Puée‘f Soud Counn w\’x\p)ﬁe

/
'oLeu;.st eud be$aze, ne—s t F’&te’q‘;

Hood Canal Salmon Enhancement Group
Molluscan Study
Final Report
10/30/2006

PO 2169 * 22881 NE State Route 3 * Belfair, Washington 98528-9341 * Phone (360) 275-3575
* FAX (360) 275-0648
1



Table of Contents

EXECUtive SUMMATY ...........ccconimuiininnnerie et reseeserasessssssssssesessesesssesesssaes 3
L0 INEroduetion.............c.coouvieiniimiiiiiieiecn ettt e e s eeens 3
2.0 Mechanisms of bivalve benefits in eutrophic waters .................ccocoeeeveevrerennennn.. 4
2.1 Filter-feeders as a functional roup.................coocoeeeeeeeeeeeeeeeererereresveeeeerenen. 4
2.2 Sediment EFECtS .........c..ocovueiverveivrieereeieieceeeeeeese e eseeeseseeseesesseeseses s ssens 6
2.2.1 Physical character of Biodeposits ...................c.oovvvvererivnmneneeeeeeeserereserererans 6
2.2.2 Fate of BIOAEPOSILS .......c.coouririrrieeeieetieeeeeesceectee et e s e ve s s s ens 6
2.2.3 Remaining Questions ................ccocceeennveeernsnrennen. SRR ervonrnanssessnssneesstnne D
2.3 Phytoplankton Population Control...................c.ccoeiuiiiviereereeeeeeeeeeeesereeererenens 8
2.4 Seagrass ProOQUCHVILY .........c.coouvoieinieeeei e e eseeeeee s e es s es s sesns 9
2.5 Carbon and Nutrient Storage in Tissue........ ettt ettt a et bbbt ebeneneseaeataens 10
3.0 Distribution and Abundance of Hood Canal Bivalves .................c.coooevevrerevernnnn. 11
3.1 GeoduCK CIAIDS ..........c.covouiiiiiiireresere ettt sttt eseesssssesesssesesesesens 11
3.2 Intertidal Oysters and CIAmS .............c.ooveeveeerenieieiieieeeeeeeeeeceeeeeesesseeseseseseseens 13
4.0 Data Gaps related to bivalve filter-feeder ecology in Hood Canal....................... 13
GBI PROCESSES .......ooeereeencererierirereensetesese s sesssesesessssssaesteseseneesesasasasssesssssssesesesesens 14
4.1.1 Sediment Processes: ............cevuereuereeennerererenreereieessesssseesscssneaeseeesssssssssens 14
4.1.2 Seagrass Productivity.............ccccocvoeererereriniriiiiieee e eeeeeeeeereneesensseseseesssns 15
4.2 Water-colummn Processes ..............ococmverervinreeerereeeieeiesesesesesesesesesesessesesesesesesens 15
4.2.1 Phytoplankton Populatlon Control..............ccccenenne. frertesb e e e ae e e arsensees 15
4.3 Spatial Distribution ..............ccocoeveviinnrirereeccceee e ereereeaeeateanes 15
5.0 Strategy and Methods for addressing Data Gaps..................cooooeeoveeererevvrvrernnnn. 16
5.1 Measuring ProCesSes.............ccooviuiurnineeineieeeierceesieseieseseesteesesesessesesesssesesssens 16
S.1.1 Sediment Processes............cccovuiivereveineiereeirinieiireseteseaeeeseesesesesesesssessssssssans 16
S.1.2 Water Columm Processes .............ooveuiiereririieieeeinniieeeeeeneseseeseessssssesesssns 17
S22 SPACIALEXLENL ..........cooeiiiriiiiitiienee ettt sa s e seee s e aeessesesenesans 19
6.0 CONCIUSION ...ttt s st s e s s s sss s es s s e 20

PO 2169 * 22881 NE State Route 3 * Belfair, Washington 98528-9341 * Phone (360) 275-3575
' ' *FAX (360) 275-0648
2



Executive Summary -
The Hood Canal Salmon Enhancement Groups Molluscan Study is an

investigation into the ecological value of filter feeders in Hood Canal. Phase 1 consisted
of a literature review that resulted in the identification of data gaps related to filter feeder
ecology in Hood Canal. This document is the report from Phase I of the Molluscan
Study. Phase one was to: 1) research knowledge of the ecological importance of filter
feeders. This will include their importance to sediment composition and sediment

processes, phytoplankton control, seagrass productivity, and carbon/nutrient storage. 2)

- develop methods to understand theses processes spatially and temporally. The approach

taken was to determine how bivalves have been found to be beneficial in other eutrophied
bodies of water and determine the body of knowledge that supports these concepts in
Hood Canal. The result of thi’s effort is a plan to build a spatial model that relates filter
feeder distributions to the processes that effect the water column, and sediments while
characterizing the variability of these processes as it relates to environmental conditions

such as latitude, depth, and density of filter feeders.

1.0 Introduction

The filter-feeding molluscan community (oysters, clams, mussel, geoducks) are
integral to and dependant upon the water quality and marine processes of Hood Canal.
The intertidal habitat of this molluscan community is a dynamic place. It is influenced in
part by terrestrial nutrient inputs, sunlight, changing temperatures, and phytoplankton
populations. In turn, the molluscan community plays a role as filter feeders in the fate of
sediments (Newell 2002, Newell 2004, Officer 1982, Peterson and Heck 1999, Peterson
and Heck 2001, Prins 1990, Prins 1995, Souchu 2001, Swanberg 1991, Dame 1991,
Doering 1986, Hatcher 1994), seagrass productivity (Enriquez 2001), and carbon and
nitrogen storage (Hammer 1996).

“The commercial shellfish industry in Hood Canal relies on the healthy condition
of these processes to provide oysters, clams and mussels to a world market. The mid to
low intertidal geoducks have recently been targeted for aquaculture as well. Because of

the deeper water environment in Hood Canal where the geoduck live, there is much less
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known about how this mollusk may influence those marine waters, or even how the
marine waters of Hood Canal may influence the geoduck community.

Hood Canal was recently included as a "dead zone" in the PEW Ocean
Commission’s "America's Living Oceans, Charting a Course for Sea Change" (2003) due
to the processes of eutrophication. Eutrophication is the concept of an increased nutrient
load in a body of water, increasing primary productivity. This resultant high productivity
eventually leads to increased decomposition and reduces dissolved oxygen levels in the

bottom waters. Hood Canal's eutrophication is exacerbated by strong stratification, slow

 circulation and a demonstrated high rate of primary productivity. Extreme low levels of
dissolved oxygen have caused localized fish and shellfish kill events, which have been
recorded periodically over the last several decades. Unusual behavior of many fish
species has been observed by recreational divers during these times.

Bivalve filter feeders have béen studied in other bodies of water as mediators of
the factors contributing to eutrophication (Officer 1982, Haamer 1996). There are several
mechanisms by which filter feeders are thought to impact eutrophication. Bivalves have
the ability to alter sediment processes via biodeposits of their wastes (Newell et al. 2004,
Pietros and Rice 2002), controlling phytoplankton population levels (Cloern 1982,
Mobhlenberg and Riisgard, 1979, Souchu 2001), increasing seagrass productivity
(Peterson and Heck 1999), and by assimilating nutrients and organic matter into their
tissues. Each of these mechanisms has been shown in other bodies of water to alter the
fate of the nutrients and organic matter that contribute to low dissolved oxygen. The
Hood Canal Salmon Enhancement Group's Molluscan Study serves to investigate the
specific ecosystem services that are provided to Hood Canal from bivalve filter-feeders
and quantify the role played by bivalves in mediating the current low dissolved oxygen

levels.

2.0 Mechanisms of bivalve benefits in eutrophic waters

2.1 Filter-feeders as a functional group
The role of bivalve filter feeders in marine ecosystems has recently become a larger

question as anthropogenic factors increase the processes of eutrophication. The factors
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contributing to eutrophication in marine ecosystems are a blend of natural processes that
cannot be controlled (sunlight, residence time, ocean 1nputs) and those which are
contributed by anthropogenic processes (such as agriculture, septic inputs, land use
changes). The phytoplankton production in the marine system of Hood Canal has been
demonstrated to be nitrogen limited, and the anthropogenic contributions can tip the
bélance by increasing the ‘natural' rate for primary productivity. The increase in primary

productivity (typically phytopiankton) in the upper water layers, eventually ends up in the.

sediments decomposmg, a process that consumes oxygen. Fllter feeders are thought to be '

a link between phytoplankton (thelr food) and the benthlc environment where

decomposition and nutrient regeneration occur. This process of moving organic matter
from the water column to the sediments is called benthic-pelagic coupling. The
ecosystem services provided by benthic-pelagic couplers vary from location to location
based on the environmental conditions at a particular site. Microbial communities,
oxygen levels, rates of flushing and turbation, bioturbation in the sediments, and many
other factors likely contribute to the fate and quantity of the flow of organic matter caused
by benthic-pelagic coupling. v

Different benthic-pelagic coupling organisms play different roles, driven by the
mechanism of their outputs (wastes, carcasses, etc.) as well as their method of inputs or
filtration. Bivalve filter feeders such as clams, oysters and mussels actively pump water
to capture their food, effectively concentrating the deposition of organic material to the
vicinity around the organism. In comparison to passive filter feeders, such as barnacles
that rely on the current of the water to bring food to them, active filter feeders are able to
collect organic matter from a larger volume of water.

There have been several positive effects caused by filter feeders on eutrophied
bodies of water seen around the world. These effects include filter-feeders ability to
increase rates of coupled nitrification-denitrification (Newell 2002), increase rates of
sedimentation (Pietros and Rice 2003), control phytoplankton biomass (Souchu et al
2001, Cloern 1982), stimulate seagrass productivity (Peterson and Heck 2001, Peterson

and Heck 1999), and store nutrients and carbon in their tissues as they grow. Bivalve

benefits in Hood Canal have not been empirically measured and are therefore poorly
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understood. Quantifying these mechanisms will give insight to the degree to which
bivalves affect the processes surrounding the fluctuating low dissolved oxygen

conditions.

2.2 Sediment Effects
2.2.1 Physical character of Biodeposits

Bivalve filter feeders take in organic matter and nutrients in the form of phytoplankton

and depos1t wastes on the sediment in the form of feces and pseudofeces These

blodep081ts are composed of ammomumv\%'aste from dlgestlon (feces) as well as orgamc
and inorganic matter from particles that were filtered and could not be digested
(psuedofeces). Ammonium is water-soluble and is easily dispersed into the water column
to promote further phytoplankton production. If no other processes were to occur, then
filter feeders would serve to simply regenerate nutrients and promote complete recycling
of phytoplankton (Newell et al. 2004). However, there are other processes occurfing that
affect this loop. By actively pumping water to capture their food then depositing wastes
onto the sediments, bivalves can increase sedimentation rates (Pietros and Rice 2002).
This results in the nutrients that would fuel further phytoplénkton growth and the carbon
metabolized by microbes consuming oxygen to become buried and unavailable to

perpetuate these processes (Newell et al. 2004).
2.2.2 Fate of Biodeposits

The fate of the nutrients in biodeposits is thought to be controlled by light
availability and oxygen content in the sediments (Newell et al. 2004). In shallow water -
where there is both an aerobic sediment layer and available light for photosynthesis,
nitrification can occur, converting ammonium waste into nitrite and nitrate, which is
trapped by photosynthetic plants in and on the sediments as well as photosynthetic
bacteria. This trappihg represents temporary storage of these nutrients that slows the
recycling of phytoplankton production, In moderate depths without enough light to

promote photosynthesis but enough oxygen to create a boundary layer between aerobic
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sediments and anaerobic sediments, the nitrate and nitrite produced by nitrification can
diffuse to the anaerobic sediments where denitrification can occur (Newell 2004).
Denitrification is the conversion of nitrite and nitrate to nitrogen gas, which is not
bioavailable and escapes to the atmosphere. This combination is called coupled
nitrification-denitrification and represents the removal of nitrogen froin the system. In
terms of eutrophied bodies of water such as Hood Canal, this is the path of most complete
nutrient removal.

Deeper water lacks the aeroblc sediment layer necessary to convert ammonium to

hmtrate and mtrlte ehmmatlng necessary components of denitrification (N ewell 2004)
Eliminating coupled nitrification-denitrification leaves burial as the sole benefit of deep-
water filter feeders on eutrophied waters. However, it is likely that burial is enhanced in
deeper waters by reduced tidal and wave action that could resuspend ammonium and
other nitrogenous wastes in intertidal or shallow subtidal waters.  w=— .ex

(oo harvess

2.2.3 Remaining Questions

Several questions remain when trying to apply these concepts to Hood Canal.
First, how much oxygen is needed to promote adequate coupled nitrification-
denitrification? If there were a high oxygen demand of coupled nitrification-
denitrification, it would severely limit the spatial extent over which it could occur. If
coupled nitrification-denitrification can occur at low levels of oxygen in the sediments,
bivalve filter feeders may be a dominant force in nutrient cycling in Hood Canal and other
deep eutrophied waters. Also, how do different species and populations of the same
species vary in terms of the types of biodeposits contributed to the sediments and what
effect would these differences have on nutrient cycling? If there is a significant
difference in the quality of the wastes deposited it may indicate that certain species or
populations bounded by specific environmental conditions are more beneficial in terms of
nitrogen removal or storage. Answering some of these questions as well as measuring
the rates of sedimentation and coupled’nitriﬁcation-denitriﬁcation will give insight to
filter-feeders role in the nitrogen cycling that occurs in Hood Canal. |
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2.3 Phytoplankton Population Control

In a study performed by James Cloern (1982) in South San Francisco Bay it was
inferred from direct measurement of phytoplankton concentrations, nutrient levels, and
sunlight availability that bivalves in the bay were exerting a control that limited
phytoplankton production for much of the year. It was assumed that bivalves drove this
system because of their high abundance and the low phytoplankton populations despite

env1ronmental condltlons that would support hlgh rates of growth Prev1ously, ﬁltratlon

rates were drawn from an average of 5 species by welght and apphed to the blomass
found in South San Francisco Bay (Mohlenberg and Riisgard, 1979). From this
information and the calculated water volume of the bay it was determined that the
quantity of bivalve filter feeders was sufficient to filter the entire volume of the bay in
"~ less than one day.

These results show a potential mechanism of phytoplankton regulation that may or
may not be occurring at significant levels in Hood Canal. South San Francisco Bay
where the study was performed has a maximum depth of approximately 3 m, while Hood
Canal reaches depths of over 150 m (HC has depths over 180 m). The access of filter
feeders to the water column is far greater in South San Francisco Bay than in the depths
of Hood Canal, and in Hood Canal there is a far larger volume of water to be filtered.

A study performed by Phillippe Souchu et al. (2001) in Thau lagoon on the French
Mediteranean coast showed a decrease in phytoplankton populations due to suspended
oyster pens. In this study two monitoring sites were established within the boundaries of
the pens and two outside the pens. Parameters monitored included salinity, dissolved
oxygen, nutrients, organic matter and chlorophyll. Sampling occurred over several time
scales to assess seasonal and day-to-day variations. They found significant decreases in
the concentration of chlorophyll and particulate organic carbon, 44% and 26%,
respeetively, inside the shellfish-farming site. However, nutrient analysis showed
significant increases of ammonia, phosphates and silica in the sites within the farm.

Applying the results of this study to Hood Canal have some of the same

exceptions of the Cloern study, since Thau lagoon is also a shallow body of water (the
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sampling locations are located in appfoximately 4m of water). In addition, the shellfish
farming system used suspends the organisms in the water column, facilitating the re-
suspension of the oysters’ wastes. This probably played a role in the large nutrient
increases seen. Had the oysters been naturally anchored on the bottom more of the waste
would have settled out of the water column.

Bernard (1983) performed a series of experiments that determined clearance rates
for 9 bivalves in a laboratory setting. The term used in the study was ventilation,

meamng the minimum ﬂow of water and particles that approached a 11m1t of particle

removal. These rates were compared to respiration rates across the varying physmlogical
conditions of temperature and salinity. .The results based on dry tissue weight show the
Manila Clam (T. philippinarum) as the most effiecient ventilator, followed by the Pacific
Oyster (C. gigas) while the Horse Clam (T. capax) was the least efficient. These results
give little insight into the seasonal variability and as a result the ecelogical effects of the

filtered water.

2.4 Seagrass Productivity

An increase in seagrass productivity has a positive influence on eutrophied bodies of -
water such as Hood Canal through two pathways; by storing nutrients and by producing
oxygen. There are two mechanisms identified by which bivalve filter feeders increase
seagrass productivity; fertilization through nutrient deposition and by reducing turbidity.
In the summer months when phytoplankton production is typically at its highest, the
density decreases light penetration into the water, effectively reducing available seagrass
habitat. Typically, seagrasses are limited by both nutrient availability and light
availability. These limitations are exacerbated by the fact that when nutrient availability
increases, so does turbidity resulting in a deciease in available light. Bivalves have been
shown to be able to reduce the concentrations of plankton to the degree that there is an

- increase in light penetration, increasing opportunity to seagrasses, while at the same time
depositing nutrients in the sediments where they are most valuable.

Peterson and Heck (1999) found that experimental plots containing the American

Horse Mussel (Modiolus americanus) showed increases in net above ground primary
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production, along with decreases in the seagraés Thalassia testudinum’s leaf
carbon:nitrogen ratios. A decrease in the carbon:nitrogen ratios indicates that the
concentration of nitrogen in the plant has increased. According to Peterson and Heck,
these results are evidence that the nutrient rich biodeposits are stimulating increased
seagrass growth and the nutrients are being incorporated into the plants.

The underwater topography of Hood Canal is strikingly different than the location

where this study occurred. Peterson and Heck describe their site as:

"St. Joseph Bay is a protected shallow coastal embayment where salinities usually range

‘from 30-36 7'A with water column nitrogen and phosphorus values seldom exceeding 3~
and 0.2 puM respectively. Phytoplankton abundance is also low, usually below Spg/l.
Therefore, photosynthetically active radiation is high, with approximately 40% of

measured light at the water surface reaching the seagrass canopy.”

The contrast between Hood Canal and St. Joseph Bay is significant, especially in
size and depth. Both of these factors play a role in the amount of seagrass
(Zostera marina in Hood Canal) habitat in relationship to the volume of water.
St. Joseph Bay is composed almost entirely of a large shallow flat, while in Hood

Canal, this type of habitat is found exclusively in estuaries.

2.5 Carbon and Nutrient Storage in Tissue

Another way bivalves can mediate excess nutrients and carbon is through the assimilation
of nutrients into their tissue. Tissue growth can store nutrients and carbon for a variable
amount of time depending on the species. Intertidal clams and oysters have life spans on
the order of 10-15 years and 40 years, respectively, while geoducks can live to be over
100 (Goodwin and Pease 1989). Nutrients are assimilated at the highest rates when the
organism is growing at a high rate. In the case of geoducks, their growth slows after 10-
15 years, miaking their role primarily storage as they age, for clams and oysters growth
slows after 5-7 years. Harvesting the organisms amplifies the benefits of nutrient storage
by removing the organism and the assimilated nutrients from the environment. This
especially true for intertidal oysters and clams or geoducks under intensive aquaculture,
as natural geoducks show a low naturdl recruitment rate and regeneration of the bed is far
slower than that naturally occurring geoduck beds, where recruitment is sporadic.
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As to measuring the rates of carbon and nutrient storage in populations of
geoducks, there will be a study performed by WDNR/WDFW as a part of House Bill
1896 that will look at ages and sizes of geoducks from each of the three geoduck index

stations established in Hood Canal.

3.0 Distribution and Abundance of Hood Canal Bivalves

Hood Canal is home to many different species of bivalve filter feeders. Detailed

information exists for geoduck clams, pacific oysters and intertidal clams. Currently,

information on abundance and distribution of Hood Canal bivalve mollusks is primarily
limited to species of economic value. Information on these species has been developed
for areas of commercial density and recreational interest. Geoduck populations and
biomass are inventoried in commercial geoduck tracts through a partnership between the
Washington Department of Fish and Wildlife and the Washington Department of Natural
Resources. Clam and oyster populations are monitored by WDFW and local Native
American Tribes with an interest in commercially harvestable populations and public
beaches. The Tribes have collected information on both public and priv.ate beaches,
while WDFW primafily collects information on DNR, State Parks, Recreation
Commission publicly owned tidelands (Personal communication, Eric Sparkman,
Skokomish Tribe). However, the habitats and general distributions of these organisms

have been described (Goodwin and Pease 1989, Pauley et al. 1989, Shaw 1986).

3.1 Geoduck Clams

Geoducks inhabit the lower intertidal down to depths over 100m (as seen in Case Inlet
Puget Sound), but in Hood Canal the deepest reported confirmed geoducks were at
around 50m (personal communication, Brent Vadapolas, UW SAFS). Commercial
intertidal geoduck harvest may have occurred since the turn of the century or before
(WDFG 1905). By 1904 the Department of Fisheries and Game noted that the population -

may have been declining: .
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"The large "Washington clam," formerly so abundant is still used very largely by
those living near the beaches, bit is not found it he markets and in many places

where it was once abundant it is hardly known now."

A three-year moratorium on all harvest was enacted in 1926 (WDFG 1930). In
the 1928-1929 Annual report, WDFG recommended permanent closure of the
commercial fishery and adopﬁon of a personal-use bag limit of 3 clams (WDFG 1930).
These were enacted at the end of the three-year closure in 1931 (WDFG 1932)

Management-related SCUBA surveys for geoducks started in 1967 precedmg the
subtidal commercial fishery that 1970 (Goodwin and Pease, 1987). The first surveys
consisted of exploratory surveys that defined commefcially viable densities with
relatively low precision in many areas, coupled with some high-precision surveys in .
locations with high densities of geoduck. As the fishery enlarged tracts were defined and
the methods for quantifying biomass and been refined to increase the statistical power of
the estimates. The surveys performed in Hood Canal resulted in the conclusion that the
vast majority of geoducks, and all the commercially available geoducks exist north of
Seabeck.

Another result of these surveys is the characterization of geoduck associations
with both habitat and other organisms. The divers performing the surveys make note of -
substrate types as well as the species present in geoduck survey transects. Some of the
conclusions about geoduck density in relation to their habitats as a result of this data will
be summarized. Geoduck density was found to be inversely related to latitude in Puget
Sound (Goodwin and Pease 1987). The highest densities were found in Southern Puget
Sound, however the opposite latitudinal trend was seen within Hood Canal (Goodwin and
Pease 1987). Density was directly related to depth within the survey boundaries of -18' to
-70' MLLW throughout the surveyed areas (Goodwin and Pease 1987). Although geoduck
density increased within the survey depth, surveys in British Columbia have shown that
density increases with depth to 90 MLLW and tends to decrease deeper than that. The
substrate also played a role in geoduck density. Geoducks were found in mud, sand,
mud-sand mixtures, and pea gravel-gravel mixtures. Densities were highest in sand and
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sand-mud mixtures with no significant difference between the two, and lowest in mud.
Pea gravel-gravel mixtures had densities less than mud-sand and sand, but greater than
mud (Goodwin and Pease 1987).

Current geoduck tract surveys in Washington consist of 900 square foot transects
that are 6 feet wide and 150 feet long. Two divers begin the transects at -18 ft MLLW
and extend to -70 ft, each with side-by-side three foot strips. A new transect begins if the
-70ft has not been reached at the end of a 150 ft transect. A series of these transects begin

at a random location on the 18 ft water depth contour (MLLW) within a predefined tract

area and occur at approximatély 1000 ft intervélé pefpeﬁdicﬁlar to the shoreward tract
boundary. Variations on straight lines are made for narrow or otherwise oddly shaped
tracts to obtain a representative samplé of the population. The density estimates are used
to create biomass estimates by multiplying the average density with the average tract
weight. Biomass estimates are one of the many criteria used to approve harvest. The
biomass estimate is also used in allocation of pounds to be harvested from a particular

tract (Bradbury et al 2000).

3.2 Intertidal Oysters and Clams

These organisms have been grouped together because the information regarding their
abundance and distribution is similar. A protocol for their survey is carried out by both
the WDFW, as well as local Native American tribes (PNPTC, 1997). The surveys are
limited to public tidelands managed by WDNR and private beaches harvested by Native
American Tribes. Pacific Oysters live on hard or rocky beaches in the intertidal, down to
-20' (Pauley 1988). They exist in very large but unquantified numbers in Hood Canal.
Intertidal clams (native little neck and manila) are also inventoried by WDFW and local
tribes. Aside from the public lands where they have been surveyed, little is known about
their abundance. They inhabit substrates ranging from mud to gravel and live intertidally
to depths of -10' (Shaw 1986). In Hood Canal, significant quantities of Native Littleneck
clams have been seen subtidally down to -60 ft (MLLW)

4.0 Data Gaps related to bivalve filter-feeder ecology in Hood Canal
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The strategy for identifying data gaps in the understanding of geoduck ecology can
be broken intd two distinct ideas, processes and the spatial extent of these processes. By
measuring the rates of processes influenced by geoducks and spatially relating these rates
to the different geography and depths at which they occur will give the magnitude of

geoducks impyact on nutrient budgets.

4.1 Processes

_4.1.1 Sediment Processes: ,
Filter-feeding bivalves affect the sediments in two primary ways. First they 1)

increase_sedimentation through the excretion of feces (their metabolic wastes) and
pseudo-feces (the materials that are filtered but rejected because of a lack of nutritional
value to the organism). This sedimentation is a product of the concentration of volume of
seawater actively filtered as a result of their feeding behavior. These wastes are rich in
nutrients (particularly ammonia) as well as inorganic matter formerly suspended in the
water column. As the waste accumulates, the older drganic matter and nutrients are
buried which results in the storage of these substances. The newest deposits are still
available to diffuse back into the water column, promoting phytoplankton regeneration
(Newell, 2002).

The enriched sediments caused by filter-feeders can also 2) promote denitrification
in sediments with a sufficient oxic/anoxic boundary layer. By providing NH4 and nitrite,
two primary precursors to denitrification, the rates of nitrogen gas (result of

denitrification) production have been seen to increase in laboratory studies (Newell,
2002). An additional likely effect of these enriched sediments is an increase in oxygen

consumption over sediments not enriched by bivalve biodeposits (Newell, 2002).

Data Gaps:
. - Sedimentation rate comparison between areas populated by bivalves and areas not
populated by bivalves
. Rates of denitrification and oxygen consumption
) Chemical constituents of biodei)osits
o How much oxygen is necessary for appropriate oxic/anoxic boundary
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. Where do these conditions exist

4.1.2 Seagrass Productivity
Filter-feeder biodeposits can act as fertilizer to aquatic plants. Studies have looked

at the increase in sea-grass productivity when co-located with bivalves (Peterson and
Heck, 1999). This can be a benefit to ecosystems in several ways. First, sea-grass beds
are recognized as important rearing areas for juvenile salmonids, as well as many other
-organisms that forage and hide there. In addition, plants produce.oxygen through . .
photosynthesis. In Hood Canal the production of oxygen by aquatic plants is not likely to
help the low dissolved oxygen because of the strong stratification and low vertical
mixing. In fact, the phytoplankton that is suspected to play an important role in the
depletion of dissolved oxygen produces oxygen while it is alive, but depletes deep water

dissolved oxygen when they die and fall into the lower strata of water.

Data Gaps:

L Rates of mixing between saturated and supersaturated upper water layers and
hypoxic bottom waters

4.2 Water-column Processes:

4.2.1 Phytoplankton Population Control
It has been hypothesized and measured by (Cloern, 1982) that bivalves can exist

in large enough numbers to control the production of phytoplankton through grazing. In
this study the body of water was a large shallow estuary where oysters could exist over a

very large percentage of the area, unlike Hood Canal’s steep sloped shorelines.

Data Gaps:
° in situ filtration rates of filter feeders present in Hood Canal

L Impact of intertidal and subtidal bivalves on phytoplankton production

4.3 Spatial Distribution:
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There is an abundance of information on the biomass of bivalve filter feeders.
Commercial geoduck tract surveys, public intertidal clam and oyster surveys, aquaculture
operation estimates, and some private beach information all exiét. The WDFW and local
Native American Tribes survey 22 tidelands on a regular basis. These consist of public
DNR beaches, public WDFW beaches, and State Parks. The limitation of this
information, when attempting to make Hood Canal wide ecosystem level calculations, is
that they all start out with a prédeﬁned area. A commercial geoduck tract is bounded by -
18 to -70 tidal elevations, and beéch surveys are bounded by both public and private

 property lines. What is important to the Molluscan Study is what lies between and
outside these boundaries. |

The processes being investigated are governed by environmental conditions, as well
as the relation of environmental conditions to habitat preferences of these species.
Sediment effects of filter feeders are likely to be quite different in locations that are
anoxic than in locations that have sufficient oxygen to promote coupled
nitrification/denitrification. Water column effects are also affected by environmental
factors. If a location is too deep for bottom living filter feeders to reach the photic zone,

they are less likely to have a significant top-down effect on phytoplankton production.

Data Gaps:

L Spatial distribution of the conditions necessary for filter-feeder benefits (oxic
sediments, and depth)

° Poplulation estimate of bivalves Hood Canal wide

o Spatial representation of filter feeder distributions
5.0 Strategy and Methods for addressing Data Gaps

5.1 Measuring Processes
S.1.1 Sediment Processes

The routes through which geoducks can affect nutrient processes take place in two
places/processes, sediment processes and water column processes. Geoducks affect
sediment process by actively pumping particles out the water column and concentrating

them in the sediments in the form of biodeposits. These biodeposits consist of inorganic
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mater, organic matter, and organic nitrogen. The fate of these compounds is determined
by two paths, microbial mediated and physically mediated. In the physically mediated
pathway, the biodeposits either diffuse back into the water-column or become buried by
more biodeposits. Nutrient burial in the sediments can be long-term storage, depending
on the timeframe of benthic disturbance. Microbial pathways lead to metabolism of
carbon compounds and the conversion of nitrogen compounds to other nitrogen species.

The metabolism of carbon compounds consumes oxygen, while nitrogen compounds can

be converted to nitrogen gas in an environment that provides an appropriate boundary

layer between aerobic and anaerobic sediments. _

Sediment measurements will consist of a series experiments comparing sediment
flux rates of carbon, nitrogen, and oxygen in different environmental conditions. These
conditions will include intertidal shellfish beds, subtidal shellfish beds at varying depths, -
and controls for each site. In addition, these experiments will be performed at locations
that represent northern, central and southern Hood Canal. In addtion to the measurement
of benthic fluxes from these areas, rates of denitrification will be determined from a
variety of methods. Upper and lower limits will be calculated from gradients found in

sediments, while in situ rates will be determined with a benthic chamber.

5.1.2 Water Column Processes

The interactions between filter feeders and the water column are simple to
describe, but likely difficult to measure due to currents and mixing. By removing
particles from the water column, thereby reducing turbidity, bivalves have been seen to
increase the light penetration and allow marine plants to exist in lower tidal elevations
(Peterson and Heck, 1999). Also, in San Francisco Bay, where there are extensive
shallows and oyster beds, oysters can control the biomass of plankton by exerting top-
down grazing control. Another process by which bivalves and specifically geoducks can
affect the water-column is by the resuspension or regeneration of nutrients and organic
matter from biodeposit-enriched sediments. Through both diffusion and resuspension
these sediment constituents-can be recycled to fertilize phytoplankton growth or be
metabolized by water-column microbes, consuming oxygen.
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Phase 2 water column monitoring will see the addition of the Index Sites -
established by House Bill 1896, and the addition of a furbidity probe to the suite of probes
currently installed on our CTD. The CTD casts will be performed at the same locations as
the sediment samples, but will be monthly instead of quarterly. CTD casts will be
calibrated with discrete water samples. Discrete dissolved oxygen samples will be
analyzed using a modified Winkler method. Discrete water samples will additionally be
collected for the analysis of chlorophyll a in order to calibrate the fluorometer readings. |
- —The-CTD will be measuring chlorophyll (an indicator -6-f phytoplankton), dissolved . ..
| oxygen, turbidity and a suite of standard physical measurements (conductivity, salinity,
temperature, etc.).

Another way that filter feeder's effects on the water-column will be measured is‘ by
determining the rate at which filter feeders remove material from the water. .Using a
variety of techniques that compare the concentrations of influent water to that of the
effluent wevwill be able to determine removal rates, excretion rates and seasonal
variability.

To measure the rates of filtration and the seasonal variation in geoduck clams, a
technique called InEx (Yahel et al 2005) will be used. This technique involves
determining rates of water being pumped by timing the advancement of a trailing edge of
dye through a pipette. The pipette filled with dye is held .at the exit vent of a geoduck and
uncapped; then using underwater video, the time it takes for the pipette to clear is used to
calculate a pumping rate. Determining clearance ratesvof phytoplankton is achieved by
using a similar apparatus that is not filled with dye. Two pipettes are held in place, one at
the inlet siphon, one at the exit siphon, for three times the length of time necessary to
clear the dye from the pumping rate measurements, then capped. The two pipettes arev
then analyzed for POC, phytoplankton (species and quantity), NH4, or any other species
of interest.

Rates will be determined for 10 individual organisms at each index station on a
monthly basis to give some insight to the annual variability of filtration. This method
was developed on small bivalves and s'pong’es, so adapting the pipettes to the large

aperture of a geoduck siphon will be necessary. The critical element of this method will
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be disturbing the animals as little as possible. When a geoduck detects a threat it retracts
into its burrow, so the divers performing the sampling will need to use extreme care not
to disturb the animal during sampling and on the approach to sample. At the conlusion of
the experiment, the animals will be harVested, aged, tissue dryed, and weighed to relate
the filtration rate to the size and age of the animal.

For intertidal clams and oysters, a different method will be used consisting of

small closed boxes through which seawater is circulated. Similar measurements will be

able to be made from these apparatus as the InEx techmque except the water w1ll be

collected ina dlfferent manner.

5.2 Spacial Extent

Geographical considerations such as depth and location in respect to the low
oxygen waters in Southern Hood Canal define the constraints of the processes by which
geoduck benefit Hood Canal's eutrophication. The benefit of increased denitrification is
dependent on the presence of oxygenated sediments. This is most likely to occur at
shallower and more northern locations where waters have higher oxygen levels. At depth
and in southern Hood Canal the sediments are likely to be very loW in oxygen and instead
of representing a path of nitrogen removal, they instead are a source of oxygen demand.

Determining the spatial extent of these areas and understanding where positive and.
negative filter feeder effects might occur is a primary goal of this study. Currently
available distribution data will be augmented by mapping potential habitats, both inter-
tidally and subtidally. The subtidal habitats will be identified using sonar data from the
US Navy to determine where substrate facilitates bivalve populations. By overlaying
commercial tract information on a substrate map additional potential habitats can be
identified. These identified potential habitats will be first explored with drop cameras,
and if the presence of filter feeders is note, followed with divers to quantify the resource.
Interticfal habitats will be characterized using the available WDFW/Tribal survey
information. Since much of this information is based on public lands where put and take
fisheries exist, some additional surveys of private lands will occur to represent the

beaches left to natural propagation.
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The outcome of the spatial relationships will be a GIS model of processes and
distributions as they are known. With the overall HCDOP effort in mind, this model will
be able to be easily interfaced to the hydrodynamic modeling occurring at the University

of Washington.

6.0 Conclusion

One of the largest benefits from Phase 1 of the Molluscan Study is the
relationships that have been formed for technical advice. We have been dealing with

~ researchers from Taylor 'thellﬁsh,m’lu‘fl"e Univefsify of Wasfungton, WDFW,HCDOP and o

WDNR. The work to implement House Bill 1896 also complements our study by
providing locations with well defined populations of geoducks and historical DO data for
performing our studies on filtration and both sediment and water column processes.
Coordination with the work associated with staff performing the work will also lead to
calibration of our ROV survey technique to be performed in future studies.

Assimilating the information sought in Phase 2 of the Molluscan Study will
provide some insight to the relationships between filter feeders and low DO in Hood
Canal. We hope to be able to identify the areas where there are beneficial processes
taking place as well as where they do not. In future work when the surveys will be
performed we will be able to relate these processes geographically and determine

ecosystem wide impacts of filter-feeders and their role in Hood Canal.

PO 2169 * 22881 NE State Route 3 * Belfair, Washington 98528-9341 * Phone (360) 275-3575
*FAX (360) 275-0648
20



7.0 Molluscan Study Literature Reviewed
An, S. and S.B. Joye. 2001. Enhancement of coupled nitrification-denitrification by

benthic photosynthesis in shallow estuarine sediments. Limnol. Oceanogr. 46: 62-
74.

Andersen, A.M. 1971. Spawning, growth and spatial distribution of the geoduck clam,
Panope generosa (Gould) in Hood Canal, Washington. Ph.D. Thesis. University
of Washington, Seattle. 133 p.

Andersen, A.M. 1972. Growth of the geoduck clam in Hood Canal, Washmgton
Proceedings of the National Shellfish Association 621.

Archer, D. and A. Devol. 1992. Benthic oxygen fluxes on the Washington shelf and
slope: a comparison of in situ microelectrode and chamber flux measurements.
Limnol. Oceanogr. 37(3): 614-629.

Asmus, R M. and H. Asmus. 1991. Mussel beds: Limiting or promotmg phytoplankton?
J. Exp. Mar. Biol. Ecol. 148: 215-232.

Bayne, B.L. and A.J.S. Hawkins. 1992. Ecological and physiological aspects of herbivory
in benthic suspension-feeding molluscs, p. 265-288. In D.M. John, S.J. Hawkins
and J.H. Price [eds.], Plant-animal interactions in the marine benthos. Systematics
Association Special Volume 46.

Bernard, F.R. 1983. Catalogue of the living bivalvia of the eastern Pacific Ocean: Bering
Strait to Cape Horn. Can. Spec. Publ. Fish. Aquat. Sci. 61: 102 p.

Billen, G. 1978. A budget of nitrogen recycling in North Sea sediments off the Belgian
coast. Estuar. Coast Mar. Sci. 7: 127-146.

Blackburn, T.H. and K. Henriksen. 1983. Nitrogen cycling in different types of sediments
from Danish waters. Limnol. Oceanogr. 28: 477-493.

Bolalek, J. and B. Graca. 1996. Ammonia nitrogen at the water-sediment interface in
Puck Bay (Baltic Sea). Estuar. Coast. Shelf. Sci. 43: 767-779.

Bower, S.M. and J. Blackburn. 2003. Geoduck clam (Panopea abrupta). anatomy,
histology, development, pathology, parasites and symbionts: developmental stages
‘of the geoduck clam. URL: http://www-sci.pac.dfo-
mpo.gc.ca/geoduck/develop e.htm

Boynton, W.R. and W.M. Kemp. 1985. Nutrient regeneration and oxygen consumption
by sediments along an estuarine salinity gradient. Mar. Ecol. Prog. Ser.23: 45-55.

PO 2169 * 22881 NE State Route 3 * Belfair, Washington 98528-9341 * Phone (360) 275-3575
* FAX (360) 275-0648
21



Boynton, W.R., W.M. Kemp and C.G. Osborne. 1980. Nutrient fluxes across the
sediment-water interface in the turbid zone of a coastal plain estuary. In: Kennedy,
V.S. [Ed.], Estuarine Perspectives. Academic Press, p. 93-109.

Bradbury, A., B. Sizemore, D. Rothaus and M. Ulrich. 2000. Stock assessment of subtidal
geoduck clams (Panopea abrupta) in Washington. WDFW. Online at:
hitp://wdfw.wa.gov/fish/shelfish/geoduck/geoduck stock assessment.htm

Bradbury, A. and J.V. Tagart. 2000. Modeling geoduck, Panope abrupta (Conrad, 1849)
population dynamics. II. Natural mortality and equilibrium yield. J. Shellfish Res.
19(1): 63-70. o

‘Breen, P.A. 1982. Geoducks, p. 14-16. Jn: Bernard, F.R. [ed.]. Assessment of invertcbrate
stocks off the West Coast of Canada (1981). Can. Tech. Rep. Fish. Aquat. Sci.
1074.

Breen, P.A., C. Gabriel and T. Tyson. 1991. Preliminary estimates of age, mortality,
growth, and reproduction in the hiatellid clam Paropea zelandica in New
Zealand. New Zealand. Journal of Marine and Freshwater Research 25(3): 231-
237. '

Breen, P.A. and T.L. Shields. 1983. Age and size structure in five populations of geoduck
clams (Panope generosa) in British Columbia. Can. Tech. Rep. Fish Aquat. Sci.
1169: 62 p.

Buchanan, J.B. 1984. Sediment analysis. /n: N.A. Holme and A.D. Mclntrye, [eds.]
Methods for the study of marine benthos. Oxford: Blackwell Scientific
Publications. p. 41-65.

Bureau, D., W. Hajas, C.M. Hand and G. Dovey. 2003. Age, size structure and growth
parameters of geoducks (Panopea abrupta, Conrad 1849) from seven locations in
British Columbia sampled in 2001 and 2002. Can. Tech. Rep. Fish. Aqua. Sci.
2494: 29 p.

Bureau, D., W. Hajas, N.W. Surry, C.M. Hand, G. Dovey and A. Campbell. 2002. Age,
size structure and growth parameters of geoducks (Panopea abrupta, Conrad
1849) from 34 locations in British Columbia sampled between 1993 and 2000.
Can. Tech. Rep. Fish. Aquat. Sci. 2413: 84 p.

Burger, L., E. Rome, A. Campbell, R. Harbo, P. Thuringer, J. Wasilewski and D. Stewart.
1998. Analysis of landed weight information for geoduck clams (Panopea
abrupta) in British Columbia, 1981-1995, p. 363-373. In: Waddell, B.J., G.E.
Gillespie, and L.C. Walthers [eds.]. Invertebrate working papers reviewed by the
Pacific Stock Assessment Review Committee (PSARC) in 1995. Part 1. Bivalves.
Can. Tech. Rep. Fish. Aquat. Sci. 2214.

PO 2169 * 22881 NE State Route 3 * Belfair, Washington 98528-9341 * Phone (360) 275-3575
* FAX (360) 275-0648
22



Caffrey, J. 1995. Spatial and seasonal patterns in sediment nitrogen remineralization and
ammonium concentrations in San Francisco Bay, California. Estuaries 18: 219-
233. o

Caffey, A., B. Blake and W. Cooke. 2001. Enhancement efforts on state tidelands by the
WDFW.intertidal shellfish enhancement project. Journal of Shellfish Research
20(3): 1195. .

Caffrey, J.M., D.E. Hammond, J.S. Kuwabara , L.G. Miller and R.R. Twilley. 1996,
Benthic processes in south San Francisco Bay: the role of organic inputs and

~ .- bioturbation. Jn: Hollibaugh J.T. [ed.] San Francisco Bay: the ecosystem. AAAS

Pacific Division, San Francisco, p. 425-444.

Callender, E. and D.E. Hammond. 1982. Nutrient exchange across the sediment-water
interface in the Potomac River estuary. Estuarine Coastal Shelf Sci. 15: 395-413.

Campbell, W.W. and J.A. Cahalan. 1996. WDFW intertidal bivalve population
' assessment in Puget Sound and Hood Canal, Washington Journal of Shellfish
Research 15(3): 786.

Campbell, A., B. Clapp, C.M. Hand, R. Harbo, K. Hobbs, J. Hume and G. Scarf, 1998.
Survey of geoduck population density in Goletas Channel, 1994, p. 319-343. In:
Waddell, B.J., G.E. Gillespie, and L.C. Walthers [eds.]. Invertebrate working
papers reviewed by the Pacific Stock Assessment Review Committee (PSARC) in
1995. Part 1. Bivalves. Can. Tech. Rep. Fish. Aquat. Sci. 2214.

Campbell, A., B. Clapp, C. M. Hand, R. Harbo, J. Hume and G. Scharf. 1998. Survey of
geoduck population density in Goletas Channel. Can. Tech. Rep. Fish. Aquat. Sci.
2214: 319-343. :

Campbell, A., C.M. Hand, C. Paltiel, K.N. Rajwani and C.J. Schwarz. 1998. Evaluation
of some survey methods for geoducks. p. 5-42. In: G.E. Gillespie and L.C.
Walthers [eds.]. Invertebrate Working Papers reviewed by the Pacific Stock
Assessment Review Committee (PSARC) in 1996. Can. Tech. Rep. Fish. Aqua.
Sci. 2221. '

Campbell, A., R M. Harbo and C.M. Hand. 1998. Harvesting and distribution of Pacific
~geoduck clams, Panopea abrupta, in British Columbia. In: G.S. Jamieson and A.
‘Campbell [eds.] Proceedings of the North Pacific Symposium on Invertebrate
Stock Assessment and Management. Can. Spec. Publ. Fish. Aquat. Sci. 125: 349-
358.

Campbell, A., R. Harbo and S. Heizer. 1996. A survey of geoduck population density at
Marina Island, 1992. Can. Tech. Rep. Fish. Aquat. Sci. 2089: 157-206.

PO 2169 * 22881 NE State Route 3 * Belfair, Washington 98528-9341 * Phone (360) 275-3575
| * FAX (360) 275-0648
23



Campbell, A. and M.D. Ming. 2003. Maturity and growth of the Pacific Geoduck clam,
Panopea Abrupta, in southern British Columbia, Canada. Journal of Shellfish
Research 22(1): 85-90.

Campbell, A. and D.J. Noakes. 1993. Study of geoduck populations from two areas in
southern British Columbia: growth and mortality, p. 130. In: J.R. Irvine, R.D.
Stanley, D. McKone, S.M. McKinnell, B.M. Leaman and V. Haist [eds.]. Pacific
Stock Assessment Review Committee (PSARC) Annual Report for 1992. Can.
Manuscr. Rep. Fish. Aquat. Sci. 2196. : N

Campbell, A. and K.N. Rajwani. 1998. Optimal sample sizes for geoduck biosamples, p.
43-69. In: G.E. Gillespie and L.C. Walthers [eds.]. Invertebrate Working Papers

reviewed by the Pacific Stock Assessment Review Committee (PSARC) in 1996.
Can. Tech. Rep. Fish. Aquat. Sci. 2221: 43-69.

-Campbell, A., C.W. Yeung, G. Dovey and Z. Zhang. 2004. Population biology of the
Pacific geoduck clam, Panopea abrupta, in experimental plots, southern British
Columbia, Canada. Journal of Shellfish Research 23(3): 661-673.

- Chew, K.K. 1998. Update on geoduck clam culture in the Pacific Northwest. Aquacult.
Mag. 24(1): 79-82.

Chopin, T., A.H. Buschmann, C. Halling, M. Troell, N. Kautsky, A. Neori, G.P. Kraemer,
J.A. Zertuche-Gonzalez, C. Yarish and C. Neefus. 2001. Integrating seaweeds into
marine aquaculture systems: a key toward sustainability. J. Phycol. 37: 975-986.

Clapp, B. 2000. Underwater harvester's association geoduck enhancement program.
Journal of Shellfish Research 19(1): 620.

Cloern, J.E. 1982. Does the Benthos Control Phytoplankton Biomass in South San
Francisco Bay? Marine Ecology Progress Series 9: 191-202.

Cooper, S.R. and G.R. Brush. 1993. A 2,500-year history of anoxia and eutrophlcatlon in
Chesapeake Bay. Estuaries 16: 617-626.

Comwell, J.C., WM. Kemp and T.M. Kana. 1999. Denitrification in coastal ecosystems
Methods environmental controls, and ecosystem level controls, a review. Aquat.
Ecol. 33: 41-54.

Cowaﬁ, J.L.W. and W.R. Boynton. 1996. Sediment-water oxygen and nutrient exchanges
along the longitudinal axis of Chesapeake Bay: Seasonal patterns, controlling
factors and ecological significance. Estuaries 19: 562-580.

Dame, R.F. 1987. The net flux of inorganic sediments by an intertidal oyster reef. Cont.
Shelf. Sci. 7: 1421-1424.

PO 2169 * 22881 NE State Route 3 * Belfair, Washington 98528-9341 * Phone (360) 275-3575
* FAX (360) 275-0648
24



Dame, R.F., N. Dankers, T.C. Prins, H. Jongsma and A.C. Smaal. 1991. The influence of
‘mussel beds on nutrients in the western Wadden Sea and eastern Scheldt estuaries.
Estuaries 14: 130-138. :

Deslous-Paoli, J.-M., A.-M. Lannou, P. Geairon, S. Bougrier, O. Raillard and M. Heral.
1992. Effects of the feeding behaviour of Crassostrea gigas (bivalve molluscs) on
biosedimentation of natural particulate matter. Hydrobiologia 231: 85-91.

Devol, A.H. 1991. Direct measurement of nitrogen gas fluxes from continental shelf
~ sediments. Nature 349: 319-321.

- Devol, A H. and J.P. Christensen. 1993. Benthic fluxes.and nitrogen cycling in sediments -
of the continental margin of the eastern North Pacific. Journal of Marine
Research 51: 345-372. ’

Doering, P.H., C.A. Oviatt, and J.R. Kelly. 1986. The effects of the filter-feeding clam
Mercenaria mercenaria on carbon cycling in experimental marine mesocosms. J.
Mar. Res. 44: 839-861. '

Dollar, S.J., S.V. Smith, S.M. Vink, S. Obrebski and J.T. Hollibaugh. 1991. Annual cycle
of benthic nutrient fluxes in Tomales Bay, California, and contribution of the
benthos to total ecosystem metabolism. Mar. Ecol. Prog. Ser. 79: 115-125.

Elderfield, H., N. Luedtke, R.J. McCaffrey and M. Bender. 1981. Benthic flux studies in
Narragansett Bay. Am. J. Sci. 281: 768-787. ’

Ellifrit, N.J., M.S. Yoshinaka and D.W. Coon. 1973. Some observations of clam
distribution at four sites on Hood Canal, Washington. Proceedings of the National
Shellfisheries Association 63: 7.

Enriquez, S., N. Marba, C.M. Duai'te, B.1L van Tussenbroek and G. Reyes-Zavala. 2001.
Effects of seagrass Thalassia testudinum on sediment redox. Marine Ecology
Progress Series 219: 149-158.

Fisher T.R., P. Carlson, R. Barber. 1982. Sediment nutrient regeneration in three North
Carolina estuaries. Estuar. Coast Shelf. Sci. 14: 101-116.

Giblin A.E.‘, C.S. Hopkinson and J. Tucker. 1997. Benthic metabolism and nutrient
- cycling in Boston Harbor, Massachusetts. Estuaries 20: 346-364.
Gillespie, G. E. and A.R. Kronlund. 1999. The Manual for Intertidal Clam Surveys.
Canadian Technical Report of Fisheries and Aquatic Sciences 2270.

¥

PO 2169 * 22881 NE State Route 3 * Belfair, Washington 98528-9341 * Phone (360) 275-3575
* FAX (360) 275-0648
25



Goedkoop W. and R K. Johnson. 1996. Pelagic-benthic Coupling: profundal benthic

community response to a spring diatom deposition in mesotrophic Lake Erken.
Limnol. Oceanogr. 41(4): 636-647. -

Goodwin, C.L. 1973. Effects of salinity and temperature on embryos of the geoduck clam
(Panope generosa). Proc. Natl. Shellfish. Assoc. 63: 93-95.

Goodwin, C.L. 1973. Subtidal geoducks of Puget Sound, Washington. Wash. Dept. Fish.
Tech. Rep. 13: 64 p.

Goodwin, C.L. 1976. Observations of spawning and growth of subtidal geoducks
,A_(Bgnope__generosa, Gould). Proc. Nat. Shellfish. Assoc. 65: 49-58.

Goodwin, C.L. 1977. The effects of season on visual and photographic assessment of
subtidal geoduck clam (Panope generosa, Gould) populations. Veliger 20: 155-
158.

Goodwin, C.L. 1978. Some effects of subtidal geoduck (Panope' generosa) harvest on a
small experimental plot in Puget Sound, Washington. Wash. Dep. Fish. Prog.
Rep. 66: 21 p.

Goodwin, L. and B. Pease. 1987. The distribution of geoduck (Panope abrupta) size,
density and quality in relation to habitat characteristics such as geographic area,
water depth, sediment type, and associated flora and fauna in Puget Sound,
Washington. Wash. Dep. Fish. Tech. Rep. 102: 44 p.

Goodwin. C.L. and B. Pease. 1989. Species profiles: Life histories and environmental |
requirements of coastal fishes and invertebrates (Pacific Northwest) - Pacific
geoduck clam. U.S. Fish. Wildl. Serv. Biol. Rep. 82(11.120). U.S. Army Corps of
Engineers, TR EL-82-4. 14 p.

Goodwin, C.L. and B.C. Pease. 1991. Geoduck, Panope abrupta, (Conrad, 1849), size,
density, and quality as related to various environmental parameters in Puget
Sound, Washington. Journal of Shellfish Research 10(1): 65-77.

Goodwin, C.L. and W. Shaul. 1984. Age, recruitment and growth of the geoduck clam

(Panope generosa, Gould) in Puget Sound Washington. Wash. Dep. Fish. Prog.
Rep. 215: 30 p.

Goodwin, C.L., W. Shaul and C. Budd. 1979. Larval development of the geoduck clam
(Panope generosa, Gould). Proc. Natl. Shellfish. Assoc. 69: 73-76.

Graf, G., W. Bengtsson, U. Diesner and H. Theede. 1982. Benthic response to

sedimentation of a spring phytoplankton bloom: process and budget. Mar. Biol.
67:201-208. '

PO 2169 * 22881 NE State Route 3 * Belfair, Washington 98528-9341 * Phone (360) 275-3575
* FAX (360) 275-0648 :
26



Gribben, P.E., J. Helson and R. Millar. 2004. Population abundance estimates of the New
Zealand geoduck clam, Panopea zelandica, using North American methodology:
is the technology transferable? Journal of Shellfish Research 23(3): 683-691.

Haamer, J. 1996. Improving water quality in a eutrophied fjord system with mussel
farming.- Ambio 25 (5): 356-362.Hall, P.O.J., S. Hulth, G. Hulthe, A. Landen and
A. Tengberg. 1996. Benthic nutrient fluxes on a basin-wide scale in the Skagerrak
(north-eastern North Sea). J. Sea Res. 35: 123-137.

Hammond, D.E., C. Fuller, D. Harmon B. Hartman, M. Korosec, L.G. Miller, R. Rea, S.

Warren, W. Berelson and S.W. Hager. 1985. Benthic fluxes in San Francisco Bay.

—-Hydrobiologia 129:69-90. .. . . . S

Hammond, Douglas E. Kathleen M. Cummins, James McManus, William M. Berelson,
Gerry Smith, and Federico Spagnoli. 2005. Methods for measuring benthic
nutrient flux on the California Margin: Comparing shipboard core incubations to
in situ lander results. Limnol. Oceanogr.: Methods 2, 2004, 146-159

Hand, C. M., A. Campbell, L. Lee and G. Martel. 1998. A survey of geoduck stocks on
North Barnaby Island, Queen Charlotte Islands, July 7-18, 1994. Can. Tech. Rep.
Fish. Aquat. Sci. 2214: 345-361.

Hand C.M., A. Campbell, L. Lee and G. Martel. 1998. A survey of geoduck stocks on
North Burnaby Island, Queen Charlotte Islands, July 1-18, 1994, p. 345-361. In:
Waddell, B.J., G.E. Gillespie, and L.C. Walthers [eds.]. Invertebrate working
papers reviewed by the Pacific Stock Assessment Review Committee (PSARC) in
1995. Part 1. Bivalves. Can. Tech. Rep. Fish. Aquat. Sci. 2214. ‘

Hand, C.M. and G. Dovey. 1999. A survey of geoduck populations in the Elbow Bank
and Yellow Bank area of Clayoquot Sound, West Coast Vancouver Island, in
1994 and 1995. Can. Manuscr. Rep. Fish. Aquat. Sci. 2479: 33 p.

Hand, C. M. and G. Dovey. 2000. A survey of geoduck populations in the Griffith
Harbour area, North Banks Island, in August 1995 Can. Manuscr. Rep. Fish.
- Aquat. Sci. 2541: 20 p. '

Hand, C. M., K. Hobbs, R. Harbo and G. Thomas. 1998. Quota options and
recommendations for the 1996 geoduck clam fishery. Can. Tech. Rep. Fish.
‘Aquat. Sci. 2214: 375-434,

Hargrave B.T. 1973. Coupling carbon flow through some pelagic and benthic
communities. J. Fish. Res. Board Can. 30: 1317-1326.

Harbo. R.M. 1997. Shells and shellfish of the Pacific northwest. Harbor Publishing,
Canada. 270 p.

PO 2169 * 22881 NE State Route 3 * Belfair, Washington 98528-9341 * Phone (360) 275-3575
* FAX (360) 275-0648
27



Harbo, R.M., B.E. Adkins, P.A. Breen and K.L. Hobbs. 1983. Age and size in market

samples of geoduck clams (Panope generosa). Can. Manuscr. Rep. Fish. Aquat.
Sci. 1714: 77 pp.

Harbo, R.M., C.M. Hand and B.E. Adkins. 1986. The commercial geoduck clam fishery
in British Columbia. Can. Manuscr. Rep. Fish. Aquat. Sci. 1873. 59 Pp-

Hatcher, A., J. Grant and B. Schofield. 1994. Effects of suspended mussel culture
(Mpytilus spp.) on sedimentation, benthic respiration and sediment nutrient
dynamics in a coastal bay. Mar. Ecol. Prog. Ser. 115: 219-235.

~ Haven, D. S. and R. Morales-Alamo. 1966. Aspects of biodeposition by oysters and other

invertebrate filter feeders. Limnol. Oceanogr. 11: 487-498.

Henriksen, K. and W.M. Kemp. 1988. Nitrification in estuarine and coastal marine
sediments, p. 205-249. In T. H. Blackburn and J. Sorensen [eds.], Nitrogen
cycling in coastal marine environments. Wiley.

Hoffman, A., A. Bradbury and C.L. Goodwin. 2000. Modelling geoduck, Panope abrupta
(Conrad, 1849) population dynamics. I. Growth. J. Shellfish Res. 19(1): 57-62.

Hurlbert. S.H. 1984. Pseudoreplication and the design of ecological field experiments.
Ecological Monographs 54(2): 187-211. Jamison, D., R. Heggen and J. Lukes.
1984. Underwater video in a regional benthos survey. Proceedings of the Pacific
Congress on Marine Technology, Honolulu, Hawaii, April 24-27, 1984.

Jensen M.H., E. Lomstein and J. Serrensen. 1990. Benthic NH4+ and No3- flux

following sedimentation of a spring phytoplankton bloom in Aarhus Bight,
Denmark. Mar. Ecol. Prog. Ser. 61: 87-96.

Jerrgensen, B.B. 1983. Processes at the sediinent-water interface. In: Bolin, B. and R.B.
Cook [eds.]. The major biogeochemical cycles and their interactions. John Wiley
& Sons, Chichester, p. 477-515.

Kana, T.M., M.B. Sullivan, J.C. Cornwell and K. Groszkowski. 1998. Denitrification in
estuarine sediments determined by membrane inlet mass spectrometry. Limnol.
Oceanogr. 43: 334-339.

Kaspay, H.F, P.A. Gillespie, I.C. Boyer and A.L. Mackenzie. 1985. Effects of mussel
aquaculture on the nitrogen cycle and benthic communities in Kenepuru Sound,
Marlborough Sounds, New Zealand. Mar. Biol. 85: 127-136.

Kaspar, H.F. 1982. Denitrification in marine sediment: measurement of capacity and
estimate of in situ rate. Applied and Environmental Microbiology 43(3): 522-527.

PO 2169 * 22881 NE State Route 3 * Belfair, Washington 98528-9341 * Phone (360) 275-3575
* FAX (360) 275-0648
28



Kautsky, N. and S. Evans. 1987. Role of biodeposition by Mytilus edulis in the
circulation of matter and nutrients in a Baltic coastal ecosystem. Mar. Ecol. Prog.
Ser. 38: 201-212. ' ’

Kemp, W.M. and W.R. Boynton. 1992. Benthic-pelagic interactions: nutrient and oxygen
dynamics, p. 149-221. In D. E. Smith, M. Leffler, and G. Mackiernan [eds.],
Oxygen dynamics in the Chesapeake Bay. Maryland Sea Grant Publication.

Kemp, W.M,, P.A. Sampou, J.M. Caffrey, M.S. Mayer, K. Henriksen énd W.R. Boynton.
1990. Ammonium recycling versus denitrification in Chesapeake Bay sediments.
Limnol. Oceanogr. 35: 1545-1563.

Klumps, M. 1989. The seasonality of nutrient regeneration in an organic-rich coastal
sediment: kinetic modeling of changing pore-water nutrient and sulfate
distributions. Limnol. Oceanogr. 34: 559-577.

Koike, I. and J. Sorensen. 1988. Nitrate reduction and denitrification in marine sediments,
p- 251-273. In T. H. Blackburn and J. Sorensen [eds ], Nitrogen cycling in coastal
marine environments. Wiley.

Koop K., W.R. Boynton, F. Wulff and R. Carman. 1990. Sediment, water, oxygen and
nutr1ent exchanges along a depth gradlent in the Baltic Sea. Mar Ecol Prog Ser 63:
65-77.

Koseff, J.R., J.K. Holen, S.G. Monismith and J.E. Cloern. 1993. Effects of vertical
mixing and benthic grazing on phytoplankton populations in shallow, turbid
estuaries. J. Mar. Res. 51: 843-868.

Kristensen, E. 1988. Benthic fauna and biogeochemical processes in marine sediments:
Microbial activities and fluxes, p. 275-299. In T. H. Blackburn and J. Sorensen
[eds.], Nitrogen cycling in coastal marine environments. Wiley.

Lindahl, O., R. Hart, B. Hernroth, S. Kollberg, L. Loo, L. Olrog, A. Rehnstam-Holm, J.
Svensson, S. Svensson and U. Syversen. 2005. Improving marine water quality by
mussel farming: A profitable solution for Swedish society. Ambio 34(2): 131-138.

Mackenzie, F.T., A. Lerman and A.J. Andersson. 2004. Past and present of sediment and
carbon biogeochemical cycling models. Biogeosciences 1: 11-32.

Malone, T.C. 1992. Effects of water column processes on dissolved oxygen, nutrients,
phytoplankton and zooplankton, p. 61-112. In D. E. Smith, M. Leffler, and G.
Mackiernan [eds.], Oxygen dynamics in the Chesapeake Bay. Maryland Sea Grant
Publication.

PO 2169 * 22881 NE State Route 3 * Belfair, Washington 98528-9341 * Phone (360) 275-3575 '
* FAX (360) 275-0648
29



Marcus N.H. and F. Boero. 1998. Minireview: the importance of benthic-pelagic coupling

and the forgotten role of life cycles in coastal aquatic systems. Limriol. Oceanogr.
43(5): 763-768.

Mermmnillod-Blondin, F., J. Gaudet, M. Gerino, G. Desrosiers and M.C. des Chatelliers.
2003. Influence of macroinvertebrates on physio-chemical and microbial

processes in hyporheic sediments. Hydrological Processes 17: 779-794.

Miller-Way, T. and R.R. Twilley. 1996. Theory and operation of continuous flow systems
for the study of benthic-pelagic coupling. Mar. Ecol. Prog. Ser. 140: 257-269.

__Mehlenberg, F., Riisgard, H. U. 1979. Filtration rate, using a new indirect technique, in

thirteen species of suspension-feeding bivalves. Marine Biology. 54: 143-147

Nixon, S.W. 1981. Remineralization and nutrient cycling in coastal marine ecosystems.
In: Neilson B.J. and L.E. Cronin [eds.], Estuaries and nutrients. Humana Press,
Clifton, p. 111-138.

Newell, R.LE. and S.J. Jordan. 1983. Preferential ingestion of organic material by the
American Oyster Crassostrea virginica. Mar. Ecol. Prog. Ser. 13: 47-53.

Newell, R.LE. 1988. Ecological changes in Chesapeake Bay: Are they the result of over
harvesting the eastern oyster (Crassostrea virginica)?, p. 536-546. In M.P. Lynch
and E.C. Krome [eds.], Understanding the estuary: Advances in Chesapeake Bay
research. Chesapeake Research Consortium Publication 129.

Newell, Roger LE., Jeffery C. Cornwell, Michael S. Owens. 2002. Influence of
simulated bivalve biodeposition and microphytobenthos on sediment nitrogen
dynamics: A laboratory study. Limnology and Oceanography. Vol 47, no 5.
1367-1379.

Newell, Roger I. E. 2004. Ecosystem Influences of Natural and Cultivated Populations of
Suspension-Feeding Bivalve Molluscs: A Review. Journal of Shellfish Research.
Vol 23. No 1, 51-61.

Newell, R.LE., J.C. Cornwell, R.R. Hood and E. Koch. 2004. Understanding the
influence of bivalve suspension-feeder populations on water quality in eutrophic
coastal waters. Bull. Fish. Res. Agen. Supplement 1: 153-154.

Newell, Roger LE., TR fisher, RR Holyoke and JC Cornwell. 2004. Influence of Eastern
Oysters on Nitrogen and Phosphorus Regeneration in Chesapeake Bay, USA. The -
Comparative Roles of Suspension Bivalve Feeders in Ecosystems. NATO Science

Series: IV - Earth and Environmental Sciences. Kluwer Academic Publishers,
DOrdrecht, The Netherlands.

PO 2169 * 22881 NE State Route 3 * Belfair, Washington 98528-9341 * Phone (360) 275-3575
* FAX (360) 275-0648
30



