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ABSTRACT: The co-cultivation of finfish and bivalve filter feeders, with the purpose of recycling
solid waste effluents and enhancing aquaculture revenues, has stimulated efforts to characterize
particulate waste dynamics at open-water fish farms. Temporal variability in waste concentrations
in the water column was studied at Atlantic salmon Salmo salar farms in eastern Canada and Nor-
way, and at a sablefish Anoplopoma fimbria farm in western Canada. Turbidity and chlorophyll a
(chl a) sensors were used to continuously monitor suspended particulate matter (SPM) and chl a
concentrations at various depths and distances to the net-pens. Time-series analysis of these data
indicated that SPM fluctuations at the study sites corresponded largely with tidal periodicity and
variations in phytoplankton biomass (chl a). ANOVA comparisons of mean SPM levels in water
flowing from the direction of net-pens (potential farm influence) and towards the farm (control)
generally indicated insignificant effects of fish wastes on SPM levels at the farms (p > 0.05). A sig-
nificant effect of the farm was detected by an ANOVA comparison of SPM concentrations col-
lected at 5 m depth at farm and reference stations in an oligotrophic fjord, but the calculated level
of waste enhancement over the sampling period was extremely small (0.02 mg 17!). Results indi-
cate that temporal variations in SPM concentrations around the open-water fish farms were
largely driven by natural processes and that the addition of fish wastes had a negligible effect.
Consequently, there is little rationale for introducing commercial extractive species (e.g. bivalves)
in open-water integrated multi-trophic aquaculture systems to mitigate the horizontal flux of
particulate fish wastes.
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Integrated multi-trophic

INTRODUCTION

Aquaculture has been responsible for the continu-
ing growth in global fish production since capture
production levelled off in the mid-1990s. Global
aquaculture is the fastest growing food-producing
sector, with nearly half of the world's seafood supply
now sourced from aquaculture (FAO 2012). A main
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challenge facing this industry is sustaining a contin-
ued increase in fish production while minimizing the
impact on the environment (Sugiura et al. 2006,
Navarrete-Mier et al. 2010, Taranger et al. 2015). The
open nature of many fish culture systems allows for
continuous exchange of water between the cages
and the surroundings (Beveridge 1984, Gowen &
Bradbury 1987, Folke & Kautsky 1989, Beveridge et
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al. 1991, 1994, Phillips et al. 1991) and the rapid ex-
pansion of caged fish culture has raised a general
concern about the release of solid and dissolved
waste products to the environment (Troell & Norberg
1998, Perez et al. 2002, Cheshuk et al. 2003, Whit-
marsh et al. 2006, Valdemarsen et al. 2012, Taranger
et al. 2015). Conspicuous environmental effects can
stem from the increased organic matter loading on
the seafloor, and consequential changes in benthic
habitat and communities (Strain & Hargrave 2005,
Kutti et al. 2007). Large faecal particles and uneaten
feed sink rapidly and accumulate in sediments below
and within the vicinity of the net-pens (Cromey et al.
2002, Olsen et al. 2008, Nickell et al. 2009). Fine
waste particles can remain in suspension for long
periods and there is some evidence that suspended
particulate matter (SPM) levels are enhanced in
waters adjacent to fish farms (Jones & Iwama 1991,
Lefebvre et al. 2000, MacDonald et al. 2011, Lander
et al. 2013, Brager et al. 2015, Bannister et al. 2016).
However, particle enhancement around fish pens has
not been consistently observed (Buschmann et al.
1996, Pridmore & Rutherford 1992, Lander et al.
2013, Brager et al. 2015) and the reasons for these
different conclusions on waste enhancement of the
natural particle field are not fully understood.
Integrated multi-trophic aquaculture (IMTA) in-
volves the co-culture of several commercial species
in a system designed to facilitate the conversion of
wastes produced at each trophic level into addi-
tional aquaculture revenue (Chopin et al. 2001,
Troell et al. 2003). Open-water IMTA systems gener-
ally include the primary finfish component, a dis-
solved inorganic waste extractive component, such
as seaweeds, and filter- and/or deposit-feeding spe-
cies to capture, assimilate and extract particulate
organic wastes. IMTA has been practiced for cen-
turies in Asia (Li 1987, Fang et al. 1996, Qian et al.
1996), and the cultivation of scallops, kelp and
abalone in Sungo Bay, China, has been commer-
cially successful at industrial scales (Fang et al.
1996, Troell et al. 2009). IMTA has more recently
been explored in Canada, Scotland, Australia and
Norway, where several pilot experiments have been
conducted (Stirling & Okumus 1995, Cheshuk et al.
2003, Chopin et al. 2001, Handa et al. 2012a, 2012b).
Development of the particulate organic extractive
component of IMTA has largely focused on the
introduction of filter-feeding bivalve molluscs inside
and/or adjacent to fish net-pens (Soto 2009). How-
ever, the expected enhancement of bivalve growth
in polyculture and IMTA systems has not consis-
tently been realized (Jones & Iwama 1991, Taylor et

al. 1992, Stirling & Okumus 1995, Gryska et al.
1996, Cheshuk et al. 2003, Lander et al. 2004, Sara
et al. 2009, Navarrete-Mier et al. 2010, Handa et al.
2012a, Lander et al. 2012, Jiang et al. 2013). The
effectiveness of bivalves to extract fish wastes under
open-water conditions also appears to be much
lower than anticipated (Troell & Norberg 1998,
Cranford et al. 2013). Improving interactions be-
tween fish wastes and extractive species through re-
finements in IMTA system design may be expected
to improve crop yields and the intended ecological
benefits of the IMTA approach. However, this opti-
mization of farm design requires knowledge on par-
ticulate waste dynamics and transport pathways
under relevant hydrographic conditions.

Lander et al. (2013) examined the characteristics of
suspended particles released from salmon farms and
concluded that particle concentrations within 5 m of
fish cages are significantly enhanced with highly
organic particles over the long term, and that reliable
pulses of this material exits fish farms in the upper
water column over daily feeding cycles. Brager et al.
(2015) expanded on this work by conducting high-
resolution 3-D spatial surveys of SPM concentrations
around 4 fish farms in Canada. This latter study also
showed that fish waste enhancement was highly
localized, but concluded that there was no evidence
of a waste plume from the net-pens and that natural
seston patchiness can confound the identification of
waste particle enhancement. Although these spatial
surveys were conducted during fish feeding periods
when particle concentrations have been reported to
be elevated (e.g. Lander et al. 2013), any spatial sam-
pling represents a snapshot in time and it is possible
that the sampling periods did not coincide with the
export of fish wastes. The present study expanded on
these past studies by focusing on temporal variations
in particulate waste concentrations adjacent to open-
water fish net-pens. The primary objective was to
quantify the contribution of particulate fish wastes to
natural food resources available to filter feeders in
IMTA systems. Open-water net-pen farms in Norway
and Canada were selected for this research to
include environments with different trophic states
and ambient suspended particle characteristics. The
Norwegian sites are characterized as oligotrophic
environments with the seston dominated by phyto-
plankton, while the mesotrophic Canadian sites typi-
cally contain a more complex and variable particle
regime. According to 2012 statistics, Norway and
Canada contributed 79 and 3 %, respectively, of the
1.66 M tonnes of cultured fish produced in the North
Atlantic region (FAO 2012).
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MATERIALS AND METHODS
Study sites

Time-series data on suspended particle concentra-
tions were collected at 5 fish farms (Fig. 1). On the
Canadian east coast, field studies were conducted at
2 Atlantic salmon Salmo salar farms in the macrotidal
Passamaquoddy Bay region of the Bay of Fundy:
Navy Islands (45°1.8'N, 67°0.3' W) and Charlie Cove
(45°1.8"N, 66°52.0' W). On the Canadian west coast,

data were collected at a site culturing Anoplopoma
fimbria (black cod) in Kyuquot Sound on the north-
west coast of Vancouver Island (50°2.8'N, 127°
17.8" W). The Navy Islands site contained 15 circular
net pens (25 m diameter), while the Charlie Cove and
Kyuquot Sound farms had 8 (25 m diameter) and 2
(25 m square) stocked pens at the time of sampling,
respectively. Both east coast sites (Navy Islands and
Charlie Cove) are 23 m in depth, and subject to
strong tidal currents and mixing owing to the 6 m
average diurnal tidal range (Trites & Garrett 1983,
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Fig. 1. Navy Islands (NI), Charlie Cove (CC) and Kyuquot Sound (KS) study sites in Canada, and the Rataran (RA) and Flate-
grunnen (FL) study sites in Norway. Fish net-pens are represented by open symbols; shaded symbols indicate net-pens for
other taxa; closed circles show the locations of instrument moorings or profiling stations. Pens not containing fish are indicated
by an 'x'. The arrows show prevailing current directions during flood and ebb tides. The reference site (R) at the FL farm was
located 1 km to the east of the farm site (F). Profiling (P) and current meter (C) locations are identified for the RA farm
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Thompson et al. 2002). The Kyuquot Sound site is
approximately 28 m in depth, and subject to a 3 m
average semi-diurnal tidal range. All Canadian sites
contained fish in their final season of growth and
feeding was underway during sampling periods.
Each salmon cage is known to contain between
30000 to 50000 fish, giving a minimum of 450 000
and 240000 fish at the Navy Islands and Charlie
Cove farms, respectively. The Kyuquot Sound farm
contained approximately 100000 fish of harvest size
in 2 square steel frame net-pens. Other pens at this
farm contained small quantities of scallops and kelp.

The 2 Atlantic salmon farms sampled in Norway
were the Flategrunnen farm in the Flore area
(61°34.5'N, 4°48.6'E) and the Rataran farm in the
Froya area (63°46.8'N, 8°31.0'E; Fig. 1). The Flate-
grunnen farm was located in relatively deep water
(75 to 200 m depth) and contained 8 circular pens
(50 m diameter), with 7 pens containing fish. During
the sampling period, the farm contained a total of
3050 tonnes of 13-mo-old salmon and feed was sup-
plied at 20 tonnes per day. The Rataran farm con-
tained 14 net-pens (60 m diameter), with each pen
containing an average of 620 tonnes of 18-mo-old
salmon. During sampling at this farm, feed was being
pumped to the net-pens at 80 tonnes per day. The
floating net-pens at the Canadian farms extended
from the surface down to 15 m depth while the Nor-
wegian net-pens were 25 m deep. All 5 fish farms
studied were located at least 1 km away from other
aquaculture activities.

Particle-sensing instrumentation and
experimental design

Times-series of SPM were obtained using moored
instruments or through repeated water column pro-
filing at a set location. Particle sensors attached to
moorings consisted of optical back-scatter (OBS) sen-
sors and chlorophyll a (chl a) fluorometers (FLNTUSB
ECOMeter, WET Labs). The OBS sensors provided
information on total SPM concentrations, including
both natural seston and particulate farm wastes,
while the chl a fluorometers provided simultaneous
data on phytoplankton biomass. Chl a was monitored
to control for the potential influence of natural phyto-
plankton variations on SPM levels. The instruments
contained internal batteries and a data logger for
autonomous recording. For profiling purposes, a sen-
sor platform was employed that consisted of a CTD
(MicroCTD, AML Oceanographic), a chl a fluoro-
meter (Cyclops 7, Turner Designs) and a transmis-

someter with a 25 cm optical path length for measur-
ing SPM concentrations (c-Rover CRV5, WET Labs).
The instrument frame was designed to be compact
and light for manual profiling operations, with the
sensors encased within a streamlined polyethylene
jacket that allowed water to flow past the instru-
ments while preventing instrument entanglement
with mooring ropes and nets. Current meters were
deployed at each farm site.

A control/impact experimental design was utilized
at each farm site, with the exception of Rataran (see
below), to detect the presence of particulate farm
wastes. However, results from previous studies on
spatial variability in SPM levels at each farm dictated
the use of 2 different approaches for detecting the
presence of particulate fish wastes. Brager et al.
(2015) showed that natural seston patchiness at the
mesotrophic Canadian farm sites results in natural
differences in SPM levels at potential reference and
farm mooring sites that would confound the interpre-
tation of any site comparisons. Consequently, sensor
moorings were only located in the vicinity of the
farms and the mean effect of waste effluents on par-
ticulate matter concentrations was assessed by com-
paring particle data from periods when the current at
the mooring site was flowing towards the farm (refer-
ence condition with no farm influence) and from the
direction of net-pens (potential SPM enhancement
from farm wastes). Preliminary work at the Flate-
grunnen farm showed a highly uniform spatial distri-
bution in SPM levels in this oligotrophic fjord (P.
Cranford unpubl. data). Reference and farm mooring
sites were therefore used for this site to detect the
mean effect of farm wastes on particulate matter con-
centrations, in addition to the directional approach
described above for the other farms.

At the Navy Islands farm, particle sensors were
hung at 5 m depth from the side of fish cages on op-
posite sides of the farm (Fig. 1). These 2 mooring sites
are referred to as the ‘inside’ and ‘outside’ moorings,
which reflect their position relative to the direction of
flood tide. Two acoustic Doppler velocimeters (Arg-
onaut ADV; SonTeK/YSI) were also attached to the
same instrument frames to measure variations in cur-
rent speed and direction. The instruments were pro-
grammed for burst sampling (1 Hz sampling for 10 s)
at 2 min intervals from 16 to 18 November 2010. Sin-
gle moorings were deployed at the Charlie Cove and
Kyuquot Sound farms. At Charlie Cove, the mooring
was deployed 20 m away from a net-pen (Fig. 1) with
ECOMeters attached at 5 and 15 m depth on the
same mooring. An Infinity-EM current meter (JFE
Advantech) was attached to the mooring at 1.5 m
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depth and an Argonaut ADV at 15 m depth. The 10 s
instrument data bursts were recorded every 10 min
between 5 and 15 July 2011. At Kyuquot Sound, the
mooring was hung from the side of the net pen con-
taining the largest number of fish (Fig. 1), with
ECOMeters attached at 1 and 20 m depth and an
Infinity current meter located at 19 m. The 10 s data
bursts were logged at 1 min intervals between 24 and
28 July 2011. Two moorings were deployed at the
Flategrunnen farm (Fig. 1). An ECOMeter and an
Infinity current meter were suspended at 5 m depth
from the edge of an empty fish pen. This location was
50 m from the nearest pen containing fish. A second
ECOMeter was deployed at the same depth at a site
located 1000 m away (Fig. 1). The instruments at this
site were programmed for 10 s data bursts every
5 min between 10 and 12 September 2013. For ease
of reference, sensor deployment details for each farm
are summarized in Table 1.

Water column profiling was conducted 2 m away
from the side of a net-pen at the Rataran farm
(63°47.02' N, 8°31.69'E; Fig. 1). Temporal variations
in SPM, chl a, salinity and temperature between 0.5
and 30 m depth were recorded by continuously low-
ering and raising the profiler while logging dataat1s
intervals using Windmill 7 data acquisition and visu-
alization software (Windmill Software). Sampling was
conducted between 13:38 and 15:00 h on 6 August
2014. During profiling operations, currents at 20 m
depth were measured at 5 min intervals with an Aan-
derra ADCP current meter moored to the southwest
of the farm (63°46.74"' N, 8°31.02'E; Fig. 1).

The WET Labs ECOMeters and Cyclops fluorome-
ter were calibrated in the laboratory using chl a and
total SPM standards (n = 14). Standards were pre-

pared by suspending known concentrations of algal
cells (mixed flagellates) or fine sediment (natural
clay/silt mixture pre-sieved through a 64 pm mesh)
in filtered (0.45 pm) seawater. SPM and chl a concen-
trations in all standards were determined using
routine gravimetric and fluorometric procedures as
described in Brager et al. (2015). The c-Rover trans-
missometer was calibrated in the laboratory using
ground fish feed standards (n = 16) and under field
conditions with natural seston samples collected in
triplicate at the same depth as the cRover (n = 101).
The laboratory calibration was conducted to confirm
sensor output linearity with a potential fish farm
waste. However, the seston calibration was used for
calculating SPM concentrations at the farm site.
Comparisons of data obtained using the different
SPM (ECOMeter and cRover) and chl a (ECOMeter
and Cyclops) sensors were conducted under field
conditions at the study sites to confirm that they
provided comparable concentrations. All calibra-
tion equations and curve fit data are summarized in
Table 2.

Data analysis

SPM (mg 1!) and chl a (ng 1™!) data for each site
were averaged to obtain a single value for each 10 s
sample burst. No further data smoothing was per-
formed prior to statistical analysis; however, a 3-sam-
ple running mean was used for plotting time-series
data. Tidal elevation predictions for the Canadian
farms were obtained for sampling periods using the
WebTide tidal prediction model (version 7.0.1) devel-
oped by Fisheries and Oceans Canada (www.bio.gc.

Table 1. Deployment types at each location included fixed depth instrument moorings (number of mooring sites indicated) or
water-column profiling. Details of particle and current meter sensor deployments at the 5 fish farms (see Fig. 1)

Farm Type (no.) Dates Instruments Distance Depth Sampling
to pen (m) (m) frequency (min)
Navy Islands  Mooring (2) 16-18 Nov 2010 = ECOMeter, Argonaut ADV 1 5 2
Charlie Cove  Mooring (1) 5-15Jul 2011 ECOMeter 20 5 10
Infinity-EM 1.5 10
ECOMeter 15 10
Argonaut ADV 15 10
Kyuquot Mooring (1) 24-28 Jul 2011 ECOMeter 1 1 1
Infinity-EM 19 1
ECOMeter 20 1
Flategrunnen Mooring (2) 10-12 Sep 2013 ECOMeter 50 5 5
Infinity-EM 50 5 5
ECOMeter 1000 5 5
Rataran Profiling 6 Aug 2014 Cyclops, cRover, MicroCTD 2 1-30 1s
Rataran Mooring (1)  4-15 Aug 2014 Aanderra ADCP 100 20 5
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Table 2. Results of regression analysis of suspended particulate matter (SPM) and chlorophyll a (chl a) instrument responses
(counts or mV) to calibration standards prepared as described in the ‘Materials and methods'. SEE: standard error of estimate

Parameter Instrument Equation r? P SEE
SPM (mg 171 ECOMeter 2018 SPM = (0.005 x counts) + 0.930 0.998 0.0001 0.28
ECOMeter 2017 SPM = (0.004 x counts) + 0.815 0.997 0.0001 0.34
cRover (seston) SPM = -12.173 x In(counts) + 18.439 0.892 0.0001 1.80
cRover (feed) SPM = -15.911 x In(counts) + 23.217 0.999 0.0001 0.30
Chl a (ug 1Y) ECOMeter 2018 Chl a = (0.013 x counts) — 2.949 0.991 0.0045 0.25
ECOMeter 2017 Chl a = (0.013 x counts) — 2.949 0.955 0.0041 0.26
Cyclops 7 Chl a = (4.938 x mV) - 0.221 0.999 0.0001 0.18

ca/science/research-recherche/ocean/webtide/index-
en.php). Tidal elevation measurements from monitor-
ing stations located near the Norway farms were ob-
tained from the Norwegian Hydrographic Service
(Norwegian Mapping Authority). Spectral analysis
was conducted on the SPM time-series data to identify
any regularly repeating patterns. All SPM data were
linearly detrended prior to using the periodogram
function of MATLAB. Cyclic periodicities were ob-
tained from peak periods (hour) in the periodogram
plots. Contour plots of chl a and SPM concentrations
measured at the Rataran farm were produced with
Surfer 9 software (Golden Software) using the ordi-
nary kriging interpolation method.

Hypotheses on the potential enhancement of SPM
concentrations with particulate wastes from fish net-
pens at each sampling location were tested using
one-way ANOVA (Systat version 13, SPSS). SPM
data collected at single mooring locations were
pooled by current direction, with 12 direction levels
representing 30° compass bearing increments. The
hypothesis tested was that mean SPM concentrations
were equal for all flow directions. The alternate
hypothesis was accepted if the p-value was <0.05. In
the event of a significant effect, a single Tukey post
hoc comparison was performed comparing differ-
ences in mean SPM levels in water flowing to the
sampling site directly from the farm and from the
opposite direction. SPM enhancement with waste
particles was calculated from differences in mean
SPM concentrations for these same 2 groups of
pooled data (mean SPM from direction of farm minus
mean SPM in water flowing towards the farm). Data
collected at the Flategrunnen salmon farm included
sampling locations near the farm (50 m) and at a ref-
erence site located 1 km away. SPM concentrations
measured at 5 m depth at both locations were com-
pared using ANOVA, and the degree of SPM en-
hancement was calculated from the difference in

mean concentrations. Prior to performing each
ANOVA, the data were screened for normality and
homoscedasticity by examining normal probability
and residual plots. The independence assumption
was tested based on calculation of the Durbin-Wat-
son D-statistic and the first-order autocorrelation.
The results of statistical tests were only reported
when these assumptions were not violated.

RESULTS
Moored instruments

Time series of SPM and chl a concentrations and
current speed data for the different mooring loca-
tions and fish farms are shown in Figs. 2 to 5. Mean
(=SD) SPM concentrations measured at 5 m depth on
the inner- and outer-bay sides of the Navy Islands
farm were equal (2.4 = 0.2 mg 1"! for both sites) and
displayed similar temporal variability (Fig. 2). Rela-
tively high winds on the afternoon of 17 November
(data from Environment Canada), which reached
25km h™!, preceded peaks in current speed and SPM
and chl a. Chl a and SPM concentrations were not
correlated at this site (r> = 0.01). Predominant current
directions at both locations were 35° and 200° on the
flood and ebb tide, respectively. Although data col-
lection was limited to 4 tidal cycles, spectral analysis
indicated 12.3 h periodicity in SPM at this farm.
ANOVA indicated a significant effect of current
direction on mean SPM concentrations at both the
inside and outside mooring locations (Table 3). How-
ever, Tukey post hoc comparisons showed no signifi-
cant difference in SPM concentrations in water flow-
ing from the direction of the net-pens, compared with
water flowing from the opposite direction (Table 3).

Measurements made at 2 depths over a 10 d period
at the Charlie Cove farm showed temporal variability
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Fig. 2. Suspended particulate matter (SPM) and chlorophyll a (chl a) concentrations and current speeds, collected at 2 min in-
tervals at 5 m depth, at the Navy Islands salmon farm. Data are from the 'inside’ and ‘outside’ stations shown in Fig. 1. All
instruments were located within 3 m of a net-pen. The dashed line is the predicted tidal elevation

in both SPM and chl a that corresponded to a perio-
dicity of 12.2 to 12.7 h (Fig. 3). SPM was higher at
15 m depth (4.2 + 0.5 mg 1™!) compared with values
measured at 5m (3.4 + 0.3 mg17"), and SPM and chl a
at both depths were not correlated (r? < 0.03). The
current meter moored at 15 m depth stopped record-
ing early, but changes in current speed and direction
were similar for both depths during the period when
both instruments were operating (Fig. 3). The pre-
dominant current directions at this site were 160°
during flood tide and 250° on the ebb. ANOVA com-
parisons of SPM concentrations in water flowing
from different directions (based on the 5 m depth cur-

rent data) indicated a significant effect of current
direction on mean SPM concentrations at both
depths. However, the Tukey comparisons did not
indicate a significant enhancement of SPM in water
flowing from the direction of the salmon net-pens
(Table 3).

Currents at the Kyuquot Sound farm were gener-
ally slower than measured at the other farm sites and
were dominated by flows to the southwest on both
flood and ebb tides. Mean SPM concentrations were
greater at 1 m depth (2.7 £ 0.9 mg 17!) than at 20 m
(2.0 + 0.1 mg 1), and SPM and chl a values were
poorly correlated at both depths (r? < 0.25). SPM lev-
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Fig. 3. Suspended particulate matter (SPM) and chlorophyll a (chl a) concentrations and current speeds, collected at 10 min in-
tervals, at the Charlie Cove salmon farm. Data are from 5 and 15 m depths at a single mooring located 20 m from a net-pen
(Fig. 1). The dashed line is the predicted tidal elevation. The instrument mooring was 20 m from the nearest salmon cage

els exhibited strong periodicity at 12.1 h and
between 22 and 26 h. The periods of elevated SPM at
1 m depth (Fig. 4) corresponded with periods when
water was flowing from the southeast. ANOVA com-
parisons indicated significant directional changes in
mean SPM concentrations at both depths, but that
there was no significant SPM enhancement during
periods when water was flowing from the direction of
the net-pens (Table 3).

Currents measured at 5 m depth adjacent to the
Flategrunnen salmon farm were strongly bidirec-
tional, with predominant flow directions during flood

and ebb tides at 105° and 255°, respectively (Fig. 1).
SPM concentrations measured at 5 m depth at the
farm and reference locations (Fig. 5) were lower than
measured at the 3 Canadian farms and were corre-
lated with chl a concentrations (Fig. 6). SPM and
chl a levels at the farm and reference sites showed
similar temporal variability, with slightly higher SPM
concentrations measured at the farm mooring
(Fig. 5). Spectral analysis of these data was not con-
ducted owing to the relatively short sampling period.
ANOVA comparisons showed no significant differ-
ences in mean SPM levels in water flowing to and
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Fig. 4. Suspended particulate matter (SPM) and chlorophyll a (chl a) concentrations and current speeds, collected at 1 min in-
tervals, at the Kyuquot Sound black cod farm. Data are from 1 and 20 m depths (19 m for current speed) at a mooring located
1 m from a net-pen (Fig. 1). The dashed line is the predicted tidal elevation

from the farm (i.e. no significant direction effect), but
detected a significant difference in SPM concentra-
tions at the farm site compared with the reference
site (Table 3). The correlation between SPM and
chl a at the farm site was lower than for the reference
site (Fig. 6).

Calculations of the mean increase in SPM concen-
trations at each mooring location, assumed to origi-
nate from the addition of particulate farm wastes, are
given in Table 3. In all cases, the degree of particle
enhancement was small (0.01 to 0.24 mg 17!). The
only significant level of waste enhancement was de-

tected for the mooring located 50 m away from for the
Flategrunnen salmon farm (Table 1). The mean
increase in SPM at this site, compared with the refer-
ence site, was 0.02 mg 1%,

Time-series profiling

Time-series contour plots of chl a and SPM concen-
trations in the water column beside the Rataran
salmon pen are shown in Fig. 7. During the 85 min
sampling period, a total of 25 profiles (from 0.5 to
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Fig. 5. Suspended particulate matter (SPM) and chlorophyll a (chl a) concentrations and current speeds, collected at 5 min in-
tervals at a depth of 5 m, at the farm (20 m from nearest salmon cage) and reference stations at the Flategrunnen salmon farm
(Fig. 1). The dashed line is the measured tidal elevation

30 m depth) were conducted. The water depth at the
profiling location was 40 m. A chl a maximum was
observed between 8 and 15 m depth and was ob-
served to move upward during the sampling period
(Fig. 7) in a manner similar to that of the pycnocline
(data not shown). SPM concentrations were highest
near the surface and generally declined with depth.
However, particle concentrations below 25 m depth
occasionally increased above a background level of
approximately 1.9 mg 17! (Fig. 7). The relationship
between chl a and SPM concentrations at this site
(Fig. 8) was more complex than for the Flategrunnen

farm (Fig. 6). SPM in surface water (0 to 10 m depth)
was negatively related with chl a levels, while the
opposite trend was observed for deeper water. Water
between 25 and 30 m depth generally contained rel-
atively low SPM and chl a levels, but SPM occasion-
ally increased by as much as 1 mg 17! (Fig. 8). Current
meter data collected to the southwest of the farm
indicated a highly unidirectional flow (averaged 33°
between 4 and 15 August 2014) towards the farm on
both flood and ebb tides (Fig. 1). During the sampling
period, the mean direction was 30.9° (SD = 7.5°), with
a mean current speed of 10.3 ms™! (SD=3.9m s™).
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Table 3. Summary of ANOVA results comparing mean suspended particulate matter concentrations with current direction (12

direction levels representing 30 degree increments) or between farm and reference locations (Flategrunnen farm only). Signif-

icant ANOVA results (in bold) for the direction comparisons were followed by a single Tukey post hoc test comparing mean

suspended particulate matter (SPM) values in the 2 direction bins that represent water flowing directly towards and away from
the closest net-pen. The mean SPM enhancement at the mooring site was calculated from these 2 mean values

Location Source df Mean squares F-ratio p-value Mean enhancement
(mg 1)
Navy Islands Inside Direction 11 0.399 16.888 <0.001
Error 1362 0.024
Tukey 0.072 -0.29
Navy Islands Outside Direction 11 0.227 11.318 <0.001
Error 1363 0.02
Tukey 0.052 0.05
Charlie Cove 5m Direction 11 0.403 4.082 <0.001
Error 1535 0.099
Tukey 1.000 0.04
Charlie Cove 15m Direction 11 1.108 4.855 <0.001
Error 1535 0.228
Tukey 1.000 0.05
Kyuquot Sound 1 m Direction 11 2.459 44.559 <0.001
Error 4302 0.728
Tukey 0.096 0.24
Kyuquot Sound 20 m Direction 11 0.407 26.846 <0.001
Error 4302 0.015
Tukey 1.000 0.02
Flategrunnen Farm Direction 11 0.002 0.643 0.792
Error 555 0.003
Tukey - 0.01
Flategrunnen Reference Direction 11 0.003 8.54 <0.001
Error 538 0
Tukey 0.917 0.01
Flategrunnen Location 1 0.142 73.895 <0.001 0.02
Farm versus reference Error 1114 0.002
1.50
Reference Farm
1451 (2 =0.685) 1 =047
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Fig. 6. Relationships between chlorophyll a (chl a) and suspended particulate matter (SPM) concentrations at 5 m depth at the
Flategrunnen farm and reference stations (Fig. 1)
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depth ranges beside a salmon net-pen at the Rataran farm

DISCUSSION

Studies on SPM loading from open-water fish
farms have not previously examined whether there is
any persistent enhancement of the ambient seston in
estuarine/coastal systems. The results of the present
study showed the dynamic nature of the seston
around 5 coastal fish farms, and demonstrate that fish
farming has an overall negligible effect on SPM con-
centrations in the vicinity of the farms. These conclu-
sions are based on periodogram power spectral den-
sity estimates, statistical comparisons of mean SPM
levels flowing to and from the direction of net-pens,
and comparisons between farm and reference sites.
Temporal fluctuations in SPM levels at the study sites
predominantly corresponded with tidal constituents.
Frequency peaks corresponding to the M2 principal
lunar semi-diurnal tidal constituent (12.4 h) were evi-
dent in the SPM time series collected in this investi-
gation. The Kyuquot Sound data from 1 m depth also
indicated a strong 24 h cycle (i.e. P1 principal solar
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diurnal tide). In tidally driven environments, variabil-
ity of SPM concentration at tidal frequencies has
been well documented (Cloern et al. 1989, Velegra-
kis et al. 1997, McCandliss et al. 2002). Previous stud-
ies have identified horizontal SPM concentration gra-
dients along the tidal excursion (Weeks et al. 1993,
Velegrakis et al. 1997) that will result in tidal cycle
SPM variations at a given location. In the macro-tidal
Passamaquoddy Bay, the tides have a significant
effect on the seston (Dowd 2003). Although tidal ad-
vection has often been characterized as the predomi-
nant mechanism for short-term variability of SPM,
other mechanisms (e.g. river sources, terrestrial in-
puts, wind, anthropogenic impacts) contribute to
SPM variability observed at the tidal time scale (Feg-
ley et al. 1992, Velegrakis et al. 1999, McCandliss et
al. 2002, Shi 2010, Strohmeier et al. 2015). The recur-
ring peaks in SPM concentrations at 1 m depth at the
Kyuquot Sound mooring corresponded with periods
when the predominantly southwest currents briefly
switch to the southeast. This current direction indi-
cates a terrestrial source of particles from a stream lo-
cated to the west of the farm.

The companion study by Brager et al. (2015) con-
cluded that the export of fish wastes from farms was
highly localized and episodic. Consequently, it is im-
portant to consider the possible consequences of this
spatial variability on the capacity of the present study
to detect the presence of particulate wastes. The
analysis of the particle sensor data focused specifi-
cally on periods when the current was flowing from
the nearest net-pen towards the particle sensors. This
approach was taken specifically to minimize the im-
portance of the geographic location and the limited
number of sensor moorings deployed. Based on this
approach, the probability of missing waste discharges
at all 5 farm sites is believed to be extremely low. The
high sampling frequency of electronic particle
sensors allows for the collection of large sample sizes
and, consequently, results in high statistical power to
detect small differences between temporal data sets.
Hypothesis testing provided no indication of a signifi-
cant increase in mean SPM levels at any of the farms
during periods when water was flowing to the sensors
from the direction of the net-pen. The only indication
of particle enhancement from a fish farm was for
Flategrunnen, where SPM levels at 5 m depth near
the farm were found to be significantly different than
for the reference site located 1 km away. However,
the mean level of SPM enhancement at this site was
only 0.02 mg I"!. Given that the precision of the
ECOmeter SPM calibration was approximately
0.3 mg SPM 1! (standard error of estimate, Table 2),

the actual degree of seston enhancement at this farm
cannot be accurately quantified other than to state
that the contribution of fish wastes to the natural par-
ticle field was very low. The detection of such a small
anthropogenic effect at the Flategrunnen farm was
facilitated by the low seston conditions and domi-
nance of phytoplankton over non-living particulate
matter in this oligotrophic fjord (Fig. 6).

Water column profiling with particle sensors allows
for greater depth coverage that can be achieved with
moored instruments, albeit with a reduced sampling
period. Continuous profiling immediately adjacent to
the Rataran salmon pen on 6 August 2014 detected
relatively high SPM levels, compared with chl g, in
the 0.5-10 m and 25-30 m depth ranges. During sam-
pling, the current was flowing from the direction of a
net-pen that contained harvest-sized salmon that
were actively feeding. The elevated SPM levels in the
upper water column appear to occur naturally, as op-
posed to resulting from the presence of fish feed
'fines’, and may consist of detrital material from the
abundant macrophyte beds in this region. Spatial
sampling around this farm showed a similar vertical
distribution of SPM in the upper water column re-
gardless of the profiling location (data not shown).
SPM levels in the 25-30 m depth range occasionally
increased by as much as 1.0 mg I"! above the back-
ground concentration. This layer is below the depth
of the salmon pen and the periodic increases in SPM
likely indicate from the presence of salmon faeces.

The presence of finfish aquaculture sites has previ-
ously been predicted and shown to impact the sur-
rounding suspended particle field. Troell & Norberg
(1998) calculated that farm waste production, includ-
ing uneaten whole feed pellets, feed ‘fines’ and fae-
cal wastes, could increase suspended solids concen-
trations inside a fish cage anywhere from 3- to
30-fold. That study assumed 10% feed wastage.
Early estimates of feed loss were approximately 20 %
(Beveridge 1987), but have since been reduced
through improved feeding control mechanisms (Reid
et al. 2009). The most recent feed wastage estimates
are below 5% (Cromey et al. 2002, Perez et al. 2002,
Strain & Hargrave 2005, Stucchi et al. 2005). Waste
concentrations exiting the cages will rapidly decline
through dilution and the rapid sedimentation of feed
pellets and faeces (Troell & Norberg 1998). MacDon-
ald et al. (2011) reported significantly elevated SPM
concentrations at 2 m depth within 3 salmon farms in
the Bay of Fundy, including the Charlie Cove farm
studied herein. However, Brager et al. (2015) con-
cluded from extensive spatial sampling that any
farm-induced effect on the surrounding particle field
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would be highly localized and episodic. This is con-
sistent with the results of Lander et al. (2013), who
reported elevated SPM levels at 5 m depth inside the
Charlie Cove salmon cages during sampling in 2004,
but only during salmon feeding periods. These
authors reported that waste concentrations dropped
to ambient levels between 5 and 10 m distance from
the cage. These conclusions are consistent with re-
sults from the present study that showed a lack of a
waste particle signal at 20 m from this farm, and the
extremely low waste signal detected 50 m away from
the Flategrunnen farm. However, sampling within
2 m of fish pens at the Navy Islands, Kyuquot Sound
and Rataran farms did not detect a significant
increase in fish wastes in the water column. The lat-
ter farm was the largest salmon farm studied and
sampling was conducted continuously over an 85 min
period as feed was being pumped into the cage at
approximately 0.5 tonnes h~!. Faecal matter ap-
peared to be intermittently present in the lower
water column, but SPM levels beside the pen re-
mained at ambient concentrations. This indicates
that feed wastage at this farm was very low. Water
profiling with SPM sensors inside a Kyuquot Sound
fish pen before, during and after feeding also showed
no increase in SPM from the addition of feed ‘fines’
(Brager et al. 2015). Feed is the highest single cost in
salmon farming, and maximizing utilization and min-
imizing loss due to pellet breakage and dust forma-
tion strongly motivates continued progress in the for-
mulation of food pellets. Improvements over the past
decade in pellet durability during transport at the
fish farm and stability in water may have contributed
to the low degree of feed wastage detected in the
present study.

The stimulus for the present study on the temporal
dynamics of particulate wastes at coastal fish farms,
as well as the companion study on spatial dynamics
(Brager et al. 2015), was the desire to optimize inter-
actions between fish wastes and extractive species in
IMTA systems (see Introduction). The IMTA concept
strives to increase global food production and reduce
environmental impacts from intensive fish culture.
Bivalve culture has been the primary focus of studies
on particulate waste extraction in IMTA systems.
However, the results of the present study, along with
those from other studies, provide a weight of evi-
dence against the practical incorporation of commer-
cial bivalve operations in IMTA systems. In brief,
SPM and bivalve growth enhancement in waters
around fish farms tend to be absent, miniscule or
highly localized (see above), and model predictions of
fish waste capture efficiency by bivalve populations

in IMTA systems are low owing to the limited time
available for the bivalves to intercept wastes in the
horizontal particle flux (Cranford et al. 2013). The
establishment of commercial-scale bivalve culture at
fish farms requires strong evidence of a persistent
and elevated food supply over a scale sufficient for
the bivalves to effectively capture the wastes. Previ-
ous observations that fish wastes can comprise an
important fraction of the bivalve diet have been lim-
ited to areas with low seston concentrations and or-
ganic content, inside or very close to net-pens and/or
during winter, when natural food is relatively scarce
(reviewed in Cranford et al. 2013). Although the in-
tensive salmon farming operations at the Rataran and
Flategrunen sites take place within oligotrophic envi-
ronments, the presence of a consistent and signifi-
cantly elevated supply of waste particles to help
support bivalve co-culture was not supported by the
results of the present study. Environmental concerns
regarding the discharge of particulate fish wastes are
directed primarily at the benthic habitat and commu-
nity effects that stem from the rapid deposition of un-
used feed pellets and faeces below the net-pens (e.g.
Bannister et al. 2016). Even if some faeces were to
reach bivalves held beside the pens, this material
does not appear to be effectively utilized (Handa et
al. 2012b), and any benefit may be negated by faeces
deposition by the bivalves themselves (Cranford et
al. 2013). Future open-water IMTA research should
focus on the development of systems that rely on
extractive species held below fish cages.
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