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ABSTRACT

Water flow through aquaculture farms drives the transport of substances
(nutriens, therapeutants and pathogers)wever little is known about the spatial and
temporal complexity of water flow at the farm scale. In this study, we quanfites
velocity and dilution at highesolution (one meter) within Atlantic salmon farms in
Passamaquoddy Bay, in the Bay of Fundy. Results suggest that Acoustic Doppler Current
Profilers are an effective tool to obtdiigherresolution spatial estimates water flow
to describe particle movement within aquaculture farms. We observed considerable
variation in water speed and direction between farms anddidgésVariation in the
dilution of tracer (milk) was also detected between farms and sampliagg and overall
milk was diluted to 19 percent of initial concentration in 2.5 minutesr@ters). Rsults
suggest that farms need to be viewed as unique environments, and illustrate the need to
consider the variability ofurrent speed, direction and ditn effect within aquaculture

farms.
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Introduction

Currently, t h e pravaeslecbdystemasenacesltoesebdiann d
people, a population that is expected to nearly double by RIOStaPierce,2016
Geiland et al, 2014).Current mpulation growthprojections havded to concers of
global food insecurity since ouemaining arable land cannot support human nutritional
requirements(CostaPierce, 2016). Fears for food security have led to increasing
demand for energy arabstefficient sources of protein. Sources of proteind as wild
aquatic fish can efficiently convert food into energy and do reuire arable land for
feed, unlike pigs, cows, and chicken®lthough wild aquatic specieare efficient
protein sources, commercial stocdsne will notsupport2100 populatiorprojections
(CostaPierce, 2016). Onod industry that cahelpfill a portion of thenutritional gap
is aquaculture, an industry thatrrentlyoccupies only 4 percemf our oceangFAO,
2014).

The global aquaculture industry produd€ million tonsof combined finfish,
shellfish andsea plantannually, a large proportion of which occurs in Ch{Rr&O,
2017a) Although freshwater species are some of the most valuable in terms of tonnage,
a larger proportion (0.55) of global aquacultpreductionoccurs in saltwateiThe most
valuable saiwvater species ifitlantic salmon comprising 3 percenof the worldd s
aquaculturgroduction (FAO, 207a). Globally, Atlantic salmoraquaculturgoroduction
is low, but itaccounts foa high proportiorof total aquaalture productionn Norway

and some other countriéBablel).



Table 1. The total production of Atlantic salmon aquaculture and proportion of total aquaculture

that is comprisedof Atlantic salmon in someaquaculture producing countries.

Country Total aquaculture productio Proportion of  Atlantic
(FAO, 2018) (all sp.)(tonnes) salmon aquaculture

China 63 721 768 0.006

Norway 1 326 804 0.996

Chile 1050117 0.693

United Sates 444 369 0.089

Canada 200 765 0.615

Scotland 194 492 0.912

Atlantic salmon aquacultubeegan in the late 196081 Norway. Atlantic salmon

are reared in freshwater hatcheries until they reach the smolt stage, at which point they

are placed in open ocean porous net pens (FAO 20TH®.phase continues for

approximately two years, until they reach market size are harvestgdrAO, 2017b).

I n itsbo

rmranedAtiantics selman @reducn was low, however, from 1985 to

1995, dobal productionncreased.2-fold resulting inhalf a million tons (FAO, 2017b).

This expansion drew concerns regarding theasdeoffaeces, uneaten feegmmonia

phosphatesand CQ into thelocal marine environmenthrough porous nettingsome

documentedmpects of effluent release includeenthic organic enrichment, oxygen

depletion, disease transfer and localized habitatrg®n (Wu, 1995 Naylor et al,

2000).To address these concerns, the aquaculture industry improved feed composition

(digestibility) thereby reducinghe release otineaten feedand installed cameras to

monitor feeding(Ang and Petrell, 1997)These chnges have successfulteduced

localized organic enrichmentiowever, large quantite of waste products (faeces,

ammoniaand CQ) continue to enter the madrenvironment. In naturé, h e s e

can contribute to eutrdyication (a net surplus of nugnts inthe environmentjandthey

areused bylower trophic organismir nutrition.

fifwast e



If aquaculture wastes canebconsumed by othemarketable species,
environmental impacts may be reducétlis farming concept is not new; for example,
rice has beewgo-cultured with tilapiam China for centuries (Yanet al, 200). More
recently,Chopinet al (2001) expanded on this concept by including multiple trophic
levels within Atlantic salmon farms and proposeda form of resourcefficient
aquacultureknown as Integrated MuHlTrophic Aquaculture (IMTA) An IMTA farm
aims to ceculture species under the assumption that wastes produced by each trophic
level can be partially captured and removed from egheironment by other species
Aquaculture outputs may ashave the potential to enhance the growtlta€ultured
species, which careduce overalbrganic and inorganic loading while increasitg
value of a farm through the sale of the additional species (DF@).201

In Canada, Atlantic salmon is the mosiuable fed specieand has been used
in IMTA (DFO, 2015) For examplejn Western North Atlantic waters, smaltganic
particles from Atlantic salmon(Salmo salay faecescan potentiallyfeed mussels
(Mytilus edulig, while larger settlingprganicparticlesmay provide nutrients for deposit
feeding sea cucumber€fcumaria frondospand green sea urchinSt(ongylocentrotus
droebachiensis Dissolved inorganicérom both salmon and mussels calso supply
nutrients to macrgae such akelp (Sacchaina latissimg (DFO, 2013. Several
countries haveombined a variety of nativepecies inIMTA systems.For instance,
Canada and Norway cultivate blue musseé¥/tilus edulig, and kelp(Saccharina
latissimg with Atlantic salmon $almo salay (Chopinetal., 2004 Hand et al, 2013,
Spaincultivateskelp (Saccharina latissimawith abalongHaliotis tuberculatd (Freitas

et al, 2016 Viera et al, 2016) and China cultivatesative species suchs kelp
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(Saccharina japonicg, Chinese scallop(Chlamys farreri), and Rcific oyster
(Crassostrea gigggdogetherBarringtonet al.,, 2009)

IMTA targetsextractivespecies that have market value and medicinal properties.
Species such as blue mussels, &aipd echinoderms are already grown in monoculture
and thus have market valu€&chinodermsare particularly highly valued species
(Purcell, 2014), and thegrealsobelieved to possess medicinal properties (Nettal,
2012H. IMTA has garneredmuch global interestand research has focused on
understading the interactions between fed and extractive spe@esrington et al,
2009)

Early IMTA research studied extractive species and their ability to
consumedigest finfish wastesResearchergound mixed results whethey compared
the absorptiorefficiency of extractive species feeding on finfisedes,natural seston,
and microalgae. Musseland sea urchindiad similar absorption efficiencies when
consumingnatural seston or kedgn comparison to finfish faecgfeid et al, 2010;
MacDonaldet al., 2011, Orr et al, 2014), while ®a cucumbers digested significantly
more nutrients whenhey consumedalmon faeces (Nelsoat al, 20123. Scientists
have also examined extractive spegigsr at ur al 6 consumption of
placing themin proximity to active aquaculture farmsTissuesamples indicated that
blue mussels and sea urchins living in close proximitycaenmercial fish farms
contained anthanxanthinan additive inAtlantic salmon feed), confirming thahey
consumedsalmonfeed and/or faeces (Graydoret al, 2012. Research suggests that
extractive species can consume and digest aquaculture wastes, but extractive species

growth may not differ when cultured in IMTA in comparison to monoculture.
4
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Several studies hawevestigated the growth of extractive species on aquaculture
farms and reference siteSeveral macmgal species culture@ddjacent to fish farms
grew largercompared to those cultured at a reference $itee{l et al, 1997 Chopinet
al., 1999 Chopinet al, 2004 Sanderson2006 Handd et al, 2013 Wanget al, 2014.

In separate studies,edosit feeding sea cucumbeed sea urchinslso grew
significantly faster undea farm compared taa referencesite (Cook and Kelly,2007
Hannahet al, 2013 Yokoyama,2013 Yu et al, 2014).Blue mussel findings were
mixed; some studie$ound aquaculture improved tiregrowth (Wallace,198Q Stirling
and Okumus199%; Pehardeet al, 2007 Sa@ et al, 2009 Landeret al, 2012), while
othes found no significant differencesm growth between aquaculture and reference
locations(Taylor et al, 1992 Cheshuket al, 2003 NavarreteMier et al, 201Q Irisarri

et al, 2015. This discrepancy in findings may be due tdfedences in local
envirommental conditions, angpatial discrepancies in placement of study species from
farms. A recentmetaanalysis investigated the growth of kelpnd mussal in
association with acqeculture (Kerrigan and Sucklin@016. The authors considered
effects ofdistance from farm and found thatussels grew significantly largevhen
cultured 060 metersfrom finfish cages andlid not grow significantly largewhen
cultured more than 60 meters from cadigrrigan and Suckling2016). Although
studies such ashos done byKerrigan and Suckling (2016) found an overall
enhancement ithe growth of musselsultivated near finfishsomeextractive species
produce waste as welind thusthe addition of species on farms may not redinee
overall waste producenh IMTA designs Some tudiesconsidered thisnd estimated

the removal potential of blue mussels. Cranferdl (2013) assessed the ability of blue
5



mussels ingest particles given a fixed concentration and current speed through 1m
water. Reidet al (20130 estimated the total particulate matter produced on a finfish
mussel IMTA farm and callated the total removal potential mfusselsconsuming
different diets (i.e., faeces, sestargingthe respectiveabsorption efficiencyResults
from these twascoping studiesuggestd that if extractive species consume at least 15
percent of fed species waste, there will be a net reduction in waste entering the
surrounding environmenCfanfordet al, 2013 Reid et al, 2013). Extractive species
may notconsume 15 percent of aquaculture wastes in nutrient rich regions such as the
Passamaquoddy Bdecausenutrientsare not limiting and currentsansport nutrients
quickly. In addition, marine aquaculture does not operate in isolation. Complex
interactions beteen aquaculture and wild species complicate the dynamics of IMTA.
Studies show that fish aggregate around aquaculture farms, usingptiséri&tures as
settlement and feeding grounds (Dempster 2002, Dempster 2004, Ferdanelet al.,
2009, Pittaet al, 2009). In addition, the fatty acid composition of wild fish found near
farms suggests that they had consumed finfish wastes kalg2003. On a smaller
scale, bacteria consume a portion of available carbon from aquaculture farms (Bradford,
2017). While, both wild and IMTA species can consume wastes, it is not clear if
aquaculture outputs have the potential to enhance IMTA species growth.

Experimental ceculture farms have been operating in the Passamaquoddy Bay,
Bay of Fundy si (Baringtdndt al, 2608)rTheyPasath@qQodldy Bay
IS a unique region wherthe tide rangespproximatelys5 meters every 6 hours. Given
the large tidal exchange, these waters are well mixed, and rich in nutrients. In addition,

the presence of islands antaanelsin the Passamaquoddy Bayeates strong and
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highly variable currents, even giving rise to one of the largstipools in the world

( @ld Sowp). Studies have investigated the growth of extractive spactesdAtlantic
salmon farmsn the Passangaoddy Bay, but have found conflicting results. Laneter
al. (2012) found that musselgrew better in association with aquacultuferms,
compared to reference sites but Irissatial (2013 found no benefit of salmon
aquaculture to mussel growtl\gain, results may conflict because they differ in
experimental desigryisarri et al (2013 used a smaller samptd musselsand grew
themfartherfrom the aquaculture farthan Landeet al. (2019. Discrepancies between
Irisarri et al. (2013) and Landeet al (2012) paired with the findings of Kerrigan and
Suckling (2016) suggest thatulture distance from farmsay impact theamount of
wastes availabléor consumption by extractive species.

Conflicting evidence with respect to increased species grivarthmany studies
suggests that extractive species may not dmtipned tooptimize nutrient recapture
The placement of xractive specieson Atlantic salmon farmgequires additional
structures to contain them. As suchrrent desigaof IMTA farms are constrained by
space extractive species structures must not only accommodate existiingh fcages,
but also the spadbatworkers needo maneuver between cagés.addition, provincial
regulations in New Brunswickrohibit the cultivation bextractivespeciesbeyond he
lease area of the farmhus mussel circles and kelp rafts are positioned where space is
availablerather than wherthe organismsan best consume fish farm wastes

Particle ingestionand inorganic nutrient absorptioby extractive speciesare
primarily governed byhe rate of transport (water speedidrate of dilution (mixing)of

nutrients available to them (Wildishet al, 1987%. Mussels andmacroalgaeare
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stationary, and rely heavily on their environment to providegients to them. On the
other hand, species such as sea cucumbers and sea urchins can move, albeit slowly, to
seek a more optimal environmenyet even theyh av e Apreferredo
environmental conditionsonstraining their movemefiba Silvaet al, 1986 Holtz and
Macdonald, 2009)For instancethe orange footed sea cucumber is known to optimally
ingest food in flow rates from 385 cm/s Holtz and MacDonald, 20Q0%nda different
study suggestedthat tagged California sea cucumbersP@rastichopuscalifornicug
move3.9 m/day (Da Silvat al, 1986) If flow speeds are too fast and concentrations of
food are too low, growth of extractive species may not be optiatahresent local
environmetal conditions are not considered when positiongx¢radive species on
farms. To optimize nutrient captur@xtractive species placement may require detailed
assessments ofatervelocity anddilution, over space and time

Water flow is integral to life in the ocean, it drivehe movementand
concentrationsof substances in the ocean. Water flow controls the movemient
organisms transport ofnutrients (oganic and inorganic), and the removal of wastes.
Water flow also controls physical variables such as temperature, salinity and light
penetration. These bamical and physical features control the distributions of species in
the ocean. For example sensitive life stages such as eggs, larvae and juveniles are known
to be less tolerant to fluctuations in temperathen adult stage@inet, 2003)Delays
in development or mortality can occur if thresholds for temperature are exceeded.
Species mobility also impacts their threshold for physical condit{®nset, 2003
Benthic species that have the ability to move tend to be less tolerant to changes in

salinity than sessile speci€éBinet, 2003 Since mobile species can move towards more
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favorable conditions they have a narrower range of tolerance for salinity than sessile
species that do not have the ability to control their environifi@net, 2003 As such

in order tooptimize nutrient extraction, placement of species should coincide with their
environmental requirementécurrent speed, particle concentratiorfey maximum
particle capture.

In theory, flow can be characterized as laanior turbulent. aminar flow has
uniform speed and directipmnd is associated witthow speeds and high viscosities
(Pope, 2001) The velocity profile of laminar flowdecreasesontlinearly (semk
parabolawith depth; asvaterapproaches a boundary, utslocity decreaseat a faster
rate In nature,water flow is never perfectlyaminaraside from small temporal and
spatial scalesbut rather isturbulent ad chaotic (Pope, 2001). Flow becomes
increasingly trbulent at low \gcosities and high speeds, acah manifestdue to
gravitational/ density differences in wateriorthe presence of a boundaryouhdary
induced turbulence arises when fl@mcountersa boundary surface such #we air
surface water interfac@cean flooy or a submerged structur@?ope, 2001)As water
approaches a boundaryictional forces cause flow tbecome chatx, creating eddy
formations and promotindurbulent dispersion. The nature of the boundatso
influences the degree of turbulenc€or instance, variations in bottoneight pomote
the formation of eddies and inconsistencies.tie case of aquaculturbpundaries
suspended in the water colunsubmerged sea cagesldcomplexity to flow dynamics
(Klebert et al, 2013. Since flow speed/direction and mixing rates (dilution) are
impacted by aquaculture cage structures, tiana in flow may influence thenovement

of oxygen, pathogenandwastes.



Cage structures are known to act as point souisiegle point of release)f
nutrient releaseThey also act as barrie(point of obstruction)causing a reduction in
flow (Klebert et al, 2013), andan increase iurbulent mixingdownstreanof cages
(Helsley and Kim 2005Stevens and Peterson, 201These cage barriers can dampen
flow velocity (Klebertet al, 2013, Cornejet al, 2014). As water approaches @age,
the obstruction causespaessure gradiend form andwaterfipiles um around the sides
of the cage causing flow to accelerate downstream along the sides of thgKiafpert
et al, 2013. Flow can also be reduced begtting,especially wherthey becomefouled
with sessile organisms (Swit al, 2006 Ganselkt al, 2012g Ganselkt al, 2012). As
a result, flow within and around aquaculture farmsamplex andmulti-scak. Studies
have investigated the complexibf cagescalehydrodynamics by measuring velocity
around scald-down cages in flume tanksddiscoveredlow reduction downstream of
cages (leland 1993 Turneret al, 2016). However,only two studies have empirically
investigatedthis phenomenon within and around active finish farms (Joharetsal
2007; Rasmussest al,, 2015).

In addition to changes in flow velocity, aquaculture cages can induce changes in
mixing rates(Helsley and Kim 2005)Mixing as a result of moleculdiorces and
turbulencedrives the rate at whichnutrientsdilute; the rate of dilution increases with
turbulent mixing.Okubo (1971) conducted early research in the diffusion of dyes in
surface ocean waters. His findings sugeeshat dilution and varialtly in diffusion
from a point source increase with distance (Okubo, 197he relationship between
dilution and distancéas been observed when releasing therapeutants in sea cages and

empiricallymonitoring their movement away from the cage (Retga., 2014).A recent
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study found a tenfold dilution of a\zamethiphos tarp treatme(ihsecticide used to
control sea lice infectiong)00 m from the point of releagErnstet al, 2014) A second
study founda dilution factor between one and temly 30 mnutes after a tarp was
removed from a cage; releasingethomogeneously mixed therapeutéPageet al,
2014). Whilethis studytracked dyesetween 0.5 and 2 kaway from cages, little is
known about dilution within the leaseeaof a farm 0-50 m fromcages).

While few studies haveampledlow velocity and mixing at high resolutior(é-
50 meters)within farms,morestudies have quantifidtbw velocity and mixingat lower
resol uti ons (sh@difters and singlpoatt acoussicsLower resolution
techniques have allowed scientists to track the movement of particles from their point of
release and have provide information on flow velocity angbarticle residence time.
This has helped identify locations for new site leases, improve fish farm design, and
implement Bay Management Areakg(and 1993 Changet al, 2007 Cardia and
Lovatelli, 2015). While our understanding of flow has helpedhe management of
aquaculture fans, the release of wastes ah& movement of pathogens continue to
contribute to enviromental degradation and economic less(Naylor et al, 2000
Costello, 200% Improving our ability to minimize disease transfer and maximize
nutrient recapturevill requirehhigherresolution techniquethat quantifyflow velocity
and mixing.

Lower resolution techniques hadmeen used to investigatdne impacts of
aquaculture cages on floand thus farhave been tested in the tabtory because
measuring flow at aquaculture farms can be costly andstioglly challenging.

Hydrodynamic inputs in farrscale models typically usg#epthaveraged current speeds
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or do not consider variabilitfhorizontal or verticalin flow at all (Panchanget al.,
1997 Dudleyet al, 200Q Cromeyet al, 2002 Doglioli et al, 2004 Ali et al, 2011
Venayagamoorthyet al, 201). These model assumptiomsust misrepresent flow
because horizontal and vertical boundarsesh as the air/water interface, seaf| and
aquaculture gear can significantly alter flow speed and mixing aagshuscannot be
averagedr ignored(Fanet al, 2009 Gansekt al, 2014 Turneret al, 2016.

Although not numerous, sonsudies have quantified flow velocity and mixing
in the field. While dilution is typically estimated usinig@grangianapproaches, i.e., by
following the same parcel of water over space/timesteffortsto measuren situ flow
velocity haveusal eulerian techniquesuch asnooredAcoustic Doppler Veloimeters
(ADV) and Acoustic Doppler Current Profile(dDCP), which do not quantify flow
over spaceWhile eulerianapproaches quantify patterns over temporal scales, they
provide no horizontal spatial resolutioand may notprovidefine enough resolutiomo
quantify waste dispersiowithout multiple unit deploymentsviore recently, Acoustic
Doppler Current Profilers (ADCP) have been coupled with GebgraPositioning
Systems (GPS) toollect flow velocitydatathroughout the water columRasmussept
al. (2015)measured the flow velocity in linear transects upstream and downsifeam
row of sea cagessing an ADCPand founda reduction in flowdownstreamof the
cages. This study used a vessel moudtBLP, which wasquite large andtould not
have been positioned between cages in an arrdg. our knowledge, no studies have
conducted extensive spatial and temporal assessments of the flow velocities within cage

arrays.
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In addition to a lack of highesolution assessments of flow velocity within
aquaculturefarms, no field studies have quantifiede dilution of a tracemwithin
aquaculture farmsStudies that have quantified dilutidravetracked the movement of
tracers(e.g. therapeutds) from cages in the fielErnstet al, 2001 Pageet al, 2014
while others have estimated dilution using modelling approacheki€lsley and Kim,
2005 Cornejo et al, 2014) Evidence from labratory modelling, and some field
studies suggests that aquaculture cages significantly reduce flow speed €fuaher
2016) and increase turbulent mixing downstream of cages (Coatejb, 2014).Since
particle flux depends upo flow speed and dilution ratedescribingthe variability in
those parameterswithin farms may improve our understanding of the
transporationretention of nutrient and pathogens around aquaculture farms.

This study aimedo assess the usefulness of a towed ADCP to describe flow
velocity within aquaculture farmsin addition, we investigated the impacts of cage
structures on the dilution ofteacer Specifically, weinvestigatedlow velocity fields in
the horizontal and vertical dimensions at a variety of temporal seéles and around
cages in Atlantic salmon aquaculture faim®assamaquoddy Bay, Bay of Fundy. Here
we hypothesize thatelocity will not be uniform in the horizontal and vertical domains.
We then considexd how cages impact the dilution of a tra¢erilk) downstreanof a
cageand in the alley of a caghypothesizinghatthe dilution of milk will differ around
the cageResults are therdiscused with respect tathe current conceptual model of
IMTA, sampling desigh on aquaculture farmghe movement of diseases, and the
placementof extractive species on IMTA farms in general apmkcifically to the

Passamaquoddyay.
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Methods

Flow dynamicswithin five Atlantic salmon farms

To better understand the variation in flow speed and directienmeasured
current velocitywithin five Atlantic salmon farms in Passamaquoddy Bay, Bay of
Fundy which isaregion characterized bgxtreme tidal range and mixingideés range
five metersfour times daily inthe Passamaquoddgay and the area is surrounded by
coves andslandsthat causespatial variatiorin water exchangbeetween regions of the
bay. The five studyfarms cover a wideange of hydrographic conditions and rates of
water exchange (Table .2Hog Island and Hospital Islanétlantic salmon farmsare
located innorthern Passamaquoddy Bay, whista relatively sheltered arégigure 1).

In the past, cages located in this region have had problems related to poor water
exchange $hane BishopCooke Aquaculture site manager, pex@nm). Navy Island
Atlantic salmorfarm s situated in opewater between Navy Island and Deer Islaod
the western side of Passamaquoddy Bay, and experiences moderate tatdsgof r
water exchangeHgure 1). Doctos Coveand Fairhaven Atlantic salmon farms are
found in coves off Deelsland, where narrow channels prombigh rates of water
exchange(Figure 1). Farmscale ADCP samplm was conductedbetween May and
August 2015t thefive farms, which were stocked in the spririgable3). Both ebb and
flood tides were surveyednce atall farms exept Hospital Island due to time
constraints Table 3). In additon, to determine how current speed and directiary
over tide Hog Island was surveyed three condeeutimes in one day on an ebb tide

and four consecutive times during a flood and ebb tide on a differentTdhle Q).
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Interpolations of current speed avelocity (current speed + directiomjere created for
surveys of all study depths. The deepest depth bin of each sample (unique latitude,
longitude profile of the water column) was used to interpolate (natural neighbor) the sea
floor over space to visualize bathytme Wind speed and direction data were obtained
from NOAAGs National Data Buoy Center,
graphicallydepicted torepresent the stage of the tide during the sampling suydvey

tideE softwarejTides 5.9.

Table 2. Location and provincial aquaculture farm designation for ADCP study sites within Bay
Management Area 1 inPassamaquoddy Bay, Bay of Fundy.

Region Marine Aquaculture Site Coordinate (latitudelongitude)
Navy Island MF-0377 45.0312N, -67.0111W
Hog Island MF-0504 45. 1288N, -66.9606W
Hospital Island MF-0084 45.1261N, -67.0144W
Doctors Cove MF-0051 44.9370N, -66.9832W
Fairhaven MF-0059 44.9651N, -67.0121W
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Figure 1. Map of study sitessurveyedin Passamaquoddy Bay, Bay of FundyCanada
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Table 3. ADCP mapping information for each ebb and flood survet all five study sites located in
the Passamaquoddy Bay, Bay of FundyCages were stocked with fish at the beginning of May (A)
or at end of May (B) 2015.

Average survey ~date Fish
Date Site Time (:m) Tide #ofcages transect area cages  size
m/d/y length (ha) stocked (g)*
(m)
5/25/15 Navy 8:42-11.:05 Ebb 18 348 41 A 200
Island
6/15/15 9:37-11:41 Flood 18 340 32 A 300
7/23/15 Doctors 10:31:11:07 Ebb 6 + 6 empty 185 13 B 450
Cove
7/31/15 9:3910:17 Flood 6+ 6 empty 260 9.5 B 500
7/12/15 Fairhaven 10:0610:46 Ebb 3 270 221 A 300
7/31/15 11:0711:39 Flood 6 360 10.6 A 700
7/27/15 Hospital 10:4611:33 Ebb 6 620 184 A 700
Island
7127115 Hog 13:2814:06 Ebb 6 480 15.3 A 700
Island
8/11/15 7:458:36 Flood 6+ 1empty 428 20.1 A 850
9:01-9:55 Flood 6+ 1empty 430 23 A 850
10:2311:17 Ebb 6 +1empty 430 21 A 850
13:23:14:16 Ebb 6+ 1empty 428 24 A 850
8/31/15 9:3410:35 Flood 6+ 1empty 433 13.6 A 100
0
11:3412:08 Flood 6+ 1empty 430 16 A 100
0
13:4814:33 Flood 6+ 1 empty 450 15.8 A 100
0
An RD Instrumentf RDI ) Wor khorse 600 KHz

Ri

behind a small outboard vessel to quantify current speed and dirdéigome(2). The

ADCP transduer producedfour acoustic beams, two measuring horizontal velocity (x,

y), one measuring vertical velocity (zand a fourth estimatingrror of velocity
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estimates. The quantity of acoustic beams enabledrbggiution water velocity data
collection witha precision of 2nm/sin all three dimension A DCP6s quant i fy
velocity by measuring the speed of moving (particles in the water) and stationary (sea
floor) objects (Muelleet al, 2009). The transducer transmits a sound signal through the
watercolumn which reflects off oparticles (e.gplankton)andthentravels back to the
transducer (Muelleet al, 2009). When sound reflects off the seafloor back to the
transducer the speed of the boat is provided (Muelleal, 2009). To dtermine the
speed of particles, and hence water fl@applereffect, orshift, is used. The Doppler

shift occurs when a sound source (reflection off the particle) nareggsessively farther

or closer to the listener (transducer), producimy@ressiveehange in saud frequency
relative to the transmitted frequency (Muellet al, 2009). The change in
horizontalvertical position of the particle relative to the transduisea function ofthe

speed of the partielwater + the speed of the boat, enablinggpheed ofthe particle

(i.e., flow) to be obtainedy subtracting the speed of the boat from the speed of the
particle + boatThese sound signals (xzy provide information on the direction of the
particle.To reduce interactionsetween ADCP acoustic beams amgjine turbulence,

the transducer was towdaree meterbehind the outboard vessel.

The towed ADCP consisted of a transducer, Trimaran float, field laptop,
Hemisphere GPS and lang-range Bluetooth receiver. The transducer was housed
within the central Timaran float (Figure 2). Prior to data collection, the internal
compass was calibrated and the magnetic correction of 17.645 was entered for the study
region. Once the compass wawasasadtodomnect e d

the ADCP and the GPS to the Bluetooth receiver. An optimal acoustic sampling rate
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was then configured by allowing the transducer to collect data in ambient water
conditions prior to the survey. Pings were emitted based on depth catisiagrwater
speed, and turbuleaf the survey regigras recommended by the manufactRiDI,

2015). Additional settings such as blanking distance and tracking mode were also
configured. A blanking distance of 0.0%tarwas chosen according to theptte of the
transducer relative to the surface when tovaedrecommended by the manufacturer
Througtout the duration of each surveyi n Ri ver |11 softwarimE was
situ flow measurementslransectsvere donebetween rows of the cage arré8urvey

time varied markedly between sites because farm sizes differed. For ingt&omecas

Cove (L2 cages)each survey took rough#s minutes and 13 transects were condycted
however,at Navy Island it took roughly twhours to conduct 19 transectsahgh 18
cages(Table 3). To maximizespatial coveragein the y domaintwo transectswvere
conductedbetween each row of cagésigure 3). In some instances, proximity of tows
near cagesvasnot possible duéo floating lines, so not all transects were paralldéie
ADCP collecteddata poing every ®cond, throughout each tsmtt Eachdata point
consistedof a unique georeferenced position (latitude and longitude) and measures of
speed and direction throughout the water colummnsome instanceshe ADCP took
multiple measures of current speed within a gineater depti{(2-3 data pointsimeter).
When that occurredjalues were averaged generatea single value of current spefmt

a givenmeterdepth bin. Theselata points (Bdata pointsimeter) were averaged for
each study depth (one, five, eight, ten meters)ametdagevalueswereused to calculate

theoverallmean current speed a given study depth af farm survey
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Figure 2. ADCP towed ona Trimaran between salmon cages.
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Figure 3. Example of ADCP tow transects from the survey of Hog Island Atlantic salmon farm on
July 27, 2016.Transects are represented by the lines and circles represent Atlantic salmon cages.
The x and y axesrepresent longitude andlatitude, respectively

ASCII data files were exporteilom WinRiverll into Excel. In some instances
the ADCP was unable to measure flow (speed and direction) or produced erroneous
extreme values. As such, wemitted missing datawas omittedfrom analysis and
interpolatiors where the ADCP was unable to measane the last five percent of the
data comprising extrentagh values.Missing or erroneousxtremedatatypically occur
under highly turbulent conditions, such when measurementare madeclose to the

surface andea floor(Muéller et al, 2009). These extreme values were often between
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100-200 cm/s which is considerably higher thhe averagg25 cm/s) and rang-65
cm/s) in current speed obtaineafter exclusionof these dataAlthough the last five
percent of data likely contained some acaigdta, removal dive percentnsured that
all erroneous data wemsmittedfrom theanalysis Removal of these data did not change
the overallconfiguration of contour plots

There is a possibility that turbulence from the propeller on the outboardeengin
disturbed the water from the first meter of the water column in comparison to successive
layers thereby causing more variation in measurements of current speed and direction
To test this compared the coefficient of variatiafi water speed and diréah between
the first and second meter of wat&incedata pointsfor a given depth bin over the
survey areat times exceeded@O0 and sample sizes between depth bins were uneven,
arandom independent subsdmmvas selected in both deptA® determinenhere the
mean and standard deviation stabilized, these two parameters were plotted for sample
sizes 0of10, 100, 1000, 200@nd 3000Random independent subsamples between-1000
2000 data points were themsed based on the stabilization poirfh=10002000)
otherwise slightly smaller sample sizes were chosen if there were less than 1000 data
points in agiven depth bin.A two-sample itest wasconducted todetermine ifthe
coefficient of variation invater speeé@nd directiorat one metemandtwo meters degh
differed significantly

To visualizethe water speed and direction within and around 5 famamisbles
such as current speed, direction, latitude, longitude, eaatidghorthing werelotted in
t he dat a visuali zing s o f t Hasthge andSmorthing r E = ( C

represent the directional components of the current speed in x and y coordinates
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respectively Georeference@-D contour plots were then created to visualize the current
speedand directiorbetween cages. The nearest neighbor mettazdusedo interpolate
the transect data points in locations that were not saptpled pr ovi de a O0dat a
visual over the sample areghe nearest neighbor approach fills in reampled areas by
assuming the value of the closest sampled p@ntrent speed and velocity (current
speed + directionjvere plotted separately and subsequently superimposed to visualize
their relationship over spacd-irst, current speeds were plotted using georeferenced
scalar dataThen, a2-D vector plot was produced ugj georeferenced easting and
northing vector data to visualize flow directioviector plots were also interpolated
using nearest neighbor, where the magnitude and direction refer to the closest measure
of current speed and direction by the ADCRpths ofone, five, eight and temeters
were contouredo represent the different zonesiofluence.A depth of me metewas
chosen because this region is primarily impacted by winds and the cagetbelidisat
on the surfacsuspendindhe netsA depth offive metes was chosen to represehe
influenceof the fouling of the mesh on the cagasd the fish themselveé. depth of
eight meters was chosen because this representsttal depth of the cagasd a depth
of ten meters was used ttepresentr deph below cages, where water msyeed up in
the absence afage obstruction.

Cages and other abiotic variables such as wind, tide and topography are known
to have an impact on water flokn ANOVA was usedd determine if there was a
difference inthe aveagecurrent speed ovestudydeptts. Tukeyd test was themsed to

determine which study depths differédrandom subsamplef data pointsvas used for
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this analysis andbllowedthe same protocalsed to subsample coefficient of variation

in current sped and direction

Dilution estimates within two Atlantic salmon farms

To estimate dilutiontracer (nilk) was releasedround cages awo of the five
farms from theADCP velocity assessmeniSigure4). Only two farms were surveyed
(Navy Island and Hospital Island) due to time constraints. Navy Island was surveyed
once m two separate days and twice arthird day, while Hospital Island ws only
surveyed oncéFigure 4). We were also interested in comparing the dilution between
two points of releaswithin the farm array. Studies suggésat cage stretures cause a
reduction in flow downstream of cages and an increase in flow alongside cages in the
downstream direction (alley) (reviewed by Klebert et al., 2013). To determine if dilution
rates differed between locations, tracer was reledeeahstreanof an Atlantic salmon

cage andn analley alongsidecages Figure4).
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Figure 4. Map of milk release locationaised to estimate dilution at two Atlantic salmon farmsn the
Passanaquoddy Bay, Bay of Fundy. Blue tcles indicate sanpling sites, grey circles represent
tracer releasepoints and arrows represent tracerdirection.
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Tracer studies typically release fluorescent dyes, which, with the use of
fluorometers or water analysis can provide information regarding the dilati®of that
substance over space/tifl®kubo, 1971) However, as a low cost and highly visible
alternative we chose to use powdered mak it contrasted with the water and was
visible with an aerial droneAlthough wedid not measure the dilution ofhe milk
directly, flow rates captured througime-lapse video analysis wenesed to later
estimatethe dilution of milk from the point of releas®msed on the increasetime size
of the milk cloud To prepare the tracer samplkg of powdered milk wasnixed with
sea water in 20 L bucket until the contentsere dissolvedThe tracer 20 L) wasthen
released atach oftwo dfferent pointsand tiroughout thdrials a geo-stationarydrone
wasdeployed at 100 etersabove the farnto capture the movemeand dispersion of
the tracer. The dronmllowed the tracer plume for teminutesper trial and captured
high-resolution images every fiveeconds.The surface area of every plume was
estimated by importing drone | mamg&fsr i nt o
image analysis. The known radioba cagewas used as a calibration reference length
for each imageT he p | u me s @distamoeywasmestimated by measuring the
linear distance between the middle of the plume anideal fpoint present in afive
frames To determine the size of the plume, the surface aras tracedevery 35
seconds foffive frames depending on the visibility of the plume in the imagé®
avoid disturbing the naturahape and movement of the plume, we did not empirically
measurehe depth of the plume.

To estimate the change aoncentration over time, the law of conserving volume

was used C1V1=C2VZ1 and C2 represent the initial and final concentratamisV1,
26



V2 represent the initial and final volumes of the plume. Sincedaheentratiorof milk

was not empirically measured during the experiment, we assumed that the initial
concentration of milk was 100 perceht addition, thesurface area measured in Image

Pro pluss was used to estimate the volunSince the images wer2D it was not
possible to measure the z sixdiameter;however,for the purpose ofhis study it was
assumedo be onemeter Conservation of volume law was then used to estimate the
concentation of milk for all frames sampledlhe concentration of the plume does not
reflect the instantaneous concentration at a given distance travelled since the plume area
is large, however, to measure instantaneous concentration would have involved
disturbng the plume.

To estimatethe dilution rateof milk released at aquaculture sites, we modeled
the relation between milk concentration and time using the folloexpgpnentiadecay
function (concentration=a*¥¥¥), where x represents time or distante determine if
there was a significant association between time/distadepefdent variable) and
concentration (independent varidhlaP e a r sarreldiian coefficient was computed.
Pearsonds correlation coef fThedilwionratemes s quar
comparedetweerreleaseslone downstream afages andthosein alleys byexamining
the 95 percentonfidence intervals arourtdh ed fipba r ,avhieh tefiectsthe rate of
change in concentratidinat is associated with a unit changehe dependent variable
(distance or timeln the exponential model

To modeldilution rates, we estimated the time and distance particles would take
to return to background levels in Passamaquoddy Bay, based on different initial

concentrations. Backgrodnlevels (1.8 ug/L ) for the area was estimated based on
27



Lander et al (2013) and Brageret al (2015) field investigations of seston
concentrations in Passamaquoddy Bagnges of starting concentrations weh®sen

25, 20, 15, 10, 5, 3 ug/L of seston.éde concentrations aabove or neatdevels found

in the Passamaquoddy Bajo calculate the time and distance it would take to reach
background levelsinitial concentrations were input intdilution curves from Navy
Islandon October B, 2015 tracer flease. @rrent speed (distance/time) was estimated
by measuring the distance travelled by a point (centroid of plume) over time (frames).

Distance was measured using the same matbked in thdracer trials.
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Results

Flow dynamics within five Atlantic salmon farms

There was no significant difference in the coefficient of variation in current
speed (t=0.66, df=22.3, P=0.5) (Table 4) or current dire¢tror0.83, df=24.03, P=0}4
(Table 5)between one and two meters depth when comparing supfegB study

farms.
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Table 4. Average, standard deviation and coefficient of variation of current spee(tm/s)at one and
two meters depth for all surveys of study farms in the Passamaquoddy Bay, Bay of Fundyata
points (N) were randomly selected throughout the duration of the survey.

Survey Tide N Mean £SD Mean+SD Ccv cv
1meter 2 meters 1 meter 2 meters
Navy Island Ebb 2000 14.646.8 20.2499.18 0.46 0.45
Navy Island Flood 2000 18.7+8.6 22.440.3 0.46 0.46
Fairhaven Ebb 2000 9.1245.3 13.647.46 0.58 0.54
Fairhaven Flood 2000 16.3+15.7 18.7414.3 0.95 0.76
Doctors Cove Ebb 2000 22.8+13.8 25.5#14.5 0.60 0.56
Doctors Cove Flood 2000 24.4+17.0 25.746.4 0.69 0.64
Hospital Island Ebb 2000 17+6.0 17.446.9 0.35 0.39
Hoglsland Ebb 2000 10.2#4.5 9.6+4.5 0.44 0.46
Hoglsland August 1%  Flood 2000 13.3+7.7 18.3t9.2 0.58 0.50
Flood 2000 14.618.4 21.6+10.4 0.57 0.48
Ebb 2000 15.249.6 24.0H12.6 0.63 0.52
Ebb 2000 15.0£10.0 25.6:14.6 0.66 0.56
Hoglsland AugusB81® Ebb 2000 11.4+5.9 11.045.5 0.52 0.50
Ebb 2000 19.5+6.65 13.846.7 0.34 0.49
Ebb 2000 16.8+7.2 13.8t6.7 0.42 0.48
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Table 5. Average, standard deviation and coefficient of ariation of current direction (°) at one and
two meters depth for all surveys of study farms in the Passamaquoddy Bay, Bay of Fundyata
points (N) were randomly selected throughout the duration of the survey.

Survey Tide N Mean +SD  MeantSD Ccv (4Y)
1 meter 2 meters 1 meter 2 meters

Navy Island Ebb 2000 207.7#43.1 210.44%65.2 0.20 0.31
Navy Island Flood 2000 112.5#55.9 124.274.8 0.49 0.60
Fairhaven Ebb 2000 238.1+83.8 216.A97.1 0.35 0.44
Fairhaven Flood 2000 196.1+82.1 187.%84.4 0.41 0.44
Doctors Cove Ebb 2000 204.3£82.5 205.%#88.1 0.40 0.42
Doctors Cove Flood 2000 139.2+121.1 146.%118.9 0.87 0.81
Hospital Island Ebb 2000 242.9+22.7 211.5%50.4 0.09 0.23
Hog Island Ebb 2000 241.6£52.6 184.1#4.6 0.21 0.40
Hog Island August Flood 2000 213.3+119.7 198.6#111.7 0.56 0.56
11

Flood 2000 146.2+111.6 158.:107.3 0.76 0.67

Ebb 2000 148.5+97.1 160.4#93.5 0.65 0.58

Ebb 2000 157.4+98.3 169.4193.1 0.62 0.54
Hog Island August Ebb 2000 253.2+67.4 2223+83.13 0.26 0.50
318t

Ebb 2000 252.6x44.6 223.5#3.8 0.17 0.33

Ebb 2000 279.8+74.7 2371+87.9 0.26 0.37
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Navy Island

Water depthganged betwee@0-25 metersdduring the ebb tide survey of Navy
Island on May 2%, 2015(Figure5). Current speesirangedfrom 1-43 cnvs (Figure 5)
and the meawurrent speed at one, five, eight ard ineters was 14.6, 22.21.3, and
19.5cm/srespectively Table 6). Horizontal current speedwere patchy at the surface
(one meten, with slower speed§0-15 cm/s) generally foundupstream and throughout
the farm arrayandfasterspeeds Z0-25 cm/s) downstream of the arrayF{gure5). At
five and eight meters deptflow speedsvere naably faster, rangingnainly from 15-30
cm/s in thesouthwestdirection, with small patches of faster wat€0-35 cm/s)found
throughoutthe survey areaFgure 5). At ten meters depth, below the cages current
speeds were slightly sloweranging between 185 cm/s, with patches of faster water
(25-30 cm/s) The most frequent current direction was from -220° for all study
depths Figure?).

Water depths ranged between2® metergduring the flood tide survey of Navy
Island on July 18, 2015 (Figure 6). Current speeds ranged-45 cm/s for allstudy
depths(Table 6). The meancurrent speed at one, fiveight and temmeters was 18,3
21.8, 20.4,and 20.1cm/s respectively(Table 6). The smtial distribution of current
speedsn surface(onemetel) waters was patchyand included slowgpatches of water
(5-15 cm/9 downstream of cagekroughmost ofthefarm array(Figure6). At all other
study depthsvater moved slightlyaster between 185 cm/sand no slower patches of
water were present downstream of cagasrent speeds were not faster at ten meters
depth, below the caged.he most frequent current direction was betweerl @GP

throughout the water columfigure?).
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Figure 5. Abiotic variables at Navy Island Atlantic salmon farm in Passamaquoddy Bay, during an
ebb tideon May 23", 2015 Panel A representghe sampling time in relation to tidal change, panel B
the distribution of wind speeds(knots) and directions (°), and panel C a bathymetric interpolation.
Panel D shows interpolated currentspeed (cm/s) and direction for one, five, eight and temeters
depth. Circles represent Atlantic salmon cages and arrows represent flomagnitude (length) and
direction (orientation).
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Figure 6. Abiotic variables at Navy Island Atlantic salmon farm in Passamaquoddy Bay, during a
flood tide on June 18", 2015. Panel A represents the sampling time in relation to tidal change, panel
B the distribution of wind speeds (knots) and directions (°), and panel C a bathymetric
interpolation. Panel D shows interpolated currentspeed (cm/s) and direction foone, five, eight and
ten meters depth. Circles represent Atlantic salmon cages and arrows represent flomagnitude
(length) anddirection (orientation).
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Table 6. Descriptive shtistics (median, mean, sandard deviation, 95 percentconfidence interval
and coefficient of variation) for current speeds atone, five eight and ten meters depth at Navy
Island Atlantic salmon farm during ebb tide on May 25", 2015 and flood tide onJune 158", 2015
Data points (N) represent all samples collected duration of the survey.

Depth(m) N range Median Mean SD Cl CcVv
Navy Ebb 1 32239 0.5385 14.1 14.6 6.9 0.07 0.47
5 5943 0.540 22.4 22.1 9.2 0.23 0.41
8 6161  0.240 21.3 21.3 9.0 0.22 0.42
10 12577 0.1-40 19.1 19.5 8.9 0.15 0.45
Navy Flood 1 28848 0.643 18.1 18.3 8.6 0.10 0.47
5 5661  0.4-45 21.3 21.8 10.1 0.26 0.46
8 5692  0.345 19.7 20.4 9.9 0.25 0.48
10 11477 0.845 19.2 20.1 9.8 0.17 0.48
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Figure 7. Frequencyhistograms of current direction at one, five, eight and ten meterdepth during
ebb tide on May 25", 2015 and flood tide on June 1%, 2015 surveys of Navy Island in the

Passamaquoddy Bay.
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Fairhaven

On July 12, 2015 during tk ebb tide survey dfairhaven water depths ranged
between 825 meterswater wasdeeper towards the mouth of the cove and shallower
within the cove [igure 8). During thisperiod, current speedover the entire site at all
study depthsanged from 135 cnv's (Figure 8) and was relatively similar at all depths
surveyed, being on avera@ell, 13.2, 13.8and 13.5cm/sat one, five, eight and ten
meters respectivelfTable7). Current speeds were quite uniform at the surface, ranging
mainly between 120 cm/s, with slower patches of watthin and downstream of the
array (0-10 cm/s) and faster moving watewards the mouth of the cove (30 cm/s)
(Figure8). This pattern differed slightly for all other study depths, while currents ranged
mainly between 120 cm/s, dowstream and throughout the arrgatches of faster
water were presen(-30 cm/s) Figure8). Water speeds were not notably faster at ten
meters depth below the cagé&sgure8). Current directionsit the surfacevere patchy;
with currentsupstream of cagemoving mainly south and currents withthe cages
moving mostly wes{Figure 8). This pattern persisted for all study dep{Rggure 11)

The most frequent current direction during the survey was1200, 2406260° at the
surface, 12a140° at fiveme t edepshpand 10Q20° at eight and temetersdepth
(Figurel0).

On July 3%, during a flood tide survey aterdepthsat Fairhavemanged from 5
20 meters depth. Water was deefdérZ5 m) throughout the farm and sloaller (510
m) towards the shoreF{gure 9). Current speeds ranged frofr60 cm/s at all study
depths(Figure9). The meancurrent speed at one, five, eight and meeters was 15.8,

18.3, 19.2, and 19.@m/srespectivelyTable7). Current speedwere patchyand varied
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at the surfacewithin and aroundhe farmarrayflow speeds were slower ranging from
0-20 cm/sand markedly fastewith increasing distance from theray (30-60 cm/s)
(Figure9). This pattern was observed for all other study depths. Current speeds did not
appear to increase at ten meters depth below the cagesydnosraaller patches of
faster water were found towards the southern edge of the cage Rigase). At the
surfacethe direction of the water was quite variableotigh thefarm and tended to
persistnortheasat the southern edge of the array, towards the mouth of th€€iguee

9). This pattern was observed for all other study depiiti® most frequent current

direction was from 26@20° for all depthsKigure10).
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Figure 8. Abiotic variables at Fairhaven Atlantic salmon farm in Passamaquoddy Bay, during an
ebb tide on July 12", 2015. Panel A represents the sampling time in relation to tidal changeapel B

the distribution of wind speeds(knots) and directions (°), and panel C a bathymetric interpolation.

Panel D shows interpolated currentspeed (cm/s) and direction for one, five, eight and temeters

depth. Circles represent Atlantic salmon ages andarrows represent flow magnitude (length) and

direction (orientation).
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Figure 9. Abiotic variables at Fairhaven Atlantic salmon farm in Passamaquoddy Bay, during a
flood tide on July 3%, 2015. Panel A represents the samplingme in relation to tidal change, panel
B the distribution of wind speeds (knots) and directions (°), and panel C a bathymetric
interpolation. Panel D shows interpolated currentspeed (cm/s) and direction for one, five, eight and
ten meters depth. Circles represent Atlantic salmon cages and arrows represent flounagnitude
(length) and direction (orientation).
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Table 7. Descriptive sttistics (median, mean, standard deviation, 95 percentonfidence interval
and coefficient of variation) for current speeds atone, five, eight and termetersdepth at Fairhaven
Atlantic salmon farm during ebb tide on July 12", 2015 and flood tide on July 3%, 2015 Data
points (N) represent all samples collected during the survey

Depth(m) N Range Median Mean SD Cl Ccv
Fairhaven 1 5227 0.1-35 8.2 9.1 5.2 0.14 0.57
Ebb tide 5 1092 0.1-35 12.1 13.2 7.3 0.43 0.55
8 982 0.335 12.8 13.8 7.2 0.45 0.52
10 2057 0.1-35 12.5 13.5 7.2 0.31 0.53
Fairhaven
Flood tide 1 9218 0.4-60 8.8 15.8 15.2 0.31 0.96
5 1941 0.360 13.5 18.3 14.1 0.62 0.76
8 1830 0.565 14.0 19.2 15.0 0.68 0.78
10 3432 1.665 14.2 19.7 15.1 0.55 0.76
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Figure 10. Frequency hisbgrams of current direction at one, five, eight, ten metexr depth during
ebb tide on July 12", 2015 and flood tide on July 31, 2015 surveys of Fairhaven in the
Passamaquoddy Bay.
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Doctors Cove

On July 2%, during an ebb tide survey @octors Covewater depths ranged
from 525 meters. Water depthzeneath thdarm werequite shallow, rangindrom
seven to temmeters, bwever, south of the farm the depth sloped down betwe&tb20
meters(Figure11). Current speedsanged froml-55 cm/sat all study depthgTable8).
The meancurrent speed at one, five, eight and negters was 22.7, 24.5, B6and 29.3
cm/s respectively Table 8). At one meters depthhé spatial distribution of current
speeds s patchy, slower speeds10 cm/9 at the northernend of thearray moved
east and higher speeds (Z® cm/s) through the remainder of the armgved west
(Figurel1l). The same general pattern was obseiffeedll other study depthsvith the
exception of ten meters, where current speeds increased throughout the southern half of
the array (4670 cm/s)(Figure 11). The most frequent current direction was between
240-260° for all depthsKigurel13).

On July 3%, during a flood tide survey dboctors Covewater depths rangs
between 1al5 metersbelow the farm arrayFigure 12). During this samplingvent
flow speeds ranged betweerbd cm/sat all depthgFigure 12). The average current
speed at one, five, eight and t@eters was 24,27.4, 26.2, and 25@m/srespectively
(Table 8). The gatial distribution of currenspeed and directioat the suiace was
patchy,with slower speed-20 cmis) tendingto reside throughout the arrayoving in
a clockwisepattern andfaster speeds (300) residingto the leftof the array,moving
northeastand to the right of the array moving southwed$§tigure 12). This pattern
persisted for all other study depths, however, surface watersdeade slower 20

cm/s) throughout the array comparison to other study depths. In addition, faster water
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to the left of the array slowed down with study depth, while faster water to the right of
the array sped ufFigure 12). The most frequent current direction®re 320°, 200

220°, and 34@60°at all study depth@~igurel13).
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Figure 11. Abiotic variables at Doctors Cove Atlantic salmon farm in Passamaquoddy Bay, during
an ebb tide on July 23', 2015. Panel A represents the sampling time in relation to tidal change,
panel B the distribution of wind speeds(knots) and directions (°), and panel C a bathymetric
interpolation. Panel D shows interpolated currentspeed (cm/s) and direction for one, five, eight and
ten meters depth. Circles represent Atlantic salmon cages and arrows represent flomagnitude
(length) and direction (orientation).
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Figure 12. Abiotic variables at Doctors Cove Atlantic salmon farm in Passamaquoddy Bay, during a
flood tide on July 3%, 2015. Panel A represents the sampling time in relation to tidahange, panel
B the distribution of wind speeds (knots) and directions (°), and panel C a bathymetric
interpolation. Panel D shows interpolated current speg (cm/s) and direction for one, five, eight and
ten meters depth. Solid and hollow circles representstoked and unstocked cages respectively,
arrows represent flowmagnitude (length) and direction (orientation)

46



Table 8. Descriptive satistics (median, mean, standarddeviation, 95 percentconfidence interval
and coefficient of variation) for current speeds atone, five, eight and tenmeters depth at Doctors
Cove Atlantic salmon farm during ebbtide on July 239 2015 and flood tide on July 3%, 2015 Data
points (N) represent all samplesallected during the survey.

Depth N range Median Mean SD Cl Cv

(m)
Doctors Cove 1 5479  0.555 20.3 22.7 14.0 0.37 0.61
Ebb 5 1399 0.455 22.2 24.4 13.6 0.71 0.55
8 951 0.955 25.7 26.6 141 0.89 0.52
10 1288 0.855 31.1 29.3 14.1 0.77 0.48

Doctors Cove

Flood 1 10788 0.465 19.1 24.3 16.9 0.31 0.69
5 2428 0.4-65 24.3 27.4 16.7 0.66 0.60
8 2138 0.3-65 23.6 26.2 14.9 0.63 0.57
10 3620 0.565 23.5 254 13.9 0.45 0.54

a7



2500
500

0 Ebb
B Flood

2000
400

(=]
(=1
> 0 >
o - Q
c f=
3 @
3 3
g g
L 8 i
(=1
f=1
(=1
w
o
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Direction Direction
8 10
[=1 (=1
(=1 o
=] ~
(=1
(=1 o
(=1 =
w
o
=1
(']
oy )
c (=
@ @
3 3
o o
<4 2
w w
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Direction Direction

Figure 13. Frequency histogramsof current direction at one, five eight and ten metes depth
during ebb tide on July 23, 2015 and flood tideon July 31, 2015surveys of Doctors Cove in the
Passamaquoddy Bay.
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Hog Island

On July 21, 2015 during an ebb tide surveylgbg Islandwater depthsluring
the survey rangedbetween 1615 meters Kigure 14). Current speeds ranged frorr2Q
cm/sat all study depthéTable9). The average current speed at one, five, eight and ten
meters was 10.4, 9.5, 8.7, and émb/srespectively Table9). The spatial distribution of
curent speed and directiost the surface was patchy. pstreamof the farm,water
speed ranged between 1%0 cm/s moving southwest~{gure 14); however, slower
patcheq2.57.5 cm/9 were observed downstream of cagBstoughout the rest of the
study depthgurrent speedearied less horizontally, mosthyetweenl0-12.5cm/s with

small paches ofslower (2.57.5 cm/s) or fastewater (12.517.5cm/9 (Figurel14).
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Figure 14. Abiotic variables at Hog Island Atlantic salmon farm in Passamaquoddy Bay, during an
ebb tide on July 27, 2015. Panel A represents the sampling time in relation to tidal change, panel B
the distribution of wind speeds(knots) and directions (°), and panel C a bathymetric interpolation.
Panel D shows interpolated currentspeed (cm/s) and direction for one, five, eight and temeters
depth. Circles represent Atlantic salmon cages and arrows represent flowmagnitude (length) and
direction (orientation).
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Table 9. Descriptive satistics (median, mean, standard deviation, 95 percentonfidence interval
and coefficient of variation) for current speeds atone, five, eight and termetersdepth at Hog Island
Atlantic salmon farm during ebb tide on July 27", 2015 Data points (N) represent all samples
collected during the survey.

Depth N range Median Mean SD Cl Ccv
(m)

1 10425 0.2-20 10.4 10.4 4.5 0.08 0.44
5 1997 0.4-20 9.2 9.5 4.4 0.19 0.46
8 2003 0.1-20 8.4 8.7 4.3 0.18 0.49
10 3919 0.1-20 9.4 9.5 4.4 0.13 0.46
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Hospital Island

On July 27", 2015during an ebb tide survey of Hospital Islamdater deptrs
beneath the array rangeétveen 17.20 meters Kigure 15). Current speeds ranged
betweenl-30 cm/sat all study depths althougheaverage current speed at one, five,
eight and termeters was 17.1, 12.1, 11.2, and 1@@srespectively Table 10). The
spatial distribution of current spee@d the surface was mainly patchyith slower
speeds(10-15 cm/s) downstream of cages in comparisorugstream(20-25 cm/s)
(Figure 15). For all other study depthsuent speeds/eremuch more uniform in the
horizontal survey domainyith small patcles of somewhaslower and fasterwater
(Figure 15). Currents did not appear to increase below the cages at ten meters depth
(Figure15). Although variable, Ibw direction wasnainly southat five and eight meters

depth, and mainly west at ten meters d¢ptbure15).
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Figure 15. Abiotic variables at Hospital Island Atlantic salmon farm in Passamaquoddy Bay, during
an ebb tideon July 27", 2015. Panel A represets the sampling time in relation to tidal change,
panel B the distribution of wind speeds(knots) and directions (°), and panel C a bathymetric
interpolation. Panel D shows interpolated currentspeed (cm/s) and direction for one, five, eight and
ten meters depth. Circles represent Atlantic salmon cages and arrows represent flomagnitude
(length) and direction (orientation).
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Table 10. Descriptive shtistics (median, mean, standard deviation, 95 percentonfidence interval
and coefficient of variation) for current speeds atone, five, eight, tenmeters depth at Hospital
Island Atlantic salmon farm during ebb tide on July 27", 2015 Data points (N) represent all
samples collected during the survey.

Depth N range Median Mean SD Cl Ccv

(m)

1 13804 1.529.7 17.8 17.1 5.9 0.09 0.34
5 2812 0.1830 114 12.1 6.1 0.22 0.50
8 2827 0.3-30 10.3 11.2 6.1 0.22 0.54
10 5639 0.4-30 11.3 12.0 6.1 0.16 0.51

Flow dynamicsover time within Hog Island Atlantic salmon farm

Hog Island: four consecutive surveys

On August 1Y, 2016 during the first survey éfog Islandon a flood tide, water
depthsranged mainly etween 1825 metersKigure16). Current peeds ranged from 1
40 cm/satall study depth&ut were mainly between 180 cm/s(Tablell). Theaverage
current speed at one, five, eight and teeters was 13.4, 17.3, 17.6, and 1@m/s
respectively Table 11). The spatial distribution of current speeds the surface was
mainly uniform(10-20 cm/s), with mall patches of faster water (20 cm/s)(Figure
16). How directionwas variable, movingorth along the sides of the arragrthwest
upstream oftagesandwestwithin and downstream of cag@sigure 16). For all other
study depthsmore numerous patches of faster w#g&40 cm/9 were presenfFigure
16). The most frequent current direction throughout the water column was between 320
and 340°igure20).

On August 13", 2016during the second survey of Hog Island on a flood tide
water depths ranged between2® meters Currentspesds for all study depthswere

between 145 cm/s but rangednainly from 240 cm/s(Table11). The average current
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speed at one, fiveeight and temimeters was 14.7, 19.8, 19.5, and 1&@wsrespectively
(Table 11). Current speeds were similar €20 cm/s) acrosshe majority of the one
meterhorizontalspatial domain, with small patches of faster water4@@m/s)(Figure
17). How directionat the surface was mainly eastwdFigure 17). Paches of faster
flow (20-40 cm/s) were more common at aether study depth$ut were not situated in
any particular location relative to the arr@ygure17). In adlition, the directionalityn
the horizontal spatial domamasquite variableat all study depth@~igure17).

On August 13", 2016 during the third survey of Hogdad during an ebb tide,
waterdeptls ranged mainly etween 1517.5 metersKigure18). Current speeds ranged
from 1-55 cm/sfor all study depth¢Figure 18). Theaverage current speedate, five,
eight and temeters was 18, 23.7, 23.4, and 23dm/srespectively Table11). Current
speeds irsurface waters were mainly unifoimthe onaneterhorizontal spatial domain
(10-20 cm/s) with small patches ofakter water(20-40 cm/s) (Figure 18). Flow
direction at the surfac@ovedmainly east with some variatiorortheast, and southwest
(Figure 18). For all other study depthdaster waters (240 cm/s)dominated,and
movedmainly south Figurel8).

On August 11", 2016duringthe fourth survey of Blg Island during an ebb tide,
water deptls ranged mainly btween 12.85 meters Figure 19). Current speesl
throughout thewater column ranged from 340 cm/s Figure19). The average current
speed at one, five, eight and t@eters was 14.4, 25.2, 24.9, and 2hvsrespectively
(Table 11). Current speedsvere uniform(10-20 cm/s) in the oneneter horizontal
spatial domaimwith small patches of fasterater(20-40 cm/s)throughthe array Figure

19). For all otherstudy depths, water moved markedly faster4R0cm/s) with patches
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of slower water (1£20 cm/s),but were not situated in any pattlar location relative to
the array. Flow directionthroughout the survey exteat the surface asquite variable,
but did move mainly northwest throughout the arf@pw direction throughouthe
survey extent irall other study depths was quite vatebut moved mainly south at five
meters and west at eight and ten mefeigure19). The most frequent curredtrection
at the surface was 6ID0° throughoutall other study depthghe most frequat

directions were between 1-820° Eigure20).
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Figure 16. Abiotic variables during the first survey of Hog Island Atlantic salmon farm in
Passamaquoddy Bayduring a flood tide on August 11", 2015. Panel A represents the sampling time
in relation to tidal change, panel B the distribution of wind speedgknots) and directions (°), and
panel C a bathymetric interpolation. Panel D shows interpolated current spee(cm/s) and direction
for one, five, eight and tenmeters depth. Circles represent Atlantic salmon cages and arrows
represent flow magnitude (length) and drection (orientation).
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Figure 17. Abiotic variables during the second survey of at Hog Island Atlantic salmon farm in
Passamaquoddy Bay, during a flood tide on August 11 2015. Panel A represents the sampling time
in relation to tidal change, panel B the distribution of wind speedgknots) and directions (°), and
panel C a bathymetric interpolation. Panel D shows interpolated currenspeed (cm/s) and direction
for one, five, eight,and tenmeters depth. Circles represent Atlartic salmon cages and arrows
represent flow magnitude (length) and direction (orientation)
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Figure 18. Abiotic variables during the third survey of at Hog Island Atlantic salmon farm in
Passamaquoddy Bay, during an ebb tide oAugust 11", 2015. Panel A represents the sampling time
in relation to tidal change, panel B the distribution of wind speedgknots) and directions (°), and
panel C a bathymetric interpolation. Panel D shows interpolated currenspeed (cm/s) and direction
for one, five, eight and tenmeters depth. Circles represent Atlantic salmon cages and arrows
represent flow magnitude (length) and direction (orientation)
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Figure 19. Abiotic variables during the fourth survey of at Hog Island Atlantic salmon farm in
Passamaquoddy Bay, during an ebb tide on August 112015. Panel A represents the sampling time
in relation to tidal change, panel B the distribution of wind speedgknots) and directions (°), and
panel C a bathymetric interpolation. Panel D shows interpolated currenspeed (cm/s) and direction
for one, five, eight and tenmeters depth. Circles represent Atlantic salmon cages and arrows
represent flow magnitude (length) and direction (orientation)
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Table 11. Descriptive sftistics (median, mean, standard deviation, 95 percentonfidence interval
and coefficient of variation) for current speeds atone, five, eight and tenme t edephbat Hog
Island Atlantic salmon farm during ebb and flood tides on August 1¥, 2015 Data points (N)
represent all samples collected during the survey.

Survey Depth N Range Median Mean SD Cl CcVv

# (m)

Hogl 1 13860 0.1-40 12.1 134 7.6 0.12 0.57
5 2830 0.1640 16.6 17.3 9.0 0.33 0.52
8 2833 0.2-40 16.8 17.6 8.8 0.32 0.49
10 5704 0.1310 16.7 175 8.8 0.22 0.50

Hog2 1 14198 0.01-45 13.3 14.7 8.4 0.13 0.57
5 2993 0.845 18.9 19.8 9.8 0.35 0.49
8 3042 0.345 18.4 19.5 9.9 0.35 0.51
10 6082 0.2-45 18.4 194 9.8 0.24 0.50

Hog3 1 13869 0.1-55 13.4 15.0 9.1 0.15 0.60
5 2981 0.355 22.2 23.7 12.4 0.44 0.52
8 2973 0.2455 22.0 23.4 12.2 0.44 0.52
10 5987 0.2-55 21.8 23.1 12.0 0.30 0.52

Hogd 1 14183 0.0865 125 14.4 9.4 0.15 0.65
5 3206 0.6-65 22.9 25.2 14.1 0.49 0.56
8 3224 0.3965 22.9 24.9 13.8 0.47 0.55
10 6473 0.2-55 22.6 24.7 13.6 0.33 0.55
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Figure 20. Frequency hisbgrams of current direction at one, five, eight and ten meterdepth
during ebb and flood tide surveys of Hog Island in thé?assamaquoddy Bayn August 11", 2015

62



Hog Island: three consecutive surveys

On August 3%, 2016duringthe first survey of Hog Island amfloodtide, water
depths ranged between 105 metergFigure21). Currentspeeds ranged from25 cm/s
(Figure21). The average current speed at one, five, eight andneters was 11.5, 12.9,
13.5, and 13.8m/srespectively Table12). Current speds in the onmeterhorizontal
spatal domainwere patchy;with slower patche (510 cm/s) residing upstream of the
array and downstream of cages, while faster patche251dn/s) were situatdaetween
rowsof cages and alongside tagay(Figure21). Water moved mainly west, with some
variability in flow downstream of cage&igure 21). This pattern was not olrsed for
other study depthst five meterdlow speeds were typically fastét0-20 cm/s) with
patches of slower watdb-10 cm/s)within the array.At eight and ten meters depth,
patches of faster water ((ZH cm/s) were more numerous and increased with study
depth. Flow direction in the onemeter horizontal spatial domainmoved mainly
northeast Figure 21). The same pattern with respect to fladirection persisted
throughoutstudy depthgFigure2l).

On August 3% during the second survey of Hog Island on a flood tide, water
deptls ranged between 1%0 meters;deeper waters were located on the left sifithe
survey extent Kigure 22). Current speeds ranged from3Q cm/s Figure 22). The
average current speed at one, five, eight andneters was 19.6, 11.7, 15.4, and 17.6
cm/srespectively.The current speeds in the omeeter horizontal spatial domain were
patchy upstream and betweeages water moved betweenZ®cm/s and werslower
downstream cage®-15 cm/s)(Figure 22). Water moved primarily west, with some

variation in the sailiwest upstream cagdsigure22). At five metersdepth, flow speeds
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were patchy andlower than the surfag®-20 cm/s) and the dominant flow diction
was northeastHijgure 22). The same pattern with respect to flow direction persisted
throughoutother study depthawhile flow speeds tended speed up over deptkiQure

22).

On August 3% during thethird survey of Hog Island on a flood tide, water
deptls ranged between 100 meters;deeper waters were located on the left sifithe
survey extentKigure 23). Currents rangg from 130 cm/s Figure 23). The average
current speed abne, five, eight and temeters was 16.8, 11.1, 14.2 and 1@rf/s
respectively Table12). Current speeds in the onterhorizontal spatial domaiwere
patchy, with slower patch€5-20 cm/s)residing downstream of cages)d faster water
(15-30 cm/s)between rows of cages and alongside thayafigure23). Water moved
primarily west, with some variation in the sbwest upstream cagesigure23). At five
metersdepth, flow speedwere slower than the surfadd0-20 cm/s) Patches oflow
water (510 cm/$ were notsituated in any particular location relative to the array. At
eight neters depth, flow speeds were markedly faster28@m/s) and more uniform,
however, at ten meters depth flow speeds slowed dow0 @Gn/s), with small patches
of faster water (2@5 cm/s).The dominantflow directionin the onemeterhorizontal
spatial domain was northeastFigure 23). The same pattern with respect to flow

direction persisted throughout teidy depthgFigure23).
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Figure 21. Abiotic variables during the first survey of Hog Island Atlantic salmon farm in
Passamaquoddy Bay, during a flood tide on August 3%12015. Panel Aepresents the sampling time
in relation to tidal change, panel B the distribution of wind speedgknots) and directions (°), and
panel C a bathymetric interpolation. Panel D shows interpolated currenspeed (cm/s) and direction
for one, five, eight and t& meters depth.White and black circles represent stocked and unstocked
cagesrespectively,arrows represent flowmagnitude (length) and direction (orientation)
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Figure 22. Abiotic variables during the second survey of Hog IslandAtlantic salmon farm in
Passamaquoddy Bay, during a flood tide on August 312015. Panel A represents the sampling time
in relation to tidal change, panel B the distribution of wind speedgknots) and directions (°), and
panel C a bathymetric interpolation. Panel D shows interpolated current geed (cm/s) and direction
for one, five, eight and tenmeters depth.White and black circles represent stocked and unstocked
cages respectively, arrows represent flow magnitude (length) and direction (orientation).
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Figure 23. Abiotic variables during the third survey of Hog Island Atlantic salmon farm in
Passamaquoddy Bay, during a flood tide on Augst 31%, 2015. Panel A represents the sampling time
in relation to tidal change, panel B the distribution of wind speedgknots) and directions (°), and
panel C a bathymetric interpolation. Panel D shows interpolated currenspeed (cm/s) and direction
for one, five, eight and tenmeters depth. White and black circles represent stocked and unstocked
cages respectively, arrows represent flow magnitude (length) and direction (orientation).
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Table 12. Descriptive statistics(median, mean, standard deviation, 95 percentconfidence interval
and coefficient of variation) of current speeds atone, five, eight and termetersdepth at Hog Island
Atlantic salmon farm for three consecutive surveysuring flood tide on August 3F, 2015 Data
points (N) represent all samples collected during the survey.

Depth(m) N Range Median  Mean SD Cl CV
Hogl 1 16046 0.1-25 11.1 11.5 5.9 0.09 0.51
5 3185 0.01-25 129 12.9 5.6 0.19 0.43
8 3176 0.2-25 13.6 13.5 55 0.19 0.40
10 6364 0.325 13.3 13.3 5.4 0.13 0.40
Hog2 1 11377 0.1-30 20.4 19.6 6.6 0.12 0.33
5 2549 0.2-30 12.1 11.7 5.9 0.23 0.48
8 2526 0.7-30 15.1 154 6.4 0.25 0.41
10 4898 0.530 17.6 17.6 6.3 0.17 0.35
Hog3 1 9445 0.2-30 17.2 16.8 7.1 0.14 0.42
5 2190 0.1-30 10.4 11.1 5.7 0.23 0.51
8 2178 0.7-30 13.9 14.2 6.1 0.25 0.43
10 4155 0.3-30 17.1 17.0 6.3 0.19 0.37
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Flow dynamics between five Atlantic salmon farms

Current speeds among farms varied markedly. Flow speeds at Doctors Cove
were more variabléghan flow speeds at Fairhaven, Hospital Island and Hog Island
(Figure 24). Although variability in flow speed wasimilar between Doctors Cove and
Navy Island, they aried less at Navy Island/ariability in flow speeds were also
similar between Hospital Island, Hog Island and Fairhaven but varied most in the latter
(Figure24). How speeds were significantly different at one meters depth in comparison
to five meters depthT@ble13). Current speeds were fastdrthe surfacat Hog Island
and Hospital Island ebb surveys and Hog Islands Auguss@&dond and third surveys,
otherwiseduring surveys of Doctors Cove, Faxen, Navy Island and all other surveys

of Hog Islandcurrents were significantly slower at the surfGtable13).
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Figure 24. Average current speed (cm/s) £ SE from data colledéetween May 2015 August 2016
with a towed ADCP within five aquaculture farms in Passamaquoddy Bay surveyed on an ebb tide.
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Table 13. Comparison of average curreh speeds for all study depths (one, five, eight, ten meters)

in the Passamaquodoa
test revealed where differences lie between study depths, numbers represent study depths while, sig
representsa significant difference in current speed between depthand ns means there was not. If

not stated, all other comparisons of study depths were either significaift non-significant is stated

for al |

or non-significant if significant is stated in the colunm.

surveys

at

study

far ms

Survey Tide N df SS MSS f P differences
Navylsland Ebb 2000 3 64808 21603 294.6 <0.0001 Allsig
7996 586302 73
Navylsland  Flood 2000 3 8982 29939 32.12 <0.001 8-10ns
7996 745397 93.2
Fairhaven Ebb 900 3 12793 4264 90.51 <0.001 8-5, 105,

108 ns
3596 169421 47
Fairhaven Flood 1500 3 8491 2830.3 12.67 <0.001 85, 105,
108 ns
5996 133956 223.4
1
Doctors Ebb 900 3 21440 7147 37.02 <0.001 85ns
Cove
3596 694245 193
Doctors Flood 1000 3 3113 1037.7 4.18 0.0057 1-5 sig
Cove
3996 991884 248.2
Hospital Ebb 1000 3 20843 6948 181.9 <0.001 105ns
Island
3996 152646 38
Hoglsland Ebb 1000 3 974 3246 16.75 <0.001 105ns
3996 77453 194
Hoglsland Flood 1000 3 10422 3474 4534 <0.001 85,106
August 110 5,108 ns
396 306159 77
Flood 1000 3 16407 5469 61.72 <0.001 85,10
5,108 ns
3996 354075 89
Ebb 1000 3 53823 17941 132.7 <0.001 85,10
5,108 ns
3996 540236 135
Ebb 1000 3 81523 27174 157.3 <0.001 8-5,10
5,108 ns
3996 690233 173
Hoglsland Ebb 1000 3 2686 895.3 27.85 <0.001 85,10
August31st 5,108 ns
3996 128462 32.1
Ebb 1000 3 29630 9877 240.9 <0.001 Allsig
3996 163798 41
Ebb 1000 3 24223 8074 202.7 <0.001 Alisig
3996 159184 40
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Dilution estimated within two Atlantic salmon farms

Navy Island

On October B, 2015milk released in the alley travellemn-uniformly through
the alley(plume to the right)Figure25). There was a significant negative exponential
relationship between estimated milk concentration and distar@®7+P<0.01 Eigure
26) as well as time 0.9, P<0.01 Figure27). Threeminutes and 43 sters from the
point of releasemilk released in the alleyas dilutedto 3 percentof the initial
concentratior(Figure 26, Figure27). Milk releaseddownstream o& cage (plume to the
left) movedinto the cage downstream of the relefiSgure25). There was a significant
negative relationship betwa estimated milk concentration with distancedrg, P<0.01
(Figure26) and time r=0.96,P<0.01 fFigure27). Three minutes and 39 meters from the
point of release milk was diluted &5 percentof the initial concentratioifFigure 26,

Figure 27). There was neeffect of location (cage, alley) dahe dilution of milk over

distance or the(Table14, Table15).

Figure 25. Images from the milk release trial conducted on October &, 2015 at Navy Island
Atlantic salmon farm in the Passamaquoddy Bayuring an ebb tide. Each panel represents a time
step, where A, B and C are stills from 2.2, 6 and 8.3 minutes after release. The black bapresents
a distance of 32 meters.From panel A, the plume to the left and right represent releases
downstream of a cagend alley respectively.
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Figure 26. Dilution curves from the milk release trial conducted atNavy Island on October 6th,
2015 represented as theconcentration of milk over time (seconds). Bluecircles represent milk
released downstream a cageand the black circlesrepresentmilk released in the alley.
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Figure 27. Dilution curves from the milk release trial conducted atNavy Island on October 6th,
2015represented as theconcentration of milk over space (m). Bluecircles representmilk released
downstream a cage, and the black circkerepresentmilk released in the alley.
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On May 26", 2016 milk released in the allefplume to the righttravelled
southeastdirectly into a cageRigure28). There was a significant negative relationship
between stimated milk concentration with distance-0F9, P<0.05 Figure 29) and
time r=0.99, P<0.01 Figure 30). Three minutes and temeters from the point of
releasemilk was diluted to 10 percentof the initial concentratiorfFigure 29, Figure
30). Milk released downstream of a cagdéplume to the left) traveled south,
perpendicularto a rows of cages Kigure 28). There was a significant negative
relationship between estimated milk concentration with distane8.96; P<0.01
(Figure 29) and time r=0.99, P<0.01 §igure 30). Threeminutes and}.4 meters from
the initial pointof release, milkwasdilutedto 11.5 percentof the initial concentration

(Figure29, Figure30). There was ano effect of location (cage, alleynahe dilution of

milk over distanc®r time (Table14, Tablel5).

Figure 28. Milk release images from the second triatonducted on May 26, 2016 at Navy Island
Atlantic salmon farm in the Passamaquoddy Bay. Each panel represents a time step, where A, B
and C are stills from 2.2, 6 and 8.3 minutes after releas&he black bar represents adistance of 32
meters. From panel A, the plume to the left and right represent releasedownstream of a cageand
alley respectively.
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Figure 29. Dilution curves from the secondmilk release trial conducted atNavy Island on May 26",
2016 represented as theoncentration of milk over time (seconds). Grey circls represent milk
released downstream a cage, and the black ciradeepresentmilk released in the alley.
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Figure 30. Dilution curves from the seconl milk release trial conducted atNavy Island on May 26",
2016 represented as theoncentration of milk over space (m). Grey circle representmilk released
downstream a cage, and the black circkerepresentmilk released in the alley.
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On July 5", 2016 milkreleased in the allefplume to the leftimoved souteast
towards a cageFgure 31). There was a significant negative relationship between
estimated milkconcentration with distance 46-99, P<0.01 Eigure 32) and time r=
0.98,P<0.01 Figure 33). 1.75 minutes and 8.7 meters from the point of release milk
was dilutedto 13.3 percentof the initial concentration(Figure 32, Figure 33). Milk
releasedetween th cagegplume to the rightinoved south, perpendicular arows of
cages Figure 31). There was a significant negative relationship between estimated
concentration with distance 43:97, P<0.01 Figure 32) and time r=0.99, P<0.05
(Figure 33). 1.75minutesand 6.5 meterfrom the point of releasmilk was diluted to
30 percentof the initial concentratiorfFigure 32, Figure 33). There was no effect of

location (cage, alley) on ¢hdilution of milk overdistancebut there was over time

(Table14, Tablel5).

Figure 31. Milk re lease images fromthe first trial conducted on July 5", 2016 at Navy Island
Atlantic salmon farm in the Passamaquoddy Bay. Each panel represents a time step, where A, B
and C are stills from 1, 3 and 7.9 minutes after releas@he black bar represents a distance of 32
meters From panel A, the plume to the left and right represent releases between the alley and
downstream of acage respectively.
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Figure 32. Dilution curves from the first milk release trial conducted at Navy Island on July 57,
2016 represented as theconcentration of milk over time (seconds). Bluecircles represent milk
released downstream a cage, and the black ciradeepresentmilk released in the alley.
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Figure 33. Dilution curves from the first milk release conducted atNavy Island July 5", 2016
represented as theconcentration of milk over space (m). Blackcircles representmilk released
downstream a cage, and the black circkerepresentmilk released in the alky.
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On July %', 2016 milk released in the allgplume farthest from the boat)
travelled southwestdirectly towards a cageFigure 34). There was a significant
negative relationship between estimated concentration with distan®e98;P<0.05
(Figure 35) and time r=0.98, P<0.01 figure 36). 2.3 minutes and 9neters from the
point of release milk was diluted 13.5 percentof the initial concentratiofFigure 35,
Figure 36). Between the cagdplume closest to the boathilk also moved souttest,
into the alley (Figure 34). There was a significant negative relationship between
estimated milk concentration with distance89, P=0.05 figure 35) and time r=
0.80, P<0.05 Figure 36). Three minutes and 18.Meters after milk was released
betwesn caged#t wasdilutedto 50 percentof the initial concentratiofFigure 35, Figure
36). There was a significant effect of location (cage, alley}he dilution ofmilk over

distance andime (Table14, Table15).

Figure 34. Milk release images from trial two conducted on July %', 2016 at Navy Island Atlantic
salmon farm in the Passamaquoddy Bay. Each panel represents a time step, where A, B and C are
stills from 2.3, 5.5 and 8.5 minutes after release respectiveljjhe black bar represents a distance of
32 meters. From panel A, the plume nearest and farthest from the boat represents releases
downstream of a cage and alley respectively.
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Figure 35. Dilution curves from the secondmilk releasetrial conducted atNavy Island on July 5™,
2016 represented as theoncentration of milk over time (seconds). Bluecircles represent milk
released downstream a cage, and the black ciradeepresentmilk released in the alley.
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Figure 36. Dilution curves from the second milk release triaconducted at Navy Islandon July 5,
2016 represented as the concentian of milk over distance (m) Blue circles represent milk
released downstream a cage, and the black ciradeepresentmilk released in the alley.
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Hospital Island

On July 12, 2016 milk released in the alléplume to the lefttravelled eds
through the alley Kigure 37). There was a significant negative relationship between
estimated milk concentration with distance86, P=0.05 figure 38) and time r=
0.79,P>0.05 figure 39). 1.75 minutes and 4.1 meters from the point of release milk
diluted to 39 percentof the initial concemttion (Figure 38, Figure 39). Milk released
between cage@lume to the rightmoved west towards a cag€igure37). There was a
significant negative relationship between estimated concentration with dista@@&r=
P<0.05 Figure 38) and time r=0.86, P=0.05 Figure 39). 2.3 minutesand 14 meters
from the point of release milk wadiluted to 19 percent ofthe initial concentratn
(Figure 38, Figure 39). There was naignificant effect of location (cagejley) on the

dilution of milk over distance aime (Table14, Table15).

Figure 37. Milk release images from trial one conducted on July 12, 2016 at Hospital Island
Atlantic salmon farm in the Passamaquoddy Bay. Each panel represengstime step, wlere A, B
and C are stills from one, fourand 6.8 minutes after releaseThe black bar represents a distance of
32 meters.From panel A, the plume to the left and right represent releases downstream of a cage
and alley respectively.
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