
AQUACULTURE ENVIRONMENT INTERACTIONS 
Aquacult Environ Interact

Vol. 14: 309–328, 2022 
https://doi.org/10.3354/aei00445

Published December 15

1.  INTRODUCTION 

Fish farming has many potential environmental 
effects, including release of particulate and dis-
solved waste into the marine environment (Rector et 
al. 2022). Deposition of fish feces and uneaten food 
can lead to local eutrophication and hypoxic sedi-
ments. Previous studies have indicated relationships 
be tween particulate waste organic matter deposition 

and sediment hypoxia (Hargrave 2010). On this 
basis, models for waste production, particle disper-
sion and sedimentation from finfish open net-pen 
culture have been developed over the past 2 decades 
to predict local (farm-scale) and potential far-field 
effects of particulate waste release. 

Cromey & Black (2005) and Stucchi et al. (2005) 
described sub-models used in progressive steps to 
calculate waste production and dispersion around 
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fish aquaculture farms. Waste output in these studies 
was determined either by applying an observed eco-
nomic food conversion coefficient (ratio of food used 
to biomass produced) or, alternatively, by mass-
balance models to estimate feed input sufficient to 
reach a desired harvest weight over a specified grow-
out period (Stigebrandt et al. 2004, Strain & Hargrave 
2005, Wang et al. 2012, 2013, Cubillo et al. 2016). 

Calculations of dispersion and sedimentation of 
waste particles in previous deposition models applied 
to finfish aquaculture farms are based on the ratio of 
depth and particle sinking velocity multiplied by a 
horizontal current (Silvert & Cromey 2001). Lag -
rangian particle tracking models like DEPOMOD 
(Cromey et al. 2002a,b, Cromey & Black 2005) and 
MERAMOD (Cromey et al. 2012) use currents at up 
to 3 depths. The coupled 3D hydrodynamic−ecologi-
cal model system SINMOD (Broch et al. 2017) is more 
complex, with detailed bathymetry and spatially 
varying currents over a defined model area used to 
calculate velocity fields and depths that affect partic-
ulate waste dispersion. 

An alternative way to calculate spatial patterns of 
salmon aquaculture waste distribution was proposed 
by Stucchi et al. (2005). The mean and standard devi-
ation of measured east−west and north−south depth-
averaged velocity components in this statistical ap -
proach are described by 2 normal Gaussian frequency 
distributions. Waste deposition is then calculated 
from mass fractions of particles with different settling 
velocities and depth-average currents over a uniform 
depth from the centre of a net-pen array in a 2D 
matrix. Detailed depositional patterns produced by 
changes in bathymetry in DEPOMOD are not repro-
duced using this approach but the use of a constant 
depth reduces computational complexity. 

Settling velocities selected for released particles 
determine waste distribution patterns in these depo-
sitional models. Two types of particles (feed and 
medium sized fecal pellets) are released randomly at 
fixed time steps over a specific time period in DEPO-
MOD (Cromey et al. 2002a). Alternatively, Stucchi et 
al. (2005) used 3 fecal size classes with different mass 
fractions normally distributed around the mean sink-
ing rate for fecal pellets (3.2 ± 1.1 cm s−1, mean ± SD) 
applied in DEPOMOD. Recent studies have shown 
that mass fractions of different sizes of fecal pellets 
with different settling rates produced by salmonids 
should be considered to describe dispersion distances 
and deposition of particulate waste around salmon 
farms (Reid et al. 2009, Bannister et al. 2016). Resus-
pension also affects net deposition of waste. A resus-
pension module in the original version of DEPOMOD 

(Cromey et al. 2002b) was criticized since a large 
proportion of released particles was transported out-
side of the model domain (e.g. Chamberlain & Stuc-
chi 2007, Keeley et al. 2013, Chang et al. 2014a). 
‘NewDEPOMOD’ (SAMS 2019) includes a revised 
sea-bed process model (Black et al. 2016) with resus-
pension being turned on and staying on once the cur-
rent velocity of 9.5 cm s−1 is exceeded. Sediment-
dependent thresholds for resuspension have also 
been proposed to provide a more realistic measure of 
losses of deposited waste due to resuspension (Law 
et al. 2016, Carvajalino-Fernández et al. 2020). 

The present study uses mass-balance calculations to 
predict waste production by Atlantic salmon Sal mo 
salar using a temperature-dependent growth model 
described by Strain & Hargrave (2005) and 4 waste 
particle types with different mass fractions and settling 
rates reported in Bannister et al. (2016). The statistical 
ap proach for determining dispersion and sedimentation 
in Stucchi et al. (2005) is applied in a spreadsheet for-
mat that allows input values for any variable to be mod-
ified to determine the effects on spatial scales of sedi-
mentation. Contours for different levels of waste 
deposition applied in the 2D depositional matrix are 
used to show results for 2 Atlantic salmon farms in Bliss 
Harbour, the Bay of Fundy, southwestern New 
Brunswick (SWNB) in eastern Canada. Studies at these 
farms over the past 2 decades provide background in-
formation to compare model output with DEPOMOD 
results (Chang et al. 2014a) and moored sediment trap 
observations (Hargrave 1994). 

The spreadsheet model is generic in that the 
 temperature-dependent growth and mass-balance 
calculations for waste production can be applied for 
any cultured finfish species if food conversion ef -
ficiency or mass-balance estimates and seasonal 
temperatures over the grow-out period are known. 
Daily waste release is used to determine maximum 
(worst-case) and average values for sedimentation 
over the grow-out period. Substrate-based current 
thresholds for each waste type are applied to cal -
culate losses due to resuspension. Net sedimentation 
is total sedimentation corrected for this removal with 
additional losses due to decomposition and con -
sumption by wild fish and invertebrates. The ratio of 
net to total waste sedimentation (fraction of waste re -
moved) is the site assimilation coefficient (AC). 
Aqua culture industry managers, government regula-
tors and non-governmental agencies can use the 
combined models to evaluate new or established 
salmon farms to assess site suitability for managing 
negative effects of increased waste deposition. Pre-
dicted levels of sedimentation can be used along 
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with other indicators of salmon aquaculture environ-
mental impacts (Rector et al. 2022) in a performance-
based management approach to determine if accept-
able benthic habitat standards are being maintained. 
A working copy of the model is available from the 
corresponding author. 

2.  METHODOLOGY 

2.1.  Study sites 

Previous studies of salmon farm−environment inter-
actions have been conducted in Bliss Harbour, SWNB 
at 2 locations, designated Farm A and B in this study 
(Fig. 1) (Hargrave et al. 1993, Hargrave 1994, Wildish 
et al. 2003, 2004, Milligan & Law 2005, Wildish & 
Pohle 2005, Chang et al. 2014a,b, Wu et al. 2014). 
Farm A is Site D in Chang et al. (2014a). 

Mean water column depth below chart datum (Zm) 
for the lowest normal tide is 18.4 m at Farm A (Chang 
et al. 2014a) and 14 m at Farm B (Hargrave et al. 
1993). Mean and large tide ranges of 5.5 and 7.8 m, 
respectively, are typical for salmon farms throughout 
SWNB (Wildish et al. 2003, Chang et al. 2014b). Cur-
rent velocities measured at 1 m depth intervals every 
10 or 20 min with acoustic Doppler profiler (ADCP) 
current meters deployed from 8 June−7 August 2009 
(CM383) and 21 September−17 Novem -
ber 2009 (CM409) for near-surface 
(3.5 m), mid- (7.6 and 8.7 m) and near-
bottom (4.6 and 4.7 m above the bot-
tom) near Farm A (Fig. 1) are used for 
DEPOMOD model calculations de -
scribed in Chang et al. (2014a). As a re-
sult of the availability of current meter 
data for that site, most of the model sce-
narios described here are for Farm A. 

Cylindrical sediment traps (n = 4) (1:4 
diameter:height aspect ratio to prevent 
resuspension of settled material) were 
suspended at 13.5 m at 6 locations 
within, adjacent to and up to 50 m away 
from the cage array at Farm B from 
19−24 August 1990 (Fig. 1) (Hargrave 
1994). Currents measured at Farm A in 
2009 are assumed to apply at Farm B. 
The proximity of the 2 farms (~400 m) 
and ADCP measurements at various 
locations around Farm A up to ~200 m 
from net-pens in 2007 and 2009 (Chang 
et al. 2014a, Wu et al. 2014) support the 
assumption. Model structure also al-

lows ef fects of changes in current statistics on waste 
dispersion to be evaluated. Variables for cage array 
dimensions and stocking density (SD) were adjusted 
for conditions at Farm B to allow model output to be 
compared to sediment trap observations. Net-pens at 
Farm B had a total bottom area of 3600 m2 and were 
arranged in a rectangular array approximated in our 
calculations by assuming 24 circular cages of 8 m di-
ameter with 5 m separation along and across 2 rows. 
Bottom sediments comprised predominantly mud 
(<63 μm) with 20−30% clay (<4 μm) and a small sand 
fraction (1−2%) are similar at both farm sites (Har-
grave et al. 1993, Wu et al. 2014). 

2.2.  Model structure 

Variables and their values (Table 1) were used in 
Microsoft (MS) Excel® formulae to calculate fish 
growth from predicted daily water temperature over 
the grow-out period and mass-balance coefficients 
for respiration, fecal production and loss of waste 
feed. Excel formulae used for all calculations are 
presented in  Supplement 1 at www.int-res.com/
articles/suppl/q014p309_supp.pdf. Feed intake to 
meet mass-balance re quirements and daily total 
particulate organic carbon (POC) waste release are 
expressed as g POC fish−1 d−1. Deposition is calcu-
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Fig. 1. Locations of 2 Atlantic salmon farms in Bliss Harbour, Passamaquoddy 
Bay, Bay of Fundy (rectangle in the inset map). Previous studies at Farm A (cir-
cles) are described in Chang et al. (2014a) and Wu et al. (2014) and at Farm B 
(rectangles) in Hargrave et al. (1993) and Hargrave (1994). (+) indicates posi-
tions of acoustic Doppler current profiler moorings at sites CM383 (8 June−
7 August 2009) and CM409 (21 September−17 November 2009) described in 
Chang et al. (2014a). Filled circles: locations of sediment trap moorings at 
Farm B under, adjacent to and +25 and +50 m from the net-pen array described  

in Hargrave (1994) 

https://www.int-res.com/articles/suppl/q014p309_supp.pdf
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Symbol                  Description                                                                                                                                       Value              Source    
 
Site physical characteristics 
Zm                          Mean lowest normal tide depth below chart datum within the farm lease (m)                           18.4                     1 
μEW                         Mean depth-average east−west current velocity (cm s−1)                                                       0.346 (1.31)              2 
σEW                         Standard deviation of east−west current velocity (cm s−1)                                                       4.05 (5.20)               2 
μNS                         Mean depth-average north−south current velocity (cm s−1)                                                  −0.399 (1.05)             2 
σNS                         Standard deviation of north−south current velocity (cm s−1)                                                   5.03 (4.27)               2 
fŪ>35                       Fraction of time near-bottom currents >35 cm s−1                                                                         0 (0)                    2 
fŪ>22.5                     Fraction of time near-bottom currents >22.5 cm s−1                                                                   0 (0.015)                 2 
fŪ>15                        Fraction of time near-bottom currents >15 cm s−1                                                                   0.03 (0.176)              2 
fŪ>9.5                       Fraction of time near-bottom currents >9.5 cm s−1                                                                 0.113 (0.499)             2 
fŪ>5                         Fraction of time near-bottom currents >5 cm s−1                                                                    0.585 (0.836)             2 
Tmax                        Maximum annual water temperature (°C)                                                                                    12.83                    3 
Tmin                                    Minimum annual water temperature (°C)                                                                                      0.75                     3 
JDTmin                    Julian Day for minimum temperature                                                                                              70                      3 
Bsub                        Bottom substrate type (>50%) (1: mud; 2: sand; 3: gravel)                                                              1                       4 

Farm variables 
APL                        Allowable production limit (smolt stocking number)                                                        3.0 × 104 (3.3 × 103)      1, a 
fmort                        Fraction of biomass lost to mortality during the grow-out period                                                0.15                     1 
D                            Distance in NS and EW directions from centre of net-pen array (m)                                       100−500                 a 
NPn                        Net-pen number stocked                                                                                                                   10                      1 
NPd                        Net-pen diameter (m)                                                                                                                       22.3                     1 
NPz                        Net-pen side-wall depth (m)                                                                                                             10                      1 
NPnl                       Number of net-pens along one row of the array length                                                                  5                       1 
NPnw                      Number of net-pens across the array width                                                                                      2                       1 
NPdl                       Distance between adjacent net-pens along rows (m)                                                                     25                      1 
NPda                       Distance between adjacent net-pens across rows (m)                                                                   150                     1 
NPa                        Angle (0−180°) of the longitudinal axis of the cage array relative to north  
                              (0: perpendicular; 90: parallel)                                                                                                         −45                     1 

Fish growth and waste production 
JDS                         Julian Day stocking initiated                                                                                                            120                     1 
Wi                           Initial smolt wet weight (g fish−1)                                                                                                      90                      5 
GP                          Grow-out period (days)                                                                                                                     791                     1 
TGC                       Thermal-unit growth coefficient to achieve Wf (g1/3 °C−1 d−1)                                                   0.002368                 a 
Wf                           Final (harvest) wet weight (kg fish−1)                                                                                              4.96                   1, 5 
DMfeed                   Fraction of dry matter in feed                                                                                                          0.90                   5, 6 
DMfish                    Fraction of dry matter in fish                                                                                                           0.36                   5, 6 
fCfish                        Fraction of POC fish (dry weight)                                                                                                    0.54                   5, 6 
fCfeed                       Fraction of POC in feed (dry weight)                                                                                              0.51                   5, 6 
fCinput                      Fraction of POC in feed input retained as growth                                                                         0.38                   5, 6 
fCrespired                  Fraction of POC in feed input respired                                                                                           0.40                   5, 6 
fCfeces                      Fraction of POC in feed input released as feces                                                                            0.19                   5, 6 
fCwastefeed                Fraction of POC in feed input as waste feed                                                                             0.03 (0.15)           1 (5, a) 

Particulate waste total sedimentation 
ffeces1                       Fraction of total feces as large pellets (waste type 2)                                                                  0.66 (0)          7, 8 (9, 10) 
ffeces2                       Fraction of total feces as small pellets (waste type 3)                                                                0.25 (1.0)         7, 8 (9, 10) 
ffeces3                       Fraction of total feces as fragment fecal material (waste type 4)                                               0.09 (0)          7, 8 (9, 10) 
wpt1                        Settling velocity of waste feed (waste type 1) (cm s−1)                                                                11 (10)               7−10 
wpt2                        Settling velocity of large fecal pellets (waste type 2) (cm s−1)                                                    7.5 (3.2)          7, 8 (9, 10) 
wpt3                        Settling velocity of small fecal pellets (waste type 3 (cm s−1)                                                     3.0 (3.2)          7, 8 (9, 10) 
wpt4                        Settling velocity of fragmented fecal material (waste type 4) (cm s−1)                                      0.5 (3.2)          7, 8 (9, 10) 
CSref                       Background sedimentation (reference area in Bliss Harbour) (g POC m−2 d−1)                          0.30                    11 

Particulate waste net sedimentation 
fdecomp                     Fraction of POC in waste decomposed (loss d−1)                                                                             0.1                      5 
fcons                         Fraction of POC in waste feed consumed by native marine fauna (loss d−1)                                0.5                      a 
vrmwp1                    Erosion velocity for initiating wpt1 resuspension on mud (substrate type 1) (cm s−1)                    15                8, 14−16 
vrswp1                      Erosion velocity for initiating wpt1 resuspension on sand (substrate type 2) (cm s−1)                  22.5               8, 14−16 
vrgwp1                     Erosion velocity for initiating wpt1 resuspension on gravel (substrate type 3) (cm s−1)                 35                8, 14−16 
vrmwp2                    Erosion velocity for initiating wpt2 resuspension on mud (substrate type 1) (cm s−1)                    15                8, 14−16 
vrswp2                      Erosion velocity for initiating wpt2 resuspension on sand (substrate type 2) (cm s−1)                  22.5               8, 14−16 
vrgwp2                     Erosion velocity for initiating wpt2 resuspension on gravel (substrate type 3) (cm s−1)                 35                8, 14−16 
vrwp3                       Erosion velocity for initiating wpt3 resuspension (all substrate types) (cm s−1)                             9.5                8, 14−16 
vrwp4                       Erosion velocity for initiating wpt4 resuspension (all substrate types) (cm s−1)                             5.0                8, 14−16

Table 1. Variables used to calculate salmon growth, particulate waste production, dispersion and total and net sedimentation 
for 2 Atlantic salmon farms (A and B) in Bliss Harbour, Bay of Fundy (Fig. 1). POC: particulate organic carbon. Data sources: 
(1) Chang et al. (2014a); (2) parameters for current statistics for time periods A (CM383) (June−August 2009) and B (CM409) 
(September−November 2009) described in Table 2; (3) Robinson (2022) and Fig. 3; (4) Wu et al. (2014); (5) Strain & Hargrave 
(2005); (6) Wang et al. (2012, 2013); (7) Bannister et al. (2016); (8) Carvajalino-Fernández et al. (2020); (9) Cromey et al. (2002a); 
(10) Stucchi et al. (2005); (11) Hargrave (1994); (12) Callier et al. (2018); (13) Riera et al. (2017); (14) Sutherland et al. (2006); 
(15) Law et al. (2014, 2016); (16) Adams et al. (2020). Numbers in parentheses represent alternative values for time  

periods A and B (Table 2). a: assumed or calculated values
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lated from depth, mean and standard deviations of 
east−west (u) and north−south (v) current velocities 
described by normal Gaussian distributions and 
waste particle settling speeds (Stucchi et al. 2005). 
Total waste production is corrected for losses due to 
resuspension, decomposition and consumption by 
wild fish and invertebrates to calculate net waste 
sedimentation. Contour plots with conditional for-
matting for different levels of deposition around net-
pens in a multi-cage array are created using 2D x−y 
matrices for total and net deposition for all waste par-
ticle types. Probability values for deposition of each 
waste type within a cell multiplied by total waste 
production for each particle type are summed to cal-
culate total waste sedimentation in the area of each 
cell within the matrix. An example of a summary 
worksheet for major model outputs is shown in Sup-
plement 2 at www.int-res.com/articles/suppl/q014
p309_supp.pdf. 

2.3.  Statistical and sensitivity analysis 

SYSTAT® 2010 (SYSTAT Software) was used to 
derive Gaussian distribution parameters fitted to 
observed current velocity distributions. Regression 
analysis was performed within the Excel chart func-
tion for x−y scatterplots. Sensitivity of model out put 
to changes in individual variables was as sessed by 
adding and subtracting maximum and minimum val-
ues representing ranges of uncertainty (ΔX) around 
mean values for variables in Table 1. Results are 
expressed as percent change in contour areas for sed-
imentation rates >5 g POC m−2 d−1 relative to the 
area for this level of deposition when the mean value 
for each variable was used for calculations. Sedimen-
tation rate thresholds from <0.3 to >10 g POC m−2 
d−1 are known to induce hypoxic/anoxic conditions 
in surface marine sediments associated with changes 
in geochemical variables and macrofauna community 
composition in SWNB (Wildish et al. 2003, Holmer 
et al. 2005, Wildish & Pohle 2005, Hargrave 2010, 
Chang et al. 2014a). 

3.  RESULTS AND DISCUSSION 

3.1.  Fish growth and waste production 

A cosine function (Eq. S1 in Supplement 1) is used 
to predict seasonal changes in surface water tem-
perature using annual maximum (12.83°C) and min-
imum (0.75°C) values. Predicted temperatures were 

closely correlated (r2 = 0.977) with observed surface 
temperature reported for 2014−2015 in Robinson 
(2022) (Fig. 2A). No water temperature data is avail-
able for the summer and fall periods in 2009 when 
ADCP current data used for calculations in our study 
was obtained. 

Predicted values for monthly average daily feeding 
rates (Fig. 2B) are based on the licensed stocking level 
(allowable production limit, APL) (Farm A: 300 000 
fish; Farm B: 132 000 fish) increased by 10% to ac-
count for initial smolt mortality (Table 1). The average 
values for mass-balance coefficients from Norwegian 
salmon farms (Wang et al. 2012) that we applied 
follow seasonal temperatures as would be expected 
based on growth rates determined by changes in 
daily temperature (Fig. 2C). Actual feed input by the 
site operator (January 2006−July 2007), summarized 
from Chang et al. (2014a) and B. Chang (pers. comm.), 
reached maxima between September and November 
2006 and at the end of the grow-out period in June 
2007. This was the month before harvesting began 
(Fig. 2B) and the maxima coincide with peaks in 
growth rate (Fig. 2C). When waste feed, assumed to 
be 3% of feed input, was added to the industry-pro-
vided estimate of feed supply, predicted and observed 
values were positively correlated (r2 = 0.828). Periods 
of maximum feed input (~7000 kg farm−1 d−1), consid-
ered to be the worst-case scenario for maximum 
waste production, oc curred at times of peak fish 
growth and waste production (Fig. 2C,D). 

Strain & Hargrave (2005) fitted a thermal-unit 
growth coefficient (TGC) of 2.65 × 10−3 g⅓ °C−1 d−1 to 
data in Peterson et al. (2001) to model salmon growth 
at a typical farm in SWNB. The adjusted coefficient 
in our study (2.37 × 10−3 g⅓ °C−1 d−1) (Table 1) is 
slightly lower, but there are differences in the maxi-
mum−minimum temperature range, smolt stocking 
weight and harvest weight used in our calculations. 
Seasonal changes in biomass with peaks in growth in 
the first and second year of production in August−
September, the period of maximum temperature, 
closely approximate (±5%) values predicted for the 
first few months after stocking reported in Peterson 
et al. (2001) (Fig. 2C). The growth trajectory is similar 
to observations at other farms in SWNB where sal -
mon are known to attain a wet weight of approxi-
mately 5 kg after 21−24 mo (Strain & Hargrave 2005). 
The lag between maximum water temperatures in 
August−September (Fig. 2A) and maximum waste 
production in September−October (Fig. 2D) reflects 
the fact that biomass in fish is increasing fast enough 
at this time of the year to more than compensate for 
small de creases in water temperature. 
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Other temperature-sensitive growth models have 
been used to predict growth of cage-cultured finfish 
(Brigolin et al. 2010, Føre et al. 2016). Aunsmo et al. 
(2014) found that the TGC model was sensitive to 
harvest weight and mean water temperature but was 
moderately successful and similar to 2 other methods 
for predicting Atlantic salmon growth in Norwegian 
fish farms. Growth rates modelled in our study varied 
between 0.4 and 1.4% wet weight d−1 during the first 
year with a maximum of 0.7% d−1 in the second year 
of production (Fig. 2C). The range of values (~0.2−
1.5% d−1) and seasonal cycle derived from the TGC 
model are comparable to those from a temperature-
corrected Q10 allometric model for salmon production 
in SWNB (Strain & Hargrave 2005). The TGC model 
does not require prior knowledge of the economic 
feed conversion coefficient (wet weight of feed to 
fresh weight produced ratio) (FCR) often used to 
estimate feed input (Strain & Hargrave 2005). The 
FCR calculated for Farm A using our model (1.09) is 
similar to 1.06 and 1.10 cited as industry averages 

for SWNB by Stewart (2005) and Strain & Hargrave 
(2005), respectively. 

3.2.  Statistical dispersion model 

Frequency distributions for current velocity in u 
and v directions (Fig. 3A,C) were well represented 
by normal Gaussian distributions (r2 = 0.995 and 
0.997, respectively) (Fig. 3B,D). The depth-averaged 
mean velocities (U–mean, cm s–1) and standard devia-
tions between 8 June and 7 August 2009 were sig-
nificantly lower than be tween 21 September and 18 
November 2009 (Fig. 3, Table 2). The difference in 
current statistics creates 2 scenarios for waste disper-
sion illustrated in the DEPOMOD output in Chang et 
al. (2014a). Accelerated current velocities under net-
pens and reduced currents due to side-wall drag 
effects in surface layers were observed when cage 
length is greater than half the water depth at Farm A 
(Wu et al. 2014). To account for these pen-related 
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Fig. 2. (A) Variations in surface (0−5 m) temperature in Passamquoddy Bay near Bliss Harbour calculated using a cosine func-
tion (Eq. S1 in Supplement 1) (solid line) with annual maximum (12.83°C) and minimum (0.75°C) temperatures. Data from 3 
monitoring stations (filled circles) in Passamaquoddy Bay close to Bliss Harbour in 2014 and 2015 (Robinson 2022). (B) Filled 
bars: predicted feed input required for growth calculated from mass balance coefficients; unfilled: industry reported monthly 
daily average feed rates from Chang et al. (2014a). (C) Wet weight and daily growth rate calculated using thermal growth and 
mass-balance coefficients to yield a harvest wet weight of 4.96 kg over 791 d. Filled circles: predicted weight from Peterson 
et al. (2001) using a Q10 growth model. (D) Total particulate waste (feces and waste feed) production during the grow-out  

period based on mass-balance coefficients. Variable input values for Farm A in Table 1
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changes, current velocities from the surface to 10 m 
(side-wall depth) were reduced by half and currents 
+4.6 and +7.6 m above bottom were increased by a 
factor of 2. The modified current statistics with per-
cent of time currents exceed substrate-based thresh-
olds for resuspension show the contrasting flow con-
ditions for the 2 current meter mooring periods 
(Table 2). 

The percent of time that near-bottom (+4.7 m) cur-
rents exceed substrate-based resuspension thresh-
olds with higher currents in September−November is 
greater than during the period of lower currents in 
June−August (Table 2). The increase is greater when 
near-bottom velocities are doubled due to cage ef -
fects. For example, the 9.5 cm s−1 threshold, used by 
Chang et al. (2014a) for resuspension as the default 
value in DEPOMOD, increases in the June−August 
period from 11.3% to61.8% due to accelerated 

near-bottom currents. An even greater increase 
(49.9 to 85.3%) occurs with the higher currents dur-
ing the September−November period. 

3.3.  Sensitivity of model output to changes in  
input variables 

Maximum changes in the >5 g POC m−2 d−1 depo-
sitional area for total waste sedimentation occur 
when mean depth (Zm) and U⁻ mean are increased and 
decreased by the values for uncertainty indicated in 
Table 3. The sensitivity of model output to these 2 
variables is ex pected since horizontal displacement 
for deposited particles depends on the vertical fall 
distance, particle settling velocity and standard devi-
ations for currents (Eqs. S3 & S4 in Supplement 1). 
Changes in SD that determine total biomass on a 
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2009 (Fig. 1, Table 2) summarized from Chang et al. (2014a). (A,B) Frequency distribution for average (near-surface, mid- and 
near-bottom depths) directional velocity components for ADCP mooring CM383 and fitted normal Gaussian distribution func-
tions for east−west (u): y = 1.18 + 31.47 × exp{−0.5 × [(x + 0.15) / 2.45]2} (r2 = 0.997) and north−south (v): y = −0.03 + 26.56 × 
exp{−0.5 × [(x − 0 .28) / 3.02)2]} (r2 = 0.997) velocities. (C,D) Frequency distribution for depth-average velocity components for 
ADCP mooring CM409 and normal Gaussian distribution functions for u: y = 0.06 + 15.43 × exp{−0.5 × [(x + 1.36) / 5.11)2]} (r2 =  

0.995) and v: y = −0.04 + 18.33 × exp{−0.5 × [(x + 0.83) / 4.39]2} (r2 = 0.997) velocities



Aquacult Environ Interact 14: 309–328, 2022

farm and seasonal maximum (Tmax) and minimum 
(Tmin) water temperature that affect growth and 
waste production result in smaller changes in the 
contour area. The fractions of feed input used for 
growth (fCinput) and released as feces (fCfeces) are the 
2 mass-balance coefficients with the greatest effect 
on waste production. Changes in  the amount of 
feed input released as unconsumed feed pellets 
(fCwastefeed) have minimal effect on model output since 
the rate is small relative to the amounts of feed used 
for growth, respiration and fecal production. 

Contour areas for >5 g POC m−2 d−1 are primarily 
determined by the relatively large mass fraction 
(0.66) assigned to rapidly settling fecal pellets (w = 
7.5 cm s−1) deposited with minimum horizontal dis-
placement. The relatively shallow water in Bliss Har-
bour results in the fecal pellets sedimenting immedi-
ately under or adjacent to the net-pen array with 
minimal lateral transport. Increasing the faster set-
tling fraction and decreasing the proportion of slower 
settling feces decreases the footprint area (−17%) 
(Table 3) since more of the waste released is concen-
trated in the more rapidly settling feces. Uncertainty 
in lower mass fractions and settling rates of smaller 
fecal pellets and disaggregated fecal matter have 

similar but smaller effects on the contour area since 
the waste footprint is determined by the total flux of 
combined fecal size categories. 

Uncertainty in variables associated with losses from 
total waste flux affecting net sedimentation results in 
changes in the >5 g POC m−2 d−1 footprint of a similar 
magnitude to changes in other variables (Table 3). 
Variation due to decreasing and increasing the per-
cent daily losses due to decomposition result in an 
approximately proportional change (+9.5 to −14.3%) 
since loss is scaled to the amount removed. Changing 
the proportion of waste feed consumed by natural pop-
ulations affects the amount of waste feed deposited, 
but the contour area for flux >5 g POC m−2 d−1 does 
not change as the amount of waste input from this 
source is small relative to total fecal waste produc-
tion. Altering substrate-related resuspension thresh-
olds changes contour areas as expected by increas-
ing or decreasing the amount of deposited waste 
removed. When resuspension thresholds for all sub-
strates are lowered, the maximum flux contour area 
is decreased (−19%). When resuspension thresholds 
are increased, especially for sand and gravel, the 
contour areas increase (29 and 48%) as a result of 
less resuspension and dispersion. 
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Z                             U⁻ mean        U⁻ median        μEW            μNS           σEW       σNS              Percent of time U⁻ mean 
(m)                        (cm s−1)      (cm s−1)    (cm s−1)     (cm s−1)                                    >5           >9.5        >15          >22.5       >35 
 
(A) (CM383) 8 June−7 August 2009 
−3.5                         5.30           4.43        −0.160       −1.661        5.02      3.90                                                                              
+7.6                         4.98           4.52         0.234       −0.584        3.75      4.28                                                                              
+4.7                         5.89           5.70         0.765        0.950        3.77      4.29        58.5          11.3         0.3               0             0 
Depth-average       5.38           5.15         0.346       −0.399        4.05      5.03                                                                              

−3.5*                       2.65           2.22        −0.008       −0.830        2.51      1.95                                                                              
+7.6*                       9.95           9.04         0.467       −1.168        7.51      8.56                                                                              
+4.7*                        11.78           5.70         1.530        1.900        7.54      8.58        87.4          61.8          27.9             4.4          0.1 
Depth-average*     8.21           7.87         0.700        0.007        8.10       10.06                                                                              

(B) (CM409) 21 September−17 November 2009 
−3.5                         8.62           7.79         1.032        0.080        7.54      6.66                                                                              
+7.6                         8.80           8.10         1.318        1.293        7.32      6.76                                                                              
+4.7                          10.10           9.49         1.471        0.949        8.28      7.54        83.6          49.4          17.6             1.5            0 
Depth-average       9.20           8.89         1.310        1.051        5.20      4.27                                                                              

−3.5*                       4.31           3.89         0.516        0.402        3.77      3.33                                                                              
+7.6*                        17.61            16.20         2.636        2.586         14.64       13.52                                                                              
+4.7*                        20.20            18.98         2.943        1.898         16.53       15.07        96.3          85.3        65.0             37.6          9.6 
Depth-average*      14.19            13.68         2.108        1.703        8.00      6.66

Table 2. Depth (Z; −: below surface; +: above bottom), mean and median current speed (U⁻ ), mean (μ) and standard deviation 
(σ) for east−west (EW) and north−south (NS) velocity components and the percent of time near-bottom U⁻ mean (cm s–1) exceeded 
thresholds obtained from 2 bottom-moored acoustic Doppler current profilers (ADCP) (CM383 and CM409) for 2 time periods 
at Farm A (Fig. 1) in Bliss Harbour in 2009 (data summarized from Chang et al. 2014a). Depth averages are for near-surface, 
mid- and near-bottom depths. (*) indicates u and v near-surface velocities decreased (×0.5) and mid- and near-bottom velocities 
increased (×2) to account for side-wall drag effects within and under the net-pen array (Wu et al. 2014). Frequency distribu- 

tions for μ and σ velocity values are shown in Fig. 3



Hargrave et al.: Modeling benthic enrichment in salmon aquaculture

3.4.  Factors affecting waste deposition areas 

Results of changes in current speed, under-pen 
depth and the number of fecal fractions with differ-
ent settling velocities applied at Farm A are consistent 
with results using the analytical Gaussian dispersion 
model in Stucchi et al. (2005) (Fig. 4). The actual 
magnitude of model output values for maximum 
waste discharge and areas receiving different levels 
of  waste deposition depend on the number of fish, 

net-pen dimensions, depth and cur-
rent speed. Maximum sedimentation is 
greater for a given current speed when 
under-cage depth is shallow (8.4 m) 
than when it is deeper (30 m) since 
waste is dispersed over a larger area 
(Fig. 4A,C). Areas for a given deposi-
tion rate in crease to maxima with 
increasing current and if water depth 
is sufficiently deep the areas for the 
lowest flux rate disappear. Although 
waste is depos ited into the larger area 
due to high current speeds, the flux 
rate falls below the threshold for the 
lowest contour level (>1 g POC m−2 
d−1). As Stucchi et al. (2005) observed, 
the patterns for changes in current 
speed are similar to those when depth 
is varied. Deeper depths, like high cur-
rents, increased the area of waste 
dispersion to maxima, above which 
areas for lower rates of flux decrease 
and eventually disappear. 

The rationale for selecting mass frac-
tions of feces with different settling 
rates is discussed in Supplement 1. 
Results for a single fecal type with a 
settling rate of 3.0 cm s−1 are based on 
mass fractions used by Stucchi et al. 
(2005) to represent the mean and stan-
dard deviation (3.2 ± 1.1 cm s−1) ap -
plied in DEPOMOD (Cromey et al. 
2002a) (Fig. 4A). Since Bannister et 
al. (2016) showed in laboratory exper-
iments that most (58−78%) salmon 
feces settle at >5 cm s−1 with a smaller 
slow settling fraction <1 cm s−1, we 
used 3 fractions (0.66, 0.25, 0.09) to 
span this range (w = 7.5, 3.0, 0.5 cm s−1, 
respectively) (Table 1). It is possible 
that under in situ conditions propor-
tions of feces in the finer fractions 
could be higher as a result of shear 

effects on larger fecal pellets. When the broader dis-
tribution of fecal types is used, the areas of waste dis-
persion change. Maximum sedimentation immedi-
ately under a net-pen is lower than calculated using 
a single fecal fraction for a shallow depth (Fig. 4B vs. 
A) with a further decrease with increasing currents 
at a deeper depth (Fig. 4D vs. C). Areas for different 
flux levels continue to increase as current increases 
but differ for different levels of flux. The inclusion of 
fecal fractions with lower settling rates in creases 
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Variable (X)                   Value         Uncertainty   Percent change in area 
                                                                (ΔX)         >5 g POC m−2 d−1 
                                                                                           −ΔX           +ΔX 
                                                                     
Farm site and husbandry variables 
Zm (m)                              18.4                  5.5                    −63.5          58.5 
U⁻ mean (cm s−1)                  9.20                 4.11                   −23.6          51.5 
Tmax (°C)                         12.83                1.50                   −23.6          22.9 
TGC (g1/3°C−1 d−1)     2.368 × 10−3      0.2 × 10−3               −14.3          20.3 
SD (kg m−3)                      17.2                  2.4                     −5.0           18.9 
Tmin (°C)                           0.75                  0.1                     −0.3            2.0 
JDTmin                                70                     5                       11.3           −0.3 
fmort                                   0.15                 0.05                     8.3            −0.3 

Mass-balance coefficients 
DMfish                               0.36                 0.02                    −0.3            9.3 
fCfish                                  0.54                 0.02                    −0.3            4.7 
fCinput                                0.38                 0.03                    19.3           −1.7 
fCrespired                             0.40                 0.03                    −0.3           −0.3 
fCfeces                                0.19                 0.03                   −13.6          19.6 
fCwastefeed                        0.03                 0.03                     2.0            −0.3 

Particulate waste mass fractions and settling velocities 
ffeces1                                 0.66                 0.05                   −17.3           0.3 
ffeces2                                 0.25                 0.05                       9             −19.6 
ffeces3                              0.09                 0.05                    −7.0            0.3 
wpt1                                    10                   2.0                        0                0 
wpt2                                    7.5                   2.5                     40.9           −5.7 
wpt3                                     3                      2                      −28.9         −19.6 
wpt4                                    0.5                  0.25                    −0.3            4.3 

Net sedimentation 
fdecomp                                0.1                   0.1                      9.5           −14.3 
fcons                                    0.5                  0.25                       0                0 
Bsub1 mean (cm s−1)            9.2                  4.11                   −19.1          −1.0 
Bsub2 mean (cm s−1)            9.2                  4.11                   −19.1          28.6 
Bsub3 mean (cm s−1)            9.2                  4.11                   −19.1          47.6

�
�

Table 3. Sensitivity of model output to changes in input variables for Farm A 
shown in Table 1. Percent change in contour areas is relative to baseline values 
for maximum total waste flux >5 g particulate organic carbon (POC) m−2 d−1 
(1.08 ha) for a mean depth-average current (U⁻ mean) of 9.20 cm s−1 (CM409; 
Table 2) and mass fractions for 3 fecal waste types (Table 1). Selection of 300 m 
for the distance from the center of the array to the model boundary (D) (see 
Supplement 1) resulted in all waste being deposited within the model area. 
Net-pen number, dimensions and spacing characteristics were unchanged 
when values for each variable were altered by (ΔX). Stocking density (SD) 
(300 000) was altered by changing the allowable production limit ±14%. 
Brackets indicate groups of variables where the sum of fractions was main-
tained at 1.00 when one of the variables in the group was altered by dividing  

the change equally between other variables in the group
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the maximum size of waste depositional 
footprint as current speed increases. 

3.5.  Factors affecting spatial patterns 
of waste deposition 

Maximum total and net particulate 
waste sedimentation for contour inter-
vals <3 and >10 g POC m−2 d−1 for the 
multi-pen matrix in Farm A using one 
fecal size fraction are shown as con-
tour plots in Fig. 5. Calculated areas 
for maximum total and net waste sedi-
mentation >0.3 and >5 g POC m−2 
d−1 and integrated values immediately 
under net-pens dimensions for this and 
following model scenarios are listed in 
Table 4. Deposition within the mod-
elled area (600 × 600 m, 36 ha, 6 × 6 m 
cell resolution) represents 100% of the 
waste released using the mean depth of 
18.4 m (8.4 m under-cage depth) at 
Farm A. Depth-average current statis-
tics from Table 2 were applied for 
June−August (Fig. 5A,B), September−
November (Fig. 5C,D) and Septem-
ber−November (Fig. 5E,F) when near-
surface currents were de creased (×0.5) 
and mid- and near-bottom current in -
creased (×2) to account for net-pen 
effects (Wu et al. 2014). 

Contours for all intervals of POC flux 
around individual net-pens within the 
array have similar circular and slightly 
skewed shapes, reflecting small differ-
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size fraction, settling speed (w) 3.2 cm s−1 
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ences in σEW and σNS (Table 2). Contours for >5 g 
POC m−2 d−1, separated under individual cages at 
lower currents in June−August (Fig. 5A,B), overlap 

when higher currents associated with under-cage 
accelerated currents are applied for the Septem-
ber−November period (Fig. 5E,F). The areas of max-
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Fig. 5. Model output for contour areas for 2 levels of POC sedimentation (<0.3 and >5 g POC m–2 d–1, shown in Table 4) for 
total and net waste flux and maximum deposition integrated over the area under net-pens based on one fecal size fraction (set-
tling speed w = 3.2 cm s−1), mean depth of 18.4 m (8.4 m under cages) and depth-average currents (U⁻ mean) for (A,B) 
June−August (CM383), (C,D) September−November (CM409) and (E,F) September−November (CM409) with near-surface 
currents decreased (×0.5) and mid- and near-bottom current increased (×2) to account for net-pen side wall drag effects (Wu 
et al. 2014) (Table 2). Variables for stocking number mortality during the grow-out period, waste feed and losses due to resus-
pension, decomposition and consumption of waste feed by wild fish and invertebrates in Table 1. Model area is 36 ha with a 
6 m grid resolution. Assimilation coefficient (AC) is the ratio of net to total waste flux. The ratio in (B) indicates that 70.8% of 

deposited waste remains in the model area after losses due to resuspension, decomposition and consumption
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imum total flux (>0.3 and >5 g POC m−2 d−1) increase 
only slightly be tween the June−August and Septem-
ber−November mooring periods (Fig. 5A,C) but 
higher depth-average currents due to under-cage 
acceleration increases the size of both areas in Sep-
tember−November (Fig. 5E). Integrated values for 
maximum total sedimentation (41−45 g POC m−2 d−1) 
at lower currents decrease to 25 g POC m−2 d−1 when 
higher currents are considered (Fig. 5A,C,E). 

Net maximum fluxes respond differently to changes 
in current speed. Contour areas >0.3 and >5 g POC 
m−2 d−1 are only slightly reduced by the increase in 
depth-average currents between June−August and 
September−November (Fig. 5B,D), but much larger 
changes occur when higher under-cage velocities 
are applied (Fig. 5F). The total footprint area 
(>0.3 POC m−2 d−1) increases, but the area >5 g POC 
m−2 d−1 is drastically reduced. The differences reflect 
the effects of resuspension on net waste flux. With 
lower currents during the first mooring period, the  
AC indicates that 70.8% of maximum total flux would 
remain deposited after losses due to resuspension, 
decomposition and consumption (Fig. 5B). The value 
decreases to 43.9% as more deposited material is 
removed with higher currents in September−Novem-
ber (Fig. 5D). A further in crease in currents due to 

under-cage acceleration results in net 
sedimentation being only 14.7% of 
total flux (Fig. 5F). The magnitude of 
the loss of  deposited material is evi-
dent by changes in both the >5 g POC 
m−2 d−1 contour area and mean flux 
under net-pens, which are both re -
duced by an order of magnitude. 

The predicted contour areas for max-
imum total flux >5 g POC m−2 d−1 with-
out consideration of net-pen effects for 
the 2 current meter mooring periods 
are 2.25 and 2.43 ha (Fig. 5A,C). A 
lower value (1.27  ha) was calculated 
for this depositional contour area when 
DEPOMOD was applied at Farm A 
using feeding rates from 2007 and cur-
rents measured between June and 
August 2009 (CM-D1 in Chang et al. 
2014a). The discrepancy is not related 
to differences in current velocities since 
depth-averaged currents from CM-D1 
(U⁻ median = 4.97 cm s−1) are similar to 
observations with CM383 (U⁻ median = 
5.15 cm s−1) (Table 2). The comparison 
of feeding rates, however, shows that 
the industry-reported 1 mo average 

feeding rate in the final year of production in July 
2007, used in the DEPOMOD model, was ap -
proximately 50% lower than the maximum values 
we use in our worst-case calculations for September−
November in the second year of production (Fig. 2B). 
When feeding rates in our model were reduced by 
50%, the >5 g POC m−2 d−1 contour area was 1.61 ha. 
The estimated area >5 g POC m−2 d−1 in DEPOMOD 
calculations with resuspension using a 9.5 cm s−1 cur-
rent threshold for a single fecal size class was 1.05 ha 
(Chang et al. 2014a). The smaller area may reflect 
the fact that DEPOMOD only allows resuspended 
particles to resettle when resuspension is turned on if 
particles remain within the model domain. The re-
calculated value for total net sedimentation for the 
>5 g POC m−2 d−1 area in our study using a single 
fecal type (w = 3.0 cm s−1) and the lower feeding rate 
comparable to that used in DEPOMOD is 1.26 ha. 

The result of erosion and dispersal of deposited 
waste particles as currents increase and shear veloc-
ities exceed the critical erosion threshold (τcrit) (Law 
et al. 2016) is shown by changes in AC ratios. During 
the period of lower currents (June−August) with one 
fecal fraction the ratio is 0.708 (Fig. 5B), indicating 
that 29% of deposited waste particles are removed 
from the modelled area by resuspension, decomposi-
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Figure   Total flux area (ha)   Net flux area (ha)     Under net-pens 
                   <0.3           >5             <0.3               >5         Total flux     Net flux 
          g POC m−2 d−1      g POC m−2 d−1        g POC m−2 d−1 
                                                                                                                      
5 A,Ba          4.18          2.25            3.93              1.92            45.0            30.9 
5 C,D          4.40          2.43            3.87              1.57            41.0            17.7 
5 E,F           7.01          3.51            4.77              0.55            59.4            9.14 

6 A,B           7.00          1.08            3.75              0.89            56.7            46.7 
6 C,D          7.43          1.08            3.25              0.76            52.5            33.5 
6 E,F           7.48          1.64            2.88              0.75            44.2            11.9 

7 A,B           6.43          0.83            1.78              0.40            63.2            33.7 
7 C,D          8.42          2.04            5.02              1.33            38.9            21.7 
7 E,F            12.10          3.25            7.07              2.22            20.7            11.4 

8 A,B           5.10          1.33            2.88              0.75            21.7            11.9 
8 C,D          5.10          1.66            2.89              0.97            28.4            20.8 
8 E,F           5.10          1.70            3.10              1.12            29.7            29.9 

9 A,B           7.05          1.25            5.52              1.65            53.5            24.9 
9 C,D          7.05          1.25            8.79              1.55            53.5            24.9 
aA summary of model output data for this scenario is shown in Supplement 2 

Table 4. Contour areas shown in Figs. 5−9 for net-pens containing Atlantic 
salmon at Farm A for 2 levels of total and net waste sedimentation and in -
tegrated flux under single net-pens for maximum waste production during 
the grow-out period. Sedimentation threshold values selected to represent 
background sedimentation (<0.3 g POC m−2 d−1) and en hanced flux associated 
with benthic enrichment (>5 g POC m−2 d−1) are discussed in Section 2.3 and  

Supplement 1
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tion and consumption. With increased currents in 
September−November (Fig. 5D) (AC = 0.439), 56% 
of the waste released remains deposited. With higher 
near-bottom currents due to cage effects (Fig. 5F) 
(AC = 0.147), approximately 85% of deposited mate-
rial is lost from the modelled area. The net/total ratio 
(AC) indicates that with low currents most of the 
waste already deposited remains on the bottom 
under or close to net-pens, but higher currents will 
remove a large fraction of sedimented material. Kee-
ley et al. (2019) also calculated that a large fraction 
(60−70%) of waste output from a salmon farm at a 
shallow dispersive location on the west coast of Nor-
way was assimilated in the water column, consumed 
by fish and invertebrates or exported and dispersed 
from the farm site. Waste accumulation has been 
observed under cages at Farm B and other farm sites 
in SWNB. However, comparisons of rates of waste 
discharge and sediment−water fluxes of O2, CO2 and 
dissolved nitrogen showed that while some waste is 
buried, a large fraction is lost by resuspension, 
decomposition and solubilization (Strain & Hargrave 
2005). 

Contours for maximum total and net sedimenta-
tion with 3 current velocities and one fecal fraction 
(Fig. 5) are replicated using 3 fecal fractions and 
their respective settling velocities (Table 1) in 
Fig.  6A−F. The circular contour areas >5 g POC 
m−2 d−1 resulting from applying 3 fecal fractions in 
our model are similar in shape to those using one 
fecal fraction, but the areas are reduced. The 
change is consistent with the high combined mass 
fraction of large (0.66) and small (0.25) feces with 
relatively high settling velocities (7.5 and 3.0 cm 
s−1, respectively). The larger and more rapidly set-
tling fecal fractions reach the bottom quickly and 
are deposited in a smaller area. Contour areas 
>0.3 g POC m−2 d−1 show an opposite effect with 
an increase in contour area resulting from the 
inclusion of flocculated fine fecal matter with a 
low (0.5 cm s−1) settling velocity. 

Effects of current speed on AC ratios for 1 and 3 
fecal fractions are generally similar, showing a de -
crease due to higher losses by resuspension as cur-
rent velocities increase (Fig. 6B,D,F), but the ratios 
are slightly higher using 3 fecal fractions. The range 
of current velocities and total maximum waste pro-
duced by the farm are the same for model outputs in 
Figs. 5 & 6, so differences in the AC ratios reflect 
effects of resuspension that affect net but not total 
sedimentation. Use of 3 different mass fractions for 
fecal types with different settling rates and τcrit 
thresholds decreases losses due to resuspension. The 

decrease is evident in differences in under-cage 
maximum integrated fluxes. With one fecal fraction, 
values decrease from 30.9 at low currents to 3.8 g 
POC m−2 d−1 at higher velocities due to near-bottom 
cage effects (Fig. 5B,F). The corresponding change 
for 3 fecal fractions is a decrease from 45.7−11.2 g 
POC m−2 d−1 (Fig. 6B,F). Different τcrit thresholds 
applied for large (wpt2) and small (wpt3) sized fecal 
pellets (Table 1) result in less resuspension than cal-
culated using the single value in DEPOMOD for one 
fecal waste type (9.5 cm s−1) As a result, for a given 
current, net deposition increases when 3 fecal frac-
tions are considered. 

The generally circular shapes of depositional con-
tours within the farm cage array immediately under 
net-pens are maintained but increase in size with 
increasing depth (Fig. 7A,C,E). As depth increases, 
settling particles with a specified settling rate (w) 
require a longer time to reach the bottom, and as a 
result, are transported over greater horizontal dis-
tances (Eq. S3 in Supplement 1). Al though the 
model is not intended to show fluctuations in waste 
sedimentation over a tidal cycle, hence the use of a 
mean value for lowest normal tide (Zm) as input data 
(Table 1), depths associated with minimum, mean 
and maximum tides for the farm in Bliss Harbour 
(Chang et al. 2014a) can be used to illustrate 
changes in the size of the waste depositional foot-
print during a tidal cycle (Fig. 7). Both maximum 
total and net fluxes for >0.30 and >5 g POC m−2 d−1 
contour areas increase from minima with 2.9 m 
under-cage depth (Fig. 7A,B) to maxima for the depth 
at high tide (13.9 m under-cage depth) (Fig. 7E,F) 
using depth average mean currents to represent 
net-pen effects (U–mean = 8.21 cm s−1) (Table 2). The 
proportion of maximum total sedimentation resus-
pended (AC = 0.497) re mains the same for all depths 
(Fig. 7B,D,F) since the same erosion velocity thresh-
olds are applied irrespective of depth. Maximum 
integrated waste flux under net-pens decreases as 
water depth increases due to greater horizontal dis-
persion of settling particles. Increased horizontal 
transport of waste is shown by increasing areas of 
both the >0.3 and >5 g POC m−2 d−1 depositional 
contours as depth increases. 

3.6.  Substrate effects on net waste flux 

Application of different erosion thresholds for 
waste feed and 3 fecal size classes deposited on mud, 
sand and gravel substrates (Table 1) at low current 
velocities with cage effects on near-bottom currents 
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between June and August (U⁻ mean = 8.21 cm s−1) has 
no effect on maximum total flux contour areas >0.3 g 
POC m−2 d−1 (Fig. 8A,C,E). However, the area for 
>5 g POC m−2 d−1 increases (24%) across the 3 sub-
strate types. At higher currents in September−
November U

–
mean = 14.2 cm s−1) (Fig. 8B,D,F), both 

areas increase much less for the >0.3 POC m−2 d−1 

area (8%) than for >5g POC m−2 d−1 (36%). The dif-
ferences reflect the interactions between changes 
in current speed and the proportion of time near-
bottom velocities exceed resuspension thresholds for 
different substrate types. Waste feed and large and 
small fecal pellets predominate deposited waste 
immediately under net-pens, resulting in the largest 
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Fig. 6. Model output for the same 2 enrichment contour intervals and maximum under-cage POC flux for total and net waste 
sedimentation for the model area and grid resolution as applied in Fig. 5 but using statistics for 3 different current speeds and  

3 fecal size classes with mass fractions and settling velocities described in Fig. 4B
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changes in footprint size in the high flux contour 
area. Flocculated fecal material with a slower settling 
rate is transported away from below-cage areas of 
high flux. Differences in net flux between substrate 
categories also reflect higher erosion velocities 
required to resuspend waste feed and feces deposited 

on sand (22.5 cm s−1) and gravel (35 cm s−1) as 
opposed to mud (15 cm s−1) (Table 1). Higher current 
speeds remove proportionately more deposited 
waste from mud substrates than gravel due to the 
higher erosional velocity required for resuspension 
from the latter substrate. 

323

Fig. 7. Model output for 2 enrichment contour intervals and maximum total and net POC flux under net-pens as in Fig. 6 for 3 
fecal size classes but with current statistics from CM383 modified for net-pen side-wall drag effects (Table 2) and 3 under-pen 
depths. Zmin is Zm corrected for NPz (Table 1). Addition of NPz (10 m) represents minimum, mean and maximum under-cage 

depths for a normal tide in Bliss Harbour (Chang et al. 2014a)
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3.7.  Net-pen array orientation 

The orientation of the long axis of the net-pen 
array relative to the predominant current affects 
the size and shape of depositional footprints depend-
ing on the relative magnitude of σEW and σNS. As 
 discussed above, the similarity in these values at 
Farm A (Table 1) results in circular depositional foot-
prints with highest waste flux under and close to net-
pens. In this case, with U–mean set to 0 (no residual cur-

rent), rotation of the array long axis to be parallel 
or perpendicular to the major current has no effect 
on individual cage depositional contour shapes or 
sizes relative to the array center position (Fig. 9A,C). 
The area where more slowly settling particles are 
deposited between rows of cages, however, is ro -
tated 90°. 

The effect of array rotation on depositional areas 
is  very different if σEW and σNS are not the same 
(Fig. 9B,D). If the predominant current is east−west 
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Fig. 8. Model output for 2 enrichment contour intervals and maximum net POC flux under net-pens applying 3 fecal size 
classes and current statistics from (A,C,E) CM383 and (B,D,F) CM409 modified for net-pen side-wall drag effects (Table 2) 
for 3 bottom substrate types (A,B) >50% mud, (C,D) >50% sand and (E,F) >50% gravel. Model area is 36 ha with a 6 m  

grid resolution 
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(σEW 2× > σNS), as in this example, the depositional 
footprints for all levels of waste flux are elongated in 
the direction of the major current. The contour areas 
immediately under and adjacent to cages are elon-
gated in the direction of the predominant current. As 
mentioned above, with no residual current there is 
no offset for maximum flux at the center position of 
each cage. A residual current would move all deposi-
tional contour areas from the center position in the 
direction of the residual current with a magnitude in 
the shift proportional to the current, as shown in 
Cubillo et al. (2016). Similar differences in footprint 
shape and area with a change in array orientation 
from parallel to perpendicular to the major current 
were observed when the Gaussian dispersion model 
was applied in the Broughton Archipelago, where 
σEW was 4 times greater than σNS (Stucchi et al. 2005). 

3.8.  Comparison of predicted maximum total waste 
flux and sediment trap observations 

No sediment trap observations were made be -
tween 2005 and 2007 at Farm A for comparison with 
predicted outputs from our model or results from 
DEPOMOD described in Chang et al. (2014a). How-
ever, traps suspended at Farm B (Fig. 1) provided data 
to compare with predicted values for maximum total 
waste sedimentation without resuspension. Farm con-
figuration (number and sizes of cages, array dimen-
sions) and stocking number (APL) were adjusted to 
apply our model at Farm B at the time of sediment 
trap deployments (see Section 2.1). APL was in -
creased by 10% (120 000) to account for over-stock-
ing, and a mortality rate of 15% over the grow-out 
period assumed for Farm A (Table 1) was applied. Cur-
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Fig. 9. Model output for depositional areas and maximum total and net POC flux with changes in net-pen array orientation to 
the predominant current direction. Model variables as in Fig. 7C (under net-pen depth: 8.4 m; 3 fecal size classes) but mean 
currents (μEW and μNS) = 0. (A,B) Long axis of the net-pen array parallel to the predominant EW current, (C,D) perpendicular 
orientation. (A,C) Equal standard deviations for directional currents (σEW and σNS), (B,D) σEW increased ×2. Arrows illustrate  

the relative magnitude of current standard deviations
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rents for the summer period of lower currents (June−
August) (CM383) adjusted for lower surface layer 
and increased near-bottom velocities due to cage 
effects (Table 2) corresponded to the period when 
sediment traps were deployed (19−24 August 1990). 

The range of sedimentation rates measured at 2 
locations within the cage array, 2 at the edge and at 
reference locations 25 and 50 m away from the array 
(15−0.3 g POC m−2 d−1) is consistent with steep gradi-
ents in maximum total sedimentation contour areas 
predicted around the net-pen array for both 1 and 3 
fecal waste types (Table 5). Predicted fluxes in cells 
in the depositional matrix corresponding to trap 
mooring locations with 1 and 3 fecal fractions span a 
similar order of magnitude range from under and up 
to 50 m away from the net-pen array. Predicted and 
observed fluxes are significantly correlated (p < 0.05) 
for both 1 and 3 waste types but the slope of the regres-
sion between observed (x) and predicted (y) values 
was closer to 1 for 3 (y = 1.350 + 1.110x, r2 = 0.902) 
as  opposed to 1 fecal fraction (y = 3.001 + 2.203x, 
r2 = 0.908). 

4.  CONCLUSIONS 

Previously described models for temperature-
dependent fish growth, mass-balance estimates of 
food intake, respiration and particulate waste pro-
duction are combined with a statistical waste disper-
sion−deposition model in an MS Excel® spreadsheet 
format to predict particulate waste sedimentation at 
2 Atlantic salmon farms in SWNB, Bay of Fundy. Un -
like DEPOMOD, the spreadsheet format allows all 
site physical and farm husbandry variables to be var-
ied to consider integrated effects of changes in the 
degree and spatial patterns of particulate waste dep-
osition due to salmon aquaculture. Model results are 
generally consistent with DEPOMOD model output 
for Farm A. Sediment trap results from Farm B are 
similar to model-predicted values for similar posi-
tions under, adjacent to and up to 50 m from the net-
pen array when stocking number, cage dimensions 
and spacing were adjusted for conditions at the time 
of sediment trap observations. 

Stocking number, water depth, variations in mean 
and standard deviations in current speed, waste 
mass fractions and particle settling velocities are the 
major factors determining rates and spatial patterns 
of waste feed and feces sedimentation. Boundaries 
for specified depositional contours show highest sed-
imentation under and adjacent to net-pens, reflect-
ing rapidly settling unconsumed feed and large fecal 

pellets. Smaller fecal pellets and disaggregated fecal 
matter with lower settling velocities are deposited up 
to 50 m from the net-pen array. 

The combined models for fish growth, waste pro-
duction, dispersion and deposition of particulate waste 
from salmon aquaculture can be used by industry 
managers, government regulators and non-govern-
mental organizations to directly evaluate new or 
established salmon farms to assess site suitability and 
manage negative effects of increased organic waste 
deposition under and near net-pens. Unlike DEPO-
MOD, where information is required for individual 
net-pens, the spreadsheet model uses general tem-
perature−growth and mass-balance calculations to 
calculate feed input requirements. The model pro-
vides regulators with an assessment of feed input to 
support calculated growth independent of industry-
reported values. The uniform spatial patterns of waste 
deposition assumed that salmon biomass is the same 
in all cages, but the number of net-pens can be 
altered to account for changes in farm size if required 
for management purposes. 

Application of the spreadsheet model requires new 
information to categorize mass fractions of feces of 
different sizes and settling rates. It is known that dif-
ferent settling velocities of waste feed and fecal 
material released by salmon directly affect the size of 
the waste depositional footprint (Bannister et al. 
2016), but few previous studies have provided the 
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Trap location     Sedimentation rate (g POC m−2 d−1) 
                                   Observed        Predicted 
                                                               wpt2  wpt2+wpt3+wpt4 
                                                                                 
1 (array interior)         15.0 (4.6)       33.04         14.56 
2 (array interior)          7.8 (3.6)        25.67         12.50 
3 (array edge)              1.4 (0.4)         8.60           3.12 
4 (array edge)              1.2 (0.2)         8.48           3.08 
5 (+25 m from array)   0.8 (0.2)         0.30           0.56 
6 (+50 m from array)   0.3 (0.1)         0.30           0.32

Table 5. Observed sedimentation rates (n = 4) (mean and SE 
in parentheses) at 6 locations at Farm B (19−24 August 1990) 
in Bliss Harbour (Fig. 1) from Hargrave (1994) compared to 
predicted maximum total POC sedimentation in model cells 
corresponding to trap mooring positions. Traps were sus-
pended at 13.5 m, the value used for mean lowest normal 
tide depth (Zm). Current statistics account for net-pen drag 
and near-bottom current acceleration effects (depth-average 
U⁻ mean = 8.21 cm s−1) (Table 2) applied for model scenarios 
with 1 and 3 fecal size fractions (w) (Table 1). Grid resolution 
is 6 × 6 m in a 36 ha model area. POC flux +50 m from the 
net-pen array, considered to be background sedimentation, 
is included in predicted values. Fecal size fractions are de- 

scribed in Table 1
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necessary information to determine mass fractions 
of  different-sized waste particles. Complexities for 
parameterizing resuspension remain. For example, 
while the erosion thresholds we have used are prac-
tical, freshly deposited material on the surface has 
a  very low erosion threshold compared to that in -
corporated into sediment interstices. The latter is 
more dependent on the movement of the back-
ground sediment, as in the present model. New 
field observations are required to assess mass frac-
tion distributions of different sizes of waste particles 
and resuspension thresholds for freshly produced 
fecal material under in situ conditions to more accu-
rately determine the size and shape of depositional 
footprints. 
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