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EXECUTIVEBUMMARY

We evaluatel the efficacy of waste transfer from Atlantic salmon aquaculture pens to shellfish
cultured immediately downstream and at different dég and distanes in Puget Sound,
Washington.Studies occurred concurrently icentral Puget Sound ne&lam Bay and imorth
Puget Sound a€ypress Islandrish have been cultivated continuously since 1969 at the former
site and since 1980 at the latteste. Both of these areas are moderately enriched with nutrients
and phytoplankton due to the naturally occurring upwelling of nutrienh deepwater along the
westcoastU.S

Thenull hypothesis for this work was that growth of shellfisiould notbe erhanced or tracing of
stable isotopes o€arbon and nitrogemwould not showspatialeffect of being near the fish farm

The alternative hypothesiwas that one or both would demonstrate an effect. eWWuspended
Pacific oysters Qrassostrea gigas | Yy R ¢ G IV dzaytifus gallogrovincialls in plastic
Aquapurseculture units at several sites at varying distances and depths relative tddishnet
pensfor about 9 months (fall t@pring in Experimentone and for mussels only Experimentwo

for Aprilthrough March of the following yearAs fish farms in this region are dependent on tidal
currents to supply oxygen to the cages, we placed several treatments of shellfish below the
surface layer to assess their growth at strata that would not interfeitd wurface currents. Prior
studies have shown these areas to be well vertically mixed, so we hypothesized and indeed
confirmed that there was no measureable difference between near surface and subsurface
concentrations of phytoplankton measured as chlaingll a.

Oysters at Cypress Island received signifigarititional and growthbenefits fromplacement near

the salmonnet pens Oysters closer to the net pens experienced consistently higher growth and
were able to take advantage of fish feces produtgdthe site. Increased oyster growth nearer

the Clam Bay net pens was measured in the first fall and early winter, but by the completion of
grow outin spring, there were statistical differences among treatments and no evidence of a
stable isotope signate in the tissue of the oysters indicative of fish farm wastes. Comparison of
TVS, TSS, phytoplankton organics, -pbptoplankton organics, chlorophyll a and seston stable
isotope data collected concurrently do not fully explain the differences betwgremwth and
stable isotope signatures at the two siteBlo significant differences in these water quality
parameters were noted up or downstream of the fish farms or at different depths. Sampling was
conducted at random times, and had we sampled duringdieg would undoubtedly have
measured greater concentrations of TSS and TVS downstream. Lack of differences among sites
could be due to fast changing phytoplankton and seston composition over time scales of days to
weeks, where our sampling for these farg was through economic necessity, monthly.
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In contrast, mussels grown at Cypress Island and at Clam Bay did not experience any significant
growth or stable isotope compositioaffects due to proximity to fish farmsit is probable that

oysters and mssels have different feedirand pseudofeces productidmehaviors thatapparently
allowedthe oysters to takéetter advantage of fish farporigin wastes.

In addition, the growth results matched up very well with our mixing model analysis, which
indicated this benefit as originating at least partially fromaste fish feces. The probability
distribution outputs from the IsoSource mixing model showed that oysters growing at the
reference site relied primarily on phytoplankton during the entire experiment,levtiie 30m

distant and deegreatment oysters also fed on phytoplankton in the fall, but switched to fish feces

in the winter and spring. This is both reasonable and logical but cannot be explained by, simple
infrequentmeasures such as chlorophgid taal suspended or volatile solid®ncentration. Itis

probable that this extra food source, available in quantity to the 30m oysters but not to the
reference oysters, supported the 30distance2 € 48 1 SNEQ AAIAYATFAOFIyGft e 3ANBI

For PugetSound waters, & recommend further investigatioand scaleelp trials of the efficacy

of oyster culture as a companion crop to fish aquacultufidne trials to datewith oysters have

been promising and we can envision several benefits from such systemshe Irelatively cool
waters of Puget Sound main basins and channels where fish farms are located, oysters rarely
reproduce naturally thus would not add to the biofouling load on the nets and floats that could
occur with mussels when then reproduce. Theyuld also be used in some cases to provide
current flow diversion at sites with overly strong currents or temporarily at some sites where
spring tides produce currents that exceed optimum velocities. Oysters will not replace fish as a
primary cash crop afish farm sites due to space limitations, but subsurface growing systems
would benefit not only from the slowly settling organic particulate matter but would be less
subject to algal biofouling compared to surface raft culture of shellfish.

In other regons of the world seaweed culture is also being practiced as a means to reduce
dissolved nitrogen loading. Puget Sound net pen sites are by design located-mutrient
sensitive areas but background levels of nitrogen are naturally high in main lod$taget Sound.

The pen origin nitrogen plus the natural background flux of nitrogen could help insure a desirable
and continuous supply to insure sustained growth of seaweeds near the net pdosever,
combined shellfish plus seaweed culture at fialnf sites in Puget Sound may not be technically
feasible because of space limitations and the fact that seaweeds must be grown near the surface
to allow photosynthesis, whereas the shellfish are not subject to this limitation.

Integrated FistShellfish Aquaculture in Puget Soyrkinal ReportMay 2011 8



INTRODUCTION

The purpose Dthis study was to assess the use of integrated multitrophic aquaculture (IMTA)
using coupled fish and shellfish aquaculture in differing regions of Puget Sélasthingtorwhere
existing net persalmonaquaculture occurs. IMTA offers a possibility tptoge valuable organic
glraiSa FTNRY FTAaK FFENya (2 o6S AyO2NlLRNI{GSR
and reduce organic waste loading in the vicinity of the culture aiidee hypothesis for this work is
that growth of shellfistwill be enranced or stable isotope tracing of carbon and possibly nitrogen
will show an effect. The alternative hypothesis is thatgrowth or stable isotopeeffect will
occur.

Ay

We selected Pacific oyster€rassostrea gigals I R t @ 3  Myiasagslibpiioindalig as

our targetshellfishspecies. Pacific oysters are a hearty species and grow well throughout Puget
Soundand gallo mussels generally grow better than native mus#&ysil(gs trossulukin areas like
Southern Puget Sound amekar Whidbey Islandn Saratoga Passagand were available as seed
stock from local hatcheriesThe salmon farms

20 122*

culture Atlantic salmonSalmo salgras there is T j%:? =3 e
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Two experiments were conducted: Experiment 1 commenced in fall and was designed to assess
efficacy of IMTA during winter, the period of lowest phytoplankton abuméafor both oysters

and mussels. Experiment 2 began in late spring and ended in early spring to assess different
culture period results for mussels, and to further investigate the result&xgderimentl with
mussels only.

Water temperatures are modate in Puget Soundand adjacent marine watersompared to
Northeast United Statesoastal area and there are no problems with sea lice infection due to the
prevalence of lower salinity water than in many other salmon farming areas of the world. As
explaned in this report, however, coastal and local upwelling of deep oceanic wsers low in
dissolved oxygedoes occur in late spring through fall in some areas and years, so placement of
shellfish upstream of current flows would have to be carefullgstderedwith regard to further
interference with oxygen supply as explained in the next section of this report

EXPERIMENTAIAYOUT

Location of stations for culture of the shellfish was based on knowledge of persistent tidal current
velocity and diretion at both sites. Data sources for Clam Bagye dual recording current meter
records of Weston and Gowen (unpublished, cited in WDF 1990) and for Cypress Island the current
meter results & Rensel (198) plus localknowledge of thefish farmingstaff were usedin this
regard.

Table 1 summarizes the layout of treatments Experimens 1 and 2. In each experiment, four

spatial pattern treatments were established: two treatments were placed adjacent to the net

pens, one at a shallow depth and one deepat both within 1 horizontalmeter and downstream

of active salmon pens. Another treatment was placed an intermediate distance (30 meters) away
from the pens, atmuch greater depth to intercept sinkgnparticulate waste matter.A fourth

treatment was plaed approximately 150 m from the pens at a deeper depth. The two treatments

Of 2aSaid G2 GKS ySi LISya |NB NBFSNNBR G2 lFa a
RA&aUGlFIYyOS GNBFGYSyld Aa OFtfSR GUKS dGonY nRsAadl yi
NEFSNNBR (2 d aNBFSNBYyOS RSSLXE O
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Tablel. Sampling design spatial layoutf Experimentl (September 2008 June 200% and
Experiment2 (April 2010¢ 10 March 201). Depth in meters to the center of each string of
Aquapuses.

Study Area Treatment | Experiment 1| Experiment 2 Distance from cages
y Site Depth (m) | Depth (m) 9
Cypress Island, Farm 5 5 Immediately adjacetto cage array,
North Puget Sound shallow east end
Same Farm deep 20 15 Immediately adjacent to cage array,
east end
30m
Same distant 10 15 30 m from above strirg
deep
Same Reference 10 15 Reference area 200 m from nearest
deep pens but in same bay
Clam Bay, Farm 5 10 Immediately adjacent to cage array,
Central Puget Sound| shallow South side
Same Fam deep 25 25 Immediately adjacent to cage array,
South side
30m 30 mfurther south of pens and above
Same distant 15 25 arrays
deep
Same Reference 15 25 150m ESE of per8SE in same bay
deep

Experiment 1: 03 September 20Q8.0 June 2009 at Clam B#&§F September 2008 12 June 2009 at Cypress Island
Experiment 2: 13 April 20k010 March 2011 at Clam Bay; 14 April 2@1 March 2011 at Cypress Island

The emphasis on deep treatments relates to the need to grow shellfish in a manner that would not
interfere with currents and oxygen flux into the pens. Since these sites are relatively well mixed
without significantvertical stratificationat any time of yearit was hypothesized that sufficient
plankton would be available as feed at depth and thatchmof the particulate waste stream from

the cages could be intercepted at such depthBigure2 showsaerial photo imageswith the
stations superimposed atach site

When designindexperiment2, treatment depths were slightly changed for Clam Bay kiept the
same for Cypress Island. The Clam Bay farm shallow treatment depth was increased from 5 to 10
meters, and the 30m distant deep and reference group depths were increased from 15 to 25

Integrated FistShellfish Aquaculture in Puget Soyrkinal ReportMay 2011 11



meters. The farm deep treatment was kept the same, at 25 nsetlerep. These changes were
made because the Clam Bay site is significantly deeper in general than the Cypress Iskmdl site
we wished to further assess shellfish culture at these deptAsdiagram of the treatment and
reference locations relative to el site is shown in Figur@ Because depth at the selected
Deepwater Bay site was shallower than the Clam Bay site, only one depth was used for each of the
three strings ofdeepshellfish cages. At Clam Bay, a deep set of cages was installed beneath the
set that was adjacent to the pens. Waste fecal matter of salmonids, particularly larger ongrowing
fish, sinks relatively rapidly and it was thought that we may see a difference among the shallower
and deeper strings.

Qypress ¥
Island #

30m Distant
o

o

= 30m Distant

Reference

Figure2. Google map images of the two study sites at Clam Bay and Cypress Island.
The other net pen shown in Figure 2 at Cypress Island was not occupied during these experiments.

Current velocity at the Cypress Island site averaged about 15.5 cm/s duringntcuneter
monitoring of a mean tidal exchange day at tlsise (Rensel 1996). Currentgere strongly
bidirectional with the ebb tide flowing through the pens from west to east into the location of the
IMTA trial Aquapurse units.No current meter informatin was available from the Clam Bay site

but judging from the coarse sand bottom and large carrying capacity of the site that routinely
meets NPDES performance standards, currents are equally as strong on average. Previously,
Weston and Gowen (unpublishedited in WDF 1990had a recordingf AanderaaVane style
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current meters on both ends of this site, but that location was slightly shallower than the present
day site location.

2 [133m ] >
Shallow Site
Cypress Island
\\\\
{ Net Pens
20m i
| e Om 30 m Reference
i
sea floor i A\
1 310m| >
— Deeper Site
,_‘ Clam Bay
— 3\ , N
il -8 i i =
25m i
| Om ... 30m Reference
sea floor
\R

Figure3. Diagrams of the experimental layouts atach study site. Treatment and reference groups
represented by blue rectangleskor Clam Bay, flow was tangential through the side of the cages and the
2D picture does not fully represent the arrays properlgee prior aerial image for spatial relatiohips.

METHODS

Juvenile kellfish used in both experimentsere produced by Taylor shellfish andginatedin
Southern Puget SoundExperiment 1 used botlCrassostrea gigafériploid Pacific oystes) and
Mytilus galloprovincialigblue mussed) while Expeiment 2 only usedM. galloprovincialis For

both experiments, massels were hatched in Dabob Bay and oysters in Quilcene Bagy were

later moved to nearby nursery grounds: Totten Inlet for the mussels, Oakland Bay for the oysters.
At the beginning oExperimentl, shellfishwere approximately10 months old at time of stocking;
juvenile musselsised inExperiment2 were younger{ months)

All shellfish were cultured in replicate Aquaputssys (Figured), reusable plastic purses that were
set in betveen perimeter lines with spreader bars at the top and bottom. The strings were set at
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different depths and locations as specified in Table 1. At both sites, the net pens are galvanized
steel cage systems with all rearing pens held within the same afféne cages move very little
during tidalcycles but there is some slight shifting according to GPS measurements made during
routine permit compliance monitoring. In both cases, the immediate downstream Aquapurse
trays were placed in one of two dominarttdal current directions. A commercial project for
mussels would use suspended strings of mussels, but the Aquapursesddtier advantage of
predator avoidance without the use of predator deterrent natsd ease ofamplingaccess

Figure 4. String of 4 oyster and 4 mussel
stocked Aquaurses being placed at the Clam
Bay site

On each scheduled sampling date, Aquapumsiés were removed from the water and all shellfish
lengths were measured. Length was recorded inllimeters usingspecializednetric rulers; in the

case of broken shells, length was visually estimat8tiellfish tissue volume was not measured.
Total count of all living specimens and empty shells was also tallied, and lengths of all empty shells
were alsomeasured and recorded iBxperiment2. In addition, during each measurement period,
several shellfishfrom each Aquapursevere selected at random and removed for later stable
isotope analysis. After all shellfish length measurement was compldtedfish were plaed back

into their respective Auapurses, which were then feuspended in the water.

Integrated FistShellfish Aquaculture in Puget Sourknal ReportMay 2011 14



Shellfish mortalities were calculated by subtracting the total amount of live specimens found
during each collection date from the number of live specisigound during the previous
collection date. For example, if there were 50 live mussels measured in September 2010, and 30
in March 2011, there would be 20 mortalities recorded for the SepteriNdarch period. This was
deemed a more accurate method thammply recording the number of dead specimens and empty
shells found at each collection date, becausien-empty shells may break up or otherwise
disappear for a variety of reasons. Percentage of total mortalities per day was also calculated in
order to observe any differences of mortality rate at different sites or treatments. To determine
percentage of total mortalities per day, percentage of total mortality was first calculated for each
measurement period (e.g., Apfleptember and Septembddarch, fa Experiment2, and then
divided by the amount of days of each measurement period.

Experiment 1 also involvetbllection of a variety of other water quality data, including dissolved
inorganic nitrogen (DIN), chlorophwl total volatile solids (TVS) atatal suspended solids (TSS).
These were sampled at different depths (2m and 20m), at upstream and downstream locations,
and at different times during the year in order to develop a more complete representation of site
conditions at Clam Bay and Cypredarid. Vertical profile measurements of salinity, temperature,

in vivochlorophylla, dissolved oxygen, pH and turbidity have also been collected periodically at
both study sites. These data were collected on some shellfish sampling dates, as well as in
between those periods. Water temperature daad fish farm biomasw/as also obtained from
0KS TFAakK Tl Myadddion, NgSton2 andR phptoplankton analysis were conducted
periodically at the IMTA sites by analyzing TVS, TSS and chlorglyitent of the water as
described below some of which uses calculations based on Hawkins et al. (20023lysis of
nutrients was performed by the University of Washington Oceanography Routine Chemistry
Laboratory using state of the art autoanalyzer technisud SS, TVS and chlorophyll analyses were
conducted at Aquatic Research Inc. laboratory in Seattle using Washington State Dept. of Ecology
and EPA approved methodologies.

TVS was measured as an estimate of particulate organic matter (POM) which iis secnude
surrogate for total available shellfish food. TVS was measured by weig@iR{fFalter before and
after suctioning sample water through it and after combusting the filter to calculate the portion
which ignites.

Likewise, TSS was measured aspesentation of the total pool afotal particulate matter(TPM)
using standard methods of filtering water and drying the filttaf€SS was measured by filtering a
water sample on a dry, preveighed filter, drying the sample/filter and weighing again.
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Chlorophyll a (ug/l units) was measuredn the field witha CTD probe (Turner Co. SCUFA) and
discrete samples collected in 1 liter bottles and analyzed at a certified laborafaryaftic
Research Incorporatedseattle, WAusing spectrophotometer based meittis. Chlorophylla is a
surrogate measure of phytoplankton abundance that can be factored below into comparable units
when calculating phytoplankton organics. It serves as a measure of food for shellfish.

Total particulate matter (TPM) was estimated malysis of total suspended solids (TSS) in mg/L
Particulate inorganic matter (PIM) was estimated by subtraction of chloropimyihus POM.

Phytoplankton organics (abbreviated PHYORG in units ) mgs estimated by the method of
Grant and Bacher (1998where measured chlorophyd concentration (mg/l) is multiplied by the
coefficient value 50 (for relatively rich growing waters such as Puget Sound, see Welschmeyer and
Lorenzen (1984) and Taylor et al. (1997)). This is themalsed carbonto chloroplyll a ratio and

varies considerably. That value of total phytoplankton organic carbon is then divided by the factor
of 0.38 (a conversion factor for algae in nearshore waters) to achieve an estimate of PHYORG.

Non-phytoplankton organics (DETORG in mgAsuhen calculated as POM minus PHYORG. This is
the material notuseful for phytoplankton growtkHi.e., detritus)although it may be cycled into
phytoplankton through mineralizationFew estimates of PHYORG and DETORG are available for
Puget Sound, althagh basic POM and related estimafesm North Totten Inlet in Southern Puget
Soundhave been described in unpublished reports by Brooks (20@@gasuredTVS (e.g., POM) of
surface waters of Nortffotten Inlet averaged 13.mg/L (95% CI of +144/2.5)and TSS averaged
51.8 (95% CI of +5548.5) in this study. South Puget Sound has modest phytoplankton
abundance during the growing season like central and north Puget Sbomgever, it is rich in
seston year round compared to these other areas. Theahaause of this situation is unknown,
but circulation with the ocean is restricted and turbidity relatively high compared to the other
basins of Puget Sound

The above calculations allow insight into the source of diet for the shelfisich includes darge,

often major portion of the diet due to nephytoplankton organics. Unfortunately, this varies
from place to place as well as seasonally, so it has to be determined locally. In these calculations,
we must acknowledge that not all phytoplankton igually useful for shellfish growth, but this
approach is currently considered one of the few reasonable approatheseasure available
shellfish food suppl{e.g., Hawkins et al. 2002).

Shellfish removed for stable isotope analysis were packed on icdrmaht back to Arlington,
Washington. Withir24 hours, shellfish tissueonsisting of entire soft body visceveas removed
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and packaged in WhiRrak bagsfrozenand shipped to theUniversity of ldahdStable Isotopes
Laboratoryfor carbon and nitrogen sble isotope analysis. At the laboratory, samples were
preprocessed by homogenizing the tissue in a mortar and pestle in liquid nitrogen before analysis.
An elemental analyzer (NC2500, CE Instruments, Milan, Italy) was used to libgmtand CQ(g)

from solid samples by flash combustion, and subsequent oxidation and reduction reacN@es
chromatographic column in thelemental analyzerseparates the two gas specieghich are
vented to a mass spectrometer (Delta+, ThermoElectron Cddpemen, Gaemany) via a
continuous flow interface (ConFlo TThermoElectron Corp., Bremen, Germany) for isotope ratio
analysis. Standardized acetanilide are analyzed every 11 sampleas&urance of stability, drift
correction, and elemental mass fractionécetanilide working standardsvere calibrated against

an acetanilideprimary standard andeported as a relative ratio to Peeddelemnite (PDB) for
carbon and as a relative ratio to atmosphenitrogen for nitrogen. The precision of the specific
analysiswas calculated from the standard deviation of the four secondary standemicates.

The mean of the four acetanilide working standards were ised R2 | wMmLI2 Ay (i O2 NN
of %C and %N.For quality control, aertiary standardwas used to verify the quality of the
normalizationapplied.

Spatial aygen consumption of Pacific oysters was estimated from Ren et al. (2000) and used to
calibrae model simulations of AQuaMod8&8D-GIS based aquaculture monitoring software for a
site with characteristics similar to the Cypress Island sites.

All data was reviewed for QAQC concerns and grouped by species and time period for
computationof basic stéisticsinvolvingANOVAand¢ dz] $ésthac testing.Microsoft Excel and
Statistix statistical analysis software were used to process and analyze tlataddition,the
number ofshellfish mortalitiegper sampling perioadvascalculated by subtracting thtotal amount

of live specimens found during each collection date from the number of live specimens found
during the previous collection date. This was deemed a more accurate method than simply
recording the number of dead specimens and empty shellsdammeach collection date, because
often empty shells may break up or otherwise disappear for a variety of reasons.

To evaluate the significance of IMTA in terms of removing fish farm wastes we constructed a
matrix of possible effects including:

1) Growth in treatments near the farm versus the reference areasting that increased growth
near the farms should have been higher if food was a limiting factor.

2) Stable isotope effect, in terms of mixing model results
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3) Survival, in terms of significaptlhigher shellfish survival at treatment versus reference
locations.

Single stable isotope results were also analyzed, but did not correlate well with growth and mixing
model resultsand were judged less reliable as a suitable index of performance o¥ha bystem.
Because fish produce mostly soluble nitrogen wastes but carbon as particulate wastes (and as
respiration) we would have expected a possible single stable isotope result for carbon, not
nitrogen, but that was not what we found as discussedrlate

WATERQUALITYRESULTS

A range of water quality measurements were taken over the course of the experiment in order to
provide supplemental information and potential explanations for growth and stable isotope
results. The majority of water quality datacluding chlorophylh, dissolved inorganic nitrogen
(abbreviated DIN, which includes most of the common nitrogen plant nutrients of nitrate, nitrite
and ammonium), total volatile solids (TVS) and total suspended solids (TSS) were only sampled
during Expeiment 1 but still gives an idea of environmental conditions present duirgeriment

2. Water temperature, another important factor that may well influence shellfish growth, survival
and feeding habits, was recordedhily by the fish farmers and duringur routine sampling
sessiongor the majority of both experiments.

WATER TEMPERATURE

Between September 2008 and June 2009, the time perioBxplerimentl, Cypress Island water
temperature averaged 8.9 At Clam Baywater temperature was significantlyigher, at 9.8 °C.
Likewise, water temperatures in 2010 were significantly lower at Cypress Island than at Clam Bay,
averaging 9.7 °C and 10.6°C, respectively. In addition to having a higher overall water temperature
at Clam Bay, there were also no wmidual months in which average water temperatures were
higher at Cypress Islandfs an example, Figure 5 shows average monthly water temperature in
2010 for both Clam Bay and Cypress Island.
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Because of the modest temperatures that rarely become much colder, aquaculture in Puget Sound
(and British Columbia) is advantageous for continual growth of many cultured species compared to
other locations in temperate North America. As shown later in this report, however, winter
temperatures (and/or food supply) was low enough to result in no growth of gallo mussels during
the January to early March peri@hd was nominally lower at Cypeeksland

SALINITY

Typically, surface saliniip Puget Sound averages abo@B.5 psu (practical seawater units ~ to
parts per thousandpnd increases slightly further out into the Strait of Juan de Faased on
decades of observations following initiskudies by Americarand Canadian scientists (e.g,
Herlinveaux and Tully 196Collias et al. 19734 In the present study salinity was only occasionally
monitored (e.g., Appendix 1) but varied from ~ 30 to ~32.8 psu at both stations. Higher salinity is
sometimes associated with upwelling, cold, deep water in this region and although nutrient
replete, not necessarily more productive compared to more brackish water stemming from the
numerous large local rivers and the largest of them all, the Fraser Rigeflows in the South
Strait of Georgia just north of the Sanada border.

DISSOLVED OXYGEN

Sampling locations for dissolved oxygen sampling followed the prescribed pattern required in the
Washington State NPDES permitgpresentedhere by Figure 6. Mt pen facilities at both sites
consist of a set of contiguous cages surrounded by steel walkways forming a rectangular pattern as
seen from an aerial or plan viewAlthough the dissolved oxygen sampling pattgraints AE in

Figure 6, explained belowdfire) refers to specific measurement points at different current
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dissolved oxygen data taken at various locations around Clam Bay and Cypress Island net pens
from the National Pollutant Discharge Elimination System (NPDHSgse data weretaken
without regard to time of tide or direction and show no spatiatemporal trends whatsoever, but
were purposely taken during a period of low dissolved oxygen (R&046€).
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Table2. Results of dissolved oxygen monitoring at sampling stations aro@@ypress Island (Site 1) and
Clam Baynet pens with reference minus mean pen values plus grand averagiemince shown in right
column. Ref. = Reference location. From Rensel 2010.

Site & Water StationCode Dissolved Oxygemg/L Mean Pen vs.
Temp. Direction and at three different depths | Difference|  Ref.
distance from pens (mg/L) Difference
Cypress Island 1m Mid Im
11.1°C Deep | Water | Above
Bottom
SIN100 5.20 5.16 5.23
S1S100 5.20 | 5.20 5.19
S1W100 5.14 5.19 5.00
S1W50 5.12 5.15 5.02
S1E100 5.12 5.22 5.32
Mean 5.16 5.18 5.15 5.16
wST wWnn¢g 508 | 512 | 511 5.10 0.06
Clam Bay
12.4C
CBSE100 7.30 | 6.96 6.91
CBSW100 7.25 7.12 7.18
CBNW100 7.13 | 7.09 7.08
CBNW50 7.12 7.09 7.04
CBNE100 7.38 | 7.22 6.82
Mean 7.24 7.10 7.01 7.11
wSF¥ wnn¢g 725 | 701 | 6.81 7.02 0.09

In order to quantify dissolved oxygegifects of shellfish farms placed by fish farmge initially
thought we would have to measure dissolved oxygen consumption r@peesentativemussel

farm. The senior author is highly experienced at measuring flux rates around fish farms but knew
that such fieldbased estimates pale in accuracy compared to laboratory and model based results.
Therefore instead, we based our estimates on published Pacific oyster respiration rates of Ren et
al. (2000) to calibrate the 3BIS aquaculture simulation softveaAquaModel by substituting in
oysters for fish (see Rensel et al. 2007, Kiefer et al. 2008, Kiefer et al. 2011 for details of the model
construction and operation). The above cited oyster respiration rates were altered byrthe
weightwet weight conver®n factors found in Ricciardi and Bourget (1998).

We estimated that an average 70mm shell length oyster at harvest is respiring at approximately
0.00896 ml O2/hr.Compared to salmgrnwhich have a much higher basal and active metabolism
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or approximately300 mg &/kg/hr (wet weigh and for normal activity levels), oysters respire much
less, at 8.27 mg {kg/hr (wet weight) or 36 times less per unit weight. We applied that correction
factor to the standing stock of fish in the pens to adjust the standiogksof oysters being tested
during the simulation.

| jdzt a2 RSt S@FtdzZaZ §Sa& AaSRAYSYd FyR gl GSNJ O2f dzvy
y20 0SSy FdzZ feé O2yFTAIdzZNBR F2N) dzaS 6A0GK AKSEfTA
I G ™ in a gimulatisriRof twelveach 90 mrafts witha total estimated annual production of

84 metric tons. This is small compared to a full sized floating shellfish operation, but reasonably
sized given the relatively narrow downstream plume and cross section of a net pen farm with the
current running though them longitudinally, as often occurs in Puget Sound with the strong
current velocities. The shellfish are being held at 12 meter deep and deeper, not at the surface as

per the approximate depth of many of our treatments in this study.

Figure 7 i@ screenprint snapshot obne hourly time stepn a model run showing the each of the
twelve cages (represented as green dots, not to scale of the outline of the. raftgdctor arrow in

the center of the array indicates (in this case) the near surfaaeert vector (velocity &
direction). The currentvelocityat this time was a moderaté cm/s (0.12 knots) anthe oxygen
deficit relative to ambient is shown as a vertical profile taken at the location of the most
northwesterly (reddish) raft and as samall red dotsuperimposed on that locationlnset charts
show a verticald R Nprdfile én the worstcase position top centerfleft) and a longitudinal
transect through the cageddttom right) derived from a moveable red longitudinal line was
drawn throwgh the array to produce a section profile of oxygen in the water coluBurface and
near bottom current velocitys shownas the plot in the lower left These are but 3 of about 45
different plots available in AquaModel for water column and benthic paaters. Other features

of this plot are the simulation time control that allows the user to play the simulation forwards or
backwards and the main image oxygen concentration scale (upper right) and water current vector
scale (middle right).

In Hgure 7 we notice that the oxygen deficit plume is mostly restricted to the water column below
the downstream rafts but is quite small as indicated in the vertical profile and limited to about 0.6
mg/L. Further downstream, by 30 meters distance (first brown dotinow of three) the
reduction is only0.3 mg/L less thammbient as shown in Figure 8 he final screesprint of this
series illustrates conditions when flows are near neap, at 3 cm/s and direction of flow has shifted
from north to south as it does at éhsubject site during the changing of the tidal ph@sigure 9)

This condition represents worsase oxygen use but of course is restricted to within the culture
area and not being advected downstream any great distance.
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We could show many more images different stages of the tide but the results agenerally
similar. For the production unit of this size the dissolved oxygen effect of the oysters is relatively
insignificant compared to what a comparable biomass of fish would produce. This is s&y to
that deflection of water flow around the salmon farm from the shielding of the oyster rafts would
not be a problem if the currents were weak, but again, here we are evaluating effects of a
Gadzy1Syé¢ 2@8a0SNINIFFG | NNF¥eo

By way of comparison to real fiedata, an unpublished study reported by NewFidittsthwest

(2008) of shellfish induced oxygen deficit plumes measured around a large mussel farm in Totten
Inlet, South Puget Sound, appeared to affect conditions only a relatively shstance
downstream often just a few meters downstream. [tAough the results were variablén no case

was an effect measurable byOm away from the mussel raftsUnfortunately, there were no
measurement locations between a few meters downstream and 70 m downstreAiso for
comparison,Parametrix et al. (199XTeported the results of several dissolved oxygen flux studies
(not just concentrations) at fish farms in Puget Sound that showed no measurable effect
downstream of the farms at a distance of 30 meters. Fish favere generally smaller then than
they are presently, but given the much greater respiration rates of salmon versus oysters, these
observations show how the modeled estimates may be approximately corfEoe 1991 study

was performed by the senior authof this report as a subcontract to Parametrix.

Diversion of water current remains an issue, because it is dissolved oxygem fhox just
concentrations¢ that are important to maintain the fish. Fortunately, it appears that at our
selected sites, sheith grown at 16l5m deep were able to grow at similar rates to surface
cultured shellfisrasdiscussed later in this report.
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Figure8. Screen print of AquaModel simulation of oyster rafts current velocity of 6 cm/s (0.12 knats) a
the same time as above but with the vertical profile point moved 30m downstream
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Hgure9. Screen print of AqlEModel simulation of oyster rafts current velocity of 1.5 cm/s (0.03 knots)
shortly after the previous time period and with the vertical profile point placed through the lower left

raft location.

Basel on the foregoingfish farmers in moderate current areas in Puget Sound would have a
choice between 1) placing shellfish at the surface but keeping the density reasonably low; or 2)

placing shellfish subsurface at any desired density that does not invoked RSy a A i & RSLIS
growth reduction.

CHLOROPHYLL ANUTRIENRESULTS

Chlorophylla and dissolved inorganic nitrogesampling resultare shown below in Figurg0 for

both netpen sites. Chlorophyll profiles were similar at bogtstream and downstr@m locations
within sites and the general seasonal expected shape was similagréaiterlevels of chlorophyll
were observed at ClamaR in spring and summer. However, since the shellfish were harvested in
June, we note that chlorophyll was somewhat &von average in Clam Bay vergiypress Island
during the growth experimeraind both sitesexhibited low winter values.
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Figure10. Clam Bay anCypress Islandlissolved inorganic nitroger{DIN)and Chlorophylla sanpled
during Experimentl.

Increased chlorophyll at Clam Bay in summer is understandable as the bay itself is rapidly flushed
and source waters during the ebb include the Port Orchard (bay) area waters that are often
enriched with phytoplankton due to moréleal algal growing conditions. Source waters for
Cypress Islandeally more of bight than a bay, are the relatively open, deep waters of Bellingham
Channel and North Puget Sound.

Fish farms in Puget Sound do not directly affect chlorophyll conteriefatater as it takes a day

or longer for cells to divide and nutrients are not limiting at farm sites to the growth of
phytoplankton in the main basins of Puget Sound (Rensel Associates and PTI Environmental
Services1991) Background concentrations of sdiolved inorganic nitrogen are naturally high
throughout these areas andote that there was no large or consistent upstream to downstream
nitrogen differences in these measurementdVhen dissolved nitrogen availability far surpasses
the phytoplankton orseaweed demands in an area, other factors, such as sunlight or vertical
mixing and advection control algal populatiorissh farms produce dissolved nitrogen wastes and
eventually some of that waste sequesteredby phytoplankton or seaweed even if backgnd
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concentrations are large. However, the literature clearly demonstrates that othefactors,
including sunlight availability and advection of cells to the deep layer are factors considered to
limit primary productivity in the main basins of Puget Sayeind not nutrient supply

Not shown above in FigurE) are the 20 m depth DIN results which mirror the 2 m resalinost
exactly. This is what is expected in welked or actively mixing areas that represent optimum
fish farm siting. Data tables fatl of the aboveare found inAppendix2.

TOTALVOLATILE SOLIDS ANDTOTAL SUSPENDESOLIDSRESULTS

Total volatile solids (TVS) and total suspended solids (TSS) were measured in order to analyze
available shellfish food. TVS can act as an estimate oEylate organic matter (POM) which is a
surrogate for total available shellfish food; TSS represents a measure of the total pool of
particulate matter and can be used in conjunction with other measurements to calculate
phytoplankton organic matter and negphytoplankton organics.

In Figurell we show TVS and TSS resuttis @lam Bay an€ypress Island Error bars are not
included as often single samples were collected, although we collected at least one duplicate
sample daily as a quality assessment measand results indicate that the duplicates in all cases
closely matched the companion sample. We sampled upstream and downstream or the pens, and
compared to see if there was a difference, iests of the data indicateno significant differences
overal. This is a bit surprising, especially for the 20 m depths, as the fish farms have large
amounts of fish biomass on haifBigurel?2).

Immediately apparent in Figurgl are the seasonal and total variation between sites. Clam Bay
had lower TVS in fall thugh spring, but higher concentrations in summer than Cypress Island. For
TSS, Clam Bay was consistently lower throughout the year with the exception of the final sample in
August 2009. Just based on these results, we would have expected Deepwater @agudce

larger oysters and mussels. However, the opposite occurred, which may be due to the
confounding effect of colder average temperatures at Cypress Island, and/or differences in food
qguality. Phytoplankton species composition was not assessefijras were limited for this
project. However, routine sampling for harmful algae during the growing season has been
conducted for decades at these sites by the fish farmer technicians who are trained in this matter
and no overtly different species comptisn differences have been noted between these sites.
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Figurell. Clam Bay and Cypress Island monthly total volatile solidd¥S)and total suspended solids
(TSS) at 2 and 20 depths.

Sutherland et al. (2001) foundhancrease in suspended particulate matter (SPM) immediately
next to a salmon net pen in the Broughton Archipelago of British Columbia of 0.6 mg/L but that
was within the middle of the fish cages. Only 30% of that was seen immediately adjacent to the
pensat 5 m distance. About 80% of the inside SPM pen load was measured vertically below the
pens. Sampling was conducted when the tide was running at reasonable strength of 10 cm/s
below the pens (which is sufficient faea bottomresuspension of wastes).Samples were
collected on a transect up to 30 m from the farm but resuwitsre not reported. A reference
station 500 m distant had lower levels of particulate organic matter than within and immediately
adjacer to the farm site. Dr. Sutherland is an eepgenced worker in the field and no doubt these
YSIFadNBYSyia 6SNB YIRS (2 (GKS KAIKSal fS@St
during feeding periods only and were not put into context of background variation in other
regional areas, and we belie the maximum results (0.6 mg/tepresent a very small effect

We cannot directly compare results with the Sutherland et al. study as we used TSS rather than
SPM, a somewhat different methodology, but nevertheless another measure of particulate matter
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in the water column that should have produced similar resul®ur reference samples (not
upstream, but remote upstream) were similar to the upstream sambfggpendix2). Overall,

both Puget Sound sites had significantly higher particutagdter results¢3 to 8 mg/Lcompared

to the B.C. site (maximum of 0.6 mg/L) and we present multiple day results whereas the B.C. study
represented single feeding events (of unknown number) over a three day period in March. We
can say that background levels of partidelmare much higher at the Puget Sound sites and that
there was no consistent production of particulate matter measured downstream.

In addition, our measured TSS and TVS values are much lower than those measured by Brooks
OHNNyOT K2 g S JeNkbm soukdiera Pude® SoRnd in North Totten Inlet, which often
experiences much higher TVS and TSS than the waters of northern Puget Sotted. Inlet is a

prime oyster and mussel growing area in Puget Sound.

FISH FARM BIOMASS

Fish farm biomass was csietently greater at Clam Bay than at Cypress Island (FigyreClam

Bay operationsranged from approximately 725 to 2300 metric tons; Cypress Island net pens
containedstanding stock dbetween ~400 and 860 metric tons.

Monthly Biomass at Clam Bay and Cypress Island sites
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Fgure12. Monthly biomass at Clam Bay and Cypress Island Sites from June 2009 to March 2011. Biomass
units in metric tons.
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PHYTOPLANKTONORGANICS ANINON-PHYTOPLANKTONORGANICSERESULTS

As explained in the methods, phytoplankton organics (abbrevi&iddORG in units of fhgand
non-phytoplankton organics (DETORG in mg/l) were calculated using TSS and chlardataylbs

well as several coefficient and conversion factors found in the literatlifeesecalculations allow
insight into the source ofidt for the shellfish, which includes a large, often major portion of the
diet due to nonphytoplankton organics. Unfortunately, this varies from place to place as well as
seasonally, so it has to be determined locally. In these calculations, we muosidellge that not

all phytoplankton is equally useful for shellfish growth, but this approach is currently considered
one of the few reasonable approaches to measure available shellfish food supply (e.g., Hawkins et
al. 2002).

Figurel3 showscalculatedPHYORG and DETORG for both Clam Bay and Cypress Island. Similar to
other water quality results, all datare from sampling between October 2008 and August 2009.
OverallPHYORG at Clam Bay whghtlygreaterthan at Cypress Islandptably during the sping

and summer months. Without exception, norphytoplankton organics weregreater than
phytoplankton organics at both sites. The contrast between DETORG and PHYORG is especially
strong during the winter months, which is supported by the fact that phyoklon are much

more abundant during the spring and summer. During the winter, shellfish must rely on other diet
sources, whichn the present treatment casesay include fish feed and fecesndeed, this was
supported with our stable isotope mixing rdt&) which are presented later in this report.

To summarize, the most important aspect of this analysis is the consistently higher winter non
phytoplankton organics at the Cypress Island site (Fig8rewer right). This result stems from

the also constent and higher TVS and TSS in winter as previously discussed Eigigat
panels). These higher levels in winter at Cypress Island are apparently not due to the fish farms, as
both upstream and downstream measurements around the farms were similar.
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Clam Bay Phytoplankton Organics (mg/1) Cypress Island Phytoplankton Organics (mg/l)
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Figure13. Phytoplankton Organics and Nerhytoplankton Organics for Clam Bay and Cypress Island,
calculated from water quality samples taken between October 2008 and August 2009.
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GROWTH

EXPERIMENT1 GROWTH

In Experimentl where mussels and oysters were cultured concurrently, oyster growth far
exceeded that of mussels. For example, Fidutdlustrates the results from Clam Bay for the
entire experiment. In Figur&4, as in all following figures, error bars representne standard
deviation.

Clam Bay: Net length increase from
September2008to June 2009

= Farm shallow

M Farm deep

M 30m distant deep
15 +——2 Figure 14. Total length increase of Clam
M Reference -

Bay mussels and oysters cultured during
Experimentl.

Net Increase of Shell Length (mm)

Mussel Oyster

Comparison of shell length between species is not an accurate measure, as oysters can grow in
different shas versus mussels, but the better growth of oysters accompanied some increase in
growth nearer the farms andignificantstable isotope effect as discussed below. Figldds

given for generateference,as there were slightbut significant sizalifferences in initial shell

length among Experiment 1 shellfish. For analysis, we needrowth by measurement intervals

to deal with the unequal imial length issues.Mean and standard deviation of shellfish datee

found in Appendix.

EXPERIMENT1 OYSTERRS

Clam Bwg oystersoutperformed mussels and showed growth enhancement near the net pens and
in a stepwise spatial fashion away for the net pens during the fall and early winter period (Figure
15). However,in the remaining period until harvest the diffamces diminishedo insignificant

These data suggest at least a seasonal effect of particulate waste reduction from the fish farm and
utilization by the oysters.
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Over the course of the entirExperimentl (September 2008 June 2009), oysters outperioed
mussels at Clam Bay across all treatments: oysters gaind@ &&n of total growth while mussels
gained 12.315.6 mm of total growth (Figur#4).

During the first measurement perio Clam Bay Oysters: Net Length Increase from
September 2008 to January 2009
(September 200& January 2009), Clam B 5

oysters displayed a cleartepwise spatial :
55 .
15
10 -

pattern of growth, with farm shallow
treatments experiencing the greatest n
growth, followed by farm deep, 30m distan
deep, and finally reference deepitv the

lowest growth (Figurd5, top). This pattern

o

Net increase of shell length (mm)

o

Farm shallow Farm deep 30m distant deep Reference deep
suggested a growth enhancemergffect A—
could have been occurring. Growth was Clam Bay Oysters: Net Length Increase from January
excellent in all treatments but statistically 2009 to March 2009

greater near the farm. 1
e A
The significant growth and spatial patterns = -
seen in the oyster treatments was not
present in the winter growth period and ir]
all treatments mt growth was slow. 5
Between January 2009 and March 2009, the ° Farﬁw ‘ Famﬂ-eep ‘30mdis;mdeep‘ Reme’;
Clam Bay reference oysters had the greatest Treatment
incremental growth, while farm shallow ang
farm deep oysters still had greater growt
than the 30m distant deep treatment (Figur
15, middle). Finaj}l, the spring growth
period yielded the greatest incremental neg
growth at the 30m distant deep treatment.
The farm shallow treatment had the leas

growth (Figurel5, bottom).
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Figurel5. Net length increase of Clam Bay oystdos all three-measurement periods oExperimentl.
Top panel = first growth period, middle panel = second growth period, bottom panel = final growth
period
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By the end of the experiment in June, all treatments did not statistically differ; the farnmoghall
treatment had a higher net growth than the reference treatment but with only a length difference
of 1.0 mm for the entire experiment Cypress Island Oysters: Net Length Increase from
combined, and not statistically different from September 2008 to January 2009

any other treatment. *

25

gngth {mm)

20

Overall, Clam Bay oysters in the farm shallg
treatment had the greatest total growth (40.0
mm), followed by the reference oysters (39.
mm), farm deep oysters (38.8 mm) and final
the 30m distant deep oysters had the loweg :

30m distant deep Reference deep
net grOWth at 38.0 mm. Treatment

15 -

10

Net increase of shell

- < O

Cypress Island Oysters: Net Length Increase from

At Cypress Island, significant growth increas
January 2009 to March 2009

were seenin each time intervalFigure 16 30

D
(7))

and for the total experiment for oysters neaf E 2

the farm (30 m distantleep compared to the f;n 2

reference area with the exception of January% 15

through March when neither treatment fg 10

experienced any measurable growth (Figwe§ 5

16). £ » R
2 . 3mp Reference deep

Cypress Island farm shallow and farm degp THSmE:

treatments of Experimentl were lost due to Cypress Island Oysters: Net Length Increase from

March 2009 to June 2009

fish farm worker errors, sahese treatment

data were notrecorded. However, we were
still able to observe overall significantly highe
net growth in the 30m distant dgetreatment
than in the reference group (Figui&). These
results were, despite the unfortunate loss
encouraging.
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Figure16. Net length increase of Cypress Islan
oysters during incremental periods of
Experimentl.
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Cypress Island Oysters: Net length increase from
September 2008 to June 2009
a0 -
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Figue 17. Cypress Island oyster net

length increase durindgexperimentl.

Net increase of shell length (mm)

30m distant deep Reference deep

Treatment

Total net growth for oysters at Clam Bay was greater than growth at Cypress Island. Net growth of
Clam Bay oysters in the 30m distant deep treatment was 3810mm; 30m distant deep oysters

at Cypress Island grew 31.3£2.0 mm. Total net growth of Clam Bay and Cypress Island oysters in
the reference group was 39.0+1.2 mm and 22.0+2.4 mm, respectively. Much of this difference is
likely explained by the yeapund cooler temperatures at Cypress Island compared to Clam Bay,
which may have reduced metabolism and growth for our study shellfish.

EXPERIMENT1 MUSSELS

Musselgrowth in Experimentl from September 2008 to January 2009 did not display the growth
and spatial trendof the oysters, nor were there arsignificant differencebetween treatmentsat

either site (Figurel8). ForExperimentl in total, Clam Bamussels, farm deep treatmemgrew
slightly better than the reference (15.6 mm net growtarsus 14.9mm respectively), while farm
shallow (14.3 mm) and 30m distant deep (12.3 mm) grew slower than the reference. At Cypress
Island, the total net growth of mussels in the 30m distant deep treatment was nominally greater
than those in the reference group, bthie differences were not significant
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EXPERIMENTZ2 MUSSELS

Prior results focused on theinitial experiment that ran from Sépmber 2008 to June 2009.
Experiment 2 consists of second, followup experiment that was conducted from April 2010 to

March 2011, with a midpoint measurement taken in September 2010. Unlike the first experiment,

only mussels were usedlhe mussels ugkin the followup experiment were also much younger

at the beginning of the experiment, ranging from-28 mm in length. Mussels were stocked on

April 13" (Clam Bay) and April £4Cypress Island) 2010. Elapsed time of culture at the sites until
samping on September 27and September 292010 was 167 days for the former and 168 for the

latter. Elapsed time of total culture was 331 days for both sites (to March 10, 2011 for Clam Bay

and to March 11, 2011 for Cypress Island). Throughout the rdkisofeport, the first half of the
experiment (April 201 { SLIISYOSNJ Hanmno gAff 06S NBFSNNBR
second half of the experiment (September 2@18  NOK Hamm0 ¢gAf f-68¢0R8BE &N

Due to fish farm staff errorall replicates of the 30m distant deep treatmembussels in
Experiment2 were lost at the Clam Bay site. Despite this setback, the farm shallow and farm deep
treatments can still be compared to the reference treatments for useful information. Cypress
Island, on the other hand, had no losses and we were successful in maintaining all replicates of all
treatments.

In Experiment2, Clam Bay reference mussels grew significantly bé&@12 mm net growth over
the entire experimentthan the other two remainingyroups of farm shallow (35.6 mm) and farm
deep (34.5 mm, Figuro left). Farm shallow and farm deep treatments did not significantly differ
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from each other. In contrastExperiment2 Cypress Island mussel treatments were not
significantly different, whe all mussels from Cypress Island experienced significantly lower net
growth than Clam Bay mussels (Figl@eight).

Clam Bay Mussels: Net length increase between Cypress Island Mussels: Net length increase
April 2010 and March 2011 between April 2010 and March 2011

E a0 E 40
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2 20 - g20 -
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v deep v deep
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Treatment Treatment

Figurel9. Net growth of mussels for the entire culture period durifigxperiment2.

Figure20 showsnet increase of length among treatments for mussels at Clam Bay and Cypress
Island during each measurement period. It is obvious that mussels at both sites grew significantly
more during the growing season than in the dalinter months. During the first portioof the
experiment (Figure20, upper half), Clam Bay mussels had a greater net growth than those at
Cypress Island for all treatmentp<].05 K6, 14) = 37.2, p = 0.0000TThis can be attributed to
warmer water temperatures and typically higher primary gwetivity in central Puget Sound
versus north Puget Sound, locations of Clam Bay and Cypress Island, respectively.

For the falwinter period (Figure20, lower half), growth declined greatly at both locations but
relatively better growth again occurred @am Bay compared to Cypress Island for all treatments
[p<.05 F(6, 14) = 45.3, p = 0.0QpP0O
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Clam Bay Mussels: Net length change Cypress Island Mussels: Net length change
. during growing season during growing season
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Figure20. Incrementalnet increases in length of mussels at Clam Bay (left) and Cypress Island (right)
during the abal growing season and fallinter season.

Analysis of net growth for the entire experimental period of April 2010 to March 2011 shows that
the pattern observed after the midpoint measurements, where Clam Bay mussels were growing
significantly more than tb Cypress Island mussels, holds true for the rest of the experiment.
Interestingly,incremental mussel growth at the Clam Bay reference location (39.2 mm) statistically
exceeded all other treatment and locations, followed by tother Clam Bay treatmen{s35 mm
each), far surpassing Cypress Island treatments that ranged from 28.2 to 30.6Timene is no
plausible explanation for this other than the possibility that the mussels near the farm were
energetically at a disadvantage by having to filter moretipalate wastes from the farm while
possibly not selecting these wastes as food (but rather rejecting thempsesidofecep
MacDonaldet al (2011) measured increased rates of mussel filtration near fish farms in New
Brunswickcompared to reference sitesuggesting that the mussels have the capability to capture
fish farm material. Bwever, the ability to capture fish feed and waste does nwcessarily
amount to asanilation, especially if other food sources like phytoplankton are available.
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As the sed stock length for all treatments for both sites were statistictilly samefor Experiment
2, total growth plots are informative too. Figu2d reinforces the conclusion afgnificantlybetter
growth at the Clam Bay siteHlowever,within each site, tle significant differences within growth
periods discussed aboweere not apparent.
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Figure 21. Total mussel growth Cumulative Cypress Island mussel lengths
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PERCENTAGEMORTALITY PERDAY

As previously discussed in the Methods sectiohellfish mortalities were calculated by
subtracting the total enount of live specimens found during each collection date from the number
of live specimens found during the previous coliestdate. Appendix4 shows all averaged
shellfish mortality data. In order to compare mortalities betweerExperimens 1 and 2,
percentage of total mortalities per day was calculated in order to observe any differences of
mortality rate at different sites or treatments (Figu2).
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EXPERIMENT1 OYSTERS

Oysters displayed lower survival rates earlier in the experiment (fall and wiate®9.5% and
99.4% survival per day respectively), with few if any mortalities reported during the spring season
(100.0% survival per day). Total survival percentage per day of oysters was approximately equal to

that of mussels (99.6% for both species)

Experiment 1 Clam Bay Oysters: Percentage of total Experiment 1 Cypress Island Oysters: Percentage of
mortalities per day total mortalities per day
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Figure22. Percentage of total mortalities per day fdExperimentl andExperiment2.
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EXPERIMENT1 MUSSELS

Mussel survival was reasonably good at Clam B&xkperimentl until near the end of the grow

out during ring season. Mid to late spring mortality is common among both native and gallo
mussels commonly cultured in some regions of Puget Sound, likely due tspawening or
spawning stress. In the case of gallo mussels, which originate from the warmer Veuen
region, less than optimum water temperatures combined with energy shunting to gonad
development may act as serious stressors. However, mussels grown at Cypress Island were
subjected to colder water temperatures than at Clam Bay, and Cypress mlamality rate was

lower. We hypothesize that colder temperatures may have delayed the onset of spawning and the
associated stress. In addition, survival rates observed here were similar to those observed in
South Puget Sound mussel culture (Gordon Kiegs. comm. March 2011). In an attempt to avoid

the prespawning (post March period) mortality issuexperiment2 was completed in March
2011.

EXPERIMENT2 MUSSELS

Experiment 2 mussels at Clam Bay displayed no ownalivaltrendsamong treatmens. During

the growing period (AprHEeptember 2010), Clam Bay mussels in the farm shallow and reference
groupsdisplayed higher percent mortality rates during the growing period, while the farm deep
mussels had higher percent mortality during the-faihter period (Figure23, upper right). The

latter is more evident when looking at total mortalities (Fig@& upper left). However, there

were no significant differences among treatment groups during each time period. At Cypress
Island, mussels generabynowed slightly higher mortality during the falinter period than during

the growing period (Figur@3, bottom), but again, there were no significant differences among
treatments. In general, Cypress Island mussels had a higher overall survival cotop@lah Bay
mussels, which may be explained by the fact that Cypress Island has colder average water
temperatures, which, as explained previously, may have delayed sexual maturation of the mussels
and reduced or eliminated stress due to ggpawning metablic processes.
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Figure23. Totalmusselmortalities and percent totaimusselmortalities per dayfor Experiment2.

SZE ANDTIMING OFMUSSELMORTALITY

In Experiment2, mussel mortality lengths were also measuredrbgording the lengths of all
empty shells found inside the mussel cages (Figlfe Appendix 5). Mortality length
measurements may not be representative of all total mortalities, since some empty shells are lost
in between collection periods; however, vean still observe patterns of mortality length between
different sites, treatments and dates. Both Clam Bay and Cypress Island mortalities were larger
during the second half dxperiment2 than during the first half; this is likely due to the simple fac

that the mussels were growing during the course of the experiment, so mortalities later on would
naturally be larger than those mussels which died earlier.
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Figure24. Observed averagmusselmortality lengthsand SOin Experiment 2.

Interestingly, Cypress Island experienced a much greater difference between earlier and later
mortalities than those from Clam Bay, suggesting some event at Cypress Island that occurred early
in the growing season and caused the majority of that PdRi Martalities. Cypress Island
mortality lengths average®7.9 mm duringthe growing period and 48.8 mm duringthe fall

winter seasons. Chlorophylla concentrations fromExperimentl indicated similar wintertime
concentrations between the sites (refback to Figurel0). But for summer, the concentrations

were signifiantly higher at Clam Bay.

There were also some differences in mortality length across different treatments. In Clam Bay,
farm shallow and farm deep mussel mortalities were larger thasé of the reference treatment.

This is especially noteworthy because live Clam Bay mussdixperiment2 actually grew
significantly more in the reference treatment than in the other treatments (refer back to Figure
19). This may suggest that the fiarshallow and farm deep treatments were dying more
frequently at large sizes than were the reference musselsme of the larger mussels were
getting ready to spawn, which acts as a stressor on the organism. In addition, the mussel species
used in this gperiment,Mytilus galloprovincialisprobably does noperform aswell in the cooler
waters of central and northern Puget Souad in southern Puget SoundThe combination of
spawning stress and temperature stress from cold waters may have led to ther, ldaster
growing individuals dying before the end of the experiment in March 2011.

In contrast, Cypress Island mussels experienced little or no significant differences in mortality
lengths across the four different treatments, as well as less overaitafity than Clam Bay.
Indeed, Experiment2 average mortality counts at Clam Bay were 54% higher than at Cypress
Island. One possible explanation why Cypress Island mussels had lower total mortalities is the
temperature difference between Cypress Islaadd Clam Baydiscussed earlier in this report
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Cypress Island is located in northern Puget Sound while Clam Bay is situated more centrally;
consequently, Cypress Island experiences even cooler average water temperatures than Clam Bay.
In 201Q averagewater temperatureswere significantly lower at Cypress Island than at Clam Bay,

averaging 9.7 °C and 10.6°C, respectiveljthoughM. galloprovincialisR 2 Say Qi R 2

temperatures, the cold water of Cypress Island may have delayed sexual natusbthe Cypress

gStft

Island mussels, reducing the likelihood of spawning stress, as well as any potential additive stress
from spawning and cold temperatures.

SUMMARY: SZE ANDTIMING OFMUSSEUMORTALITIES

As expected, mortality lengths were consistentlywés than, or statistically similar tdive lengths,
across all treatments, collection dates and si{€gure25). In no cases were mortality lengths
significantly larger than those of live mussels. Fi@fralso displays the general trend of both live

and mortalities increasing in size from the growing period to thewaiter period. This is due to

continued mussel gwth throughout the experiment.
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STABLESOTOPRNALYSES

STABLE |SOTOPEPRIMER

Here we provide a brief overview of the methodology, which appears on the surface complex, but

is conceptually simple. However, the applications can be complex because of multiple food
sources for tested animals, as explained below. This primer is designed to give reviewers the key
O2yOSLJiaz YR ¢S 02NNRg FTNBEStE&z odzi Ay 2dzNJ 24y
G{drotS Laz2021LIS 902t 23e¢3> ¢ Nhelvalung codl®be FenamedNI R Q
G{drotS Laz20G21LIS 902ft23& F2NJ LRA20a¢ a Al Of ¢
readable and humorous fashidout you need not be an idiot to read. it The following is a
synthesis of that material, amendedrfthe present context:

Elements exist in stable argbme inunstable (radioactive) formsMost elements of biological
interest (includingcarbon, hydrogen, oxygen, nitrogen and sulfirave two or more stable
isotopes. Among stable isotopeshe most ugful as biological tracers are the heavy isotopes of
carbon and nitrogenthe focus of this work C and Nare found in the earth, the atmosphere, and

all living things(carbon as the carbon skeleton of organic matter and nitrogen as protein for
example) Each has a heavy isotopéQ and'°N) with a natural abundance ohly 1% or less and

a light isotope ¥C and*N) that makes up all of the remainderDo not confuse these with
radioactive isotopes such as carbon 14 (typically indicated"@sused indating artifacts and
materials or for spiking (labeling) of primary productivity algal experiments as a means to measure
rates of photosynthesis, for example. Stable isotopes are perfectly harfmless

Biologists often use carbon and nitrogen isotope imgdo estimate what organisms consume and

where they fit in the food chain or food weldlsotopes of the same element take part in the same
chemical reactions, buhe lighter isotope acts just a wee bit faster or slower. This is the key to
understandingll KS LINR OSaasx |y 2 g Rhysical proaessd dDch a® gtapdratigny ¢ ©
discriminate against heavy isotopes; and enzymatic discrimination and differences in kinetic
characteristics and equilibria can result in reaction products that are isotopieadlvier or lighter

than their precursor materials.When assimilating C and N from their food, consumer organisms
preferentially respire the light C isotop&C) and preferentially excrete the light N isotop@\). As a

result, consumers are usuallyneched with heavier isotopes in relation to their foodhis is the basis

of the methodology.

An example of how thiprocess occurs shown diagrammatically in the cartoon Fig@fe
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Figure 26. Cartoon of heavy*Carbonwith one
more proton than light**Carbon isotope, with red
circle representing neutron mass of each and the
teeter totter illustrating the relative weights
(after Fry 2006, but drawn from scratch).

So what does this mean in practical terms? It mears the difference between the light and
heavy isotope values can be used to measure and sometimes trace the flow of C and N from a
source to the environment, in the sediments, and in food webs to a plant producer or animal
consumer.

If there are multiplesources of nutrient or food, and we have enough information, we can create a
GYAEAY3 Y2RSt¢ G2 SadAayYrdsS GKS O2yidNAROGdziAZ2y 2
source as discussed below. But often this is very difficult or impossible withtarisexe research

or ends up being too complex to be of practical use. Often the best use of stable isotope
methodology is lowest in the food web. Higher up there are complicaisnisigher trophic level
organisms feed on a variety of sources, from npldtitrophic levels.Sable isotope studies are not
cookbook science, every situation is unique and must be stuoiieds own and sometimes the

results simply do not make sense for a variety of knowartknown reasons.

La2G2LIS NI GA2a GINSYy sNB LI2ANIYS RI KAy ARRSTRSTAY SR | &
thousand or 1/10 of a percent, the same units used in tax levies) deviation from the recognized
isotope standard, atmospheric,Nor *>N/**N and Peedee Belemnite (a limestone found in S.
Carolina¥or *C/C ratios.Hereinwedza S G KS 0O02YY2y y20l 4dA2y F2N (K
internationally accepted standardsat all laboratories useSo if there is no enrichment of heavy
YENRYS RSNAGSR b 01y 26 yvalues ardoa Fdr dittoged).2 \KdueS for CY LI S =
are often negative, only because it is measured relative to the standard, which can be confusing at
first. Nitrogen isotopes are often more reliable indicators or predictors of the trophic level that an
organism occupie the food web because of the largeN enrichment from one trophic level to

another (Owens 1987, Peterson and Fry 1987). But sometimes C isotope measurements are useful
too, as in fish farms where most of the particulate waste has C but very littlaatl i¢ dissolved

instead). We pay for both of them in the analysis and let the chips fall where they may! A helpful
guideline is:
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91 Do not get hung up on the absolute values of these measurements, as you might be when
observing basic water quality result$Ve are more concerned with the observed sample
differences amongreatment locations with differences between treatment and reference
sites, and with fluctuations across different time periods

It is important toemphasizethat d*°N andd"*Cisotopes do not pass through the food web intact,
except at the beginning in plant primary production (photosynthesis). As atmospheric N is fixed in
primary production, there is no fractionatidn that processhence thed™N valuesbegin lav and
increase as nitrogen passes up through progressively higher trophic.levels

Each time the elemens digested and egested byhagher consumer, it is fractionated agaand

08 YSIFadaNAy3a GKS NradAaAz2 27F GKS gt saiokes BICaBdiN, 2 F A
biologists may be able to detect who ate whah the present case, we start witheasuredratios

of both carbon and nitrogen, heavy to light isotope ratioss@veral potential fish food sources,
including fish feed, fish feceqhytoplankton, seston, etc. Some of these data come from
measurements we took in the field; others are collected from the literature. For exaittae,

feed, which is heavily influenced from fish meal and fish oil and other productsstmetimes

creates a distinctive ratiqor not, it depends on local conditiongansometimesbe distinguished

from other food sourcesMost fish wasteN is excreted asammonium and a little ureand about

% of consumed C respired as carbon dioxide, and roughly equalrisrare retained as fish tissue

or egested as feces. The C and N compounds and molecules released are then subject to uptake
by primaryproducers (in the case of dissolved C and N) or consumers, who are further up the food
web. The fractionation occuragain so if the tracing system working properly we expect an
enrichment or positivehangein d*°N andd**Ceach timethe elementgoes througta trophic level

of the food web, so:

1 The higher thad value, the greater the amount of heavy isotope. The lowerdhalue,
GKS f26SN) GKS | Y2dzyid 2F KSI @& Aaz2iawedSs 2N
f AIKGEGSNWDE

For carbon, the result values are reported as negative, and the less negative ones represent more
marine origin isotope, i.e., they are enriched. The negative deltalues result from the way
delta notation is calculated ((Rsample/Rafard -1)*1000, where R is the ratio ofC to*?C). It

just means that almost all samples have & than the PeeDee belemnite standard which is an
unfortunate condition as the results are usually negative, but the same idea applies as with N,
higher \alues indicate enrichment, so another quasle:

Integrated FistShellfish Aquaculture in Puget Soyrkinal ReportMay 2011 a7



1 If there is a single food source flowing one step up a food web, except from macronutrient
to plant, one may anticipate a fractionation result difference of 53, (range 3 to 4¥or
nitrogen and +0.5"oo (range Ol to 1.0) for carbon stablesotopes DeNiro and Epstein
1978, DeNiro and Epstein 1981, Peterson and Fry 19&3ults rarely match these stated
means or rangesso +# 1% in both cases is consideregasonable and some species, such
asmarine mussels, have less whdiledy nitrogen fractionation, in the range of 1.2 to 2.5
%o (Hill et al.2008).

For example, an increasedt®N of 3.5 %y for nitrogen , e.g., from18 to -14.5 d**N would
constitute a single food web trophic level enricant, as if a fish aterainsect larvae that was in
turn feeding on periphyton or biofouling algaeAtmospheric N is isotopically lighter than plant
tissues, and soi™>N values tend to be higher still, suggesting that microbes discriminate against
the light isotope during decompositionNortnitrogendfixing plants, which derive their entire N
from the soil N pool, can thus be expected to be isotopically heavier than nitdijag plants,
which derive some of their N directly from the atmosphareluding the bluegreen algae
(cyanobacterial) group.

Biologist are able to determine if one or two sources of feed are involved in a food web study by
LINBLI NAYy 3 aRdzZl £ A &2 (2 LISnddtatd diagrans vidtl' difon dnéa&is £ A G G f
and d* € on the other axis.Vertical and horizontal differences in distance in these plots can
represent trophic level jumps, if the sources are initially different in profile. If not, sorry, the
a2adSy R2Say Ofihere @eNdee & oressBurcbsthen complex mixing models are
required, as are measurements for all the food sources likely contributing to the target organism

that is the sudy focus. In this manner we could distinguish 5 sources if we had 4 actual sources
characterized by baseline measures, with only one unknown remainifigese models are not,

however, simple but there are published models and freely available spreadsheet models to
accomplish this taskSee EPA website for detdils.

IsoSourcepne such modl, isa Microsoft Visual Basic software package which calculates ranges of
stable isotope source propodnal contributions to a mixture. We can use IsoSouocgenerate

mixing models from our data. The program generates every possible combinaticoufes
proportions, compares these with the observed mixture isotopic signatures, and reports all
combinations that successfully sum to the mixture signatures. These results are then presented as
a histogram of the distribution of all possible combinati@fisource materials. Thesehistograms

! http://www.epa.gov/wed/pages/models/stablelsotopes/isosource/isosource.tm
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canprovide quantitative information that gives us an idea of the relative proportions of each food
source ingested by the study shellfish.

If you are confused by the above, this primer has not served its purpase, duick search on line

will yield a PDF copy of the Fry (2006) volume which really is very readable. Reading individual
AOASYUGAFTFAO LI LISNE ogAff dzadzfte 2yfte O2y¥Fdza$s
similar volume to grasp the basic&o now we present the stable isotope results of the project,
beginning with hypotheses.

HYPOTHESE®AND APPROACH

This work was designed to look for spatial differences in stable isotope enrichas@nineasure

of how different food sources, potentially iheding fish farmfeed andwastes are incorporated

into the shellfishin our experimental treatments The primary null hypothesis is that there is no
enrichment effect of the fish farm on thghellfish This is determined simply by comparing results
from our experimental treatments (grown close to the farm) to our reference group (grown far
away from the farm). If we see significant statistical trends by regression analysis or other
parametric analyses, we reject the null hypothesis.

Secondly, we examénthe amount of variation between source of N and C from the pens
compared to content obther food sources such as phytoplankton and seston. This gives us the
possibility of preparing & Y A E A yuBing YseSo@dehat will guide us on quantifying the
relative amount of the food web components that originate from the fish farm.

STABLE |SOTOPEANALYSES

Initially, we heorized thatd"*Cwould be the best tracer in shellfish tissue near the fish farm, since
fish feces are ch in carbon but relatively g in nitrogenas most is excreted as dissolved
nitrogen. Shellfish therefore would consume relatively less salmon waste nitrogen, smule

not expect as much™N enrichment or in this case, depletion, from consuming them.

Turning to real data from tk study, in Figur®&7 we see that replicate samples of fish feces
collected from fish at Clam Bay haddC content of20.8: . Fish feed was even more negative
and seston, which includes phytoplankton, was found to ha@®’@ content of about21.3: | {
Clam Bay and aboutt 0 ®m'c= | (i / pbaiddn aonthls $ampleR in 200Puget Sound
phytoplankton have a**C content of approximatelyt n @ ¢Carpenter and Peterson 1989 A
figure illistrating the varying ranges stable isotope signatureis different food sourcesan be
seen in Figur@7. Appendix6 contains all averaged replicate stable isotope data.
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Nitrogen Stable Isotope Signatures
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Figure27. Nitrogen andCarbon stable isotope signatures of various food sources, wasted initially
stocked mussels for Experiments 1 and 2 combiné&kston pictured here is Clam Bay seston.

Since the initial stock of shellfish were measured to have'*€ content of about-18::
consuming a'C diet of-24: will result in a shift t620.5: due to the approximate fractionation

shift of 0:5:  as explained above. llAf the known orsuspected sources of feed for our shellfish
would have resulted in agpletion of theird**C content when assimilated into the tissuef the
shellfish. As will be demonstrated below, we are seeing significant differences between mussels
and oysters in theid"*C content and for each type separately within seasons.

Likewise we see similar trophic shifts in nitrogen; however, the nitrogen enrichment jump
between trophic levels is often much greater than that of carbon. While carbon shifts are

generally around 0,5

gARS NI y3aS

27

RAFTTFSNBYlin tieh G NB 3 S
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used in other stable isotope studies involving marine mollusks (Hill et al. 2008).

C.AM BAY

The set of four plots (Figur28) below represent mean and SD of stable isotay#N and d**C

values for Clam Bay oystersiindSeptember to the following January or June 2009. These figures
show consistent enrichment af**C for all treatments compared to the initial measurement, and a
continuald**C enrichment as the experiment progressed. This only reflects the factifiGiwas

Y2ald tA1Ste t26SN) F2NJ 28ai0SNBRQ RASO d GKS KU
relevant to our experiment. Similar @>C, there was enrichment af°N in the fall and early

winter of Experimentm ® . dzi = 0@ U Kif JuseE2D09 N Ye el in Gl of e R
treatments had dropped back down to initial levelslower. Again, there is a possibility that this

is biologically significant, but likely not.
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Figure28. Clam Bay (CB) oysteaibon and nitrogen stable isotope results for January (mid experiment)
and June (experiment end) 2009 Experimentl, compared to initial values
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Similar to oysters, fall period”N enrichment of mussels was measured but by the end of the
experiment inJune,d™N levels declined (Figur29). In these musselsi®N levels declined to
concentrations lower than initial valuesuggesting an effect of feeding on the depletéddN
sources discussed in the introduction to this section. The fact that badtesyand mussels are
responding similarly among seasons is evidence of a dietary shift thatlesst in part,natural,

not net penwastedriven.

i CB Mussels Nitrogen Isotope (Jan 2009) - CB Mussels Nitrogen Isotope (June 2009)
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Figure29. Clam Bay (CB) mussel C and N stable isotope Experimensultse January and June 2009
compared to initial values

Clam Baymusselresults forExperiment2 are presented in Figur@0. During the growing period
(ApritSeptember 2010, top left of FiguD), nitrogen was depleted relative to initial values; it
subsequently went back to initial values when measured in March 201hetonclusion of the
experiment (top right of Figur80). A much greatecarbonenrichment was seen in the first half
of Experiment2; the second half sad**C falling back towards il values.
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CB Mussels Nitrogen Isotope (September 2010) CB Mussels Nitrogen Isotope (March 2011)
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Figure30. Clam Bay (CB) mussel C and N stable isotope Experideggults, September 2010 and March
2011, compared to initial values

CYPRESYSLAND

At Cypress Island iBxperimentl during January 2@ a significant increase id>C enrichment

was recorded for oysters cultivated near the farm (30m distant station) versus the reference and
initial conditions the prior September (Figusé left side). Not only was this statistically significant

but it meets the test of a differentood source for carbon enrichment discussed above, i.e., an
increase of about 0.8°C. For the latter period of January through June, however, tHerdifices

had disappeared (Fi@lright side). This was due to the reference oysters attaining the saevel

of enrichment as the near farm oystefiar that time period Since growth of all shellfish in these
areas in January through March was mialpas previously discussedpiay have been a shift to
reliance on fish feces at the near farm locatiasjs evidert in our mixing model resultdiscussed

below. These results are especially important because Cypress Island oysters at the 30m distant
deep treatment also had significantly stronger growth than at the reference siia.the other

hand, oystes experienced progressively lower nitrogen enrichment levels as the experiment
O2ylGAydsSR® ' 3FAYyS GKAA A& tA1Stfé& SELXIAYSR 06¢
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sites that were much more enriched in nitrogen than food sources avaikbf@ypress Island.
Further investigation of Cypress Island oysters with IsoSource is discussed later in this report.
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Figure 31. Cypress Island oystestable isotope results for January (mid experiment) and June
(experiment end)2009 inExperiment1.

Unlike oysters,mussels inExperimentl experiencedno differences between treatment and
referenced™*C concentrationstherefore, no spatial effect of stable isotope enrichment from the
fish farm wa likely, unless the effects weegually present throughout the sampled ar@aigure
32). Similarly, inExperiment2, there were no instances in which treatment groups were
significantly more enriched than the reference groups with respect-16 andd™®N (Figures3).

Notably, Cypress lnd musselexperiencedthe opposite from Clam Bay: all experiment&fC
concentrations were less enriched than the initial measurements. This suggests the possibility of
Cypress Island mussels sequestering significant amounts of farm wasgiesy is sipported by the
IsoSource analysis presented later in this report
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Figure32. Cypress Islandhussel C and N stable isotogexperimentl results, January and June 2009
compared to initial values
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Figure33. Cypress Islan@d) mussel C and N stable isotofexperiment2 results, September 2010 and
March 2011, compared to initial values
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Overall, seasonal differences had much more of an effect on stable isotope enrictbyent
separate’®C or'°N isotopethan did treatment differences. With hindsight, even our reference

groups were probably much too close to the net pens. It is very possible that due to the very high
area currents, small dissolved particles and other material coming tr@rmfish farms may be

carried a long distance before settling. The reference treatment may have received the same or a
similar amount of material as other treatments closer to the farms. However, our hypothesis may
remain valid. Diffusion and horizontanixing studies in Puget Sound and the Gulf of Maine
AYRAOIFGS GKFG | ySG LISy daLX dzySé OFy 06S AYyAOGAL
should have been in and out of the particulate supply of the net pens, dependirgument

conditions.

In addition, seasonal differences are likely due to shifts in species composition of the
phytoplankton (e.g., spring phytoplankton blooms of diatoms versus summer and fall flagellates).
This was not an original focus of our study, and there is a surgrigak of literature that reports
isotopic values for different phytoplankton species.

Even if we do not factor in seasonal changes, we often saw enridii€l and depletedt™N

compared to initial values (with the exception of Cypress Island mussels) déytetedd™>C and
depletedd™N). Itis most likely thad'¥ 61 &8 26 SNJ Ay (KS &KStf FTAAKQ:
locations, and that™N was higher.

MIXING MODELANALYSES

The Visual Basic software package IsoSource was used for further @analyesn attempt to
determine the percentages of different food sources that the study shellfish were ingesting during
our experiments. By inputting known or estimated stable isotope signatures for a variety of food
sources, IsoSource can generate all fjmescombinations of source proportions and compare
these to the isotopic values of our sampled shellfish tissue, and then generate histograms of the
probability distribution, as well as the mean percentages of each food souFasod source
isotopic valus, as well as shellfish isotopic values used in our IsoSource analysis, are found in
Table3. Trophic level jumps were taken into account by decreasing our shellfish carbon values by
0.5 and nitrogen by 1.7, following accepted isotopic trophic juiifpg1988,Raikow and Hamilton

2001, Moore and Suthers 2008ill et al. 2008
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Food Source Carbon Nitrogen
Fish Feed -22.3 6.5
Seston -23.1 6.2
Phytoplankton | -20.3 75
Fish Feces -20.8 5.9
Table 3. Food source isotopic values and shellfish 3 :
. . : : Shellfish Carbon Nitrogen
isotopic values used in IsoSourc&hellfish values have
been corrected formarine mussel onlytrophic level 30m Jan -20.5 7.6
jumps (0.5 Carbon and 1.7 Nitrogen were subtracted 30m June -20.5 6.4
from their original values) Ref Jan -20.9 7.6
RefJune -20.5 7.0

IsoSource was very effective at analyzing Cypress Island oyster data, and was able to generate
food source results for all four Cypress Island oyster conditiddra (Banuary, 30m June, Reference
January, Reference Juniggure 34). IsoSource was unable to process data for Clam Bay oysters,
as well asall mussels irExperimens 1 and 2. This was likely because a) food source isotopic
valuesc especially those of pHioplankton and sestom may vary dramatically at fierent times

during the yearand over shorter time periods than our sampling) our study species may
selectively process carbon and nitrogen at different rates than the 0.5 C and 1.7 N as reported in
the literature and c) mussels in particular have very different feeding habits than oysters,
discussed latenvhich also may confound our result®Nonetheless, our Cypress Island oyster data
yields significaninformationand contributes valuable infaration to this project.

The probability distributions shown in Figusd show clearly that Cypress Island oysters at both
the 30m site and the reference site relied heavily on phytoplankton during the fall and early
winter, as depicted by phytoplankton (green) with a much higher average source proportion
than the other three food sources.Mean percentages of each food source consumed were
derived from the probability distribution data and are shown in TableMean values are less
accurate and possiblgnisleading compared to the frequency distributions, unless the latter are
normally distributed and not multimodal.An important differenceis apparentduring the late
winter and springas followsin both the mean values and the distributions as followshile the
reference oysters are still predominantly feeding on phytoplankton, dizstersfrom nearest the
farm (30m distant) weranore reliant on fish fece@n Figure 34 purple). This dferencetells us
several things.
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Figure34. IsoSource mixing model probability distribution histograms for Cypress Island oysters.
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Table 4. Mean percentages of Fish Phyto- Fish
each food source Consumed_ by Treatment Feed Seston |plankton| Feces
Cypress Island oysters, deriveg . . . .

from IsoSource mixing model| ~30m Jan 9% 7% 77% 7%
data for both treatments and 30m June 8% 5% 36% 51%
sampling time period, January = Ref Jan 10% 8% 76% 6%
Fall and early winter, June = Hetitme 10% 7% 61% 239,

Winter and Spring.

First, the 30m distant oysters were apparently receiving benefits from the net pens in the form of
fish feces being assimilated into their tissu@he reference oysterswere feeding ona small
amount of fish feces as well, which supports some extentour earlier peculationthat the
reference site wstoo close to the net pens, and that high currents were carrgoge fishfecal
material outto the refererce location. However, it grobable thatthat oysters at the 30nalistant

site, being much closer to the pens, were able to take advantage of the increagediic
particulatesfrom the penpens. This directly relates to our growth results, in which wend that
Cypress Island 30rdistant oysters grew significantlgreater than the reference oysters.In
addition, the seasonagrowth differences are explained by the fact thahon-phytoplankton
organicswere muchmore available in the first half of the p&rimentat Cypress Island (Figure)13
thanat Clam BayThis stems from the much higher winter concentrations of total volatile solids at
Cypress Islanthan at Clam Bay (Figuld). Despite this advantage, net growth of oysters at Clam
Bay nominally eceeded that at Qyress Island (compare Figuresdid 16), suggesting that nen
phytoplankton organics are less useful than phytoplankton to support growth.

The stable isotopesignatures maylso be viewedn a dual isotope plot (Figurd5) with carbon
isotopic values on the-axis, and nitrogen isotopic values on thexis. This allows for a visual
observation of food pathways from one trophic level to the next and qualitative evaluation of
slopes between possiblinked components. In Figure 3we can see how Cypress Island oysters
were primarily reliant on phytoplankton and fish feces. Considering that stable isotope content is
ASYSNIffe SYNAROKSR o6& dnodp’: OFNDB2Y YR dmMdT::
to find the major food source of our oysters at approximately 0.5 C and 1.7 N less than the
oysters. Figure®shows that it is only phytoplankton and fish feces that fall into this approximate
range. The other potentigbod sources shown in Figure,3%., fish feed and sestohaved™*C
contents that are much less enriched, and therefore not likely food sources for the oysters. This
also directly correlates with our IsoSource mixing model results seen in Figued3explained
earlier.
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Cypress Island oysters: dual stable isotope plot
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Hgure 35. Dual isotope plot of Cypress Island oysters and their food sourcésh feces data has a
standard deviation 0ft0.12 Nitrogen andt0.3 Carbon; phytoplankton standard deviation is unknown.

It is important to note that the lack of valid mixing meddesults for Clam Bay oysters and for all of
our mussel treatments does not necessarily indicate a lack of fish farm eff€btsmixing model
analyzs two different isotopes simultaneouslgnd is far more complicated thathe results of
either isotope taken individually Indeed, when examining the data, it was sometimes clear that
IsoSource was not able to yield valid results because trophic jumps were too higithtarN or C
isotope, but not the other. This suggests that the possibility that eitber shellfish were
selectively incorporatingood enriched withone element much more than the other, or that one
or more of our assumptions was inaccurate.

Different species of shellfish may selectively incorporate stable isotopes at different rakstan
different times of year. We usal our limited food source stable isotopdata, as well as stable
isotope literature that is variable. Furthermore, Puget Sound is a highly complex body of water,
and in order to get a truly accurate estimation of abd source stable isotope valuese would
have to conducfrequent and detailed measurements throughout the course of the year, which
was beyond the scope obur study and its modest budget Stable isotope values for
phytoplankton may have significant clanges in spatial and temporal variatioras species
composition andabundance changefsom season to seasorBecause of these reasonsjs quite
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possible that proximity to fish net pertsad somesignificant effect orour other shellfish groups,
even thowgh IsoSource was unable ittentify results.

DECISION MATRIX

After review the data extensively, we decidedftmusour decision about efficacy of fighellfish
IMTAprimarily on shellfish growth and stable isotope mixing model results. Other aspleitis
experiment, such as survival and stable isotope analysee judgednot as important because
they showed few or no significant differences among treatments, but rather differences among
sites. Differencesbetween sitesare indeed important to try to tease out forcing factorsbut
indicate that other factorg such as temperature, phytoplankton quality/quantity, etcwere the
primary drivers ofany observed differencesAs this project was modestly funded, we had no
initial intention of attemping to measure all factors that would influence the above parameters.
An example would be sampling for phytoplankton stable isotope composition and species
composition on a weekly basis. This would be required to adequately describe average and
variableconditions that fluctuate greatly no doubt. Instead, we opted to use literature values for
phytoplankton but did collect extensive seston data.

Table5 shows a matrix used to differentiate between significant and-smmificant results of the
IMTA expement. For clarity, and to distinguish our stable isotope analysis from our stable
isotope mixing model results, th@nglestable isotope analysis was not included in the mairex,

we did not include separate analysis'd€ and™N results. We condtted this analysis but found

that the results would sometimes conflict with the dual isotope mixing model analysis, which we
believe to be more powerful. However, a case could be made that proportionately much more
carbon was flowing from the pens in paulate form than nitrogen, as waste feces and feed is rich

in C but most N is excreted as dissolved form and therefore theoretically not as available to the
adjacent shellfish. This remains a research topic to be explored.

Shellfish survival, while asnot very significant compared to our mixing models and growth
results, was included as a lower ranking factor in our final decision as to efficacy of the IMTA in
Puget Sound. In Table ®lis marked with a + indicate the presence of significant diffees
between experimental groups withinsite and time period and thosmarked with a indicae no
significant differences.

Table 5 clearly indicates that most significant IMTA results stem from oysté&zp@rimentl.
Statistically significant growtivas observed for oysters for both locations in the fall to early winter
period, and for winter to spring at Cypress Island. Even at Clam Bay in winter to spring growth was
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nominally greater, but not quite statistically significant for the 30 meter distard deep oysters
that did well in other time periods and at Cypress Island.

Table5. Decision matrix that differentiates between significant and naignificant results.

Experiment1: 2008-2009
Oysters Mussels
Ranki Clam Bay Cypress Island Clam Bay Cypress Island
ankin
Fact 8 Eal Winter - Fall Winter - Fall Winter - esdi Winter -
actor Spring Spring Spring Spring
1) Growth + - + - - - = =
2) Mixing Model - - - + - - - -
3) Survival - - - - 3 + - -
Cummulative Maybe No Yes Yes No No No No
Experiment2: 2010-2011
Mussels
Ranking Clam Bay Cypress Island
Factor Spr-Sum Fall-Wint | Spr-Sum Fall-Wint
1) Growth = - i %

2) Mixing Model - - - -

3) Survival - - - -

Cummulative No No No No

Other notable results presented in Table 5 involve glowf Clam Bay oysters in the fall of
Experimentl, and the survival of Clam Bay musselBxperimentl. However, unlike our Cypress
Island oyster results, multiple aspects of our experiment supported neither of these results.
Despite this, we can spelate about these outcomes as follows:

As explained previously in the growth resuliection above Clam Bay oysters experienced a
significant stepwise growth trend during the beginningesderimentl, with progressively greater

growth the closer the oysts were to the fish farms. However, this difference between
treatments disappeared aExperimentl continue® | YR o6& (KS SELISNAYSyYyi(Q
significant difference between any of the Clam Bay oyster treatmehte may still tentatively
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concluck that the significant growttpresentin the first part of the experiment is due to the fish
farm ¢ but we cannot be sure, since other results did not correlate with the growth results in this
caseexcept for nominally greater growth at the 30 m distantlateep station (again)

Likewise, Clam Bay mussels durixgperimentl experiencd some significansurvivaldifferences
among treatments. During the fall dxperimentl, reference mussels had a lower average
mortality count compared to mussels closertte farm, butin the following spring, the opposite
occurred and reference mussels had significantly higher mortality counts than the other treatment
groups. Because these results do not correlate with growth results or stable isotope analysis,
however,it is unlikely that thisvas related to the net pens, and is more likely due to some other
localized factor. In addition, when we transform the mortality count data into percentage of total
mortalities per day, the differences between treatments be@much less pronounced.

Despite the lack of significancifferences among treatments for musselle fact that oysters at
Cypress Island and perhaps at Clam Bay as wetlid experience greater growth at areas closer
to the fish pens ismindication thatIMTA may confer significant benefits to oyster productzom
particulate waste load reduction

FURTHERNTERPRETATION

A unique aspect oExperimentl was the concurrentculture of mussels and oysters and the
finding that oysters successfully used figini wastes and grew better at one of the sites. Here
we compare our results to prior efforts to illustrate differences and parallels when possible.

OYSTERS

We tentatively conclude that oyster culture is technically feasible at representative net perirsite
Puget Sound and that some proportion of the particulate waste produced by the fish farms is
captured and utilized by these shellfish. Oysters grew statistically faster and had stable isotope
profiles nearer the net pens that indicated direct useishffeces at Cypress Island all year and for
part of the year at Clam Bay in terms of increased growth. Pacific oysters are readily available as
seed stock from local hatcheries and are hearty and well suited for raft culture near fish farms in
WashingtonState that are presently in protected, but very physically active sites exhibiting little or
no measurable adverse water column or benthic effects as discussed above.

We are not the first to examine oyster growth at Pacific Northwest fish farms. Jonksvawa
(1991) grew oysters at a fish farm in Jervis Inlet, British Columbia that is dik@ndlet on the
east side of the central Strait of Georgia. Their report is sometimes cited as evidence that IMTA is
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a successful methodOne publication std S Ridnesdénd Iwama (1991) found that oysters grew
three times the amount in shell height and growth rate when integrated with salmon fiuansat
reference sites.This increase in weight and growth of the-adtured species is a positive side
effectand holds obvious economic benefit for farngdource intentionallyot cited).

The subject inlet, like Sechelt Inlet of B.C. that was once the center of a thriving net pen industry in
the 1980s, is subject to seasonally intensive vertical stratifinaihat can lead to micro flagellate

and dinoflagellate blooms. Since that time, all but one of the fish farming opesatiammoved

out of the area. Upon closer examination, the paper clearly shows that phytoplankton (measured
as chlorophylk) concerrations were most strongly linked to growth of the different treatments

of oysters (increase in shell height) but curiously, monthly growth rate was correlated strongly to
particulate organic matter associated widach treatment of reference.These coricting results

are not rationalized in the paper. We highlight these reshbéicause the site characteristics are so
different from Puget Sound sites, as discussed below.

MUSSELS

The use of gallo mussels to capture wastes at these same fisls faas aparently ineffectivefor
sequestering particulate wastes from the fish farmshe present study, both in terms of growth
(shell length) and for stable isotope effect. An assumption explicit in this and some prior studies
has been that accelerated groltof shellfish nearer to fish farms is demonstrative of IMTA
efficacy. Typically, the species of choice has been mussels of the iggtilus. Food quality and
guantity and water temperature are key factors controlling shellfish growth rate, but thedoprm
(food quality) is difficult to assess.

We were unable to find more than a few published or unpublished cases of fish/mussel IMTA
resulting in accelerated growth near farms as others have reported (see review poftibroell

and Norberg 1998)In sone cases, positive results have been reported but no data or only limited
hydrographic information was provided on the study site, which is not helpful in terms of
understanding why the result occurredhélre is a common thread explaining this variatiord ain

has to do with the background trophstatus of the culturand/or referenceareas in such studies

Sara et al. (2009) repati accelerated growth of mussels near cages in the Mediterranean Sea on
the south coast of Sicily. This area is clearly tbgdic with low concentrations of nutrientdt

hasa deep mixed layer and nutricliremd nolarge rivers nearby to supply major inputs of nitrogen
or phosphorus. Background chlorophglconcentrations were neadow at ~1 pg/L during their
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study that @curred overone year. In contrast, averagehlorophylla concentrations at Clam Bay
and Cypress Island were approximatehB 2imes greater in the present study and dissolved
inorganic nitrogen was always > due to natural, oceanic sources as exaiin this report.

Similarly, Peharda et al. (2007) measured growth and condition index of Gallo mussels grown near
fish cages in the eastern Adriatic Sea, an arm of the Mediteaiarf®ea of reduced salinity and
reportedly increased productivitydgomparedto the relatively barren Mediterranean Sea in most
regions)but they did not measure TVS, TSS or chlorophylThey found that mussels nearest the
pens grew slower than those 60m distant and not much different from reference mussels 600m
away. Conditionndex results were better nearest the pens during September through April but
other times exhibited mixed results.

Intuitively, one would expect shellfish grown in oligotrophic waters with low phytoplankton and
seston concentrations to be poor. In suateas, placing shellfish near fish farms that produce
particulate and in some cases dissolved inorganic or organic nutrients that could embellish
phytoplankton would be logical. But in moderate to fully eutrophic conditions, shellfish are not
necessarilyreliant on fish farm wastes, particularly during the plankton growing season, so we
should nota prioriexpect that the shellfish will perform the service of fish farm waste removal in
such cases.

FEEDINGSELECTIVITYAND OTHER EXPLANATIONS

Several factts may account for the lack of growth or stable isotope effect of cultured mussels in
our study besides background phytoplankton and seston quantitgedective feeding behavior of
mussels may have been an issue where the oysters probably dliterature involving shellfish
feeding ecology and selectivitig abundant and inconclusive in many casdsstrating few
constants among sties, locations and specieSVe note, however, thatnaturally occurring
oystershaveevolvedand are often cultured exnsivelyto be epibenthic organisen Musselsmay
occur on any surface or submerged littoral zone taurtd to occur (in Puget Sounaff bottom, on
rocks, floating objects, and other ndrenthic locations where they often grow in great abundan

as a contjuous population. While this may be due to predation and survivaysters normally
ingestsuspended and resuspeed living and decaying organic material whereas mussels, being
located higher in the water column on rocks or other natural structures, woeldess likely to
evolve feeding strategies that focus on epibenthic detritd$iere are many exceptions to this in
other regions.

LG Aa ftA1Ste GKIFIO YdzaaSt FINB y2id aStSOGAGBS aFS
high seston or pytoplankton availability, selection can occur in the formestesspseudofeces
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production, either because the food source is not suitable or simply that there is too much food
available g¢ee citations in Ren et al. 20000ur study was not designed to &uate this aspect of

the feeding ecology of shellfisdr to provide an extensive review of the literatutfeat would be a
major study unto itself

Arifin and BendellYoung (2000present an alternative view stating théeeding behavior (from

other citedstudies) in many marine bivalves suggests that they possess a highly selective feeding
strategy that allows for selection of organic over inorganic particles when high quality and quantity
seston is available. When low quality/quantity of seston is alila| feed shifts to include both
organic and inorganic particles of lower quality for ingestiom the case of fish farms and
shellfish, this would be likely during the nafgal growing season in temperate waters.

We find attractive the conclush of Troell and Norbergl@98) dX that environmental factors and
design of cultivation technology are of importance in integrated cultivation systems. The
availability of organic food particles have been mentioned as being the single most important
factor detemining growth rate of mussels (Seed and Suchanek, 1992), and maybe the existence of
both temporal and spatial variation in food availability in natural water bodies can explain the
degree of successdThe lack of effect for stable isotope tracing of eithieussels or oysters at
Clam Bay is not surprising as no detectable differences occurred between upstream and
downstream TSS, TVS or chlorophytheasurements.But reither was a difference observed for

the Cypress Island site, yet oysters apparently goetter near the farm there thamt a reference
location. We believe that is due to the higher level of solids in the water during the winter than at
Clam Bay although we Hano net pen site versus referencite water quality data to assess the
differences

We also believe that it is necessary to sample and analyze plankton very frequently to adequately
describe their dynamics, but that was well beyond the scope of this preliminary stadyack of

more frequent than monthly quantification of the sest food sources that would be necessary in
order for a more accurate mixing model calibration. If fish farmers decide to scale up oyster
culture at fish farm sites, we recommend that a bimonthly sampling of water quality/stable
isotope signatures and oyest growth be conducted. Only in this manner can the food source and
stable isotope probabilities be quantified. Determining this for phytoplankton versus other seston
remains a difficult issue potentially confounding the estimates but in our study seeoted be a
problem with adequate separation on the dual isotope plots
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OPTIMUM SITING VERSUIMTA?

A main point of the above review of Jones and Iwawa 1199 during summer all of their
treatment and reference locations were located in a typical Rabibrthwest embaymet habitat

with vertically stratification,water YRy dzi NA Sy 4 LI22NJ adz2NFIF OS 41 i
phytoplankton production patterngRensel Associates and PTl Environmental Sciences 1991).
After spring diatom blooms,ush watershave low phytoplankton biomass until dinoflagellate
blooms prevail in calm days of summeihese highly mobile flagellates may not be measurable
near the surface in many caseas they vertically migrate to depth at night to obtain their
nutrients and sometines form thin layers at depth or remain near the nutricline for extended
periods We would expect increased shellfish growth near a fish farm in Jervis Inlet describe above
compared to a reference location under these circumstances. By one informed estiam@ut

50% of the fish farms in B.C. are located in such environments, but none are allowed (or preferred)
in such areas ifPuget Sound as previously described above. Puget Sound fish farm sites rarely
have flagellate blooms, except in extreme riveawflyears when the weather is extremely mild

(e.g., Rensel et al. 2010) and at such times large parts of the entire Salish Sea are subject to the
same conditionsnot just the poorly flushed backwater bays

In Washington State, fish farms are purposelyaled in noanutrient sensitive areas where their
dissolved nitrogen wastes will not directly contribute to or initiate algal blooms as previously
discussedas a requirement of aquatic lands leasing of the Washington Department of Natural
Resources Thesenon-nutrient sensitiveareas are, however, not the locations that shellfish
growers often prefer, but they tend to be in the remote inlets and embayments where the
shellfish growth is enhanced by recurring phytoplankton blooms throughout the growingrseaso

In the present experiment, we contrasted our TVS and TSS results to those in Totten Inlet, a
renowned mussel, oyster and clam growing area of southern Puget Sdumalfsh farmsstudied

were h Central and North Puget Soumaid tend to have lower pktoplankton production and
much lowerseston concentrationthan Totten Inlet Thatshould be a positive factor for success

of shellfish/fish IMTAat the fish farm sitedut the evidence from Clam Bay for oysters and for
both sites for mussel suggestshetwise, that either the rate of supply was not sufficient or that
selective feeding and pseudofecal production resulted in no measurable gain versus reference
specimens.

Many locations where IMTA has been advanced as a means to reduce fish farm wadikslya
comparable to the Jervis Inlet example above, e.g., Chilean fjords and bays, New Brunswick bays,
Mediterranean Sea wateetc. While IMTA in these environments is an improvement over existing
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fish monoculture at sites without adequate waste assnilatory ability, we argue that not all
aquaculture venues are similawe view this as aifl-informed one-sizefits-all-approachof calling

for IMTA as a solution to a problem thah the case of the advanced farm siting policies and
procedures in Washgton State, does not exist. See the Ocean Conservancy website and report
in this regardfor an example of citing IMTA asbaoad-brush solution to a perceiveduyniversal
problem

Clearly there are tradeoffs isiting fish farms, but should not fisrafms be located in areas
suitable to assimilate their organic particulate or dissolved nutrient wastésout the need for
additional strategies that may or may not be effective? From our review of the literature
extensive experiece in siting of aquacuire facilities impact assessment anenvironmental
modelingof the same it does appear that efficacy of IMTA varies inverselgtainability of fish
farm siting, so this sets up a conundrum

Should regulators continue, as they have for decades in Wgthn State,to promote fish farm
location in areas where food web assimilation and adequate dispersion of waste8 occur

or

Should nutrient sensitive, poorly flushed areas beaarmgeted as they were 30 yeaegjo in the
Pacific Northwest?

The answe is clear for Washington Statehere is no turning backhe clock to sites that have
proven unsustainablén terms of benthic depositioand risky to the fish farmer for fish survival,
even if IMTAmethodswere highly effectiveor predictable for vaste remowal, which presently by
any measure, they are notQher factors such asaturally occurringharmful algal blooms that
often initiate in Pacific Northwest nutriensensitivebackwaterareaswould deter fish farmers
from the return to these areas in mostses regardless of the other considerations.

An analogyto this choiceis as follows: automobiles once relied on poorly conceived and
executedemission controlsystemsfor cleanup of tailpipe emissiondhe industry las evolved
away from thatapproachinto more efficient engineshat are cleaner because they produce less
harmful wasteand more completely combust the fuel

Accordingly, here is a danger in promoting IMTA @ cure all for the supposediraents of
aquacultureeverywhere and in every cas Regulators and fish farmers in Puget Sound have
worked for 40 years to establish policies that result in more optimum fish farm siting. This is not

2http://www.oceanconservancy.orq/ouwork/aquaculture/assets/pdf/oc rfts v11 single.pdf
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the case in many major fish farm producing countugdsere mary sites are located in nutrient
sensitiveareasfor whatever reason Environmental NGOs oftgoortray the fish farmingndustry
with one broad brushe.g., the Monterey Bay Seafood Program, a perfect exambig)there is
no monolithic, single industry to describe as such

THE FUTUREFORIMTA IN PUGETSOUNDAND STRAIT OF JUAN DEFUCA

Despite the foregoing, IMTA could embellish fish farm environmental performance in Puget Sound
or similar environments (e.g., Cobscook Bay in Maine) even if the rdighdrmwaste removal

is less than optimon or as much asdemonstrated herein for Cypress Island oysteEscen a low

rate of assimilation of wastes coylevhen scaled up appropriatelyranslate into an equivalent
increase insustainablefish production. Although fish farmers will continue tolyreon fish
production as their primary crop, having shellfish production nearby calslohelp diversify their
production as has been pointed out by IMTA advocatd3.A could allow for additional expansion
within existing salmon aquaculture lease sitessome cases, but in other cases, new leases with
the State of Washington may have to be negotiatiek to space limitation The risk of expansion
would be on the fish farmer, as in any case benthic performance standards must be met or the
operation redued in size, modified in configuration or relocated with new permits.

In open ocean aquaculture in some cases where current direction is highly variable, capture of fish
farm wastes is logistically more difficult and may have to involve complex pivatsigms to keep

the companion crops in line with the downstream currents. The open ocean is not a place for
complex, potentially cumbersome or poorly designed and built systdms&Vashington State,
however, open ocean aquaculture means the oceanic ¢mmdi of the Strait of Juan de Fuca
(Rensel et al. 2007) where currents are strongly bidirectional and tidally driven for the most part.
In the very high current velocity Strait, oysters could potentially act as current deflectors up and
downstream of cges as tidal current passes through fish net pand retain some particulate
waste production too

In the relatively cool waters of Puget Sound main basins and channels where fish farms are
located,Pacificoysters rarely reproduce naturally thus wduiot add to the biofouling load on the

nets and floats that could occur with mussels when then reproduce. They could also be used in
some cases to provide current flow diversion at sites with overly strong currents or temporarily at
some sites where sprintides produce currents that exceed optimum velocities. Oysters will not
replace fish as a primary cash crop at fish farm sites due to space limitations, but subsurface
growing systems would benefit not only from the slowly settling organic particulattembut

would be less subject to algal biofouling compared to surface raft culture of shellfish.
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In other regions of the world, seaweed culture is also being practiced as a means to reduce
dissolved nitrogen loading.Puget Sound net pen sites are bys@m located in nomutrient
sensitive areas but background levels of nitrogen are naturally high in main basins of Puget Sound.
The pen origin nitrogen plus the natural background flux of nitrogen could help insure a desirable
and continuous supply to sure sustained growth of seaweeds near the net pens. However,
combined shellfish plus seaweed culture at fish farm sites in Puget Sound may not be technically
feasible because of space limitations and the fact that seaweeds must be grown near the surface
to allow photosynthesis, whereas the shellfish are not subject to this limitation.

For Puget Sound waters, we recommend further investigation and scgldédals of the efficacy
of oyster culture as a companion crop to fish aquaculture. The trials t \d@h oysters have
been promising and we can envision several benefits from such systems as discussed herein.
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APPENDICES

Appendix 1. Vertical profile ¢mfrom Experiment 1. Data collected with a Hydrolab 4a with SCUFA in vivo chloacg@Engbr.
December 2008 (lab samples taken for chlorophyll a at Clam Bay (coded as CB). S1 = the study site at Cypress Island (Site 1)

- Date Time Temp DO sal pH  Chlorophyll  Turb Dep100 DO%  BPSvrda
Date Time Temp DO Sal pH Chlorophyll  Turb Depl100 DO%  BPSvrda MMODYY HHMMSS c me/l oot Units g/l NTU meters sat mBar
MMDDYY HHMMSS c mg/1 ppt Units ug/l NTU meters Sat mBar Annotation at 121008 105722 : CB2 {5 meters Downstream of cages on West end, current running alongside and paralle!
Annotation at 120908 093444 : 51 (Site one East end, neap period or maybe very slight ebb, eastern motion) 121008 105745 10.21 6.09 30.30 7.27 0.0 3.2 0.2 63.8 1048
120908 94137 8.63 6.69 30.27 7.43 1.3 6.6 0.5 68.8 1041 121008 105806 10.20 6.03 3023 7.27 0.0 3.4 0.7 63.0 1048
120908 91148 8.62 5.60 30,24 7.43 1.2 6.8 0.4 67.8 1042 121008 105822 10.18 6.02 3010 7.27 0.0 28 3.1 62.7 1048
120908 94159 .62 6.49 30,14 7.42 11 6.0 13 6.8 1041 121008 105833 10.19 5.98  30.22 7.27 0.0 3.2 3.2 62.6 1048
120908 a1l 863 603 30,20 742 10 65 23 6.4 1041 121008 105844 10.23 591  30.15 7.28 0.0 3.1 5.2 61.9 1048
121008 105852 10.24 578 3021 7.27 0.0 28 6.4 60.6 1048
120308 34255 8.63 6.34 30.17 741 0.8 71 3.2 65.3 1042 121008 105901 10.23 570  30.23 7.28 0.0 3.1 7.0 59.8 1048
120908 34302 .63 6.30 30.17 741 0.7 5.1 4.0 65.0 1042 121008 105910 10.24 5.66 3014 7.28 0.0 3.2 7.6 59.3 1049
120908 94307 8.63 6.28 30.19 7.41 0.6 5.7 4.5 64.6 1042 121008 105919 10.24 5.62 30.15 7.28 0.0 2.9 9.3 58.9 1043
120908 94318 .63 6.15 30.15 7.40 0.6 5.2 5.2 63.4 1041 121008 105931 10.24 559  30.21 7.27 0.0 3.0 12.3 58.2 1048
120908 94327 8.63 5.05 30.33 7.40 0.6 5.0 5.2 §2.3 1041 121008 105939 10.24 553  30.26 7.27 0.1 26 13.4 58.1 1049
Annotation at 121008 102221 : CB IMTA1 (Clam Bay South side of ¢ biomass is approx 1300 tons on site 11008 105945 1024 3.55| 3017 727 0.0 29 1.2 383 1048
121008 102308 1022 6.42 30,15 735 0.0 a5 0.2 672 1048 121008 105953 10.24 558  30.24 7.27 0.0 2.7 16.1 58.6 1049
121008 110001 10.24 5.63  30.18 7.28 0.0 3.0 17.1 59.6 1048
121008 102358 10.22 6.37 30.32 7.35 0.0 3.6 0.7 66.8 1048 121008 110009 10.25 577 30.15 728 0.0 27 188 50.4 1048
121008 102405 10.23 6.36 30.35 7.35 0.0 3.3 14 66.7 1048 121008 110020 10.27 590  30.28 7.27 0.0 3.0 20.9 62.0 1048
121008 102421 10.23 6.35 30.22 7.35 0.0 3.4 2.8 66.6 1048 121008 110028 10.27 5.97 30.25 7.27 0.0 3.0 223 62.6 1048
121008 102429 10.23 6.34 30.18 7.35 0.0 3.1 3.5 66.5 1048 121008 110041 10.27 6.01 30.20 7.28 0.0 2.8 24.8 63.1 1048
121008 102439 10.23 6.36 30,21 7.34 0.0 2.9 5.0 66.7 1047 121008 110051 10.27 6.02 30.35 7.28 0.0 3.1 255 63.2 1048
121008 102447 10.23 6.35 30.13 7.35 0.0 3.0 5.0 66.6 1049 Annotation at 121008 113113 : CB3 Reference area nearer Orchard Point
121008 102455 1023 6.35 3018 735 0.0 a1 61 6.6 1049 121008 113215 10.28 643 3014 7.24 0.0 2.7 0.2 67.5 1048
121008 113225 10.29 638 3019 7.24 0.0 28 1.2 66.9 1048
121008 102512 10.23 6.32 30.27 7.34 0.0 3.3 6.9 66.2 1048 121008 113232 10.29 6.36  30.19 7.24 0.0 2.7 1.9 66.7 1049
121008 102528 10.24 6.33 30.13 7.34 0.0 3.1 8.7 66.3 1048 121008 113239 10.29 634 30.24 7.24 0.0 2.7 3.6 665 1048
121008 102538 10.24 6.31 30.13 7.34 0.0 3.1 9.4 66.1 1048 121008 113250 10.29 6.34 30.20 7.24 0.0 2.9 5.0 66.7 1042
121008 102546 10.25 6.30 30.27 7.34 0.0 3.0 11.1 66.1 1048 121008 113300 10.29 635  30.18 7.24 0.0 2.7 6.3 66.6 1047
121008 102554 10.24 6.27 30.29 7.34 0.0 3.1 12.1 65.9 1046 121008 113311 10.29 6.34 30.19 7.24 0.0 3.7 7.6 66.7 1048
121008 102603 10.27 6.29 30.23 734 0.0 27 14.7 66.0 1048 121008 113319 10.29 637 3019 7.24 0.0 238 8.7 56.8 1048
121008 102610 10.27 6.24 30.18 734 0.0 aa 15.1 5.4 1048 121008 113330 10.29 6.36 3022 7.24 0.0 25 10.8 66.7 1046
121008 113341 10.29 6.35  30.40 7.24 0.0 28 12.4 66.7 1049
121008 102617 10.27 6.25 30.35 734 0.0 28 16.0 85.6 1048 121008 113348 10.29 6.34 3032 7.24 0.0 3.3 13.4 66.6 1048
121008 102625 10.27 6.22  30.24 7.34 0.0 3.2 17.7 65.3 1043 121008 113359 10.29 633 3022 7.24 0.0 25 15.5 665 1043
121008 102633 10.27 6.22 30.16 7.34 0.0 3.0 19.6 65.2 loas 121008 113407 10.29 632 3021 7.24 0.0 28 19.2 56.2 1048
121008 102640 10.27 6.19 30.18 7.34 0.0 3.0 20.0 65.0 1048 121008 113418 10.29 6.32 3022 7.24 0.0 3.0 20.0 66.4 1049
121008 102650 10.27 6.18 30.30 7.34 0.0 2.8 21.0 64.9 1048 121008 113425 10.30 6.27  30.29 7.24 0.0 28 225 65.8 1048
121008 102658 10.27 616  30.21 7.34 0.0 3.0 224 64.6 1048 1N008) 113432 1030 627| 3031 725 0.0 3.3 2.3 85| 1045
121008 102708 10.27 6.14 20,25 724 0.0 29 234 644 1029 121008 113442 10.30 6.22 3024 7.25 0.0 28 2.2 65.3 1049
121008 113457 10.30 6.17 3022 7.25 0.0 26 25.2 64.7 1048
121008 102726 10.27 65.12 30.18 7.33 0.0 3.2 24.5 64.2 1048
121008 113507 10.30 6.07 3022 7.25 0.0 28 26.0 63.7 1046
121008 113541 10.30 6.04 3016 7.25 0.0 3.0 27.5 63.4 1049
121008 113550 10.30 6.06  30.20 7.25 0.0 2.9 29.0 63.6 1046
121008 113636 10.30 6.01  30.33 7.25 0.0 1.9 30.7 63.2 1049
121008 113653 10.30 6.01 3028 7.25 0.0 31 35.3 63.4 1046
121008 113702 10.30 6.04 3017 7.25 0.0 2.8 38.8 63.3 1048

FishrShellfishIMTA in the Puget SoundFinal ReportMay 2011 74



January 2009

Date Time IBVSvrda BPSvrda Temp Do Depl00 DO% BPSvrda
MMDDYY HHMMSS inHg mg/l meters  Sat mBar
Annotation at 011509 104131 : Clam Bay: South side of cages immediately adjacent to pens, no other casts taken
1/15/2009 104316 7.8 30.88 7.86 8.5 30.49 6.94 79.9 0.4 84.7 1046
1/15/2009 104323 7.8 30.88 7.89 8.35 30.53 6.94 118 1.3 83.3 1045
1/15/2009 104339 7.8 30.89 7.94 8.37 30.92 6.94 44.8 3.5 83.8 1046
1/15/2009 104350 7.8 30.89 7.96 8.5 30.88 6.94 37.9 4.7 85.2 1045
1/15/2009 104401 7.8 30.9 7.97 8.54 30.86 6.94 29 5.4 85.5 1046
1/15/2009 104418 7.8 30.89 7.99 8.48 30.99 6.94 5.8 8 85 1045
1/15/2009 104427 7.8 30.89 8 8.27 31.14 6.93 6.4 9.8 83 1046
1/15/2009 104441 7.8 30.88 8.01 8.1 31.2 6.94 1.5 11.7 81.4 1045
1/15/2009 104455 7.8 30.89 8.02 8.03 31.42 6.93 1.6 12.7 80.8 1043
1/15/2009 104554 7.7 30.9 8.03 8.77 31.32 6.95 1 16.4 88.9 1046
1/15/2009 104603 7.7 30.89 8.04 8.88 31.64 6.94 1.1 19.1 89.3 1046
1/15/2009 104611 7.7 30.9 8.09 8.83 31.89 6.94 0.6 21.7 89.3 1046
1/15/2009 104621 7.7 30.89 8.13 8.68 32.01 6.94 0.7 24.4 87.8 1045
1/15/2009 104631 7.7 30.89 8.14 8.48 32.07 6.95 1.1 26 85.7 1046
1/15/2009 104641 7.7 30.87 8.14 8.37 31.89 6.95 1 28.4 84.7 1046
1/15/2009 104650 7.7 30.88 8.18 8.25 32.37 6.95 1.1 30.4 83.6 1045
Annotation at 011609 124335 : Cypress Island 51 EAST end which was upstream with strong ebb at time of sampling
1/16/2009 124406 7.8 30.96 7.07 8.1 32.88 7.05 4 0.2 80.6 1049
1/16/2009 124417 7.8 30.96 7.08 8.1 32.95 7.05 54 1.3 80.8 1049
1/16/2009 124425 7.8 30.98 7.08 8.2 32.84 7.05 3.7 3 81.4 1048
1/16/2009 1244332 7.8 30.97 7.08 8.3 32.87 7.05 4.1 3.7 82.2 1048
1/16/2009 124442 7.8 30.96 7.08 8.3 32.86 7.05 4.4 4.9 82.8 1048
1/16/2009 124459 7.8 30.96 7.08 8.4 32.86 7.05 4.8 6.6 83.8 1048
1/16/2009 124505 7.8 30.96 7.08 8.4 32.87 7.05 4.9 7.1 83.9 1048
1/16/2009 124517 7.8 30.96 7.08 8.5 32.95 7.05 4.9 7.8 84.2 1048
1/16/2009 124528 7.8 30.96 7.08 8.5 32.87 7.05 4.7 8.8 84.6 1048
1/16/2009 124552 7.8 30.98 7.08 8.5 32.84 7.05 4.7 10 84.5 1048
1/16/2009 124619 7.7 30.97 7.08 8.4 32.93 7.05 3.9 11.3 84 1048
1/16/2009 124705 7.7 30.98 7.08 8.1 32.97 7.05 4.7 13 80.2 1048
1/16/2009 124739 7.7 30.96 7.09 8.0 32.96 7.05 5.3 13.9 79.3 1048
1/16/2009 124822 7.7 30.97 7.08 7.9 32.89 7.05 3.9 15 79.2 1048
1/16/2009 124838 7.9 30.96 7.09 7.9 32.9 7.05 3 17.1 78.8 1048
1/16/2009 124851 7.7 30.95 7.09 7.9 32.95 7.05 4 18.1 78.6 1048
Annotation at 011609 135 Cypress Island Site 1 west end which was downstream with relatively strong current at time of sampling]
1/16/2009 135406 7.6 30.92 7.03 7.8 32.82 6.94 6.9 0.3 77.2 1047
1/16/2009 135421 7.6 30.93 7.03 7.6 32.89 6.94 3.7 1.4 74.9 1047
1/16/2009 135437 7.6 30.88 7.03 74 32.78 6.94 3.8 2.6 73.5 1047
1/16/2009 135446 7.6 30.93 7.04 74 32.74 6.94 3.7 3.1 73.5 1047
1/16/2009 135454 7.6 30.95 7.04 74 32.75 6.94 4.2 4.9 73.3 1047
1/16/2009 135503 7.6 30.92 7.04 74 32.81 6.94 3.3 5.6 72.8 1047
1/16/2009 135511 7.6 30.93 7.04 7.3 32.74 6.93 3.4 4.5 72.5 1046
Annotation at 011609 141700 : Bellingham Channel "reference"”
1/16/2009 141923 7.6 30.94 6.97 8.6 32.66 6.94 3.1 0.3 83.8 1047
1/16/2009 141933 7.6 30.93 6.97 8.2 32.59 6.93 3.4 1.5 81.1 1047
1/16/2009 141939 7.6 30.93 6.97 8.1 32.61 6.93 3.6 2 80.3 1047
1/16/2009 141945 7.6 30.95 6.98 8.1 32.59 6.93 3.5 3.3 80 1047
1/16/2009 141954 7.6 30.93 6.98 8.1 32.63 6.93 4.2 3.4 80 1048 L
1/16/2009 142003 7.6 30.94 6.97 8.1 32.63 6.93 3.1 4.1 80 1047
1/16/2009 142013 7.6 30.93 6.98 2.1 32.59 6.93 3 4.3 79.8 1048
Recovery finished at 011709 120556
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March 2009 Clam Bay

Date

MMDDYY HHMMSS
Annotation at 031009 133843 : CB

31009
31009
31009
31009
31009
31009
31009
31009
31009
31009
31009
31009
31009
31009
31009
31009
31009

Time

133548
134000
134012
134041
134052
134105
134115
134124
134136
1342325
134241
134256
134306
134314
134323
134334
134345

IBVSvrda BPSvrda
Volts

7.9
7.9
7.9
7.9
7.9
7.9
7.9
7.9
7.9
7.9
7.8
7.8
7.8
1.8
7.8
7.8
7.8

inHg

30.87
30.87
30.86
30.84
30.85
30.86
30.83
30.86
30.84
30.85
30.84
30.84
30.84
30.78
30.79
30.84
30.83

Recovery finished at 032309 202338

Temp
&

7.37
7.35
7.33
7.32
7.32
7.32
7.31
7.31
7.31
7.31
7.31
7.30
7.30
7.30
7.30
7.30
7.30

DO

9.03
8.96
9.04
9.26
9.32
9.50
8.74
9.94
10.15
9.71
9.66
9.69
9.70
9.70
9.73
9.80
9.75

sal
ppt

32.52
32438
32.60
32.54
32.50
32.55
32.62
32.64
32.52
32.60
32.64
32.51
32.61
32.57
32.63
32.56
32.67

pH
Units

1.72
7.72
7.72
7.73
1.73
1.73
7.73
1.73
1.73
7.74
7.74
1.74
1.75
1.75
71.75
7.75
1.75

chl

g/

0.0
0.1
0.0
0.0
0.0
0.2
0.2
0.2
0.2
0.2
0.3
0.3
0.2
0.6
0.2
0.1
0.1

Turb
MTU

18.6
15.1
17.5
15.1
18.5
16.8
15.7
11.8
16.8
16.0
12.8
10.0
8.4
7.2
7.8
6.5
6.4

Dep100
meters

0.4
0.7
2.1
3.0
4.6
71
9.3
11.2
12.6
11.7
13.7
16.3
15.0
20.3
22.6
24.7
26.2

D0%
Sat

92.1
91.7
92.4
94.6
95.4
97.8
99.7
102.4
103.9
99.3
99.0
93.1
99.3
99.3
99.8
100.3
100.7
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BPSvrda
mBar

1044
1044
1044
1045
1045
1044
1044
1045
1044
1042
1044
1044
1043
1044
1044
1044
1044
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Appendix2. Water quality data for Clam Bay and Cypress Island.

Clam Bay DIN (uM) Cypress Island DIN (uM)
Date | Up2m Down2m Up20m Down 20m Ref2m _ Ref20m FarRef2m_FarRef 20m Date | Up2m Down2m Up20m Down20m Ref2m _ Ref20m FarRef2m FarRef 20m
Oct 08 272 Oct 08 24 2.4
Dec08| 27 306 297 287 297 Dec 08 02 31.9 290
Jan 09| =212 322 31.2 0.9 Jan 09 20.0 31.0 20.1 31.2 303
Mar 09 293 27 Mar09| =77 226
Apr09( 201 123 205 17.8 18.8 195 Apr 09 193 19.8 19.2 18.8
Jun 09| 91 143 184 14.9 9.1 16.4 Jun 09| 158 196 17.9 201 17.9 198
Jul 09 12.5 137 144 12.0 13.5 14.4 Jul09| =202 192 21.2 19.8 25 231
Aug 09 13.7 13.0 12.0 2.9 Aug 09 238 2.4 2.7 247
Clam Bay Chlorophyll-a (ugfl) Cypress Island Chlorophyll-a (ug/l)
D ate ] Up2m Down2m Up20m Down20m Ref2m Ref20m FarRef2m FarRef20m Date | Up2m Down2m Up20m Down20m Ref2m Ref20m FarRef2m FarRef20m
Oct 08 0.2 0.1 0.1 0.1 Oct 08 13 13 1.3 1.3
Dec 08| 1.3 09 1.1 1.2 Dec 08 1.2 0.7 1.2
Jan 09 1.3 13 0.1 Jan 09 0.1 0.4 0.2
Mar 09 0.1 15 0.1 0.3 Mar 09 1.5 15 0.2
Apr 09 44 59 5.7 Apr 09 28 a3 28 28
Jun 09| 97 59 a3 9.7 Jun 09 es9 5.7 es3
Jul 09 48 45 37 49 48 37 Jul 09 41 32 29
Aug 09 45 35 29 3.6 Aug 09 1.6 0.4
Clam Bay TVS (mg/l) Cypress Island TVS (mg/l)
Date | Up2m Down2m Up20m Down20m Ref2m Ref20m FarRef2m FarRef20m Date | Up2m Down2m Up20m Down20m Ref2m Ref20m FarRef2m FarRef20m
Oct 08 08 0.9 Oct 08 11 1.0 1.1 1.0
Dec 08 03 07 0.6 0.3 0.3 0.6 Dec 08 1.0 1.0 1.0 0.7
Jan 09 08 0.7 0.9 0.6 Jan 09 14 0.8 0.9 0.8 07 08
Mar 09 023 0.3 Mar 09 1.1 1.1 [K:)
Apr09 1.1 1.3 12 1.1 1.2 11 1.1 Apr 09 12 13 15 1.4 1.2 15 1.1 1.1
Jun 09 1.8 1.8 1.4 1.8 1.4 Jun 09 1.5 1.7 1.8 1.4 1.2 1.2
Jul 09, 1.1 1.1 0.9 14 1.1 0.9 Jul 09 1.3 12 1.7 1.5 0.9
Aug 09 1.8 1.9 0.9 1.2 Aug 09 0.7 0.7 0.8 0.7 1.0
Clam Bay TSS (mg/l) Cypress Island TSS (mg/l)
Date | Up2m Down2m Up20m Down 20m _Ref2m _ Ref20m FarRef2m_FarRef 20m Date | Up2m Down2m Up20m Down20m Ref2m _ Ref20m FarRef2m FarRef 20m
Oct 08 28 38 32 26 Oct 08 54 53 54 52
Dec 08| 25 a2 26 3.1 25 26 Dec 08 34 38 44 43 33
Jan 09 38 28 28 32 Jan 09 78 54 76 71 55 5.1
Mar 09 31 29 35 29 Mar 09 56 56 71 5.4
Apr 09 41 48 44 42 43 43 45 Apr 09 6.1 85 76 6.8 6.1 76 52 58
Jun 09 51 43 45 45 5.1 48 Jun 09 5.1 59 55 5.7 47 43
Jul 09| 33 33 31 3.4 33 31 Jul 09 63 42 93 8.7 59
Aug 09 2.8 37 24 3.3 Aug 09 31 33 30 3.2 36 6.1
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Appendix3. Mean and standard deviation oéplicateshellfish lengths during measurement intervals

EXPERIMENT 1: Oyster growth over time (average length in mm)

Date September 2008 January 2009 March 2009 June 2009
Site Clam Bay Cypress Island Clam Bay Cypress Island Clam Bay Cypress Island Clam Bay Cypress Island
treatment length stdev length stdev length stdev length stdev length stdev length stdev length stdev length stdev
Farm shallow| 374 08 396 27 63.0 1.8 N/A N/A 65.4 14 N/A N/A 775 0.6 N/A N/A
Farm deep 359 14 389 1.2 60.2 24 N/A N/A 61.7 12 N/A N/A 747 1.8 N/A N/A
30m distant deep 36.2 07 393 o § 584 14 61.9 25 59.1 16 60.5 28 74.2 15 705 33
Reference dEEP 36.1 1.2 37.8 0.3 57.1 1.0 57.3 1.8 61.2 15 56.4 13 75.1 1.9 59.8 2.2
EXPERIMENT 1: Mussel growth over time (average length in mm)
Date September 2008 January 2009 March 2009 June 2009
Site Clam Bay Cypress Island Clam Bay Cypress Island Clam Bay Cypress Island Clam Bay Cypress Island
treatment length stdev length stdev length stdev length stdev length stdev le ngth stdev length stdev length stdev
Farm shallow 505 06 474 11 62.9 05 N/A N/A 61.8 06 N/A N/A 64.8 0.4 N/A N/A
Farm deep 50.1 0.7 46.4 05 62.4 0.7 N/A N/A 61.9 038 N/A N/A 65.7 0.7 N/A N/A
30m distant deep 505 03 478 06 61.0 10 56.9 03 60.5 10 58.2 08 62.8 0.8 61.7 13
Reference deep 492 0.6 49.1 0.6 62.2 0.8 57.6 0.6 61.8 0.8 59.0 0.8 64.1 1:2 62.1 0.8
EXPERIMENT 2: Mussel growth over time (average length in mm)
Date April 2010 September 2010 March 2011
Site Clam Bay Cypress Island Clam Bay Cypress Island Clam Bay Cypress Island
treatment length stdev length stdev length stdev length stdev length stdev length stdev
Farm shallow| 213 0.5 20.8 0.2 50.4 2.0 45.9 0.9 56.9 2.1 514 05
Farm deep 216 0.7 20.8 0.2 50.3 1.3 44.4 0.4 56.2 1.4 484 09
30m distant deep| 215 0.4 20.9 0.2 N/A N/A 45.1 0.6 N/A N/A 504 15
Reference deep 20.5 0.4 20.8 0.1 52.8 1.4 44.8 1.0 59.7 0.9 49.1 0.5
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Appendix4. Mean and standardeviation of replicate shellfish mortality counts per each

measurement interval.

EXPERIMENT 1: Average mussel mortality counts
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Date January 2009 March 2009 June 2009
Site Clam Bay Cypress Island Clam Bay Cypress Island Clam Bay Cypress Island
count stdev count stdev count stdev count stdev count stdev count stdev
Farm shallow 8.0 1.8 N/A N/A 7.3 3.1 N/A N/A 31.3 5.3 N/A N/A
Farm deep 3.8 3.1 N/A N/A 3.8 43 N/A N/A 20.3 2.6 N/A N/A
30m distant deep| 118 7.5 1.8 1.7 2.0 3.4 0.3 0.5 38.8 9.4 2.7 3.1
Reference deep 3.3 17 6.0 4.2 2.8 1.3 0.8 1.5 44.5 5.9 2.0 1.4
EXPERIMENT 1: Average oyster mortality counts
Date January 2009 March 2009 June 2009
Site Clam Bay Cypress Island Clam Bay Cypress Island Clam Bay Cypress Island
count stdev count stdev count stdev count stdev count stdev count stdev
Farm shallow 4.5 6.4 N/A N/A 1.5 1.3 N/A N/A 0.0 0.0 N/A N/A
Farm deep 0.5 1.0 N/A N/A 2.0 2.7 N/A N/A 0.0 0.0 N/A N/A
30m distant deep 6.5 3.8 2.5 1.0 1.0 2.0 0.8 0.5 0.0 0.0 0.0 0.0
Reference deep 5.5 2.4 5.3 2.6 0.8 1.5 1.8 1.5 0.0 0.0 0.3 0.5
EXPERIMENT 2: Average mussel mortality counts
Date September 2010 March 2011
Site Clam Bay Cypress Island Clam Bay Cypress Island
count stdev count stdev count stdev count stdev
Farm shallow| 113 13.7 9.3 7.8 9.0 2.6 10.0 4.4
Farm deep 8.7 4.9 6.0 1.0 26.7 17.8 9.7 6.7
30m distant deep| N/A N/A 6.3 27 N/A N/A 9.0 7.0
Reference deep 11.3 9.0 6.7 1.5 5.0 3.5 5.3 2.5
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Appendix5. Mean and standard deviation of replicate mussel mortality lengths for measurement intenEatp@iment?.

EXPERIMENT 2: Average mussel mortality lengths
Date September 2010 March 2011
Site Clam Bay Cypress Island Clam Bay Cypress Island
length stdev length stdev length stdev length stdev
Farm shallow| 46.9 3.2 321 6.9 53.1 3.5 52.0 5.2
Farm deep| 466 8.1 24.3 0.0 53.8 2.4 48.0 1.5
30m distant deep| N/A N/A 27.8 32 N/A N/A 47.7 3.1
Reference deep| 39.1 0.2 27.5 4.1 45.7 0.0 47.7 5.2
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Appendix6. Mean and standard deviatisof replicateshellfish stable isotope results for each treatment within experiments.

EXPERIMENT 1: CLAM BAY OYSTERS

September 2008 55N (%9 5C (%4
average stdev average stdev
initial 9.8 4 0.4 -20.6 0.4
January 2009 &'5N (%9 5"°C (%9
average stdev average stdev
farm shallow 10.8 = 0.1 -19.3 0.0
farm deep 10.7 7 0.2 -19.3 0.8
30m distant deep| 10.8 r 0.2 -19.4 26
reference deep 10.8 v 0.2 -19.3 1.1
June 2009 5'5N (%9 53C (%9
average stdev average stdev
farm shallow 95 4 0.2 -18.5 04
farm deep) 9.1 7 0.2 -18.6 0.3
30m distant deep| 93 3 0.1 -18.3 0.1
reference deep 9.4 =% 0.1 -18.6 0.3

EXPERIMENT 1: CLAM BAY MUSSELS

September 2008 &'5N (%9 5C (%9
average stdev average stdev
initial 9.6 4 0.3 -18.1 0.3
January 2009 5'5N (%9 53C (%9
average stdev average stdev
farm shallow 9.8 % 0.3 -17.8 0.6
farm deep 10.2 4 0.3 182 3.0
30m distant deep 10.1 ¥ 0.3 -18.1 2.5
reference deep 9.4 4 0.0 -17.4 0.8
June 2009 5'5N (%9 5"°C (%9
average stdev average stdev
farm shallow 8.6 4 0.2 171 0.2
farm deep 8.7 . 0.3 17.4 0.3
30m distant deep| 86 " 0.3 A7:1 0.1
reference deep 8.7 r 0.2 A7 0.2
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