested in differences among estuaries and habitat types. 

Site was modeled as a random block effect in order to include variation among sites that we 

were unable to control for.  

We used a general linear mixed model (GLMM) from the R package lme4 to predation 

intensity (Bolker et al., 2009). We modeled the predation intensity by habitat type in each 

estuary as a function of treatment (high and low), check time (1-2 hours and 24 hrs after 

deployment) and again modeled site as the random effect. We selected a binomial 

distribution because the presence/absence data became proportions from a known number of 
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trials and used a logit link (Bolker et al., 2009). The total number of PTUs deployed varied 

due to field logistics (generally n=16 to 20 for dried squid and n=8 to 10 for live crab). 

 When results were statistically significant (α level of 0.05), ad-hoc Tukey HSD pairwise 

comparisons were conducted to determine significant differences between individual levels 

of fixed effects.    

2.3 Results 

2.3.1 Environmental characteristics 

No significant differences were found in relative light or temperature among habitats (p = 

0.115, Appendix Figure A1), while significant differences in mean temperature were found 

among estuaries (p < 0.001, Appendix Figure A2), with a significantly higher mean 

temperature in Samish Bay (~21°), followed by Humboldt Bay (19°C), and Tillamook Bay 

(11°C). No statistics were run for salinity because readings were not replicated, but salinity 

readings were highest across sites in Humboldt Bay ranging from 33.6-33.8 and lowest in 

Tillamook Bay ranging from 27.2-29.9 and in Samish Bay ranging from 25.1-25.5 (Table 4).  

2.3.2 Comparison of seagrass complexity  

Initial linear mixed effects models for seagrass complexity variables resulted in an estuary-

habitat type interaction. While interaction prevented us from making generalized 

conclusions, we found that shoot density, shoot biomass, and blade surface area differed 

between aquaculture and eelgrass (Appendix B1). Eelgrass shoot density was significantly 

different among habitats in each estuary (Figure 1). Tukey’s post hoc tests revealed shoot 

density differences between aquaculture and eelgrass habitats in all estuaries, but shoot 
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density in edge habitat differed among estuaries in two ways: significantly different than 

eelgrass in Humboldt Bay (p = 0.0014) and in Samish Bay (p <.0001) and significantly 

different than in aquaculture in Tillamook Bay (p <.0001).  Although not examined 

statistically due to overall interaction effects, shoot density appeared highest in Samish and 

lower in Tillamook Bay and in Humboldt Bay.  

Eelgrass shoot biomass was also significantly different amongst habitats in each estuary 

(Figure 2). Tukey’s post hoc tests show that, like shoot density, shoot biomass differed 

between aquaculture and eelgrass habitats in all estuaries, but the response of shoot biomass 

in edge habitat differed by estuary.  Shoot biomass was significantly different between all 

habitat types in Humboldt Bay: aquaculture and edge (p = 0.0211), aquaculture and eelgrass 

(p = <.0001) and edge and eelgrass (p = 0.0194). In Tillamook Bay and Samish Bay, shoot 

biomass differed between aquaculture and edge (p = 0.0082, p = 0.0121, respectively), but 

not between edge and eelgrass. Surface area of the longest blade sampled was significantly 

different between aquaculture and eelgrass in each estuary (Figure 3). One exception to this 

was revealed in the Tukey’s post hoc test, which showed in Samish Bay, differences were 

found between edge and eelgrass (p = 0.0002). but not between edge and aquaculture (p = 

0.9467). Surface area and shoot biomass follow the same trends and were likely correlated.  

Lastly, epiphyte load was significantly different among habitats (Figure 4). Tukey’s post hoc 

tests revealed that epiphyte load differed between aquaculture and edge in that in Humboldt 

Bay (p = 0.0302, p = 0.0003), respectively, but not in Tillamook Bay. Tillamook Bay and 
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Samish Bay epiphyte load differed between edge and eelgrass (p = 0.0430, p = 0.0165, 

respectively), but there was no significant difference found in Humboldt Bay (p = 0.0980).  

 2.3.3 Fish and crab habitat use: composition and abundance from traps 

Fish and crab counts from traps did not significantly differ between habitats within each 

estuary (Figure 5, Appendix C1). Twelve fish and crab were sampled and identified to the 

species level and three were left in general categories (Table 2). The species were: bubble 

snail (Haminoea japonica), shore crabs (Hemigrapsus spp.), Dungeness crab (Metacarcinus 

magister), English sole (Parophrys vetulus), goby (Eucyclogobius newberryi), saddleback 

gunnel (Pholis ornata), Pacific staghorn sculpin (Leptocottus armatus), bay pipefish 

(Syngnathus leptorhynchus), rockfish spp. (Sebastes spp.), Shiner surfperch (Cymatogaster 

aggregata), threespine stickleback (Gasterosteus aculeatus), and tubesnout (Aulorhynchus 

flavidus). Overall trap catches were low for most species, with highest counts recorded for 

shiner perch, Pacific staghorn sculpin, and shore crab, which were present in all three 

estuaries. We therefore selected these three species to test for differences in fish and crab 

abundance using linear mixed effects models, which showed no significant difference in 

abundance amongst habitats or estuaries (Appendix Table C1 and Table C2). 

2.3.4 Fish and crab habitat use: digital video composition, abundance, and behavior  

In total, fourteen fish and crab species were identified in the 27 hours of Samish Bay video 

footage and two categories of unidentified fish and crab were also recorded (Table 3). 

Overall sightings were low for the majority of species with the highest sightings recorded 

across habitat types for shiner perch, Pacific staghorn sculpin, and bay pipefish (Figure 6) 

and therefore we analyzed only these species using linear mixed effects models. We found 
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significant differences in sightings among habitats for shiner perch and Pacific staghorn 

sculpin, but not for bay pipefish (p = 0.03839, p = 0.02243, p = 0.9467, respectively 

Appendices Table D1 and Table D2).  Tukey post hoc tests revealed that shiner perch were 

sighted more frequently in aquaculture than eelgrass (p = 0.0363, Appendix D3) and that 

Pacific staghorn sculpin were sighted more frequently in edge than eelgrass (p = 0.0162, 

Appendix D3). No significant differences were found in species richness between habitat 

types (Figure 7). In total, five behavior categories were observed for all fish and crab 

sightings: chase, forage, refuge, school, and transit. Among these, transit and schooling were 

the two most observed behaviors and shiner perch were likely most responsible for this 

result (Figure 8).  

2.3.5 Predation intensity assay  

Estuary, treatment (high squid, low squid, or live crab), and check time were all significant 

factors in the overall generalized linear mixed effect model for predation intensity (PTU) 

data and there was no significant habitat estuary interaction (Figure 9, Table 4.1). Habitat 

was not a significant factor in this model (p = 0.26735, Table 4.1). Subsequent Tukey post 

hoc pairwise tests revealed that there were predation intensity differences between Samish 

Bay and Tillamook Bay (p = 0.007) and between Humboldt Bay and Tillamook Bay (p = 

0.0304), but no significant difference between Humboldt Bay and Samish Bay (Table 4.2). 

Predation intensity was higher in Tillamook Bay than Samish Bay and Humboldt Bay. Both 

low treatment and check time were found to be significant factors with predation clearly 

highest at the second check and significantly greater for the low squid bait treatment (Table 

4.1). Statistical analyses were not run for the crab treatment due to low replication, however 
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it appears that predation intensity was highest on live crab in Samish Bay and lowest in 

Tillamook Bay (Figure 10). 

2.4 Discussion 

In this study, we explored functional differences among three intertidal estuarine habitats 

(longline oyster aquaculture, eelgrass, and edge) in three PNW estuaries. Our results suggest 

that PNW estuarine fish and crab communities differ by estuary and by habitat type. Indeed, 

the habitat function of longline oyster aquaculture, eelgrass, and the edge habitat between 

them varies for fish and crab among and within estuaries, and this context-dependency 

should be taken into account when considering management options. Here we consider the 

ecological differences and associated abundance patterns we found among habitat types and 

make methodological recommendations for future studies. We conclude with management 

implications of our results in the context of habitat function for nekton species. 

2.4.1 Fish and crab abundance and behavior 

We observed a similar estuarine community of fish and crab in video and in minnow traps, 

and found few significant differences in counts amongst habitats for most species as have 

previous authors (Hosack et al. 2006, Toft et al. 2015). Two exceptions elucidated in Samish 

Bay video were shiner perch, which were observed in longline aquaculture more than 

eelgrass and Pacific staghorn sculpin observed more frequently in edge habitat more than 

eelgrass or longline aquaculture. These differences were not however reflected in minnow 

trap catch. Other researchers showed that shiner perch were associated with structured 

eelgrass and on-bottom oyster aquaculture habitats and not open mud habitat in Willapa 

Bay, WA where modified tow nets were used to capture fish including juvenile salmon 
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(Dumbauld et al. 2015). Staghorn sculpin have also been previously observed to use eelgrass 

habitat (Murphy et al., 2000, Motley 2017), but not necessarily associate with this structure 

versus open habitat (Murphy et al., 2000, Motley 2017). 

Video cameras have been used to quantify fish assemblages in many aquatic ecosystems 

around the world such as in mangrove habitats in a tropical estuarine marine reserve and in 

Amazonian rivers (Pereira et al., 2016; Schmid et al., 2017). One benefit of using video 

footage to examine fish and crab is the ability to observe behavior, which has not been 

previously accomplished in the PNW region.  

We divided behavior into five activities and most frequently sighted transit and foraging. 

Shiner perch behavior made up the majority of these observations and both of these 

behaviors occurred most frequently in aquaculture suggesting that perch were able to find 

increased food availability in this habitat and/or were able to transit through aquaculture 

more easily than eelgrass. This result combined with previous studies suggests that longline 

aquaculture acts more similarly to eelgrass than to other habitats including on-bottom 

culture, for these fish. The oysters and culture structures themselves may be providing areas 

where perch can hide from predators or conversely find prey. Food items such as microalgae 

that adheres to the oyster’s shell may enhance the abundance of prey items for perch and 

other mesopredators. Alternatively, there could be a spurious correlation between our ability 

to detect higher numbers of shiner perch and Pacific staghorn sculpin. Lower eelgrass 

density may have led to easier observations of fish in aquaculture and edge than in eelgrass, 

artificially inflating results. Results from the traps did not reveal differences in fish or crab 
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presence among habitat types, but they too could be biased due to differing avoidance or 

attraction behavior amongst habitats. 

2.4.2 Possible drivers of fish and crab use 

We used seagrass complexity characterized by eelgrass measurements as one way to explain 

fish and crab use differences among habitat types (Orth et al. 1984; Beck et al. 2001; Heck 

et al. 2003). We found eelgrass measurements significantly differed between aquaculture 

and eelgrass in all estuaries. Mean shoot density, shoot biomass and blade area were 

significantly lower in aquaculture than in eelgrass, but these measures in edge habitat 

sometimes grouped with eelgrass habitat and other times with aquaculture. Epiphytes 

provide a food source for small herbivores in seagrass habitat that structure mesopredator 

populations (Cullen-Unsworth & Unsworth, 2013).  Epiphyte loads were highest in 

Tillamook Bay with higher levels on eelgrass within aquaculture or in the edge habitats. 

Although not significantly different, trap counts of staghorn sculpin were higher in 

aquaculture and edge, which could suggest a higher value of aquaculture as habitat due to 

the higher level of food availability. Interestingly, there was an inverse relationship between 

surface area of blade and epiphyte cover in Tillamook Bay. In Tillamook Bay, the mean 

shoot surface area was highest in eelgrass and lowest in aquaculture (where we saw highest 

epiphyte loads). A larger leaf area would theoretically allow for a higher potential for 

epiphytic matter to attach to the blade, however this was not the case in Tillamook Bay. This 

was more typical in Samish Bay which had low shoot surface area (most shoots were thinner 

and shorter than those sampled in the other estuaries) and had low epiphyte loads but highest 

in the edge habitat.  
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Potential mechanisms driving different patterns of eelgrass density and therefore associated 

fish and crab density across habitats have been suggested. Fewer studies have been 

conducted in the PNW, but both on-bottom cultured oysters and eelgrass increase habitat 

complexity over open mudflat and oyster aquaculture, including off-bottom culture, has 

been shown to directly affect eelgrass at a local scale (Dumbauld et al., 2009; Dumbauld & 

McCoy, 2015; McKindsey et al., 2011; Skinner et al., 2014). While longline oyster culture 

has previously been shown to have little to no effect on shoot density, biomass and 

ultimately growth rate were reduced (Tallis et al., 2009; Wisehart et al., 2007). A reduction 

in production was especially clear directly under the lines where reduced light is expected to 

be the casual mechanism, though desiccation and stranding on the lines has also been 

suggested (Shreffler & Griffin, 2000). We observed highest shoot density and therefore 

habitat complexity in Samish Bay, which agrees with previous data from the Salish Sea 

versus the coastal estuaries (Ruesink et al., 2015).  Higher eelgrass density in this system 

could be driven by sediment conditions (Yang et al., 2013) and seasonal variations (Thom, 

Southard, et al., 2014). 

We used relative predation intensity as another way to explain differences in nekton 

abundance and behavior. Perhaps certain habitats are selected by predators when searching 

for prey due to visual or chemical triggers. Overall, relative predation intensity was highest 

in Tillamook Bay, and lowest in Samish Bay. Higher predation in Tillamook Bay agreed 

with our trap data, which although not statistically significant, indicated higher counts of 

Pacific staghorn sculpin, a known mesopredator (Gross et al. 2017), in Tillamook Bay than 

in Samish Bay. We observed Pacific staghorn sculpin and crab directly eating squid bait 
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when checking PTUs in the field, suggesting they were the primary predators of the PTU 

bait. Alternatively, staghorn sculpins were the most observed organism and did not retreat 

while we were checking PTUs. Although we would expect higher refuge value for small 

invertebrates in habitat types with higher shoot density (Orth et al. 1984; Worthington et al. 

1992, Horinouchi 2007; Hovel et al. 2002, 2016), lower shoot density was observed in 

Samish Bay edge habitat than in Tillamook Bay edge habitat. The lower predation in Samish 

Bay is therefore hypothesized to be due to one of two factors: predators without structure in 

which to hide lessens their chances to be conspicuous to prey items or low counts of Pacific 

staghorn sculpin, the species we observed most frequenting PTUs.   

Treatment, or height of the squid bait above substrate, was another variable we tested in the 

predation assay. Higher video sightings of Pacific staghorn sculpin in Samish Bay edge 

habitat, than the other two habitat types, could explain higher predation intensity at the 

second check of the “high” squid bait treatment. Predation on the low treatment was 

significantly different than the high treatment among all habitat types suggesting higher 

predation by benthic species. Live tethered crab were less predated than squid as might be 

expected since they had the ability to burrow and hide from predators. 

2.4.3 Estuary differences 

Differences in fish and crab abundance and habitat complexity measurements amongst 

estuaries could be associated with regional differences in climate and physical 

characteristics of the estuarine systems. For example, Samish Bay, is located within a fjord 

system, unlike Tillamook Bay and Humboldt Bay, which are drowned river mouth systems. 

Furthermore, Samish Bay is nearly 1000km north of Humboldt Bay and thus different 
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oceanographic inputs could affect estuarine processes. In Humboldt Bay, freshwater input is 

highly dependent on storms that bring watershed runoff from areas with land uses that 

include dairy and beef cattle farms and timber harvesting (Schlosser & Eicher 2012).  

Tillamook Bay has similar  land use surrounding the estuary and has seasonal runoff through 

rural drainage basin with high nutrient and bacterial loads from dairy runoff (Young et al., 

2012). The majority of discharge entering Samish Bay is from the Samish River (personal 

communication, Jude Apple, April 16, 2017). Differences in freshwater input and upwelling 

regimes could influence estuarine habitat function for fish and crab (Toft et al. 2015). For 

example, riverine estuaries more common to the northern West Coast have been suggested 

to be particularly important nursery regions when compared to lagoon estuarine systems 

(Toft et al. 2015). Nutrient dynamics associated with the California Current System can 

affect the primary productivity of eelgrass communities (Hessing-Lewis & Hacker 2015) 

and in turn could impact fish and crab use patterns. Recent work has shown that changes in 

the fish community at eelgrass sites can be influenced by local scale processes related to 

upwelling (Motley 2017).  

2.4.4 Recommendations for future field studies  

Several improvements to our study design could be made. Low replication (n=3) within 

habitat types at each site within each estuary for video deployment resulted in low statistical 

power and less ability to detect statistical differences. Video footage analysis methods could 

be improved by determining the maximum time needed to watch video in order to answer 

the same questions regarding behavior and diversity. Little guidance from scientific 

literature or other studies exists on conducting video surveys in PNW estuaries, specifically 



	

	

28 
in longline oyster aquaculture. Monitoring turbidity levels prior to conducting fish and crab 

community surveys could allow for better timed camera deployment when turbidity levels 

are at a minimum. We conducted surveys during large spring tide series to be able to take 

advantage of the long exposure time on intertidal mudflats to conduct habitat surveys. 

However, these large spring tides may not have been the best periods for video surveys due 

to the potentially increased turbidity levels and strong current as more energy enters the 

estuary with the large tidal swings. Nekton may also behave differently on neap tides when 

they have more access to these intertidal areas of the estuary (Gross et al. 2017). 

Other considerations integral to our study include variations that occurred between sampling 

days. We added random variation to the statistical models to attempt to include uncontrolled 

variation in our analyses. Weather and tidal flushing were variable during sampling and 

potentially affected the fish and crab use of the intertidal sites we surveyed. To make future 

studies more robust, replication of field surveys within each estuary could be increased both 

spatially and temporally. Due to logistics, we were only able to visit each estuary once 

during the field season, limiting our ability to extrapolate our results to other locations 

within each estuary and across the season. If we were able to survey a larger area of each 

estuary we could test how other variables, such as along a salinity gradient for example, 

affect habitat function. Taking additional measurements on the biogenic structure of the 

habitat such as the sizes and density of oysters on the longlines would give further guidance 

when comparing all biogenic habitat structure present across habitat types. 
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2.5 Conclusions 

2.5.1 Management implications 

Our study evaluated fish and crab utilization and the associated seagrass complexity within 

aquaculture, eelgrass, and edge habitats in three PNW estuaries. Understanding fish and crab 

utilization of the different habitats across estuaries at a landscape scale will aid in filling a 

current estuarine management data gap and can support future research efforts.  

Our results are consistent with other studies which have shown few significant differences in 

the community of estuarine fish utilizing intertidal habitats including shellfish culture areas 

on the US West Coast (Pinnix et al., 2005; Hosack et al., 2006; Ferraro & Cole, 2010; 

Dumbauld et al. 2015; Gross et al., 2017). Previous studies have suggested that shiner perch 

frequently use structured eelgrass habitat more than open mudflats or on-bottom culture. 

However, we sighted more shiner perch in longline aquaculture than in eelgrass. This could 

suggest shiner perch are using the vertical structure provided by aquaculture equally or even 

preferably for foraging or for transiting. Pacific staghorn sculpins were more frequently 

sighted along the edge between aquaculture and eelgrass, which could be explained by 

characteristics of the edge that make predation easier as predators can take refuge from even 

large predators while still being able to forage . Edge habitats can have characteristically 

higher rates of predation than surrounding habitats (Smith et al. 2010; Hovel & Moore 

2010).  

Determining which component(s) of habitat complexity are most important to meeting the 

management goal and what types of functions these habitats provide (as our behavior 

category data indicate nekton use is mostly transient) for fish and crab may be important.  
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Determining additional behavior patterns such as refuge and foraging could assist with 

making explicit management decisions that consider ecosystems as a whole, rather than 

individual species based management goals. Although it is apparent that the fish and 

invertebrates sighted in video and caught in traps are not obligate residents of eelgrass 

habitat and use aquaculture and other habitats, understanding the relative importance (or 

unimportance) of each of these habitats is a critical component to management of the 

estuarine ecosystem. Ecosystem-based management is being embraced in the PNW 

(Plummer et al. 2012) and the results of our study support an ecosystem approach to 

managing for fish and crab community rather than taking a single species approach because 

we found species differences among habitat types. Organisms use a multitude of habitats 

(Bostrom et al. 2011), stressing the need to implement holistic conservation strategies.  
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2.6 Figures  
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Figure 1. Mean eelgrass shoot density in each habitat type at three sites (n=3) in each bay. Differences in lettering indicate significant differences 
based on randomized blocked linear mixed effects model results and Tukey HSD tests (Appendix, Table A1). Error bars are ±1 SE. 

 

Figure 2. Mean dry eelgrass shoot biomass (g)  in each habitat type at three sites (n=3) in each bay. Differences in lettering indicate significant 
differences based on randomized blocked linear mixed effects model results and Tukey HSD tests (Appendix, Table A1). Error bars 
are ±1 SE Note: biomass of shoots only, dry weight after removal of epiphytes. 
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Figure 3. Mean maximum leaf area of eelgrass shoots from 20 samples in each habitat type at three sites (n=3) in each bay. Differences in lettering 
indicate significant differences based on randomized blocked linear mixed effects model results and Tukey HSD tests. Error bars are 
±1 SE.  

 

Figure 4. Mean epiphyte load from 20 eelgrass samples in each habitat type at three sites (n=3) in each bay. Differences in lettering indicate 
significant differences based on randomized blocked linear mixed effects model results and Tukey HSD tests. Error bars are ±1 SE.  
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Figure 5. Mean counts of shiner perch, Pacific staghorn sculpin, and shore crabs taken from 3 traps 
at three sites (n=3) in each bay. No significant differences by either habitat type of 
estuary were found based on randomized blocked linear mixed effects model results and 
Tukey HSD tests (Appendix C1). Error bars are ±1 SE

n.s.

n.s.n.s.

n.s.

n.s.

n.s.

n.s. n.s. n.s.
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Figure 6. Mean sightings of shiner perch, Pacific staghorn sculpin and bay pipefish (three of the most abundant species observed, n= 3 cameras per 
habitat type) in Samish Bay. Differences in lettering indicate significant differences based on randomized blocked linear mixed effects 
model results and Tukey HSD tests (Appendix B1). Error bars are ±1 SE.  
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Figure 7. Species richness within each habitat type (n=3) of all organisms sighted in 3 video cameras at three sites in Samish Bay. Error bars are 
±1 SE.  

 

n.s.
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Figure 8. The 5 most frequently observed behaviors for mean sightings of all organisms (left) and for shiner perch (right) in 3 video camers at 
three sites (n=3) in Samish Bay. Error bars are ±1 SE. 
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Figure 9. Top: Mean percent of the low squid bait present on PTUs (n=17-20 per habitat type at each 
site) at the first check (left) and second check 24 hours later (right) at 3 sites per estuary. 
Bottom: Mean percent of the high squid bait present on PTUs (n=18-20 per habitat type 
at each site) at the first check (left) and second check 24 hours later (right) of 3 sites per 
estuary. Treatment and check time were significant, but habitat type was not. 
Generalized linear mixed effects model results and Tukey HSD tests (Appendix D and 
D1). Error bars are ±1 SE.  
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Figure 10. Percent live crab present at the first and second check of PTUs (n=10) at one site per 
estuary (n≈10). No statistics were computed due to lack of replication across sites. 
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Table 1. Temperature and salinity readings taken during incoming tide at each site after conducting 

eelgrass surveys.  

	

DATE ESTUARY SITE Temp °C Sallinity

7/20/16 Humboldt Bird Island NA NA

7/21/16 Humboldt Gunther 19.1 33.6

7/22/16 Humboldt Mad River 18.8 33.8

7/7/16 Tillamook Mercer 15 29.9

7/8/16 Tillamook NW Bay 15.6 27.2

7/9/16 Tillamook SW Bay 16.1 27.4

8/1/16 Samish Jerrys Bar 24.4 25.1

8/2/16 Samish Island 20.9 25.4

8/3/16 Samish Oyster Creek 23.5 25.5

YSI Multi-Parameter Water Quality Probe
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Table 2. Mean fish and crab caught in minnow traps in each habitat type (n=3 traps per habitat type).  

 

  

Estuary Habitat type
Bubble 
Snail

Crab 
(other)

Dungeness 
crab

English 
Sole Goby Gunnel

Shore 
crab

Hermit 
Crab

Pacific 
Staghorn 
Sculpin Pipefish Rockfish

Shiner 
Perch

Shrimp 
(other)

Threespine 
Stickleback Tubesnout

Humboldt AQ 0 0.2 0 0.2 0.1 0.3 3.4 0 2.6 0.3 0 1.9 0 0.1 0
Humboldt EDGE 0 0 0 0 0.3 0 4.8 0 2.1 0.1 0 1.1 0 0.2 0
Humboldt EELGRASS 0 0 0 0 0 0 5.8 0 1.9 0.2 0 2.6 0 0.3 0
Tillamook AQ 0 0 0 0 0 0 5.8 0 1.9 0.2 0 2.6 0 0.3 0
Tillamook EDGE 0 0 1.1 0.6 0 0.7 0.6 0 1.7 0 0.3 3.4 0 0.4 0.2
Tillamook EELGRASS 0 0 1.7 0.1 0 0 0.1 0 1.6 0.1 0.2 0.7 0 0.4 0.3
Samish AQ 2.7 0 0 0 0 0.1 9.6 11.7 0.1 1.3 0 5.9 0.9 0.8 0
Samish EDGE 2.2 0 0 0 0 0.2 9.0 8.9 0.8 2.0 0 2.8 1.7 0.8 0
Samish EELGRASS 2.6 0 0 0 0 0.3 7.6 13.7 0.2 3.4 0 3.7 0.3 0.7 0
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Table 3. Mean fish and crab sightings for each camera (n=3 cameras per habitat type) in each habitat type Samish Bay.  

 

  

Site Habitat type
Bay 

Pipefish
Dungeness 

crab
English 

Sole
Pacific 
Herring

Pacific 
Spiny 

Dogfish

Pacific 
Staghorn 
Sculpin

Red Rock 
Crab

Shiner 
Perch

Silver 
Surfperch

Starry 
Flounder

Striped 
Seaperch

Surf 
Smelt

Threespine 
Stickleback Tubesnout

Unidentified 
fish

Unidentified 
Crab

Island AQ 0.7 0.3 0 0 0 0 0 126.0 0 0 0 0.3 2.3 0 1.0 0
Island EDGE 0 0 0 0 1.0 0.7 0 31.3 0 0 0 0 0 0 0.0 0
Island EELGRASS 0.3 0.2 0 0 0.5 0.3 0 78.7 0 0 0 0.2 1.2 0 0.5 0
Jerrys Bar AQ 0 0 0 0 0 1.3 0 36.7 0.3 0 0 3.0 0 1.3 3.3 0
Jerrys Bar EDGE 0.3 0.3 0 0 0 0.7 0 38.7 0 1.0 0 4.7 0 0.3 3.7 0
Jerrys Bar EELGRASS 0 0 0.3 0 0 0 0 106.0 0 0.3 0 7.7 0 0.0 1.3 0
Oyster Creek AQ 0.3 0.3 0 0.3 0.3 2.3 0.3 292.3 0 0.7 0 0 0 0 1.7 0
Oyster Creek EDGE 0.7 0.3 0 0 0 5.3 0 184.3 0 0 0.3 0 0 0 4.7 0
Oyster Creek EELGRASS 0.3 0 0 0 0 0 0 68.3 0 0 0 1.0 0.0 0.0 1.0 0.3
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Table 4.1 Results from generalized linear mixed model fit by maximum likelihood (Laplace Approximation) used to identify predation intensity 
differences by estuary habitat type interaction. All comparisons of metrics are to aquaculture in Humboldt Bay.  

 

Table 4.2 Tukey pairwise post-hoc test results used to identify mean predation intensity differences between estuaries. Results are averaged over 
the level of treatment.  

Fixed effects: Estimate Std. Error z value Pr(>|z|)
(Intercept) 20.3585 4.6495 4.379 1.19E-05 ***
EstuarySamish -0.1306 1.9668 -0.066 0.947054
EstuaryTillamook -4.7114 2.2192 -2.123 0.033754 *
Hab_typeEDGE -0.1771 1.9667 -0.09 0.928253
Hab_typeEG -3.0031 1.9402 -1.548 0.121658
TreatmentLow -4.5145 1.3697 -3.296 0.000981 ***
Check -8.9924 1.9523 -4.606 4.11E-06 ***
EstuarySamish:Hab_typeEDGE 1.8368 2.7596 0.666 0.505669
EstuaryTillamook:Hab_typeEDGE 0.3485 2.766 0.126 0.899745
EstuarySamish:Hab_typeEG 1.3991 2.5559 0.547 0.584107
EstuaryTillamook:Hab_typeEG 3.1171 2.7491 1.134 0.256851

estimate SE z.ratio p.value
Humboldt - Samish -0.856396 0.956472 -0.895 0.6432
Humboldt - Tillamook 3.108884 1.227138 2.533 0.0304*
Samish - Tillamook 3.96528 1.309921 3.027 0.007 **
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CHAPTER 3 – GENERAL CONCLUSION  

Our study evaluated fish and crab utilization and the associated habitat complexity of 

aquaculture, eelgrass, and the edge between these habitats in three PNW estuaries. 

Understanding fish and crab use of these different habitat types across bays at a 

landscape scale will aid in filling a current estuarine management data gap and can 

support future research efforts. Our scope is limited both spatially and temporally. 

Nonetheless, the results of our study which showed that shiner perch preferentially 

used longline oyster aquaculture more than eelgrass beds and Pacific staghorn sculpin 

used the edge between these habitat types more than eelgrass beds could be used in 

ecosystem- based management decisions. Ecosystem-based management takes into 

consideration connections across ecosystems, use of scientific knowledge, ecological 

integrity and biodiversity, and acknowledges uncertainty (Wondolleck et al. 2017). 

The focus of this underlying project is to inform regulatory and policy decisions 

regarding oyster aquaculture expansion in West Coast estuaries and one tool that can 

be used to do this is ecosystem-based management (EBM). As traditional 

management is limited in scope either by species-focused objectives or otherwise, 

EBM is emerging in estuarine ecology as a more suitable approach to managing these 

complex ecosystems (Imperial & Hennessey, 1996). The multi-user nature of 

estuaries can lead to conflicting interests and ineffective management goals. Direct 

measurements of services such as fisheries and nursery habitat have been studied 

especially on the US East and Gulf Coast, while other services such as the potential of 

eelgrass as a blue carbon sink are emerging areas of research (Lester et al., 2010). 

Wave attenuation, coastal erosion protection, and increased water quality are other 
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ecosystem services provided by both eelgrass and oysters that could be compared 

more explicitly when determining management goals.  

As the increased demand for aquaculture continues in the United States, more 

regulation will be placed on farmed seafood, including oysters, as sources of food. 

The Commission on Ocean Policy and the National Ocean and Atmospheric 

Association (NOAA) prioritize increasing shellfish aquaculture to reduce seafood 

imports from international sources such as China, which produced 66% of the world’s 

shellfish as of 2003 (Dumbauld et al., 2009). Little management guidance exists to 

resolve these conflicts, but bringing stakeholders and the user groups to the table to 

understand the best scientific data available is one way to create successful outcomes 

for estuarine management (deFur & Rader, 1995). 

It is understood that estuaries are highly dynamic and as such, I would argue, require 

a high degree of adaptiveness in the way management strategies are implemented. 

While eelgrass has been the focus of most studies due to its documented value as 

estuarine habitat, eelgrass characteristics can vary among estuaries regionally, as seen 

in our study. This makes adopting simple broad management goals challenging. A 

precautionary principle has been taken in some regions such as in Humboldt Bay, 

where managers do not want irreversible effects to occur so they are restricting 

human activities until more scientific data is supplied. The level of permitting and 

regulation that occurs prior to aquaculture can expand may be a safeguard against 

unknown habitat effects for the rest of the estuary. Conversely, over time with more 

data answering EBM-initiated questions, the single-species approach may be found 

excessive and permitting could be streamlined. Successful coastal management for 
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estuarine habitats may lead to restoration and conservation of eelgrass habitat while 

allowing economically important aquaculture expansion to be implemented. EBM 

allows managers to consider natural resource issues holistically rather than trying to 

continue solving issues singularly and is the framework by which managers can find 

affordable, achievable, and acceptable answers based on the best available science.  

Being adaptive and making connections may be easier said than done, however. 

Ecological drivers are not the only factors that should be added to our statistical 

models, market demands and economics also need to be examined (Berkes 2012). 

The complexity of a dynamic ecosystem requires connections to be made between the 

human impacts (e.g. farming oysters) and conservation goals (e.g. no-net loss 

regulations of eelgrass). Results from our study can be used to better understand the 

functional role longline oyster aquaculture plays for fish and crab. Managers need 

data on ecological function to better inform management decisions that embrace 

change and make connections between human needs and functional ecosystem 

requirements. It has been suggested that habitat value is not only estimated by the fish 

and crab assemblage, but also by the way these organisms are using the habitats and 

that this could prove to be integral to effective management decisions  (Becker et al. 

2010; Nagelkerken et al. 2015). Managers may find behavior particularly useful in 

making management decisions (e.g. if commercially important species like 

Dungeness crab were observed foraging significantly more in one habitat type than 

another). Quantifying fish and crab abundance and behavior among common habitat 

types along with associated habitat complexity measures within PNW estuaries is a 

critical need for sustained ecological function
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Figure A1: Mean temperature and relative light intensity over 7-8 hour deployment of HOBO data 
loggers (n=1 logger per habitat type). Error bars are ±1 SE. No significant differences 
between habitat types.
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Table A2: Results of linear mixed effects models identify mean temperature (left) and mean relative light intensity (right) differences between 

estuaries. All comparisons of metrics are to Humboldt Bay, aquaculture (intercept).  

	
  

Data: hobomeans

Min 1Q Median 3Q Max
-1.53312 -0.49163 -0.05463 0.47719 1.73573

Groups Name Variance Std.Dev.
Site (Intercept) 2.7558 1.6601
Residual 0.0919 0.3032

Estimate Std. Error t value
(Intercept) 19.5847 0.9702 20.186
EstuarySamish 1.8068 1.3636 1.325
EstuaryTillamook -4.5807 1.3644 -3.357
Hab_typeEDGE -0.2316 0.1565 -1.48
Hab_typeEELGRASS -0.3126 0.1495 -2.091

Linear mixed model fit by REML ['lmerMod']
Formula: MeanTemp ~ Estuary + Hab_type + (1 | Site)

REML criterion at convergence: 44.9

Scaled residuals: 

Random effects:

Fixed effects:

Number of obs: 25, groups:  Site, 9

Data: hobomeans

Min 1Q Median 3Q Max
-1.34717 -0.64618 -0.00597 0.58764 1.57747

Groups Name Variance Std.Dev.
Site (Intercept) 4398947 2097
Residual 37253410 6104

Estimate Std. Error t value
(Intercept) 12132 3187 3.807
EstuarySamish -1472 3438 -0.428
EstuaryTillamook -5677 3534 -1.606
Hab_typeEDGE -2320 3091 -0.751
Hab_typeEELGRASS -2808 2981 -0.942

Random effects:

Number of obs: 25, groups:  Site, 9

Fixed effects:

Formula: MeanLux ~ Estuary + Hab_type + (1 | Site)
Linear mixed model fit by REML ['lmerMod']

REML criterion at convergence: 416.6

Scaled residuals: 
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Table A3: Results of ANOVA to examine differences in temperature and relative light intensity between estuaries. 

 

Table A4: Results of Tukey post hoc test to identify mean temperature differences between estuaries.  

Response: MeanLux
Chisq Df Pr(>Chisq)

Estuary 2.7949 2 0.2472
Hab_type 0.9812 2 0.6123

Analysis of Deviance Table (Type II Wald chisquare tests)Analysis of Deviance Table (Type II Wald chisquare tests)
Response: MeanTemp

Chisq Df Pr(>Chisq)
Estuary 23.3124 2 8.67E-06***
Hab_type 4.5782 2 0.1014

Temperature estimate SE z.ratio p.value
Humboldt - Samish -1.836961 1.363773 -1.347 0.3692
Humboldt - Tillamook 4.54238 1.364495 3.329 0.0025**
Samish - Tillamook 6.379341 1.363773 4.678 <.0001***
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Table B1: Linear mixed-effects model analysis of each habitat complexity measurement: shoot density, 
shoot biomass, epiphyte load, and shoot surface area as a function of the interaction term 
Estuary by habitat type (fixed factors), and site (random factor). All comparisons of metrics 
are to Humboldt Bay, aquaculture (constant). 

	 	

 

 
Shoot 
density Shoot biomass Epiphyte load Shoot surface 

area 
 (1) (2) (3) (4) 

 
Constant 1.150 0.900 0.328 66.244 

 p = 0.193 p = 0.0002*** p = 0.00001*** p = 0.000*** 
Estuary Samish 1.767 -0.493 -0.215 -25.801 

 p = 0.157 p = 0.142 p = 0.030** p = 0.026** 
Estuary Tillamook -0.150 -0.149 0.411 -3.973 

 p = 0.905 p = 0.657 p = 0.00004*** p = 0.731 
Habitat type EDGE 0.250 0.604 0.150 16.532 

 p = 0.650 p = 0.0002*** p = 0.016** p = 0.007*** 
Habitat type EELGRASS 1.417 1.214 0.028 41.905 

 p = 0.010*** p = 0.000*** p = 0.650 p = 0.000*** 
Estuary Samish: Habitat 
type EDGE -1.117 -0.397 0.065 -17.991 

 p = 0.151 p = 0.071* p = 0.459 p = 0.037** 
Estuary Tillamook: Habitat 
type EDGE 2.900 -0.232 -0.217 5.559 

 p = 
0.0002*** p = 0.293 p = 0.014** p = 0.518 

Estuary Samish: Habitat 
type EELGRASS 1.783 -0.960 0.035 -24.802 

 p = 0.022** p = 0.00002*** p = 0.688 p = 0.004*** 
Estuary Tillamook: Habitat 
type EELGRASS 2.350 -0.758 -0.264 -7.262 

 p = 0.003*** p = 0.001*** p = 0.003*** p = 0.398 
N 540 538 538 538 
Log Likelihood -1,364.746 -690.650 -200.055 -2,628.846 
Akaike Inf. Crit. 2,751.492 1,403.299 422.110 5,279.691 
Bayesian Inf. Crit. 2,798.700 1,450.466 469.276 5,326.858 

 
Notes: ***Significant at the 1 percent level. 

 **Significant at the 5 percent level. 
 *Significant at the 10 percent level. 
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Table B2: Linear mixed-effects model analysis of: shoot density, shoot biomass, epiphyte load, and shoot 
surface area by each estuary as a function of Estuary (fixed factor), habitat type (fixed factor), 
and site (random factor). Pairwise Tukey post hoc results are shown.  

	

	

	

 Humboldt Bay 

 Shoot density estimate SE z.ratio p.value 
1 AQ - EDGE -0.25 0.3347699 -0.747 0.7356 
2 AQ - EELGRASS -1.416667 0.3347699 -4.232 0.0001 
3 EDGE - EELGRASS -1.166667 0.3347699 -3.485 0.0014 
4 Shoot biomass  
  5 AQ - EDGE -0.6038 0.2266735 -2.664 0.0211 
6 AQ - EELGRASS -1.2143833 0.2266735 -5.357 < .0001 
7 EDGE - EELGRASS -0.6105833 0.2266735 -2.694 0.0194 
8 Epiphyte load     
9 AQ - EDGE -0.14983731 0.05908571 -2.536 0.0302 
10 AQ - EELGRASS -0.02803734 0.05908571 -0.475 0.8833 
11 EDGE - EELGRASS 0.12179997 0.05908571 2.061 0.098 
12 Shoot surface area     
13 AQ - EDGE -16.53183 6.239327 -2.65 0.022 
14 AQ - EELGRASS -41.905 6.239327 -6.716 < .0001 
15 EDGE - EELGRASS -25.37317 6.239327 -4.067 0.0001 

 
 
Tillamook Bay 

 Shoot density estimate SE z.ratio p.value 
1 AQ - EDGE -3.15 0.4885168 -6.448 < .0001 
2 AQ - EELGRASS -3.7666667 0.4885168 -7.71 < .0001 
3 EDGE - EELGRASS -0.6166667 0.4885168 -1.262 0.4166 
4 Shoot biomass NA NA NA  
5 AQ - EDGE -0.3725244 0.1250826 -2.978 0.0082 
6 AQ - EELGRASS -0.45676667 0.1245514 -3.667 0.0007 
7 EDGE - EELGRASS -0.08424226 0.1250826 -0.673 0.7789 
8 Epiphyte load NA NA NA  
9 AQ - EDGE 0.06687333 0.07039316 0.95 0.6086 
10 AQ - EELGRASS 0.23599448 0.07009437 3.367 0.0022 
11 EDGE - EELGRASS 0.16912115 0.07039316 2.403 0.043 
12 Shoot surface area NA NA NA  
13 AQ - EDGE -22.08222 7.103976 -3.108 0.0053 
14 AQ - EELGRASS -34.64283 7.073752 -4.897 < .0001 
15 EDGE - EELGRASS -12.56061 7.103976 -1.768 0.1804 
 
 
 

     

 

Samish Bay 

 Shoot density estimate SE z.ratio p.value 

1 AQ - EDGE 0.8666667 0.7450329 1.163 0.4752 

2 AQ - EELGRASS -3.2 0.7450329 -4.295 0.0001 

3 EDGE - EELGRASS -4.0666667 0.7450329 -5.458 < .0001 

4 Shoot biomass NA NA NA  

5 AQ - EDGE -0.20641667 0.072416 -2.85 0.0121 

6 AQ - EELGRASS -0.25398869 0.0727252 -3.492 0.0014 

7 EDGE - EELGRASS -0.04757203 0.0727252 -0.654 0.79 

8 Epiphyte load NA NA NA  

9 AQ - EDGE -0.21452919 0.05481505 -3.914 0.0003 

10 AQ - EELGRASS -0.06317875 0.05504922 -1.148 0.4847 

11 EDGE - EELGRASS 0.15135044 0.05504922 2.749 0.0165 

12 Shoot surface area NA NA NA  

13 AQ - EDGE 1.458833 4.629628 0.315 0.9467 

14 AQ - EELGRASS -17.126164 4.649315 -3.684 0.0007 

15 EDGE - EELGRASS -18.584998 4.649315 -3.997 0.0002 
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Table C1: Linear mixed effects model results from traps. All comparisons of metrics are to Humboldt Bay, aquaculture (intercept).  

	
  

Data: trapsums

Min 1Q Median 3Q Max
-1.3291 -0.5214 -0.214 0.2731 5.9706

Random effects:
Groups Name Variance Std.Dev.
Site (Intercept) 2.215 1.488
Residual 13.681 3.699

Estimate Std. Error t value
(Intercept) 1.8889 1.5028 1.257
EstuarySamish 4 2.1252 1.882
EstuaryTillamook -1.7778 2.1252 -0.836
Hab_typeEDGE -0.7778 1.7436 -0.446
Hab_typeEELGRASS 0.9709 1.8 0.539
EstuarySamish:Hab_typeEDGE -2.3333 2.4659 -0.946
EstuaryTillamook:Hab_typeEDGE 4.1111 2.4659 1.667
EstuarySamish:Hab_typeEELGRASS -3.1932 2.5061 -1.274
EstuaryTillamook:Hab_typeEELGRASS -0.4154 2.5061 -0.166

Fixed effects:

Linear mixed model fit by REML ['lmerMod']
Formula: ShinerPerch ~ Estuary * Hab_type + (1 | Site)

REML criterion at convergence: 412.2

Scaled residuals:

Number of obs: 80, groups:  Site, 9

Data: trapsums

REML criterion at convergence: 299.5

Scaled residuals:

Min 1Q Median 3Q Max

-1.9852 -0.3958 -0.0644 0.2737 5.2801

Random effects:

Groups Name Variance Std.Dev.

Site (Intercept) 1.133 1.064

Residual 2.639 1.625

Number of obs: 80, groups:  Site, 9

Fixed effects:

Estimate Std. Error t value

(Intercept) 2.56E+00 8.19E-01 3.12

EstuarySamish -2.44E+00 1.16E+00 -2.111

EstuaryTillamook 8.01E-15 1.16E+00 0

Hab_typeEDGE -4.44E-01 7.66E-01 -0.58

Hab_typeEELGRASS -1.97E-01 7.91E-01 -0.249

EstuarySamish:Hab_typeEDGE 1.11E+00 1.08E+00 1.026

EstuaryTillamook:Hab_typeEDGE -4.44E-01 1.08E+00 -0.41

EstuarySamish:Hab_typeEELGRASS 3.08E-01 1.10E+00 0.28

EstuaryTillamook:Hab_typeEELGRASS -8.03E-01 1.10E+00 -0.729

Linear mixed model fit by REML ['lmerMod']

Formula: PacificStaghornSculpin ~ Estuary * Hab_type + (1 | Site)

Data: trapsums

Min 1Q Median 3Q Max
-3.0342 -0.2936 -0.0379 0.227 5.0119

Random effects:
Groups Name Variance Std.Dev.
Site (Intercept) 17.86 4.226
Residual 14.58 3.819

Estimate Std. Error t value
(Intercept) 3.4444 2.752 1.252
EstuarySamish 6.1111 3.8919 1.57
EstuaryTillamook -3.3333 3.8919 -0.856
Hab_typeEDGE 1.3333 1.8003 0.741
Hab_typeEELGRASS 2.7568 1.8602 1.482
EstuarySamish:Hab_typeEDGE -1.8889 2.546 -0.742
EstuaryTillamook:Hab_typeEDGE -0.8889 2.546 -0.349
EstuarySamish:Hab_typeEELGRASS -4.7568 2.5887 -1.837
EstuaryTillamook:Hab_typeEELGRASS -2.7568 2.5887 -1.065

Linear mixed model fit by REML ['lmerMod']
Formula: Hemigrapsus ~ Estuary * Hab_type + (1 | Site)

REML criterion at convergence: 426.3

Scaled residuals:

Number of obs: 80, groups:  Site, 9

Fixed effects:
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Table C2: Analysis of Deviance Table (Type II Wald chi-square tests) for traps. 

	
	 	

Response: Pacific Staghorn Sculpin
Chisq Df Pr(>Chisq)

Estuary 4.5067 2 0.105
Habitat type 0.6965 2 0.7059
Estuary:Habitat type 2.5606 4 0.6338

Response: Shiner Perch
Chisq Df Pr(>Chisq)

Estuary 3.3163 2 0.19049
Habitat type 0.0756 2 0.96288
Estuary:Habitat type 8.4437 4 0.07661

Response: Hemigrapsus
Chisq Df Pr(>Chisq)

Estuary 5.4987 2 0.06397
Habitat type 0.1537 2 0.92601
Estuary:Habitat type 3.44 4 0.48705
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Table D1: Results for linear mixed effects model for the three highest sighted species in video results. All comparisons of metrics are to 

aquaculture (intercept).  

 

Table D2: Analysis of Deviance Table (Type II Wald chi-square tests) for video results. 

	

Scaled residuals: 
Min 1Q Median 3Q Max

-1.3576 -0.4766 -0.1351 0.5002 2.6446

Random effects:
Groups Name Variance Std.Dev.
Site (Intercept) 4464 66.82
Residual 6196 78.71

Estimate Std. Error t value
(Intercept) 151.67 46.65 3.251
Hab_typeEDGE -66.89 37.11 -1.803
Hab_typeEG -91.56 37.11 -2.467

Linear mixed model fit by REML ['lmerMod']

REML criterion at convergence: 288.3

Formula: ShinerPerch ~ Hab_type + (1 | Site)

Number of obs: 27, groups:  Site, 3

Fixed effects:

Scaled residuals: 
Min 1Q Median 3Q Max

-1.1132 -0.7389 0.117 0.3485 2.8833

Random effects:
Groups Name Variance Std.Dev.
Site (Intercept) 1.143 1.069
Residual 2.643 1.626

Estimate Std. Error t value
(Intercept) 1.2222 0.8213 1.488
Hab_typeEDGE 1 0.7664 1.305
Hab_typeEG -1.1111 0.7664 -1.45

Linear mixed model fit by REML ['lmerMod']
Formula: PacificStaghornSculpin ~ Hab_type + (1 | Site)

REML criterion at convergence: 101.2

Fixed effects:

Number of obs: 27, groups:  Site, 3

Scaled residuals: 
Min 1Q Median 3Q Max

-0.5406 -0.473 -0.4054 -0.4054 3.1084

Random effects:
Groups Name Variance Std.Dev.
Site (Intercept) 0 0
Residual 0.6759 0.8221

Estimate Std. Error t value
(Intercept) 3.33E-01 2.74E-01 1.216
Hab_typeEDGE 7.93E-17 3.88E-01 0
Hab_typeEG 1.11E-01 3.88E-01 0.287

Linear mixed model fit by REML ['lmerMod']
Formula: BayPipefish ~ Hab_type + (1 | Site)

REML criterion at convergence: 65.3

Fixed effects:

Number of obs: 27, groups:  Site, 3

Response: ShinerPerch
Chisq Df Pr(>Chisq)

Hab_type 6.5197 2 0.03839*
Response: PacificStaghornSculpin

Chisq Df Pr(>Chisq)
Hab_type 7.5949 2 0.02243*
Response: BayPipefish

Chisq Df Pr(>Chisq)
Hab_type 0.1096 2 0.9467
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Table D3: Linear mixed-effects model analysis of fish sightings for shiner perch and Pacific Staghorn sculpin pairwise Tukey post hoc 

results. No habitat type differences were found for bay pipefish and therefore a post hoc test was not needed. 

	

Samish Bay
Shiner Perch estimate SE z.ratio p.value
AQ - EDGE 66.88889 37.10584 1.803 0.1687
AQ - EELGRASS 91.55556 37.10584 2.467 0.0363
EDGE - EELGRASS 24.66667 37.10584 0.665 0.7839
Pacific Staghorn Sculpin
AQ - EDGE -1 0.766391 -1.31 0.3924
AQ - EELGRASS 1.111111 0.766391 1.45 0.3154
EDGE - EELGRASS 2.111111 0.766391 2.755 0.0162
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Figure E: Map of estuaries surveyed in California, Oregon, and Washington USA. 
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Figure F: Experimental design.  

	

	

Figure G: Predation tethering units, low and high treatments. 
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Figure H: Video mount with two cameras attached and a line with a carabiner with which to attach to a 
buoy deployed at low tide.  

	

Figure I: Minnow trap with Neon buoy attached by line for ease of retrieval from boat.  


