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ABSTRACT 

Water flow through aquaculture farms drives the transport of substances 

(nutrients, therapeutants and pathogens); however, little is known about the spatial and 

temporal complexity of water flow at the farm scale. In this study, we quantified flow 

velocity and dilution at high-resolution (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 obtain higher-resolution spatial estimates of water flow 

to describe particle movement within aquaculture farms. We observed considerable 

variation in water speed and direction between farms and tidal stages. Variation in the 

dilution of tracer (milk) was also detected between farms and sampling days and overall 

milk was diluted to 19 percent of initial concentration in 2.5 minutes (15 meters). Results 

suggest that farms need to be viewed as unique environments, and illustrate the need to 

consider the variability of current speed, direction and dilution effect within aquaculture 

farms.  
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Introduction 

Currently, the world’s arable land provides ecosystem services to seven billion 

people, a population that is expected to nearly double by 2100 (Costa-Pierce, 2016; 

Gerland et al., 2014). Current population growth projections have led to concerns of 

global food insecurity since our remaining arable land cannot support human nutritional 

requirements (Costa-Pierce, 2016). Fears for food security have led to increasing 

demand for energy and cost-efficient sources of protein. Sources of protein, such as wild 

aquatic fish, can efficiently convert food into energy and do not require arable land for 

feed, unlike pigs, cows, and chickens. Although wild aquatic species are efficient 

protein sources, commercial stocks alone will not support 2100 population projections 

(Costa-Pierce, 2016). One food industry that can help fill a portion of the nutritional gap 

is aquaculture, an industry that currently occupies only 4 percent of our oceans (FAO, 

2014).  

The global aquaculture industry produces 105 million tons of combined finfish, 

shellfish and sea plants annually, a large proportion of which occurs in China (FAO, 

2017a). Although freshwater species are some of the most valuable in terms of tonnage, 

a larger proportion (0.55) of global aquaculture production occurs in saltwater. The most 

valuable saltwater species is Atlantic salmon, comprising 3 percent of the world’s 

aquaculture production (FAO, 2017a). Globally, Atlantic salmon aquaculture production 

is low, but it accounts for a high proportion of total aquaculture production in Norway 

and some other countries (Table 1).   
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Table 1. The total production of Atlantic salmon aquaculture and proportion of total aquaculture 

that is comprised of Atlantic salmon in some aquaculture producing countries. 

Country 

(FAO, 2018) 

Total aquaculture production 

(all sp.) (tonnes) 

Proportion of Atlantic 

salmon aquaculture  

China 63 721 768 0.006 

Norway   1 326 804 0.996 

Chile   1 050 117 0.693 

United States      444 369 0.089 

Canada      200 765 0.615 

Scotland      194 492 0.912 

 

Atlantic salmon aquaculture began in the late 1960’s in 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 2017b). This phase continues for 

approximately two years, until they reach market size and are harvested (FAO, 2017b).  

In its’ early stages, farmed Atlantic salmon production was low, however, from 1985 to 

1995, global production increased 12-fold resulting in half a million tons (FAO, 2017b). 

This expansion drew concerns regarding the release of faeces, uneaten feed, ammonia, 

phosphates, and CO2 into the local marine environment through porous netting. Some 

documented impacts of effluent release include benthic organic enrichment, oxygen 

depletion, disease transfer and localized habitat destruction (Wu, 1995; Naylor et al., 

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

(digestibility) thereby reducing the release of uneaten feed, and installed cameras to 

monitor feeding (Ang and Petrell, 1997). These changes have successfully reduced 

localized organic enrichment; however, large quantities of waste products (faeces, 

ammonia and CO2) continue to enter the marine environment. In nature, these “wastes” 

can contribute to eutrophication (a net surplus of nutrients in the environment), and they 

are used by lower trophic organisms for nutrition.  
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If aquaculture wastes can be consumed by other marketable species, 

environmental impacts may be reduced. This farming concept is not new; for example, 

rice has been co-cultured with tilapia in China for centuries (Yang et al., 2001). More 

recently, Chopin et al. (2001) expanded on this concept by including multiple trophic 

levels within Atlantic salmon farms and proposed a form of resource-efficient 

aquaculture known as Integrated Multi-Trophic Aquaculture (IMTA). An IMTA farm 

aims to co-culture species under the assumption that wastes produced by each trophic 

level can be partially captured and removed from the environment by other species. 

Aquaculture outputs may also have the potential to enhance the growth of co-cultured 

species, which can reduce overall organic and inorganic loading while increasing the 

value of a farm through the sale of the additional species (DFO, 2013).  

In Canada, Atlantic salmon is the most valuable fed species, and has been used 

in IMTA (DFO, 2015). For example, in Western North Atlantic waters, small organic 

particles from Atlantic salmon (Salmo salar) faeces can potentially feed mussels 

(Mytilus edulis), while larger settling organic particles may provide nutrients for deposit 

feeding sea cucumbers (Cucumaria frondosa) and green sea urchins (Strongylocentrotus 

droebachiensis). Dissolved inorganics from both salmon and mussels can also supply 

nutrients to macroalgae such as kelp (Saccharina latissima) (DFO, 2013). Several 

countries have combined a variety of native species in IMTA systems. For instance, 

Canada and Norway cultivate blue mussels (Mytilus edulis), and kelp (Saccharina 

latissima) with Atlantic salmon (Salmo salar) (Chopin et al., 2004; Handå et al., 2013), 

Spain cultivates kelp (Saccharina latissima) with abalone (Haliotis tuberculata) (Freitas 

et al., 2016; Viera et al., 2016) and China cultivates native species such as kelp 
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(Saccharina japonica), Chinese scallop (Chlamys farreri), and Pacific oyster 

(Crassostrea gigas) together (Barrington et al., 2009).  

IMTA targets extractive species that have market value and medicinal properties. 

Species such as blue mussels, kelps and echinoderms are already grown in monoculture 

and thus have market value. Echinoderms are particularly highly valued species 

(Purcell, 2014), and they are also believed to possess medicinal properties (Nelson et al., 

2012b). IMTA has garnered much global interest and research has focused on 

understanding the interactions between fed and extractive species (Barrington et al., 

2009). 

Early IMTA research studied extractive species and their ability to 

consume/digest finfish wastes. Researchers found mixed results when they compared 

the absorption efficiency of extractive species feeding on finfish faeces, natural seston, 

and microalgae. Mussels and sea urchins had similar absorption efficiencies when 

consuming natural seston or kelps in comparison to finfish faeces (Reid et al., 2010; 

MacDonald et al., 2011; Orr et al., 2014 ), while sea cucumbers digested significantly 

more nutrients when they consumed salmon faeces (Nelson et al., 2012a). Scientists 

have also examined extractive species’ “natural” consumption of aquaculture wastes by 

placing them in proximity to active aquaculture farms. Tissue samples indicated that 

blue mussels and sea urchins living in close proximity to commercial fish farms 

contained canthanxanthin (an additive in Atlantic salmon feed), confirming that they 

consumed salmon feed and/or faeces (Graydon et 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. 



 

5 

 

Several studies have investigated the growth of extractive species on aquaculture 

farms and reference sites. Several macroalgal species cultured adjacent to fish farms 

grew larger compared to those cultured at a reference site (Troell et al., 1997; Chopin et 

al., 1999; Chopin et al., 2004; Sanderson, 2006; Handå et al., 2013; Wang et al., 2014). 

In separate studies, deposit feeding sea cucumbers and sea urchins also grew 

significantly faster under a farm compared to a reference site (Cook and Kelly, 2007; 

Hannah et al., 2013; Yokoyama, 2013; Yu et al., 2014). Blue mussel findings were 

mixed; some studies found aquaculture improved their growth (Wallace, 1980; Stirling 

and Okumus, 1994; Peharda et al., 2007; Sarà et al., 2009; Lander et al., 2012), while 

others found no significant differences in growth between aquaculture and reference 

locations (Taylor et al., 1992; Cheshuk et al., 2003; Navarrete-Mier et al., 2010; Irisarri 

et al., 2015). This discrepancy in findings may be due to differences in local 

environmental conditions, and spatial discrepancies in placement of study species from 

farms. A recent meta-analysis investigated the growth of kelps and mussels in 

association with aquaculture (Kerrigan and Suckling, 2016). The authors considered 

effects of distance from farm and found that mussels grew significantly larger when 

cultured 0-60 meters from finfish cages and did not grow significantly larger when 

cultured more than 60 meters from cages (Kerrigan and Suckling, 2016). Although 

studies such as those done by Kerrigan and Suckling (2016) found an overall 

enhancement in the growth of mussels cultivated near finfish, some extractive species 

produce waste as well, and, thus the addition of species on farms may not reduce the 

overall waste produced in IMTA designs. Some studies considered this and estimated 

the removal potential of blue mussels. Cranford et al. (2013) assessed the ability of blue 
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mussels ingest particles given a fixed concentration and current speed through 1m3 of 

water.  Reid et al. (2013b) estimated the total particulate matter produced on a finfish-

mussel IMTA farm and calculated the total removal potential of mussels consuming 

different diets (i.e., faeces, seston) using the respective absorption efficiency. Results 

from these two scoping studies suggested that if extractive species consume at least 15 

percent of fed species waste, there will be a net reduction in waste entering the 

surrounding environment (Cranford et al., 2013; Reid et al., 2013b). Extractive species 

may not consume 15 percent of aquaculture wastes in nutrient rich regions such as the 

Passamaquoddy Bay because nutrients are not limiting and currents transport nutrients 

quickly. In addition, marine aquaculture does not operate in isolation. Complex 

interactions between aquaculture and wild species complicate the dynamics of IMTA. 

Studies show that fish aggregate around aquaculture farms, using the 3-D structures as 

settlement and feeding grounds (Dempster 2002, Dempster 2004, Fernandez-Jover et al., 

2009, Pitta et al., 2009). In addition, the fatty acid composition of wild fish found near 

farms suggests that they had consumed finfish wastes (Skog et al., 2003). 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 co-culture farms have been operating in the Passamaquoddy Bay, 

Bay of Fundy since the early 2000’s (Barrington et al., 2009). The Passamaquoddy Bay 

is a unique region where the tide ranges approximately 5 meters, every 6 hours. Given 

the large tidal exchange, these waters are well mixed, and rich in nutrients. In addition, 

the presence of islands and channels in the Passamaquoddy Bay creates strong and 
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highly variable currents, even giving rise to one of the largest whirlpools in the world 

(“Old Sow”). Studies have investigated the growth of extractive species around Atlantic 

salmon farms in the Passamaquoddy Bay, but have found conflicting results. Lander et 

al. (2012) found that mussels grew better in association with aquaculture farms, 

compared to reference sites but Irissarri et al. (2013) found no benefit of salmon 

aquaculture to mussel growth. Again, results may conflict because they differ in 

experimental design; Irisarri et al. (2013) used a smaller sample of mussels and grew 

them farther from the aquaculture farm than Lander et al. (2012). Discrepancies between 

Irisarri et al. (2013) and Lander et al. (2012) paired with the findings of Kerrigan and 

Suckling (2016), suggest that culture distance from farms may impact the amount of 

wastes available for consumption by extractive species.  

Conflicting evidence with respect to increased species growth from many studies 

suggests that extractive species may not be positioned to optimize nutrient recapture. 

The placement of extractive species on Atlantic salmon farms requires additional 

structures to contain them. As such, current designs of IMTA farms are constrained by 

space; extractive species structures must not only accommodate existing finfish cages, 

but also the space that workers need to maneuver between cages. In addition, provincial 

regulations in New Brunswick prohibit the cultivation of extractive species beyond the 

lease area of the farm. Thus, mussel circles and kelp rafts are positioned where space is 

available rather than where the organisms can best consume fish farm wastes.  

Particle ingestion and inorganic nutrient absorption by extractive species are 

primarily governed by the rate of transport (water speed) and rate of dilution (mixing) of 

nutrients available to them (Wildish et al., 1987).  Mussels and macroalgae are 
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stationary, and rely heavily on their environment to provide nutrients to them. On the 

other hand, species such as sea cucumbers and sea urchins can move, albeit slowly, to 

seek a more optimal environment, yet even they have “preferred” ranges of 

environmental conditions constraining their movement (Da Silva et al., 1986; Holtz and 

Macdonald, 2009). For instance, the orange footed sea cucumber is known to optimally 

ingest food in flow rates from 34-65 cm/s (Holtz and MacDonald, 2009) and a different 

study suggested that tagged California sea cucumbers (Parastichopus californicus) 

move 3.9 m/day (Da Silva et al., 1986). If flow speeds are too fast and concentrations of 

food are too low, growth of extractive species may not be optimal. At present, local 

environmental conditions are not considered when positioning extractive species on 

farms. To optimize nutrient capture, extractive species placement may require detailed 

assessments of water velocity and dilution, over space and time.  

Water flow is integral to life in the ocean, it drives the movement and 

concentrations of substances in the ocean. Water flow controls the movement of 

organisms, transport of nutrients (organic and inorganic), and the removal of wastes. 

Water flow also controls physical variables such as temperature, salinity and light 

penetration. These biological 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 temperature than adult stages (Pinet, 2003). Delays 

in development or mortality can occur if thresholds for temperature are exceeded. 

Species mobility also impacts their threshold for physical conditions (Pinet, 2003). 

Benthic species that have the ability to move tend to be less tolerant to changes in 

salinity than sessile species (Pinet, 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 environment (Pinet, 2003). As such, 

in order to optimize nutrient extraction, placement of species should coincide with their 

environmental requirements (current speed, particle concentrations) for maximum 

particle capture. 

In theory, flow can be characterized as laminar or turbulent. Laminar flow has 

uniform speed and direction, and is associated with low speeds and high viscosities 

(Pope, 2001). The velocity profile of laminar flow decreases non-linearly (semi-

parabola) with depth; as water approaches a boundary, its velocity decreases at a faster 

rate. In nature, water flow is never perfectly laminar aside from small temporal and 

spatial scales, but rather is turbulent and chaotic (Pope, 2001). Flow becomes 

increasingly turbulent at low viscosities and high speeds, and can manifest due to 

gravitational/ density differences in water or in the presence of a boundary. Boundary-

induced turbulence arises when flow encounters a boundary surface such as the air-

surface water interface, ocean floor, or a submerged structure (Pope, 2001). As water 

approaches a boundary, frictional forces cause flow to become chaotic, creating eddy 

formations and promoting turbulent dispersion. The nature of the boundary also 

influences the degree of turbulence. For instance, variations in bottom height promote 

the formation of eddies and inconsistencies. In the case of aquaculture, boundaries 

suspended in the water column (submerged sea cages) add complexity to flow dynamics 

(Klebert et al., 2013). Since flow speed/direction and mixing rates (dilution) are 

impacted by aquaculture cage structures, variations in flow may influence the movement 

of oxygen, pathogens, and wastes.  
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Cage structures are known to act as point sources (single point of release) of 

nutrient release. They also act as barriers (point of obstruction) causing a reduction in 

flow (Klebert et al., 2013), and an increase in turbulent mixing downstream of cages 

(Helsley and Kim 2005; Stevens and Peterson, 2011). These cage barriers can dampen 

flow velocity (Klebert et al., 2013, Cornejo et al., 2014). As water approaches a cage, 

the obstruction causes a pressure gradient to form and water “piles up” around the sides 

of the cage, causing flow to accelerate downstream along the sides of the cage (Klebert 

et al., 2013). Flow can also be reduced by netting, especially when they become fouled 

with sessile organisms (Swift et al., 2006; Gansel et al., 2012a; Gansel et al., 2012b). As 

a result, flow within and around aquaculture farms is complex and multi-scale. Studies 

have investigated the complexity of cage-scale hydrodynamics by measuring velocity 

around scaled-down cages in flume tanks and discovered flow reduction downstream of 

cages (Løland 1993; Turner et al., 2016). However, only two studies have empirically 

investigated this phenomenon within and around active finish farms (Johansson et al., 

2007; Rasmussen et 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 molecular forces and 

turbulence drives the rate at which nutrients dilute; the rate of dilution increases with 

turbulent mixing. Okubo (1971) conducted early research in the diffusion of dyes in 

surface ocean waters. His findings suggested that dilution and variability in diffusion 

from a point source increase with distance (Okubo, 1971).  The relationship between 

dilution and distance has been observed when releasing therapeutants in sea cages and 

empirically monitoring their movement away from the cage (Page et al., 2014). A recent 
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study found a tenfold dilution of an Azamethiphos tarp treatment (insecticide used to 

control sea lice infections) 100 m from the point of release (Ernst et al., 2014). A second 

study found a dilution factor between one and ten only 30 minutes after a tarp was 

removed from a cage; releasing the homogeneously mixed therapeutant (Page et al., 

2014). While this study tracked dyes between 0.5 and 2 km away from cages, little is 

known about dilution within the lease area of a farm (0-50 m from cages).  

While few studies have sampled flow velocity and mixing at high resolutions (0-

50 meters) within farms, more studies have quantified flow velocity and mixing at lower 

resolutions (100’s of meters) using drifters and single-point acoustics. Lower resolution 

techniques have allowed scientists to track the movement of particles from their point of 

release, and have provided information on flow velocity and particle residence time. 

This has helped identify locations for new site leases, improve fish farm design, and 

implement Bay Management Areas (Løland, 1993; Chang et al., 2007; Cardia and 

Lovatelli, 2015). While our understanding of flow has helped in the management of 

aquaculture farms, the release of wastes and the movement of pathogens continue to 

contribute to environmental degradation and economic losses (Naylor et al., 2000; 

Costello, 2009). Improving our ability to minimize disease transfer and maximize 

nutrient recapture will require higher-resolution techniques that quantify flow velocity 

and mixing. 

Lower resolution techniques have been used to investigate the impacts of 

aquaculture cages on flow and thus far have been tested in the laboratory, because 

measuring flow at aquaculture farms can be costly and logistically challenging. 

Hydrodynamic inputs in farm-scale models typically use depth-averaged current speeds 
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or do not consider variability (horizontal or vertical) in flow at all (Panchang et al., 

1997; Dudley et al., 2000; Cromey et al., 2002; Doglioli et al., 2004; Ali et al., 2011; 

Venayagamoorthy et al., 2011). These model assumptions must misrepresent flow 

because horizontal and vertical boundaries, such as the air/water interface, seafloor, and 

aquaculture gear can significantly alter flow speed and mixing rates and thus cannot be 

averaged or ignored (Fan et al., 2009; Gansel et al., 2014; Turner et al., 2016).  

Although not numerous, some studies have quantified flow velocity and mixing 

in the field. While dilution is typically estimated using lagrangian approaches, i.e., by 

following the same parcel of water over space/time, most efforts to measure in situ flow 

velocity have used eulerian techniques, such as moored Acoustic Doppler Velocimeters 

(ADV) and Acoustic Doppler Current Profilers (ADCP), which do not quantify flow 

over space. While eulerian approaches quantify patterns over temporal scales, they 

provide no horizontal spatial resolution and may not provide fine enough resolution to 

quantify waste dispersion without multiple unit deployments. More recently, Acoustic 

Doppler Current Profilers (ADCP) have been coupled with Geographic Positioning 

Systems (GPS) to collect flow velocity data throughout the water column. Rasmussen et 

al. (2015) measured the flow velocity in linear transects upstream and downstream of a 

row of sea cages using an ADCP and found a reduction in flow downstream of the 

cages. This study used a vessel mounted ADCP, which was quite large and could not 

have been positioned between cages in an array. To 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 high-resolution assessments of flow velocity within 

aquaculture farms, no field studies have quantified the dilution of a tracer within 

aquaculture farms. Studies that have quantified dilution have tracked the movement of 

tracers (e.g. therapeutants) from cages in the field (Ernst et al., 2001; Page et al., 2014) 

while others have estimated dilution or using modelling approaches (Helsley and Kim, 

2005; Cornejo et al., 2014). Evidence from laboratory, modelling, and some field 

studies suggests that aquaculture cages significantly reduce flow speed (Turner et al., 

2016) and increase turbulent mixing downstream of cages (Cornejo et al., 2014). Since 

particle flux depends upon flow speed and dilution rates, describing the variability in 

those parameters within farms may improve our understanding of the 

transportation/retention of nutrient and pathogens around aquaculture farms.  

This study aimed to assess the usefulness of a towed ADCP to describe flow 

velocity within aquaculture farms. In addition, we investigated the impacts of cage 

structures on the dilution of a tracer. Specifically, we investigated flow velocity fields in 

the horizontal and vertical dimensions at a variety of temporal scales within and around 

cages in Atlantic salmon aquaculture farms in Passamaquoddy Bay, Bay of Fundy. Here 

we hypothesize that velocity will not be uniform in the horizontal and vertical domains. 

We then considered how cages impact the dilution of a tracer (milk) downstream of a 

cage and in the alley of a cage, hypothesizing that the dilution of milk will differ around 

the cage. Results are then discussed with respect to the current conceptual model of 

IMTA, sampling designs on aquaculture farms, the movement of diseases, and the 

placement of extractive species on IMTA farms in general and specifically to the 

Passamaquoddy Bay.  
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Methods 

Flow dynamics within five Atlantic salmon farms  

To better understand the variation in flow speed and direction, we measured 

current velocity within five Atlantic salmon farms in Passamaquoddy Bay, Bay of 

Fundy, which is a region characterized by extreme tidal range and mixing. Tides range 

five meters four times daily in the Passamaquoddy Bay and the area is surrounded by 

coves and islands that cause spatial variation in water exchange between regions of the 

bay. The five study farms cover a wide range of hydrographic conditions and rates of 

water exchange (Table 2). Hog Island and Hospital Island Atlantic salmon farms are 

located in northern Passamaquoddy Bay, which is a relatively sheltered area (Figure 1). 

In the past, cages located in this region have had problems related to poor water 

exchange (Shane Bishop, Cooke Aquaculture site manager, pers. comm.). Navy Island 

Atlantic salmon farm is situated in open water between Navy Island and Deer Island, on 

the western side of Passamaquoddy Bay, and experiences moderate to high rates of 

water exchange (Figure 1). Doctors Cove and Fairhaven Atlantic salmon farms are 

found in coves off Deer Island, where narrow channels promote high rates of water 

exchange (Figure 1). Farm-scale ADCP sampling was conducted between May and 

August 2015 at the five farms, which were stocked in the spring (Table 3). Both ebb and 

flood tides were surveyed once at all farms except Hospital Island due to time 

constraints (Table 3). In addition, to determine how current speed and direction vary 

over tide, Hog Island was surveyed three consecutive times in one day on an ebb tide 

and four consecutive times during a flood and ebb tide on a different day (Table 3). 



 

15 

 

Interpolations of current speed and velocity (current speed + direction) were 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 bathymetry. Wind speed and direction data were obtained 

from NOAA’s National Data Buoy Center, from Eastport, Maine. Tidal stage was 

graphically depicted to represent the stage of the tide during the sampling survey (J-

tides™ software jTides 5.2).   

 

Table 2. Location and provincial aquaculture farm designation for ADCP study sites within Bay 

Management Area 1 in Passamaquoddy Bay, Bay of Fundy.    

Region Marine Aquaculture Site Coordinate (latitude, longitude) 

Navy Island MF-0377 45.0312 N, -67.0111 W 

Hog Island MF-0504 45. 1288 N, -66.9606 W 

Hospital Island MF-0084 45.1261 N, -67.0144 W 

Doctors Cove MF-0051 44.9370 N, -66.9832 W 

Fairhaven MF-0059 44.9651 N, -67.0121 W 

 

 

 

 

 

 

 

 

http://www.jtides.software.informer.com/5.2/
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Figure 1. Map of study sites surveyed in Passamaquoddy Bay, Bay of Fundy, Canada.  

 

 

 

 



 

17 

 

Table 3. ADCP mapping information for each ebb and flood survey at all five study sites located in 

the Passamaquoddy Bay, Bay of Fundy. Cages were stocked with fish at the beginning of May (A) 

or at end of May (B) 2015.  

 

Date 

m/d/y 

 

Site 

 

Time (h:m) 

 

Tide 

 

# of cages 

Average 

transect 

length 

(m) 

survey 

area 

(ha) 

~ date 

cages 

stocked 

 

Fish 

size 

(g)1 

5/25/15 Navy 

Island 

8:42-11:05 Ebb 18 348 41 A 200 

6/15/15  9:37-11:41 Flood 18 340 32 A 300 

7/23/15 Doctors 

Cove 

10:31-11:07 Ebb 6 + 6 empty 185 13 B 450 

7/31/15  9:39-10:17 Flood 6 + 6 empty 260 9.5 B 500 

7/12/15 Fairhaven 10:06-10:46 Ebb 3 270 22.1 A 300 

7/31/15  11:07-11:39 Flood 6 360 10.6 A 700 

7/27/15 Hospital 

Island 
10:46-11:33 Ebb 6 620 18.4 A 700 

7/27/15 Hog 

Island 

13:28-14:06 Ebb 6 480 15.3 A 700 

8/11/15  7:45-8:36 Flood 6 + 1 empty 428 20.1 A 850 

  9:01-9:55 Flood 6 + 1 empty 430 23 A 850 

  10:23-11:17 Ebb 6 + 1 empty 430 21 A 850 

  13:21-14:16 Ebb 6 + 1 empty 428 24 A 850 

8/31/15  9:34-10:35 Flood 6 + 1 empty 433 13.6 A 100

0 

  11:34-12:08 Flood 6 + 1 empty 430 16 A 100

0 

  13:48-14:33 Flood 6 + 1 empty 450 15.8 A 100

0 

 

An RD Instruments (RDI) Workhorse 600 KHz River Ray™ ADCP was towed 

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

ADCP transducer produced four acoustic beams, two measuring horizontal velocity (x, 

y), one measuring vertical velocity (z), and a fourth estimating error of velocity 
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estimates. The quantity of acoustic beams enabled high-resolution water velocity data 

collection with a precision of 2 mm/s in all three dimensions. ADCP’s quantify water 

velocity by measuring the speed of moving (particles in the water) and stationary (sea 

floor) objects (Mueller et al., 2009). The transducer transmits a sound signal through the 

water column, which reflects off of particles (e.g. plankton) and then travels back to the 

transducer (Mueller et al., 2009). When sound reflects off the seafloor back to the 

transducer the speed of the boat is provided (Mueller et al., 2009). To determine the 

speed of particles, and hence water flow, Doppler effect, or shift, is used. The Doppler 

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

or closer to the listener (transducer), producing a progressive change in sound frequency 

relative to the transmitted frequency (Mueller et al., 2009). The change in 

horizontal/vertical position of the particle relative to the transducer is a function of the 

speed of the particle/water + the speed of the boat, enabling the speed of the particle 

(i.e., flow) to be obtained by subtracting the speed of the boat from the speed of the 

particle + boat. These sound signals (x,y.z) provide information on the direction of the 

particle. To reduce interactions between ADCP acoustic beams and engine turbulence, 

the transducer was towed three meters behind the outboard vessel.  

The towed ADCP consisted of a transducer, Trimaran float, field laptop, 

Hemisphere GPS and a long-range Bluetooth receiver. The transducer was housed 

within the central Trimaran 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 was calibrated, WinRiver II software™ was used to connect 

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 considerations, water 

speed, and turbulence of the survey region, as recommended by the manufacturer (RDI, 

2015). Additional settings such as blanking distance and tracking mode were also 

configured. A blanking distance of 0.05 meter was chosen according to the depth of the 

transducer relative to the surface when towed as recommended by the manufacturer. 

Throughout the duration of each survey WinRiver II software™ was used to visualize in 

situ flow measurements. Transects were done between rows of the cage array. Survey 

time varied markedly between sites because farm sizes differed. For instance at Doctors 

Cove (12 cages), each survey took roughly 45 minutes and 13 transects were conducted, 

however, at Navy Island it took roughly two hours to conduct 19 transects through 18 

cages (Table 3). To maximize spatial coverage in the y domain, two transects were 

conducted between each row of cages (Figure 3). In some instances, proximity of tows 

near cages was not possible due to floating lines, so not all transects were parallel. The 

ADCP collected data points every second, throughout each transect. Each data point 

consisted of a unique georeferenced position (latitude and longitude) and measures of 

speed and direction throughout the water column. In some instances, the ADCP took 

multiple measures of current speed within a given meter depth (2-3 data points/ meter). 

When that occurred, values were averaged to generate a single value of current speed for 

a given meter depth bin. These data points (2-3data points/ meter) were averaged for 

each study depth (one, five, eight, ten meters) and average values were used to calculate 

the overall mean current speed in a given study depth of a farm survey. 
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Figure 2. ADCP towed on a 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 27th, 2016. Transects are represented by the lines and circles represent Atlantic salmon cages. 

The x and y axes represent longitude and latitude, respectively.   

 

ASCII data files were exported from WinRiverII into Excel. In some instances 

the ADCP was unable to measure flow (speed and direction) or produced erroneous 

extreme values. As such, we omitted missing data was omitted from analysis and 

interpolations where the ADCP was unable to measure and the last five percent of the 

data comprising extreme high values. Missing or erroneous extreme data typically occur 

under highly turbulent conditions, such as when measurements are made close to the 

surface and sea floor (Mueller et al., 2009). These extreme values were often between 
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100-200 cm/s which is considerably higher than the average (25 cm/s) and range (0-65 

cm/s) in current speed obtained after exclusion of these data. Although the last five 

percent of data likely contained some accurate data, removal of five percent insured that 

all erroneous data were omitted from the analysis. Removal of these data did not change 

the overall configuration of contour plots. 

There is a possibility that turbulence from the propeller on the outboard engine 

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 I compared the coefficient of variation of water speed and direction between 

the first and second meter of water. Since data points for a given depth bin over the 

survey area at times exceeded 5,000 and sample sizes between depth bins were uneven, 

a random independent subsample was selected in both depths. To determine where the 

mean and standard deviation stabilized, these two parameters were plotted for sample 

sizes of 10, 100, 1000, 2000, and 3000. Random independent subsamples between 1000-

2000 data points were then used based on the stabilization point (n=1000-2000), 

otherwise slightly smaller sample sizes were chosen if there were less than 1000 data 

points in a given depth bin. A two-sample t-test was conducted to determine if the 

coefficient of variation in water speed and direction at one meter and two meters depth 

differed significantly.  

To visualize the water speed and direction within and around 5 farms variables 

such as current speed, direction, latitude, longitude, easting, and northing were plotted in 

the data visualizing software Surfer™ (Golden Software). Easting and northing 

represent the directional components of the current speed in x and y coordinates 
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respectively. Georeferenced 2-D contour plots were then created to visualize the current 

speed and direction between cages. The nearest neighbor method was used to interpolate 

the transect data points in locations that were not sampled, to provide a ‘data smoothed’ 

visual over the sample area. The nearest neighbor approach fills in non-sampled areas by 

assuming the value of the closest sampled point. Current speed and velocity (current 

speed + direction) were plotted separately and subsequently superimposed to visualize 

their relationship over space. First, current speeds were plotted using georeferenced 

scalar data. Then, a 2-D vector plot was produced using georeferenced easting and 

northing vector data to visualize flow direction. Vector plots were also interpolated 

using nearest neighbor, where the magnitude and direction refer to the closest measure 

of current speed and direction by the ADCP. Depths of one, five, eight and ten meters 

were contoured to represent the different zones of influence. A depth of one meter was 

chosen because this region is primarily impacted by winds and the cage collars that float 

on the surface suspending the nets. A depth of five meters was chosen to represent the 

influence of the fouling of the mesh on the cages and the fish themselves. A depth of 

eight meters was chosen because this represents the total depth of the cages and a depth 

of ten meters was used to represent a depth below cages, where water may speed up in 

the absence of cage obstruction.  

Cages and other abiotic variables such as wind, tide and topography are known 

to have an impact on water flow. An ANOVA was used to determine if there was a 

difference in the average current speed over study depths. Tukey’s test was then used to 

determine which study depths differed. A random subsample of data points was used for 
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this analysis and followed the same protocol used to subsample coefficient of variation 

in current speed and direction.  

Dilution estimates within two Atlantic salmon farms  

To estimate dilution, tracer (milk) was released around cages at two of the five 

farms from the ADCP velocity assessments (Figure 4). Only two farms were surveyed 

(Navy Island and Hospital Island) due to time constraints. Navy Island was surveyed 

once on two separate days and twice on a third day, while Hospital Island was only 

surveyed once (Figure 4). We were also interested in comparing the dilution between 

two points of release within the farm array. Studies suggest that cage structures 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 released downstream of an Atlantic salmon 

cage and in an alley alongside cages (Figure 4).  
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Figure 4. Map of milk release locations used to estimate dilution at two Atlantic salmon farms in the 

Passamaquoddy Bay, Bay of Fundy. Blue circles indicate sampling sites, grey circles represent 

tracer release points and arrows represent tracer direction.  
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Tracer studies typically release fluorescent dyes, which, with the use of 

fluorometers or water analysis can provide information regarding the dilution rate of that 

substance over space/time (Okubo, 1971). However, as a low cost and highly visible 

alternative we chose to use powdered milk, as it contrasted with the water and was 

visible with an aerial drone. Although we did not measure the dilution of the milk 

directly, flow rates captured through time-lapse video analysis were used to later 

estimate the dilution of milk from the point of release based on the increase in the size 

of the milk cloud. To prepare the tracer sample, 2 kg of powdered milk was mixed with 

sea water in a 20 L bucket until the contents were dissolved. The tracer (20 L) was then 

released at each of two different points and throughout the trials a geo-stationary drone 

was deployed at 100 meters above the farm to capture the movement and dispersion of 

the tracer. The drone followed the tracer plume for ten minutes per trial and captured 

high-resolution images every five seconds. The surface area of every plume was 

estimated by importing drone images into Image Pro plus™ software (version 6) for 

image analysis. The known radius of a cage was used as a calibration reference length 

for each image. The plumes’ movement (distance) was estimated by measuring the 

linear distance between the middle of the plume and a fixed point present in all five 

frames. To determine the size of the plume, the surface area was traced every 35 

seconds for five frames, depending on the visibility of the plume in the images.  To 

avoid disturbing the natural shape and movement of the plume, we did not empirically 

measure the depth of the plume.  

To estimate the change in concentration over time, the law of conserving volume 

was used C1V1=C2V2; C1 and C2 represent the initial and final concentrations and V1, 
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V2 represent the initial and final volumes of the plume. Since the concentration of milk 

was not empirically measured during the experiment, we assumed that the initial 

concentration of milk was 100 percent. In addition, the surface area measured in Image 

Pro plus™ was used to estimate the volume. Since the images were 2-D it was not 

possible to measure the z axis diameter; however, for the purpose of this study it was 

assumed to be one meter. Conservation of volume law was then used to estimate the 

concentration of milk for all frames sampled. The 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 

disturbing the plume.  

To estimate the dilution rate of milk released at aquaculture sites, we modeled 

the relation between milk concentration and time using the following exponential decay 

function (concentration=a*xeb*x), where x represents time or distance. To determine if 

there was a significant association between time/distance (dependent variable) and 

concentration (independent variable), a Pearson’s correlation coefficient was computed. 

Pearson’s correlation coefficient was quantified using log values. The dilution rate was 

compared between releases done downstream of cages and those in alleys by examining 

the 95 percent confidence intervals around the “b” parameter, which reflects the rate of 

change in concentration that is associated with a unit change in the dependent variable 

(distance or time) in the exponential model.  

To model dilution rates, we estimated the time and distance particles would take 

to return to background levels in Passamaquoddy Bay, based on different initial 

concentrations. Background levels (1.8 ug/L ) for the area was estimated based on 
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Lander et al. (2013) and Brager et al. (2015) field investigations of seston 

concentrations in Passamaquoddy Bay. Ranges of starting concentrations were chosen 

25, 20, 15, 10, 5, 3 ug/L of seston. These concentrations are above, or near levels found 

in the Passamaquoddy Bay. To calculate the time and distance it would take to reach 

background levels, initial concentrations were input into dilution curves from Navy 

Island on October 6th, 2015 tracer release. Current 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 method used in the tracer 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 direction (t= -0.83, df=24.03, P=0.4) 

(Table 5) between one and two meters depth when comparing surveys of all study 

farms. 
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Table 4. Average, standard deviation and coefficient of variation of current speed (cm/s) at one and 

two meters depth for all surveys of study farms in the Passamaquoddy Bay, Bay of Fundy. Data 

points (N) were randomly selected throughout the duration of the survey. 

Survey Tide N Mean ±SD  

1meter 

Mean±SD  

2 meters 

CV 

1 meter 

CV 

2 meters 

Navy Island  Ebb 2000 14.6±6.8 20.2±9.18 0.46 0.45 

Navy Island  Flood 2000 18.7±8.6 22.4±10.3 0.46 0.46 

Fairhaven  Ebb 2000 9.12±5.3 13.6±7.46 0.58 0.54 

Fairhaven  Flood 2000 16.3±15.7 18.7±14.3 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 25.7±16.4 0.69 0.64 

Hospital Island  Ebb 2000 17±6.0 17.4±6.9 0.35 0.39 

Hog Island  Ebb 2000 10.2±4.5 9.6±4.5 0.44 0.46 

Hog Island August 11th  Flood 2000 13.3±7.7 18.3±9.2 0.58 0.50 

 Flood 2000 14.6±8.4 21.6±10.4 0.57 0.48 

 Ebb 2000 15.2±9.6 24.0±12.6 0.63 0.52 

 Ebb 2000 15.0±10.0 25.6±14.6 0.66 0.56 

Hog Island August 31st  Ebb 2000 11.4±5.9 11.0±5.5 0.52 0.50 

 Ebb 2000 19.5±6.65 13.8±6.7 0.34 0.49 

 Ebb 2000 16.8±7.2 13.8±6.7 0.42 0.48 
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Table 5. Average, standard deviation and coefficient of variation of current direction (°) at one and 

two meters depth for all surveys of study farms in the Passamaquoddy Bay, Bay of Fundy. Data 

points (N) were randomly selected throughout the duration of the survey. 

Survey Tide N Mean ±SD  

1 meter 

Mean±SD  

2 meters 

CV 

1 meter 

CV 

2 meters 

Navy Island  Ebb 2000 207.7±43.1 210.4±65.2 0.20 0.31 

Navy Island  Flood 2000 112.5±55.9 124.2±74.8 0.49 0.60 

Fairhaven  Ebb 2000 238.1±83.8 216.7±97.1 0.35 0.44 

Fairhaven  Flood 2000 196.1±82.1 187.9±84.4 0.41 0.44 

Doctors Cove  Ebb 2000 204.3±82.5 205.7±88.1 0.40 0.42 

Doctors Cove  Flood 2000 139.2±121.1 146.9±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±74.6 0.21 0.40 

Hog Island August 

11th  

Flood 2000 213.3±119.7 198.6±111.7 0.56 0.56 

 Flood 2000 146.2±111.6 158.0±107.3 0.76 0.67 

 Ebb 2000 148.5±97.1 160.4±93.5 0.65 0.58 

 Ebb 2000 157.4±98.3 169.4±93.1 0.62 0.54 

Hog Island August 

31st  

Ebb 2000 253.2±67.4 222.3±83.13  0.26 0.50 

 Ebb 2000 252.6±44.6 223.5±73.8 0.17 0.33 

 Ebb 2000 279.8±74.7 237.1±87.9 0.26 0.37 
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Navy Island 

Water depths ranged between 20-25 meters during the ebb tide survey of Navy 

Island on May 25th, 2015 (Figure 5). Current speeds ranged from 1-43 cm/s (Figure 5) 

and the mean current speed at one, five, eight and ten meters was 14.6, 22.1, 21.3, and 

19.5 cm/s respectively (Table 6). Horizontal current speeds were patchy at the surface 

(one meter), with slower speeds (0-15 cm/s) generally found upstream and throughout 

the farm array, and faster speeds (20-25 cm/s) downstream of the array (Figure 5). At 

five and eight meters depth, flow speeds were notably faster, ranging mainly from 15-30 

cm/s in the southwest direction, with small patches of faster water (30-35 cm/s) found 

throughout the survey area (Figure 5). At ten meters depth, below the cages current 

speeds were slightly slower, ranging between 15-25 cm/s, with patches of faster water 

(25-30 cm/s). The most frequent current direction was from 220-240º for all study 

depths (Figure 7). 

Water depths ranged between 20-25 meters during the flood tide survey of Navy 

Island on July 15th, 2015 (Figure 6). Current speeds ranged 1-45 cm/s for all study 

depths (Table 6). The mean current speed at one, five, eight and ten meters was 18.3, 

21.8, 20.4, and 20.1 cm/s respectively (Table 6). The spatial distribution of current 

speeds in surface (one meter) waters was patchy, and included slower patches of water 

(5-15 cm/s) downstream of cages through most of the farm array (Figure 6). At all other 

study depths water moved slightly faster, between 15-35 cm/s and no slower patches of 

water were present downstream of cages. Current speeds were not faster at ten meters 

depth, below the cages. The most frequent current direction was between 80-100º 

throughout the water column (Figure 7).  
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Figure 5. Abiotic variables at Navy Island Atlantic salmon farm in Passamaquoddy Bay, during an 

ebb tide on May 25th, 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 current speed (cm/s) and direction for one, five, eight and ten meters 

depth. Circles represent Atlantic salmon cages and arrows represent flow magnitude (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 15th, 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 current speed (cm/s) and direction for one, five, eight and 

ten meters depth. Circles represent Atlantic salmon cages and arrows represent flow magnitude 

(length) and direction (orientation). 
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Table 6. Descriptive statistics (median, mean, standard deviation, 95 percent confidence interval 

and coefficient of variation) for current speeds at one, five, eight and ten meters depth at Navy 

Island Atlantic salmon farm during ebb tide on May 25th, 2015 and flood tide on June 15th, 2015. 

Data points (N) represent all samples collected duration of the survey. 

 Depth(m) N range Median Mean SD CI CV 

Navy Ebb 1 32239 0.5-38.5 14.1 14.6 6.9 0.07 0.47 

 5 5943 0.5-40 22.4 22.1 9.2 0.23 0.41 

 8 6161 0.2-40 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 0.6-43 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 0.3-45 19.7 20.4 9.9 0.25 0.48 

 10 11477 0.8-45 19.2 20.1 9.8 0.17 0.48 
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Figure 7. Frequency histograms of current direction at one, five, eight and ten meters depth during 

ebb tide on May 25th, 2015 and flood tide on June 15th, 2015 surveys of Navy Island in the 

Passamaquoddy Bay. 
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Fairhaven 

On July 12th, 2015 during the ebb tide survey of Fairhaven, water depths ranged 

between 5-25 meters; water was deeper towards the mouth of the cove and shallower 

within the cove (Figure 8). During this period, current speed over the entire site at all 

study depths ranged from 1-35 cm/s (Figure 8) and was relatively similar at all depths 

surveyed, being on average 9.11, 13.2, 13.8, and 13.5 cm/s at one, five, eight and ten 

meters respectively (Table 7). Current speeds were quite uniform at the surface, ranging 

mainly between 10-20 cm/s, with slower patches of water within and downstream of the 

array (0-10 cm/s) and faster moving water towards the mouth of the cove (20-30 cm/s) 

(Figure 8). This pattern differed slightly for all other study depths, while currents ranged 

mainly between 10-20 cm/s, downstream and throughout the array, patches of faster 

water were present (20-30 cm/s) (Figure 8). Water speeds were not notably faster at ten 

meters depth below the cages (Figure 8). Current directions at the surface were patchy; 

with currents upstream of cages moving mainly south and currents within the cages 

moving mostly west (Figure 8). This pattern persisted for all study depths (Figure 11). 

The most frequent current direction during the survey was 100-120º, 240-260º at the 

surface, 120-140º at five meters’ depth, and 100-120º at eight and ten meters depth 

(Figure 10). 

On July 31st, during a flood tide survey water depths at Fairhaven ranged from 5- 

20 meters depth. Water was deeper (15-25 m) throughout the farm and shallower (5-10 

m) towards the shore (Figure 9). Current speeds ranged from 1-60 cm/s at all study 

depths (Figure 9). The mean current speed at one, five, eight and ten meters was 15.8, 

18.3, 19.2, and 19.7 cm/s respectively (Table 7). Current speeds were patchy and varied 
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at the surface; within and around the farm array flow speeds were slower ranging from 

0-20 cm/s and markedly faster with increasing distance from the array (30-60 cm/s) 

(Figure 9). This pattern was observed for all other study depths. Current speeds did not 

appear to increase at ten meters depth below the cages, however, smaller patches of 

faster water were found towards the southern edge of the cage array (Figure 9). At the 

surface the direction of the water was quite variable through the farm and tended to 

persist northeast at the southern edge of the array, towards the mouth of the cove (Figure 

9). This pattern was observed for all other study depths. The most frequent current 

direction was from 260-320º for all depths (Figure 10). 
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Figure 8. Abiotic variables at Fairhaven Atlantic salmon farm in Passamaquoddy Bay, during an 

ebb tide on July 12th, 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 current speed (cm/s) and direction for one, five, eight and ten meters 

depth. Circles represent Atlantic salmon cages and arrows 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 31st, 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 current speed (cm/s) and direction for one, five, eight and 

ten meters depth. Circles represent Atlantic salmon cages and arrows represent flow magnitude 

(length) and direction (orientation). 
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Table 7. Descriptive statistics (median, mean, standard deviation, 95 percent confidence interval 

and coefficient of variation) for current speeds at one, five, eight and ten meters depth at Fairhaven 

Atlantic salmon farm during ebb tide on July 12th, 2015 and flood tide on July 31st, 2015. Data 

points (N) represent all samples collected during the survey. 

 Depth (m) N Range Median Mean SD CI CV 

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 0.3-35 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 0.3-60 13.5 18.3 14.1 0.62 0.76 

 8 1830 0.5-65 14.0 19.2 15.0 0.68 0.78 

 10 3432 1.6-65 14.2 19.7 15.1 0.55 0.76 

 

 

 



 

42 

 

 

Figure 10. Frequency histograms of current direction at one, five, eight, ten meters depth during 

ebb tide on July 12th, 2015 and flood tide on July 31st, 2015 surveys of Fairhaven in the 

Passamaquoddy Bay. 
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Doctors Cove 

On July 23rd, during an ebb tide survey of Doctors Cove water depths ranged 

from 5-25 meters. Water depths beneath the farm were quite shallow, ranging from 

seven to ten meters, however, south of the farm the depth sloped down between 20-25 

meters (Figure 11). Current speeds ranged from 1-55 cm/s at all study depths (Table 8). 

The mean current speed at one, five, eight and ten meters was 22.7, 24.5, 26.6, and 29.3 

cm/s respectively (Table 8). At one meters depth, the spatial distribution of current 

speeds was patchy, slower speeds (~10 cm/s) at the northern end of the array moved 

east, and higher speeds (25-40 cm/s) through the remainder of the array moved west 

(Figure 11). The same general pattern was observed for all other study depths, with the 

exception of ten meters, where current speeds increased throughout the southern half of 

the array (40-70 cm/s) (Figure 11). The most frequent current direction was between 

240-260º for all depths (Figure 13).  

On July 31st, during a flood tide survey of Doctors Cove water depths ranged 

between 10-15 meters below the farm array (Figure 12). During this sampling event, 

flow speeds ranged between 1-65 cm/s at all depths (Figure 12). The average current 

speed at one, five, eight and ten meters was 24.3, 27.4, 26.2, and 25.4 cm/s respectively 

(Table 8). The spatial distribution of current speed and direction at the surface was 

patchy, with slower speeds (5-20 cm/s) tending to reside throughout the array moving in 

a clockwise pattern, and faster speeds (30-70) residing to the left of the array, moving 

northeast and to the right of the array moving southwest (Figure 12). This pattern 

persisted for all other study depths, however, surface waters tended to be slower (0-20 

cm/s) throughout the array in 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 up (Figure 12). The most frequent current directions were 0-20º, 200-

220º, and 340-360º at all study depths (Figure 13). 
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Figure 11. Abiotic variables at Doctors Cove Atlantic salmon farm in Passamaquoddy Bay, during 

an ebb tide on July 23rd, 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 current speed (cm/s) and direction for one, five, eight and 

ten meters depth. Circles represent Atlantic salmon cages and arrows represent flow magnitude 

(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 31st, 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 current speed (cm/s) and direction for one, five, eight and 

ten meters depth. Solid and hollow circles represent stoked and unstocked cages respectively, 

arrows represent flow magnitude (length) and direction (orientation).  
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Table 8. Descriptive statistics (median, mean, standard deviation, 95 percent confidence interval 

and coefficient of variation) for current speeds at one, five, eight and ten meters depth at Doctors 

Cove Atlantic salmon farm during ebb tide on July 23rd 2015 and flood tide on July 31st, 2015. Data 

points (N) represent all samples collected during the survey. 

 Depth 

(m) 

N range Median Mean SD CI CV 

Doctors Cove 1 5479 0.5-55 20.3 22.7 14.0 0.37 0.61 

Ebb 5 1399 0.4-55 22.2 24.4 13.6 0.71 0.55 

 8 951 0.9-55 25.7 26.6 14.1 0.89 0.52 

 10 1288 0.8-55 31.1 29.3 14.1 0.77 0.48 

Doctors Cove          

Flood 1 10788 0.4-65 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 0.5-65 23.5 25.4 13.9 0.45 0.54 
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Figure 13. Frequency histograms of current direction at one, five, eight and ten meters depth 

during ebb tide on July 23rd, 2015 and flood tide on July 31st, 2015 surveys of Doctors Cove in the 

Passamaquoddy Bay. 
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Hog Island 

On July 27th, 2015 during an ebb tide survey of Hog Island water depths during 

the survey ranged between 10-15 meters (Figure 14). Current speeds ranged from 1-20 

cm/s at all study depths (Table 9). The average current speed at one, five, eight and ten 

meters was 10.4, 9.5, 8.7, and 9.5 cm/s respectively (Table 9). The spatial distribution of 

current speed and direction at the surface was patchy.  Upstream of the farm, water 

speeds ranged between 15-20 cm/s moving southwest (Figure 14); however, slower 

patches (2.5-7.5 cm/s) were observed downstream of cages. Throughout the rest of the 

study depths current speeds varied less horizontally, mostly between 10-12.5 cm/s, with 

small patches of slower  (2.5-7.5 cm/s) or faster water  (12.5-17.5 cm/s) (Figure 14).  
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Figure 14. Abiotic variables at Hog Island Atlantic salmon farm in Passamaquoddy Bay, during an 

ebb tide on July 27th, 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 current speed (cm/s) and direction for one, five, eight and ten meters 

depth. Circles represent Atlantic salmon cages and arrows represent flow magnitude (length) and 

direction (orientation). 
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Table 9. Descriptive statistics (median, mean, standard deviation, 95 percent confidence interval 

and coefficient of variation) for current speeds at one, five, eight and ten meters depth at Hog Island 

Atlantic salmon farm during ebb tide on July 27th, 2015. Data points (N) represent all samples 

collected during the survey. 

 Depth 

(m) 

N range Median Mean SD CI CV 

 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 27th, 2015 during an ebb tide survey of Hospital Island water depths 

beneath the array ranged between 17.5-20 meters (Figure 15). Current speeds ranged 

between 1-30 cm/s at all study depths although the average current speed at one, five, 

eight and ten meters was 17.1, 12.1, 11.2, and 12.0 cm/s respectively (Table 10). The 

spatial distribution of current speeds at the surface was mainly patchy, with slower 

speeds (10-15 cm/s) downstream of cages in comparison to upstream (20-25 cm/s) 

(Figure 15). For all other study depths, current speeds were much more uniform in the 

horizontal survey domain, with small patches of somewhat slower and faster water 

(Figure 15). Currents did not appear to increase below the cages at ten meters depth 

(Figure 15). Although variable, flow direction was mainly south at five and eight meters 

depth, and mainly west at ten meters depth (Figure 15).  
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Figure 15. Abiotic variables at Hospital Island Atlantic salmon farm in Passamaquoddy Bay, during 

an ebb tide on July 27th, 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 current speed (cm/s) and direction for one, five, eight and 

ten meters depth. Circles represent Atlantic salmon cages and arrows represent flow magnitude 

(length) and direction (orientation). 
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Table 10. Descriptive statistics (median, mean, standard deviation, 95 percent confidence interval 

and coefficient of variation) for current speeds at one, five, eight, ten meters depth at Hospital 

Island Atlantic salmon farm during ebb tide on July 27th, 2015. Data points (N) represent all 

samples collected during the survey. 

 Depth 

(m) 

N range Median Mean SD CI CV 

 1 13804 1.5-29.7 17.8 17.1 5.9 0.09 0.34 

 5 2812 0.18-30 11.4 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 dynamics over time within Hog Island Atlantic salmon farm  

Hog Island: four consecutive surveys 

On August 11th, 2016 during the first survey of Hog Island on a flood tide, water 

depths ranged mainly between 15-25 meters (Figure 16). Current speeds ranged from 1-

40 cm/s at all study depths but were mainly between 10-30 cm/s (Table 11). The average 

current speed at one, five, eight and ten meters was 13.4, 17.3, 17.6, and 17.5 cm/s 

respectively (Table 11). The spatial distribution of current speeds at the surface was 

mainly uniform (10-20 cm/s), with small patches of faster water (20-40 cm/s) (Figure 

16). Flow direction was variable, moving north along the sides of the array, northwest 

upstream of cages and west within and downstream of cages (Figure 16). For all other 

study depths, more numerous patches of faster water (20-40 cm/s) were present (Figure 

16). The most frequent current direction throughout the water column was between 320 

and 340º (Figure 20).  

On August 11th, 2016 during the second survey of Hog Island on a flood tide 

water depths ranged between 15-20 meters. Current speeds for all study depths were 

between 1-45 cm/s, but ranged mainly from 1-40 cm/s (Table 11). The average current 
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speed at one, five, eight and ten meters was 14.7, 19.8, 19.5, and 19.4 cm/s respectively 

(Table 11). Current speeds were similar (10-20 cm/s) across the majority of the one 

meter horizontal spatial domain, with small patches of faster water (20-40 cm/s) (Figure 

17). Flow direction at the surface was mainly eastward (Figure 17).  Patches of faster 

flow (20-40 cm/s) were more common at all other study depths, but were not situated in 

any particular location relative to the array (Figure 17). In addition, the directionality in 

the horizontal spatial domain was quite variable at all study depths (Figure 17).  

On August 11th, 2016 during the third survey of Hog Island during an ebb tide, 

water depths ranged mainly between 15-17.5 meters (Figure 18). Current speeds ranged 

from 1-55 cm/s for all study depths (Figure 18). The average current speed at one, five, 

eight and ten meters was 15.0, 23.7, 23.4, and 23.1 cm/s respectively (Table 11). Current 

speeds in surface waters were mainly uniform in the one meter horizontal spatial domain 

(10-20 cm/s), with small patches of faster water (20-40 cm/s) (Figure 18). Flow 

direction at the surface moved mainly east with some variation northeast, and southwest 

(Figure 18). For all other study depths, faster waters (20-40 cm/s) dominated, and 

moved mainly south (Figure 18).  

On August 11th, 2016 during the fourth survey of Hog Island during an ebb tide, 

water depths ranged mainly between 12.5-15 meters (Figure 19). Current speeds 

throughout the water column ranged from 10-40 cm/s (Figure 19).  The average current 

speed at one, five, eight and ten meters was 14.4, 25.2, 24.9, and 24.7 cm/s respectively 

(Table 11). Current speeds were uniform (10-20 cm/s) in the one meter horizontal 

spatial domain with small patches of faster water (20-40 cm/s) through the array (Figure 

19). For all other study depths, water moved markedly faster (20-40 cm/s) with patches 
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of slower water (10-20 cm/s), but were not situated in any particular location relative to 

the array.  Flow direction throughout the survey extent at the surface was quite variable, 

but did move mainly northwest throughout the array. Flow direction throughout the 

survey extent in all other study depths was quite variable but moved mainly south at five 

meters and west at eight and ten meters (Figure 19). The most frequent current direction 

at the surface was 60-100º, throughout all other study depths the most frequent 

directions were between 180-240º (Figure 20).  
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Figure 16. Abiotic variables during the first survey of Hog Island Atlantic salmon farm in 

Passamaquoddy Bay, during a flood tide on August 11th, 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 current speed (cm/s) and direction 

for one, five, eight and ten meters depth. Circles represent Atlantic salmon cages and arrows 

represent flow magnitude (length) and direction (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 11th, 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 current speed (cm/s) and direction 

for one, five, eight, and ten meters depth.  Circles represent Atlantic 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 on August 11th, 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 current speed (cm/s) and direction 

for one, five, eight and ten meters 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 11th, 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 current speed (cm/s) and direction 

for one, five, eight and ten meters depth. Circles represent Atlantic salmon cages and arrows 

represent flow magnitude (length) and direction (orientation). 
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Table 11. Descriptive statistics (median, mean, standard deviation, 95 percent confidence interval 

and coefficient of variation) for current speeds at one, five, eight and ten meters’ depth at Hog 

Island Atlantic salmon farm during ebb and flood tides on August 11th, 2015. Data points (N) 

represent all samples collected during the survey. 

Survey 

# 

Depth 

(m) 

N Range Median Mean SD CI CV 

Hog1 1 13860 0.1-40 12.1 13.4 7.6 0.12 0.57 

 5 2830 0.16-40 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 0.13-10 16.7 17.5 8.8 0.22 0.50 

         

Hog2 1 14198 0.01-45 13.3 14.7 8.4 0.13 0.57 

 5 2993 0.8-45 18.9 19.8 9.8 0.35 0.49 

 8 3042 0.3-45 18.4 19.5 9.9 0.35 0.51 

 10 6082 0.2-45 18.4 19.4 9.8 0.24 0.50 

         

Hog3 1 13869 0.1-55 13.4 15.0 9.1 0.15 0.60 

 5 2981 0.3-55 22.2 23.7 12.4 0.44 0.52 

 8 2973 0.24-55 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 

         

Hog4 1 14183 0.08-65 12.5 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 0.39-65 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 histograms of current direction at one, five, eight and ten meters depth 

during ebb and flood tide surveys of Hog Island in the Passamaquoddy Bay on August 11th, 2015. 
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Hog Island: three consecutive surveys 

On August 31st, 2016 during the first survey of Hog Island on a flood tide, water 

depths ranged between 10-15 meters (Figure 21). Current speeds ranged from 1-25 cm/s 

(Figure 21). The average current speed at one, five, eight and ten meters was 11.5, 12.9, 

13.5, and 13.3 cm/s respectively (Table 12). Current speeds in the one meter horizontal 

spatial domain were patchy; with slower patches (5-10 cm/s) residing upstream of the 

array and downstream of cages, while faster patches (10-25 cm/s) were situated between 

rows of cages and alongside the array (Figure 21). Water moved mainly west, with some 

variability in flow downstream of cages (Figure 21). This pattern was not observed for 

other study depths; at five meters flow speeds were typically faster (10-20 cm/s), with 

patches of slower water (5-10 cm/s) within the array. At eight and ten meters depth, 

patches of faster water (20-25 cm/s) were more numerous and increased with study 

depth. Flow direction in the one meter horizontal spatial domain moved mainly 

northeast (Figure 21). The same pattern with respect to flow direction persisted 

throughout study depths (Figure 21).  

On August 31st during the second survey of Hog Island on a flood tide, water 

depths ranged between 15-20 meters; deeper waters were located on the left side of the 

survey extent (Figure 22). Current speeds ranged from 1-30 cm/s (Figure 22). The 

average current speed at one, five, eight and ten meters was 19.6, 11.7, 15.4, and 17.6 

cm/s respectively. The current speeds in the one meter horizontal spatial domain were 

patchy; upstream and between cages water moved between 20-35 cm/s and were slower 

downstream cages (5-15 cm/s) (Figure 22). Water moved primarily west, with some 

variation in the southwest upstream cages (Figure 22). At five meters depth, flow speeds 
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were patchy and slower than the surface (5-20 cm/s), and the dominant flow direction 

was northeast (Figure 22). The same pattern with respect to flow direction persisted 

throughout other study depths, while flow speeds tended to speed up over depth (Figure 

22).   

On August 31st during the third survey of Hog Island on a flood tide, water 

depths ranged between 10-20 meters; deeper waters were located on the left side of the 

survey extent (Figure 23). Currents ranged from 1-30 cm/s (Figure 23). The average 

current speed at one, five, eight and ten meters was 16.8, 11.1, 14.2 and 17.0 cm/s 

respectively (Table 12). Current speeds in the one meter horizontal spatial domain were 

patchy, with slower patches (5-20 cm/s) residing downstream of cages, and faster water 

(15-30 cm/s) between rows of cages and alongside the array (Figure 23). Water moved 

primarily west, with some variation in the southwest upstream cages (Figure 23). At five 

meters depth, flow speeds were slower than the surface (10-20 cm/s). Patches of slow 

water (5-10 cm/s) were not situated in any particular location relative to the array. At 

eight meters depth, flow speeds were markedly faster (10-25 cm/s) and more uniform, 

however, at ten meters depth flow speeds slowed down (5-20 cm/s), with small patches 

of faster water (20-25 cm/s). The dominant flow direction in the one meter horizontal 

spatial domain was northeast (Figure 23). The same pattern with respect to flow 

direction persisted throughout the study depths (Figure 23).   
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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 31st, 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 current speed (cm/s) and direction 

for one, five, eight and ten meters depth. White and black circles represent stocked and unstocked 

cages respectively, arrows represent flow magnitude (length) and direction (orientation). 
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Figure 22. Abiotic variables during the second survey of Hog Island Atlantic salmon farm in 

Passamaquoddy Bay, during a flood tide on August 31st, 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 current speed (cm/s) and direction 

for one, five, eight and ten meters 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 August 31st, 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 current speed (cm/s) and direction 

for one, five, eight and ten meters 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 percent confidence interval 

and coefficient of variation) of current speeds at one, five, eight and ten meters depth at Hog Island 

Atlantic salmon farm for three consecutive surveys during flood tide on August 31st, 2015. Data 

points (N) represent all samples collected during the survey. 

 Depth(m) N Range Median Mean SD CI CV 

Hog1 1 16046 0.1-25 11.1 11.5 5.9 0.09 0.51 

 5 3185 0.01-25 12.9 12.9 5.6 0.19 0.43 

 8 3176 0.2-25 13.6 13.5 5.5 0.19 0.40 

 10 6364 0.3-25 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 15.4 6.4 0.25 0.41 

 10 4898 0.5-30 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 variable than flow speeds at Fairhaven, Hospital Island and Hog Island 

(Figure 24). Although variability in flow speed was similar between Doctors Cove and 

Navy Island, they varied less at Navy Island. Variability in flow speeds were also 

similar between Hospital Island, Hog Island and Fairhaven but varied most in the latter 

(Figure 24). Flow speeds were significantly different at one meters depth in comparison 

to five meters depth (Table 13). Current speeds were faster at the surface at Hog Island 

and Hospital Island ebb surveys and Hog Islands August 31st second and third surveys, 

otherwise during surveys of Doctors Cove, Fairhaven, Navy Island and all other surveys 

of Hog Island, currents were significantly slower at the surface (Table 13).  
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Figure 24. Average current speed (cm/s) ± SE from data collected between 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 current speeds for all study depths (one, five, eight, ten meters) 

for all surveys at study farms in the Passamaquoddy Bay, Bay of Fundy using ANOVA’s. A tukey 

test revealed where differences lie between study depths, numbers represent study depths while, sig 

represents a significant difference in current speed between depths and ns means there was not. If 

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

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

Survey Tide N df SS MSS f P differences 

Navy Island  Ebb 2000 3 64808 21603 294.6 <0.0001 All sig 

   7996 586302 73    

Navy Island  Flood 2000 3 8982 2993.9 32.12 <0.001 8-10 ns 

   7996 745397 93.2    

Fairhaven  Ebb 900 3 12793 4264 90.51 <0.001 8-5, 10-5, 

10-8 ns 

   3596 169421 47    

Fairhaven  Flood 1500 3 8491 2830.3 12.67 <0.001 8-5, 10-5, 

10-8 ns 

   5996 133956

1 

223.4    

Doctors 

Cove 

Ebb 900 3 21440 7147 37.02 <0.001 8-5 ns 

   3596 694245 193    

Doctors 

Cove  

Flood 1000 3 3113 1037.7 4.18 0.0057 1-5 sig 

   3996 991884 248.2    

Hospital 

Island  

Ebb 1000 3 20843 6948 181.9 <0.001 10-5 ns 

   3996 152646 38    

Hog Island  Ebb 1000 3 974 324.6 16.75 <0.001 10-5 ns 

   3996 77453 19.4    

Hog Island 

August 11th  

Flood 1000 3 10422 3474 45.34 <0.001 8-5, 10-

5,10-8 ns 

   396 306159 77    

 Flood 1000 3 16407 5469 61.72 <0.001 8-5, 10-

5,10-8 ns 

   3996 354075 89    

 Ebb 1000 3 53823 17941 132.7 <0.001 8-5, 10-

5,10-8 ns 

   3996 540236 135    

 Ebb 1000 3 81523 27174 157.3 <0.001 8-5, 10-

5,10-8 ns 

   3996 690233 173    

Hog Island 

August 31st   

Ebb 1000 3 2686 895.3 27.85 <0.001 8-5, 10-

5,10-8 ns 

   3996 128462 32.1    

 Ebb 1000 3 29630 9877 240.9 <0.001 All sig 

   3996 163798 41    

 Ebb 1000 3 24223 8074 202.7 <0.001 All sig 

   3996 159184 40    
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Dilution estimated within two Atlantic salmon farms 

Navy Island 

On October 6th, 2015 milk released in the alley travelled non-uniformly through 

the alley (plume to the right) (Figure 25). There was a significant negative exponential 

relationship between estimated milk concentration and distance r=-0.97, P<0.01 (Figure 

26) as well as time r=-0.9, P<0.01 (Figure 27). Three minutes and 43 meters from the 

point of release, milk released in the alley was diluted to 3 percent of the initial 

concentration (Figure 26, Figure 27). Milk released downstream of a cage (plume to the 

left) moved into the cage downstream of the release (Figure 25). There was a significant 

negative relationship between estimated milk concentration with distance r=-0.9, P<0.01 

(Figure 26) and time r=-0.96, P<0.01 (Figure 27). Three minutes and 39 meters from the 

point of release milk was diluted to 2.5 percent of the initial concentration (Figure 26, 

Figure 27). There was no effect of location (cage, alley) on the dilution of milk over 

distance or time (Table 14, Table 15).  

 

Figure 25. Images from the milk release trial conducted on October 6th, 2015 at Navy Island 

Atlantic salmon farm in the Passamaquoddy Bay during 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 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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Figure 26. Dilution curves from the milk release trial conducted at Navy Island on October 6th, 

2015 represented as the concentration of milk over time (seconds). Blue circles represent milk 

released downstream a cage, and the black circles represent milk released in the alley. 

 

 

Figure 27. Dilution curves from the milk release trial conducted at Navy Island on October 6th, 

2015 represented as the concentration of milk over space (m). Blue circles represent milk released 

downstream a cage, and the black circles represent milk released in the alley. 
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On May 26th, 2016, milk released in the alley (plume to the right) travelled 

southeast, directly into a cage (Figure 28). There was a significant negative relationship 

between estimated milk concentration with distance r=-0.79, P<0.05 (Figure 29) and 

time r=-0.99, P<0.01 (Figure 30). Three minutes and ten meters from the point of 

release, milk was diluted to 10 percent of the initial concentration (Figure 29, Figure 

30). Milk released downstream of a cage (plume to the left), traveled south, 

perpendicular to a rows of cages (Figure 28). There was a significant negative 

relationship between estimated milk concentration with distance r=-0.96, P<0.01 

(Figure 29) and time r=-0.99, P<0.01 (Figure 30). Three minutes and 4.4 meters from 

the initial point of release, milk was diluted to 11.5 percent of the initial concentration 

(Figure 29, Figure 30). There was a no effect of location (cage, alley) on the dilution of 

milk over distance or time (Table 14, Table 15). 

 

 

Figure 28. Milk release images from the second trial conducted on May 26th, 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 release. The 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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Figure 29. Dilution curves from the second milk release trial conducted at Navy Island on May 26th, 

2016 represented as the concentration of milk over time (seconds). Grey circles represent milk 

released downstream a cage, and the black circles represent milk released in the alley. 

 

Figure 30. Dilution curves from the second milk release trial conducted at Navy Island on May 26th, 

2016 represented as the concentration of milk over space (m). Grey circles represent milk released 

downstream a cage, and the black circles represent milk released in the alley. 
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On July 5th, 2016 milk released in the alley (plume to the left) moved southeast 

towards a cage (Figure 31). There was a significant negative relationship between 

estimated milk concentration with distance r=-0.99, P<0.01 (Figure 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 diluted to 13.3 percent of the initial concentration (Figure 32, Figure 33). Milk 

released between the cages (plume to the right) moved south, perpendicular to a rows of 

cages (Figure 31).  There was a significant negative relationship between estimated 

concentration with distance r=-0.97, P<0.01 (Figure 32) and time r=-0.99, P<0.05 

(Figure 33). 1.75 minutes and 6.5 meters from the point of release milk was diluted to 

30 percent of the initial concentration (Figure 32, Figure 33). There was no effect of 

location (cage, alley) on the dilution of milk over distance but there was over time 

(Table 14, Table 15). 

 

 

 

Figure 31. Milk release images from the first trial conducted on July 5th, 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 release. The 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 a cage respectively. 
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Figure 32. Dilution curves from the first milk release trial conducted at Navy Island on July 5th, 

2016 represented as the concentration of milk over time (seconds). Blue circles represent milk 

released downstream a cage, and the black circles represent milk released in the alley. 

 

 

Figure 33. Dilution curves from the first milk release, conducted at Navy Island July 5th, 2016 

represented as the concentration of milk over space (m).  Black circles represent milk released 

downstream a cage, and the black circles represent milk released in the alley. 
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On July 5th, 2016 milk released in the alley (plume farthest from the boat) 

travelled southwest, directly towards a cage (Figure 34). There was a significant 

negative relationship between estimated concentration with distance r=-0.99, P<0.05 

(Figure 35) and time r=-0.98, P<0.01 (Figure 36). 2.3 minutes and 9 meters from the 

point of release milk was diluted to 13.5 percent of the initial concentration (Figure 35, 

Figure 36). Between the cages (plume closest to the boat), milk also moved southwest, 

into the alley (Figure 34). There was a significant negative relationship between 

estimated milk concentration with distance r=-0.89, P=0.05 (Figure 35) and time r=-

0.80, P<0.05 (Figure 36). Three minutes and 18.6 meters after milk was released 

between cages it was diluted to 50 percent of the initial concentration (Figure 35, Figure 

36). There was a significant effect of location (cage, alley) on the dilution of milk over 

distance and time (Table 14, Table 15). 

 

 

 

Figure 34. Milk release images from trial two conducted on July 5th, 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 respectively. The 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. 

 



 

79 

 

 

 

Figure 35. Dilution curves from the second milk release trial conducted at Navy Island on July 5th, 

2016 represented as the concentration of milk over time (seconds). Blue circles represent milk 

released downstream a cage, and the black circles represent milk released in the alley. 

 

 

Figure 36. Dilution curves from the second milk release trial conducted at Navy Island on July 5th, 

2016 represented as the concentration of milk over distance (m). Blue circles represent milk 

released downstream a cage, and the black circles represent milk released in the alley. 
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Hospital Island 

On July 12th, 2016 milk released in the alley (plume to the left) travelled east, 

through the alley (Figure 37). There was a significant negative relationship between 

estimated milk concentration with distance r=-0.86, 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 percent of the initial concentration (Figure 38, Figure 39). Milk released 

between cages (plume to the right) moved west towards a cage (Figure 37). There was a 

significant negative relationship between estimated concentration with distance r=-0.94, 

P<0.05 (Figure 38) and time r=-0.86, P=0.05 (Figure 39). 2.3 minutes and 14 meters 

from the point of release milk was diluted to 19 percent of the initial concentration 

(Figure 38, Figure 39). There was no significant effect of location (cage, alley) on the 

dilution of milk over distance or time (Table 14, Table 15). 

 

Figure 37. Milk release images from trial one conducted on July 12th, 2016 at Hospital Island 

Atlantic salmon farm in the Passamaquoddy Bay. Each panel represents a time step, where A, B 

and C are stills from one, four and 6.8 minutes after release. The 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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Figure 38. Dilution curves from the milk release trial conducted at Hospital Island on July 12th, 

2016 represented as the concentration of milk over time (sec). Blue circles represent milk released 

downstream a cage, and the black circles represent milk released in the alley. 

 

Figure 39. Dilution curves from the milk release trial conducted at Hospital Island on July 12th, 

2016 represented as the concentration of milk over space (m). Blue circles represent milk released 

downstream a cage, and the black circles represent milk released in the alley.  
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Table 14. Exponential models estimated for the relationship between the concentrations of milk 

over distance between the cage and alley at Navy Island for all dates except July 12th, which 

occurred at Hospital Island. Confidence interval (95 percent) estimated for the growth parameter 

“b” to compare the change in concentration between the alley and cage.  

Release date Location Concentration=ae^(bx)  Lower CI Upper CI 

October 6th  Cage  C=99.29*exp(-0.19*distance) -0.26 -0.12 

 Alley C=99.06*exp(-0.12*distance) -0.17 -0.07 

May 26th  Cage C=100.3*exp(-0.35*distance) -0.41 -0.29 

 Alley C=98.4*exp(-1.08*distance) -2.06 -0.10 

July 5th  T1 Cage  C=94.5*exp(-0.19*distance) -0.38 -0.005 

 Alley C=98.7*exp(-0.25*distance) -0.36 -0.13 

July 5th  T2 Cage C=102.1*exp(-0.04*distance) -0.05 -0.03 

 Alley C=98.96*exp(-0.21*distance) -0.26 -0.17 

July 12th  Cage  C=102.4*exp(-0.11*distance) -0.18 -0.07 

 Alley C=92.89*exp(-0.26*distance) -0.246 -0.014 
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Table 15. Exponential models estimated for the relationship between the concentrations of milk 

over time between the cage and alley at Navy Island for all dates except July 12th, which occurred at 

Hospital Island. Confidence interval (95 percent) estimated for the growth parameter “b” to 

compare the change in concentration between the alley and cage. 

Release date Location Concentration=ae^(bx) Lower CI Upper  CI 

October 6th  Cage  C=99.14*exp(-0.03*time) -0.04 -0.02 

 Alley C=98.97*exp(-0.03*time) -0.04 -0.02 

May 26th  Cage C=93.6*exp(-0.017*time) -0.030 -0.007 

 Alley C=95.62*exp(-0.02*time) -0.030 -0.01 

July 5th T1 Cage  C=95.44*exp(-0.01*time) -0.02 -0.001 

 Alley C=97.9*exp(-0.02*time) -0.033 -0.008 

July 5th T2 Cage C=101.1*exp(-0.0044*time) -0.006 -0.003 

 Alley C=95.5*exp(-0.017*time) -0.03 -0.008 

July 12th  Cage  C=101.5*exp(-0.01*time) -0.02 -0.01 

 Alley C=100.4*exp(-0.009*time) -0.02 -0.001 

 

Estimates of dilution to background seston levels 

At Navy Island on October 6th, 2015 it took a starting concentration of 25 ug/L of seston 

140 seconds and 33.5 meters to dilute to background levels (1.8 mg/L) (Table 16). 

Conversely, starting at a relatively low concentration of seston (3 ug/L), a tracer took 35 

seconds and 8.5 meters to reach background levels (Table 16).  
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Table 16. Estimates of time, and distance taken to reach background seston levels for different 

initial concentrations of seston based on dilution curves created at Navy Island. Estimates based on 

a flow rate of 24.5 cm/s, from data collected on October 6th, 2015.  

Concentration of seston 

(mg/L) 

Time (seconds) to reach 1.8 mg/L Distance (meters) to reach 

1.8 mg/L 
25 140 33.5 

20 122.5 28.5 

15 105 25.5 

10 70 15.5 

5 35 8.5 

3 35 8.5 
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Discussion 

Flow dynamics within five Atlantic salmon farms 

A towed ADCP was a practical tool for collecting high spatial resolution current 

data in and around fish cages. Assembly, configuration, and unit deployment were 

straightforward and survey time was minimal. Spatial data were readily acquired and 

processed in comparison to stationary ADV’s, which would have required numerous 

devices to achieve the same spatial resolution. The small outboard vessel coupled with 

the compact towed ADCP enabled easy access to narrow, congested areas not readily 

accessible by large vessels. As a result, the outboard vessel was able to avoid most 

submerged structures and collect data with minimal interference to daily husbandry and 

farm activities. Data processing was relatively rapid and enabled succinct visual results. 

Contour plots overlaid on the site schematic provided a simple and powerful visual 

method for communicating results to stakeholders. Although the data collected by the 

ADCP represent a single snapshot in time, multiple surveys over the tidal cycle allow 

for possible temporal resolution.  

There was a possibility that the ADCP would detect the turbulence created by 

the engine on the Zodiac, and lead to chaotic flow speed and direction in the first meter 

of water. Had the ADCP detected turbulence, we would have expected a higher CV of 

current speed and direction at the surface in comparison to two meters depth, because 

turbulence from the engine would have pushed water up from below and would have 

created more chaos in current speed and direction. Results from the CV of current speed 

and direction suggest that for surveys of study farms, the CV of current speed and 
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direction at one and two meters depth were not significantly different. In addition, visual 

inspection of current speed and directional patterns from interpolations of study farms 

did not appear to be related to the tow pattern. This suggests that the ADCP was likely 

towed far enough from the engine. 

Considerable variation in flow speed and direction illustrate the complex 

dynamics within Atlantic salmon study farms.  Visual inspection of interpolations 

showed differences in current speed patterns between farms (at the same depths) 

surveyed in this study. This is not surprising, since farms in the Passamaquoddy Bay are 

surrounded by different islands and coves, which greatly affect dynamics of water flow 

(Forrester, 1960). Farms such as Hog Island and Hospital Island are located in sheltered 

areas and while influence of wind may have a smaller impact here than at exposed sites, 

wind may have a higher proportional impact at sheltered sites if speeds are slower since 

currents are primarily driven by tide. In contrast, winds may generally have a larger 

impact at more exposed farms but less of an impact than at sheltered sites because tidal 

action is more prevalent at Doctors Cove, Fairhaven and Navy Island.  A study of four 

Mediterranean farm sites found differences in mean flow speed among sites, when 

deploying a single point current meter ten meters below the surface (Black and 

MacDougall, 2002). Average current speeds at these sites ranged between 1-10 cm/s and 

differences in current speeds between farms were related to the degree of exposure, 

wind and river runoff. Wind stress and river runoff are important drivers of current in 

the Mediterranean Sea in comparison to the Bay of Fundy where tides primarily govern 

currents. While Fairhaven, Hog and Hospital Island sites had current speeds within the 

same ranges, discrepancies in current speeds between those sampled by Black and 
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MacDougall (2002) and our study are likely caused by differences in environmental 

conditions that drive currents such as tides and wind. In addition, currents were 

measured at a single point ten meters deep, whereas our study incorporated the variation 

in flow within and around the entire farm. Off the west coast of Norway, flow was also 

measured upstream and downstream of four fish farms at three meters depth and 

differences in current speed were also documented between farms (Johansson et al., 

2007). Differences were also attributed to their level of exposure, wind and river runoff. 

Coastal sites surveyed by Johansson et al. (2007) study had mean surface current speeds 

(~10 cm/s) similar to farms in our study such as Fairhaven, Hog and Hospital Islands, 

while Fjord sites had lower mean current speeds (~5cm/s). Again, tides primarily govern 

currents in the Bay of Fundy, while river runoff and wind are more important in 

Norwegian waters. In addition, Johansson et al. (2007) used a single point current meter 

which did not measure current speed throughout the extent of the farm. While we 

detected variation in flow over the course of study, farm surveys using an ADCP, 

processes that govern flow (wind, tide), vary over time. Surveys of various farms were 

not conducted at the same time or stage of the ebb or flood tide, which certainly 

contributed to some of the variation between sites. To quantify variation between farms 

at the same tidal stage, future work should include deployments of stationary ADCP’s. 

Although our study is not the first to document flow variation between farms, ranges of 

current speeds were consistent with other studies and have implications for farm-scale 

aquaculture management. Our results suggest that the management of pathogens and 

nutrients should occur at the site level in addition to the bay scale. At the site level, if 

pathogens are present in adequate concentrations and fish are susceptible to infection, 



 

88 

 

patches of slow current speeds may increase the likelihood of contraction within certain 

cages. In addition, if particulates are present in adequate concentrations, slow flows may 

allow extractive species the time to consume wastes from aquaculture sites assuming 

their particle ingestion rates are sufficient. At the bay scale, fast current speeds may 

transport pathogens to other farms quickly. In addition, bay scale IMTA species 

placement may allow certain extractive species the opportunity to consume slow sinking 

wastes if current speeds are high and it is not possible to position them close to cages. 

Visual inspection of interpolations showed that current speeds within the 

horizontal spatial domain were more similar across depths during surveys of farms 

where flow speeds were high in comparison to surveys of farms where flow speed were 

slow. Current speeds at Navy Island (ebb and flood) and Doctors Cove (ebb and flood) 

and Fairhaven (ebb and flood) were patchy and did not appear to coincide with cage 

orientation. Flow patterns during surveys of Hog Island (July 27th, August 31st) and 

Hospital Island (ebb), were consistent with the presence of cages and speeds were 

slower downstream of cages. River runoff or wind may have impacted the first meter of 

water at Hog and Hospital Island, while strong currents may have created consistent 

horizontal patterns in the water over depth at Fairhaven, Doctors Cove and Navy Island. 

Horizontal variation in flow suggests that models aiming to estimate nutrient dilution 

and disease dispersal may benefit from incorporating variability to more accurately 

represent transport. This may require the use of multiple averages of current speed and 

direction over the space of a 1meter horizontal spatial domain to capture the variability.  

Variation in flow speed in the top meter of water in comparison to the water 

column was seen at all farms surveyed in this study. Current speeds at one meter depth 
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were significantly different than at five meters depth at all surveys of study farms and 

tended to be slower at the surface, with the exception of Hog Island (July 27th, August 

31st survey #2, survey#3) and Hospital Island (July 27th). Slower current speeds at the 

surface could indicate that cage collars are dampening flow within the farm. Panchang et 

al. (1993) measured the current speed using a point moored ADV and found that 

currents were typically slower at the surface than through the water column. This result 

was reproduced by Turner et al. (2016), who collected current measurements up and 

downstream scaled-down sea cages in an experimental flume tank. These studies 

suggest that slow surface waters were caused by the cages; however, while we may have 

observed the impacts of cages at some study farms under certain tidal conditions, we 

cannot assume the cages were the only variable impacting flow speeds. Flow speeds 

were faster at the surface at Hog and Hospital Islands, which may indicate that other 

variables such as river runoff or wind may have impacted flow. Since flows are 

relatively slow at Hog and Hospital Island, winds may have a higher impact than at 

more exposed farms with higher average current speeds. While laboratory and 

modelling studies help to tease out single interactions between variables, results from 

our study suggest that it is not accurate to simply model the effects of cages on flow 

without considering other environmental variables. Other environmental variables such 

as river runoff, wind and the surface boundary layer may have an impact on surface 

waters. Slower surface waters within aquaculture farms have implications for the 

movement of diseases and nutrients within aquaculture sites. If pathogens are present in 

adequate concentrations and fish are susceptible to infection, slower surface waters may 

increase the likelihood of contraction. In addition, if particulates are present in adequate 
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concentrations, slow flows may allow extractive species the time to consume wastes 

from aquaculture sites assuming their particle ingestion rates are sufficient.  

The direction of water flow during flood and ebb tides throughout the extent of 

the farm were not typically symmetrical. While the presence of coves and islands 

(asymmetrical in shape) likely contributed to this pattern, tidal asymmetry within such a 

small area of water was not anticipated. However, a study conducted in the same region 

reported that a clockwise eddy forms before water flows in the dominant flood direction 

during a flood tide in Brandy Cove (Trites and Garrett, 1983), thus tidal asymmetry has 

been observed in other regions of Passamaquoddy Bay. My findings suggest that models 

and experimental designs cannot assume a directional symmetry between ebb and flood 

tides as zones of deposition may be falsely identified. 

Consistency in current speed patterns between repeated samples of the same day 

validates the use of a towed ADCP to quantify flows around farms over the time scale of 

our surveys. Visual inspection of same day survey interpolations yielded similar spatial 

patterns. This suggests that while surveys were conducted over space and time, the 

survey duration (60 minutes) does not likely have a large impact on the overall patterns 

observed. There were differences in current speed patterns were present, however, 

between sampling days. Interestingly, flow reduction downstream of cages in surface 

waters was observed in all three surveys on August 31st (A 2), while flow was much 

slower on August 11th and displayed no reduction downstream of cages (A 1). These 

results suggest that while overall variation in flow speed and direction around 

aquaculture sites likely doesn’t differ significantly between days, with the exception of 

days with significant weather events and certain tidal stages. What may differ is how 
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variation is expressed in patterns of current speed and direction over space at the farm 

scale.  High-resolution sampling over a broad range of environmental conditions and 

stages of the tide is likely necessary to better understand the dynamics of flow around 

aquaculture farms.   

Dilution estimated within two Atlantic salmon farms 

The release of tracer downstream of cages and alleys suggests that on average in 

15.7 meters and 2.5 minutes, flow was reduced to 19% of initial concentration. 

Although no studies have empirically quantified dilution on such small scales within 

aquaculture farms, Helsley and Kim (2005) modeled the dispersal of NH4+ and found 

an order of magnitude of dilution over 100 meters. In addition, other tracer release 

studies conducted in Passamaquoddy Bay suggest similar trends; Nelson et al. (2017) 

found an order of magnitude dilution of sea lice from aquaculture farms in 100 meters, 

while 30 minutes after release Page et al. (2014) found between a one and tenfold 

dilution of fluorescent dye from aquaculture cages. While there were small differences 

in the dilution rates in our study and those of others, our study was conducted on a 

smaller scale within aquaculture farm arrays. Our estimates suggest that close to 

aquaculture cages, dilution occurs quickly, and faster than those reported from the 

literature. However, our estimates of dilution may be underestimated because while the 

area of the plume was known, the volume of the plume was likely underestimated based 

on an assumption of the plumes depth (one meter). While estimates of dilution may not 

have been accurate, they were conservative as the plume more than likely sank deeper 

than one meter, as the depth of the plume would have increased over time meaning that 
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dilution was likely faster than reported. In addition, we also assumed that the 

concentration of tracer over the area of the plume was constant over the area of the 

plume which also was likely not the case. However, dilution rates occurred quickly 

regardless of how the tracer’s concentration varied within the plume and thus does not 

change our findings.  

Such high rates of dilution from farms may be contributing to the discrepancy 

between studies that investigate near-field seston enhancements (Pitta et al., 1998; 

Tovar et al., 2000; La Rosa et al., 2002; Lander et al., 2013; Brager et al., 2015). Our 

results suggest that dilution may be even faster than initially expected which has 

implications for the design of IMTA farms. If significant dilution occurs within 50 

meters from cages, extractive species may not have enough time to intercept particles 

under current species placement. Studies modeling the interception capability of blue 

mussels have similarly suggested that they cannot capture enough particulate nutrients 

in time due to high flows (Troell and Norberg 1998; Cranford et al., 2013; Reid et al., 

2013b).  

While dilution occurred quickly, overall, it was not possible to compare the 

overall dilution rates downstream of cages and in alley because it was difficult to 

determine the downstream direction relative to cage orientation. As such, many of the 

tracer releases did not in fact travel “downstream” of a cage or in the “alley”. During 

flood tide, the tracer tended to move through the alley when the plume was released 

downstream of a cage and moved down through a cage when released in the alley. As 

such, we were not able to mimic milk release downstream of cages and alleys so it is 

unclear if dilution would have been different had they been deployed in the right 
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directions. However, these trials did show that flow direction is not symmetrical 

between ebb and flood tide, because when the tracer was released in the alley and 

downstream of cages on an ebb tide at Navy Island, the plumes traveled as expected. 

Future studies should consider tidal asymmetry or they may falsely identify areas of 

nutrient deposition.  

Based on an initial concentration of 3 ug/L, which represent elevated particle 

concentrations at Atlantic salmon farms in Passamaquoddy Bay (Lander et al., 2013; 

Brager et al., 2015) and using the exponential model from Navy Island on October 6th, 

background seston concentrations (1.8 ug/L) were reached in 35 seconds and 8.5 meters. 

This is further evidence to support the difficulties of designing IMTA farms. Such high 

rates of dilution mean that extractive species may not have time to intercept particles 

from Atlantic salmon cages.  

Implications 

Sampling  

Results from this study have implications for sampling aquaculture sites based 

on tidal stage, or to collect empirical data for hydrodynamic models, disease treatment, 

and placement of extractive species on aquaculture farms. Variation in flow patterns 

between farms suggests that farms should be sampled individually using techniques 

such as Teledyne™ River Ray systems if spatial patterns are important to operators. 

Although results from this study are specific to space and time, spatial variation in 

current speeds are not unique to the Passamaquoddy Bay. Studies in Norway and the 

Mediterranean have found variation in flow speeds within and between sites as well 
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(Black and MacDougall, 2002; Johansson et al., 2007). Sampling should be conducted 

to allow for detection of variation over space and time. Given the high-spatial variability 

in flow, it is possible that modeling studies using point-samples as hydrodynamic inputs 

have misrepresented particle displacement within farms.  In addition, at each potential 

farm, sampling should be conducted on ebb and flood tides since results suggest flow 

direction is not symmetrical or easily predictable. This may have implications for the 

results of studies that have not used this approach, since suspected 

downstream/upstream effects may go undetected if ebb and flood directions are 

misclassified. Finally, our identification of high dilution rates also has implications for 

studies that aim to sample nutrient concentrations in association with aquaculture farms. 

Jansen et al. (2016) discussed the limitations to current studies sampling water quality 

around aquaculture farms and acknowledged the difficulties detecting elevated particle 

concentrations. Our study supports this finding, since orders of magnitude in dilution 

were typical within less than five minutes around two aquaculture farms used in this 

study. As such, future studies that aim to capture the presence of elevated particle 

concentration around aquaculture farms may be simply limited in the time and sampling 

frequency that would likely be required to detect changes.  

Disease 

Variation in flow speed and direction has implications for the spread of diseases 

within farms. Patchiness in flow velocity may translate into patchiness in the spread of 

diseases at the farm scale. Nelson et al. (2017) found more sea lice on aquaculture farms 

(when salmon were infected) than at reference locations, however, despite sampling 
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during infectious periods the authors had a difficult time finding many sea lice on farms. 

Fast dilution rates and patchiness in flow may explain the lack of sea lice found on 

aquaculture farms. In addition, farm scale models aiming to predict the movement of 

disease may be improved by incorporating small-scale flow patterns and tidal 

asymmetry.  

IMTA 

This study has provided insights for the design of future IMTA farms in 

Passamaquoddy Bay and other areas. Flow speeds and dilution rates observed at 

Atlantic salmon farms in this study inform on the movement of nutrients for extractive 

species; large/small particulates and dissolved inorganics. In the first IMTA conceptual 

model, lighter, suspended particulates move from fish cages and are extracted by blue 

mussels (Mytilus edulis) and other filter feeders while sea cucumbers (Cucumeria 

frondosa) and other deposit feeders consume heavier settling particles. Other extractive 

species such as macroalgae (Saccharina latissima and Alaria esculenta) are responsible 

for extractive dissolved inorganics. Recent research has provided new insight 

concerning the synergies between aquaculture wastes and extractive species. Reid et al. 

(2013b) conducted a scoping exercise where they considered the total organic load of a 

finfish-mussel farm and the absorption efficiency of mussels consuming diets composed 

of seston and faeces. Results suggested that most light suspended particles will be 

transported quickly from Atlantic salmon cages and mussels may not intercept them.  

Reid et al. (2013b) also suggested that particulates from Atlantic salmon aquaculture 

must comprise 11-15 percent of blue mussel diets to prevent an increase in loading from 
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the addition of blue mussels on Atlantic salmon farms. In addition, a second study 

suggests that a density of 1000 blue mussels/m2 must be exposed to low current speeds 

of 2-8 cm/s to remove 0.9-3.5 percent of particles in 1 m3 of water passing by (Cranford 

et al., 2013). Flow speeds observed in our study typically ranged between 20-40 cm/s, 

and as such would not afford mussels the opportunity to ingest one percent of incoming 

particulates in 1 m3. In addition, achieving higher consumption rates through increased 

mussel densities would likely reduce flow speeds and may compromise the health of the 

mussels and Atlantic salmon due to the impacts of dense mussel culture acting as 

barriers to incoming flow (Stevens and Peterson, 2011). Blue mussels may contribute 

higher extractive capacity at low flow sites observed in this study, however, flow 

reduction caused by mussel culture/structures might still pose a major concern regarding 

oxygen concentrations.   

Dilution rates from this study suggest that particle concentrations are 

significantly reduced over relatively short distances. Similarly, a study mapped the 

concentration of particulates within an aquaculture farm in Passamaquoddy Bay and did 

not find elevated particle concentrations, which suggests that dilution may have 

occurred quickly in their study as well (Brager et al., 2015).  In addition to high flow 

speeds and dilution, positioning of extractive species also impacts their ability to 

consume wastes. Results from our study suggest that blue mussels will be located 

downstream of the nutrient transport direction less than 50 percent of the time, given the 

non-symmetric nature of the tides. Extractive filter feeding organisms would be required 

to consume 15 percent of particulates from IMTA in a short time window while they are 

in the downstream position from the farm. Given results from this study and in the 
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literature, there is a low likelihood that mussels will significantly contribute to a reduced 

environmental nutrient load at salmon farms in the Passamaquoddy Bay. 

 Although flow and dilution rates from this study were high, larger settling 

particles contribute to benthic loading beneath farms in Passamaquoddy Bay (Hargrave 

et al., 1995), and can still be captured by benthic extractive species such as sea 

cucumbers assuming they have access to the nutrients. While much less research has 

been done to estimate the extractive capabilities of benthic extractive species on IMTA 

farms one study modeled the remediation impacts of benthic extractive species (Cubillo 

et al., 2016). Results from this study suggest the California sea cucumber 

(Parastichopus californicus) could reduce benthic loading by 86 percent (Cubillo et al., 

2016). While Cubillo et al. (2016) estimated loading for a conceptual farm on the West 

Coast of Canada using a different species, results suggest that the orange footed sea 

cucumber can likely remove more organics than blue mussels on IMTA farms in the 

Passamaquoddy Bay.  

In the early IMTA conceptual model kelp and other macroalgae were assumed to 

assimilate dissolved inorganic wastes on Atlantic salmon farms. While studies have 

observed augmented growth of kelp cultured directly beside finfish cages (Kerrigan and 

Suckling, 2016), it is unclear if kelp can reduce inorganic loading surrounding the farm 

(Broch et al., 2013; Reid et al., 2013a). Macroalgae require light for growth and thus 

can only be cultured in surface waters. Given constraints on culture depth, it would not 

be possible to achieve high culture densities in close proximity to Atlantic salmon cages. 

Reid et al. (2013a) estimated the ability of Alaria esculenta and Saccharina latissima to 

assimilate nitrogen from finfish farms and suggest that it would not be possible for those 
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species to remove a significant amount of dissolved inorganics given the culture 

densities required. It would take 4.7 kg of kelp to sequester nitrogen from 1 kg of 

salmon (Reid et al., 2013a). A second study estimated the removal potential of 

Saccharina latissima and arrived at a similar conclusion (Broch et al., 2013). In 

addition, while kelp prefer high flow rates of 40-60 cm/s (Hurd, 2000), these will be 

associated with high dilution rates and will rapidly transport aquaculture derived 

inorganics quickly away from farms. It is unlikely that kelp can assimilate much of the 

dissolved inorganics when cultured on IMTA farms in the Passamaquoddy Bay.  

A second potential benefit of IMTA is the potential for augmented growth of 

extractive species (blue mussels, sea cucumbers, kelps) due to the aquaculture-derived 

nutrients. While there is conflicting evidence in the literature regarding the augmented 

growth of mussels, research suggests that mussels must be cultured close to Atlantic 

salmon cages to derive any growth benefits (Lander et al., 2012; Kerrigan and Suckling, 

2016). As stated above, high flow speeds, fast dilution rates and asymmetric tidal 

signature do not provide optimal conditions for the augmented consumption of 

aquaculture derived particles by mussels. A study in the Passamaquoddy Bay found 

mussels grew faster when they were cultured directly beside an Atlantic salmon farm 

(Lander et al., 2012). This suggests that increased culture distances may reduce the 

likelihood of observing growth enhancements, and may be responsible for the lack of 

difference in the growth of mussels grown on reference site and aquaculture farm in a 

study conducted by Irisarri et al. (2013).  In addition, some studies may have used 

reference sites that have been located in regions that do not represent the same 

environmental conditions of the farm and thus growth rates cannot be compared 
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between the farm and reference site (Filgueira et al., 2017). In the Passamaquoddy Bay, 

augmented growth may only be observed when mussels are cultured directly beside 

cages.  

Various sea cucumber and macroalgae species appear to grow better on farms in 

studies conducted in regions other than the Passamaquoddy Bay (Chopin et al., 2004; 

Hannah et al., 2013; Yokoyama, 2013; Yu et al., 2014; Kerrigan and Suckling, 2016). 

However, no studies to the author’s knowledge have documented the growth of orange 

footed sea cucumber or native macroalgae species on Atlantic salmon farms in the 

Passamaquoddy Bay. Overall, results on the growth potential of sea cucumbers and 

kelps surrounding aquaculture farms should be undertaken at Atlantic salmon farms in 

the southwest Bay of Fundy. 

Overall, IMTA in its current conceptual model may not have the potential to 

reduce a significant amount of aquaculture wastes, or improve the growth of extractive 

species on IMTA farms in Passamaquoddy Bay. Extractive species, however, do not 

present additional feeding costs, and in the event of fish losses, species diversification 

can offset a portion of the economic losses.  That said, changes likely need to be made 

with respect to the spatial constraints on how we define an IMTA farm. Species co-

culture directly on an aquaculture farm likely will not work in all geographic regions 

where finfish aquaculture is practiced (Sanz-Lazaro and Sanchez-Jerez, 2017). As such, 

the definition of IMTA should evolve to accommodate region specific environmental 

conditions. For instance, IMTA in the Passamaquoddy Bay may function better on a 

larger spatial scale (Sanz-Lazaro and Sanchez-Jerez, 2017). Mussel culture may occur 

best in close proximity to Atlantic salmon farms in parts of the Bay that experience 
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relatively slower current speeds. In contrast, kelp may be dispersed over a larger area 

since dissolved inorganics disperse quickly and kelps requires high current speeds for 

optimal growth. By expanding the spatial limits of IMTA species such as kelp can be 

cultured in higher densities as well. The orange footed sea cucumbers on the other hand 

may still benefit from being cultured directly beneath farms that experience moderate to 

high current speeds, however, more research on sea cucumber-finfish farms is required. 

Given that IMTA in the Passamaquoddy Bay may never achieve a reduced waste load 

and/or augmented growth of extractive species, the constraints placed on the IMTA 

conceptual model may require a shift that reflects current knowledge and research. 

Perhaps there are several definitions of an IMTA, which depend on the geographic area 

and type of aquaculture being performed. Assumptions of reduced environmental 

loading and increased growth of extractive species may be reasonably assumed in closed 

containment aquaculture but not in open ocean aquaculture for all geographic regions.  

Site-specific implications for extractive species on Atlantic salmon farms  

Extractive species on IMTA farms may not reduce aquaculture loading or 

increase their growth, however, extractive species can still add value to Atlantic salmon 

farms. Here, I will use the results obtained from my studies to provide advice on the 

placement of extractive species, native to the Passamaquoddy Bay, on Atlantic salmon 

farms or near them. Extractive species have upper and lower current speed threshold for 

optimal feeding. For instance, particles travel farther in higher flows, which may limit 

particle capture for some species (Wildish et al., 1987, Hurd, 2000). As a result, the 
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placement of each species must be considered in relation to farm-specific flow fields 

when designing a commercial IMTA farm.  

Blue mussels are sessile organisms commonly used as extractive species in 

IMTA. Organic nutrient uptake by mussels is optimal at around 5 cm/s, and they begin 

to reduce filtration above 20 cm/s and cease feeding around 60 cm/s (Wildish et al., 

1987; Wildish and Miyares, 1990). Based on my research lower flow farms such as Hog 

and Hospital Islands may be good sites to grow mussels, however, mussel rafts are 

known to reduce flow rates (Stevens and Peterson, 2011). As such, the placement of 

mussels on farms such as Hog and Hospital Island may not be appropriate if the welfare 

of the Atlantic salmon is impacted (Stevens and Peterson, 2011).  

Orange footed sea cucumbers (Cucumeria frondosa) are mobile, suspension 

feeders. While little is known about this species, research suggests that they primarily 

ingest large settling organic particles (Nelson et al., 2012a). A field study in the 

Passamaquoddy Bay filmed sea cucumbers aiming to quantify their tentacle insertion 

rate under varying flow velocities. Results suggest that the tentacle insertion rates were 

maximized for flow rates of 34-65 cm/s, but were reduced below 35cm/s (down to 0 

cm/s) and above 66 cm/s (up to 98 cm/s) (Holtz and MacDonald, 2009). I would 

recommend placing sea cucumbers on the southern edge of Doctors Cove or Fairhaven, 

since these farms receive relatively high flows.  

Kelp is a commercially valuable and have been used in IMTA designs globally. 

It requires light to complete photosynthesis, as well as inorganic nutrients, which are 

light and travel faster and farther than heavier organic particles. Studies suggest that 

kelp grows best in water currents from 40-60 cm/s (Hurd, 2000). Given these features, 
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kelp should not necessarily be confined to the lease of the farm because nitrogenous 

wastes will travel quickly from the lease site. Fairhaven and Doctors Cove are the best 

candidates since they are situated in narrow channels where average current speeds in 

near surface waters were about 40 cm/s.  

Although I have provided some suggestions for the placement of IMTA species 

on the Atlantic salmon farms used in this study, current speed, direction, and dilution 

rates were highly variable. As such, predicting an optimal placement (maximum particle 

ingestion) for extractive species on aquaculture farms may be unrealistic. High spatial 

variation in flow speeds and variations between tidal cycles means that organisms will 

likely experience a range of environmental conditions that will not always yield optimal 

ingestion. In addition to changes in the tide, tidal asymmetry means that extractive 

species may not be necessarily located in the upstream/downstream direction half of the 

time. Additionally, filter feeding organisms (optimal feeding ~5 cm/s) will not perform 

optimally at nearly any high flow site that was sampled in this study. This result is not 

surprising; two studies investigating the ability of filter feeders to remove finfish wastes 

found that filter feeders do not have the ability to remove a large proportion of particles 

in the water column (Cranford et al., 2013; Reid et al., 2013b).  Focus should shift 

towards the benthic component of IMTA, which benefits from the larger settling organic 

particles in traditional open ocean designs (Cranford et al., 2013). More complex 

infrastructure may yield better nutrient extraction by IMTA species in the open ocean; 

however, the costs of such designs may be commercially impractical. Alternative 

suggestions include the use of land based aquaculture for IMTA, where wastes can be 
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controlled and delivered to extractive species. Other designs include a fully submersible 

cages called Sea StationTM (Goudey, 2009).  

Future work 

 While this study presents detailed high-resolution assessments of current speeds 

and dilution within aquaculture farms, these data represent discrete points in time. Given 

the variation observed within and between sampling events at the same farms, these 

results would be difficult to implement from the perspective of managing the release of 

nutrients and the movement of pathogens. There exists a tradeoff between high-spatial 

resolution and temporal resolution. That said, this study has particular use for data 

dependent models and may help identify areas of interest within aquaculture farms, such 

as slow flow zones downstream of cages. A future study may combine the intensive 

spatial sampling done in this study and moor ADCP’s in an alley and between cages at 

several farms of varying hydrographic influence. If deployments occur simultaneously 

at all farms for one week every month for two years, comparisons can be drawn within 

and between farms over meaningful time scales, covering a range of environmental 

conditions. This information coupled with high-spatial resolution assessments may 

provide current speed and dilution data to help aquaculture managers make informed 

decisions regarding fish welfare.  

Conclusion 

Results from this study illustrate the complex spatial and temporal dynamics of 

flow within aquaculture farms and around cages. Here we have demonstrated that flow 

dynamics within farms are complex and sampling considerations must be site-specific. 
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Given the variability in flow observed in this study, the assumption of spatial 

consistency may under/overestimate the movement of particles, therapeutants, and 

inorganic molecules dispersing from cages. In addition, flow was not uniform over 

depth, which has implications for dispersion models, as they typically utilize 2-D 

hydrodynamic models, which do not incorporate variability in flow over depth 

(Panchang et al., 1997; Dudley et al., 2000; Cromey et al., 2002; Doglioli et al., 2004; 

Ali et al., 2011; Venayagamoorthy et al., 2011). Although we are not the first study to 

point this out in the context of finfish aquaculture (Panchang et al. 1993; Johansson et 

al. 2007; Rasmussen et al. 2015; Turner et al., 2016), results from this study reinforce 

this point. In addition, dilution rates measured in this study were high even when current 

speeds were slow. Overall, results from this study, although specific in time and space, 

do indicate the need for higher resolution hydrodynamic data collection. Future studies 

should focus on collecting or incorporating high-resolution sampling over a broad range 

of environmental conditions (tide, winds) and locations (bathymetry).  
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Appendix A 

 

A 1. Interpolated current speed (cm/s) and direction for all 4 consecutive surveys during flood and 

ebb tide at Hog Island in Passamaquoddy Bay on August 11th, 2015 (A= survey one). Circles 

represent Atlantic salmon cages and arrows represent flow direction.  
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A 2. Interpolated current speed (cm/s) and direction for all 3 consecutive surveys during flood tide at 

Hog Island Atlantic salmon farm in Passamaquoddy Bay, on August 31st, 2015 (A= survey one). 

Circles represent Atlantic salmon cages and arrows represent flow direction. 
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A 3. Range in current speeds at all sampling sites and survey events within the Passamaquoddy Bay, 

Bay of Fundy.  

Survey Tide Range 

 

Navy Island  Ebb 0-40 

Navy Island  Flood 0-45 

Fairhaven  Ebb 0-35 

Fairhaven  Flood 0-60 

Doctors Cove  Ebb 0-55 

Doctors Cove  Flood 0-65 

Hospital Island  Ebb 0-20 

Hog Island  Ebb 0-30 

Hog Island August 11th  Flood 0-40 

 Flood 0-45 

 Ebb 0-55 

 Ebb 0-65 

Hog Island August 31st  Ebb 0-25 

 Ebb 0-30 

 Ebb 0-30 
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