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1.  INTRODUCTION 

Producing seafood using marine aquaculture has 
become one of the most rapidly growing areas of 
food production in recent decades (Cranford et al. 
2012, Myksvoll et al. 2018). Marine aquaculture 
eases the pressure of human consumption on natural 
fisheries, but releases wastes, such as fish feces and 
uneaten food, into the environment (Law et al. 2014, 
Broch et al. 2017). The wastes can be transported 
with flows and result in significant environmental 
problems in near/far-field waters and thus limits the 
development of marine aquaculture (Goodland 1997, 

Sanz-Lázaro et al. 2011, Reid et al. 2020). In order to 
investigate how aquaculture farm wastes disperse, a 
number of studies used hydrodynamic models in 
which the trajectories of wastes were simulated with 
the concept of Lagrangian movement (e.g. Panchang 
et al. 1997, Navas et al. 2011, Foreman et al. 2015). 
Primarily, these models have focused on the waste 
movement far afield and often overlook the complex-
ity of deposition; how the waste moves in close prox-
imity to the farms has not been discussed as much. In 
this paper, we focus on this gap, detailing how waste 
products move around the fish cages, i.e. in the ‘near 
field’, for example, hundreds of meters. 
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ABSTRACT: Aquaculture farm cages have the ability to interact with local circulation due to the 
drag caused by the cages. We examined how the drag influences the residence time of particles 
within fish farms in the southwest Isles region of New Brunswick, Canada, in the Bay of Fundy 
using a high-resolution hydrodynamic model. To accomplish this, we parameterized the cage drag 
in the model and modeled flow structures at multiple spatial scales, ranging from several meters 
within the cages, to tens of kilometers in the adjacent open ocean. We used models with and with-
out cage drag to demonstrate how residence time was influenced by the imposition of the cage 
infrastructure. Our examination indicated that the drag produced by cages is able to significantly 
change the residence time of particles. The magnitude of the change is strongly sensitive to the 
timing of tides, tidal speeds and specific locations of farms. Our results suggest that the flushing 
properties of the wastes from aquaculture activities — for example, feed and subsequently fecal 
material — are strongly related to flow properties and their interactions with cages. These results 
emphasize that the design of fish farms should explicitly account for the influence of physical 
infrastructure (i.e. cages) on depositional processes in order to try and minimize environmental 
effects.  
 
KEY WORDS:  Aquaculture · Environmental pollution · Finite-Volume Community Ocean Model · 
FVCOM · Particle tracking · Chaos 

https://crossmark.crossref.org/dialog/?doi=10.3354/aei00434&amp;domain=pdf&amp;date_stamp=2022-07-07


Aquacult Environ Interact 14: 163–179, 2022

In general, a fish-farming cage system has an 
enclosed netting cage, mooring ropes and acces-
sories such as floating collars, floats, sinkers and 
buoys, and the area covered by the system is able to 
reach several thousands of square meters. These 
structures are large enough to act as barriers to free 
flow and thus have the ability to modify both flow 
magnitude and direction (Cornejo et al. 2014, Zhu 
et al. 2020, Jiang et al. 2022). Using numerical mod-
els, Grant & Bacher (2001) studied the effects of 
cages on local currents and suggested that current 
speeds in cages could be reduced by 54% due to 
the barrier created by suspended aquaculture equip -
ment in Sungo Bay, China. O’Donncha et al. (2013) 
found that cages could reduce flow speed by 25–
30% in the interior of the cages, and ignoring the 
effect of the cage barrier could result in overesti-
mates of the mass dispersion in the ambient water 
within the cages. Using laboratory experiments and 
a numerical mod el, Cornejo et al. (2014) investi-
gated the effect of aquaculture cages on ambient 
current fields, and their results suggested that the 
presence of cages damped the flow speed in cages 
and wake vortices formed downstream of the cages. 
Wu et al. (2014) found that the presence of fish 
cages significantly damped the flow speeds in the 
interior of the cages, and simultaneously enhanced 
flow speeds around the cages. Because Wu et al. 
(2014) used a 3-D model, their results indicated that 
cages reduced flow speeds in the upper layer where 
the cages were, but increased flow speeds in the 
lower layer between the cages and the seabed. 
Based on field measurements, Klebert et al. (2015) 
suggested that cages could reduce flows by 21.5% 
in the interior of cages 

Changes in the flow fields due to a cage barrier will 
change the character of mass transport such as waste 
released from fish farms. To examine whether cage 
barriers can modify the transport of seston, Plew 
(2011) developed a 2-D depth-averaged hydrody-
namic model in which the drag was parameterized in 
the momentum equations. Plew (2011) compared 
tracer concentrations in 2 different-sized bays that 
were driven by the currents from the model, with and 
without cage drag. That study indicated that the drag 
from the cages affects the water mass exchange in 
water near the farm and in water far from the farm, 
and the effects of the cage drag on the currents are 
sensitive to the size of bays and the locations of the 
cages. The model results of Plew (2011) suggested 
that neglecting farm drag could cause an overesti-
mate of the seston dispersal around farms, and cause 
an underestimate of the depletion of seston within 

the farms. Venayagamoorthy et al. (2011) also exam-
ined effects of cage drag on flows and dispersion 
properties of dissolved wastes re leased from aqua-
culture farms using a 2-D ocean model with an 
unstructured model mesh system. They found that 
transport characteristics of the waste were sensitive 
to the locations of the cages, and the presence of 
cages formed downstream wakes, which could be 
important to the evolution of the aquaculture waste. 
Using a 3-D hydrodynamic model, Wang et al. (2018) 
investigated the effects of fish farms on the disper-
sion properties of nutrients. Their results indicate 
that the drag caused by the cages increased the resi-
dence time in a bay up to 5–10 d in the middle of the 
bay and 25–40 d in the inner bay, and the effects of 
drag were sensitive to the locations in the bay. More 
recently, using a 3-D circulation model, Broch et al. 
(2020) studied the effects of aquaculture cages on 
effluent transport from open aquaculture systems. 
They found that the effect of cage drag on the disper-
sion of effluent was significant, although changes in 
current fields were not obvious. 

Historically, horizontal dispersion can be inter-
preted with 2 different mechanisms: shear dispersion 
and chaotic advection (or Lagrangian chaos) (Zim-
merman 1976). In turbulent flows, the shear disper-
sion is mainly caused by velocity shears, and the 
 dispersion coefficient is usually parameterized as a 
function of current speeds, water depth and eddy dif-
fusivity, which is commonly written as the Fickian 
diffusion term, usually based on the Eulerian frame, 
with which particles move randomly within an area 
with a radius scaled by the dispersion coefficient 
(Beerens et al. 1994, Garcia-Olivares et al. 2007, 
Geyer et al. 2008). 

In contrast, chaotic advection is an effective fluid 
mixer driven by currents, where particle trajectories 
depend on their starting positions and times (Aref 
1984, Orre et al. 2006). The sensitivity of the particle 
trajectories to starting positions and start times leads 
to the particle trajectories performing a kind of 
 random walk and, thus, establishing the conse-
quent rapid mixing (Zimmerman 1986, Ridderinkhof 
& Zimmerman 1992). With chaotic advection, 2 ini-
tially nearby particles might end up in completely 
different positions after some time because of the 
spatial randomness of Eulerian fields or because of 
the deterministic chaos in the Euler-Lagrange trans-
formation (Zimmerman 1976). This means that rapid 
mixing can happen without any turbulent motion. 
Chaotic advection occurs in completely deterministic 
flows without any turbulent motion (Aref 1984, Zim-
merman 1986) and in nearshore current fields where 
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flows are usually featured with strong spatial and 
temporal variations caused by wind stress, fresh-
water input, density gradients and tides. Further-
more, spatial variation in local geometry and bathy -
metry influences flow and thus the outcomes of 
advection–dispersion. Researchers have found that 
chaotic advection can dominate the dispersion in 
tidally driven systems (Signell & Butman 1992, Wig-
gins 2005, Mezić et al. 2010).  

Using a high-resolution model with the effect of 
cage drag, we examined whether cage drag is able to 
change dispersion properties of the water. The study 
area is in fish farms in the southwest Isles region of 
New Brunswick in the Bay of Fundy, one of the most 
important aquaculture areas in Canada, and where 
the hydrodynamic processes are dominated by tides 
(Chang et al. 2014).  

2.  METHODS 

2.1.  Model description 

In this study, we used the Finite-Volume Commu-
nity Ocean Model (FVCOM), which is a 3-D, finite-
volume, unstructured grid, ocean model developed 
at the University of Massachusetts–Dartmouth (Chen 
et al. 2003, 2007). FVCOM uses an unstructured 
mesh system, which is flexible for a large model 
domain, and allows for the use of higher resolutions 
in areas of interest and lower resolutions elsewhere. 
FVCOM has a free surface, uses sigma coordinates in 
the vertical and employs mode time split technology, 
with which the model uses different time steps for 
the depth-averaged and the depth-dependent hori-
zontal velocities. The model also contains an embed-
ded second-order turbulence closure scheme and 
uses Smagorinsky diffusivity to estimate horizontal 
diffusion processes. To simulate the flooding/drying 
processes, we used a mass-conserving wet/dry treat-
ment. 

The model domain used in the present study covers 
the Scotian Shelf, Georges Bank, Gulf of Maine and 
the Bay of Fundy (Fig. 1A). We obtained the coastline 
and bathymetry from the Canadian Hydrographic 
Service. The unstructured model mesh of FVCOM 
can fit complicated topography and coastlines. The 
model mesh had 85 851 nodes and 164 180 triangular 
elements. The horizontal resolution of the elements 
varied from tens of kilometers in the outer part of the 
model domain to about 2 m in the vicinity of the fish 
farms. This high-resolution model mesh is the critical 
difference from the model used by Wu et al. (2014), 

where the model resolution in the study area was 
several hundred meters, which allowed the model to 
simulate the presence of the farms, while it failed to 
simulate specific cages. We numbered the fish farms 
from 1 to 12 (Fig. 1C). In the vertical direction, we 
used 21 sigma levels with a generalized coordinate 
system, in which the constant z levels are in the sur-
face and the bottom layers, while the sigma levels 
are in the middle. In this study, for water depths 
deeper than 40 m, there are 5 constant layers in the 
surface and 3 constant layers in the bottom with an 
interval of 2 m. For depths shallower than 40 m, the 
vertical levels are all sigma levels with a uniform dis-
tribution. We used Google Earth 2016 to derive the 
boundary of each fish farm. As an example, we plot-
ted grid sizes in Farm 3 in Fig. 1D, and 4 additional 
examples of mesh around fish cages are plotted in 
Fig. 2. The model resolution in the farming areas 
allows us to better resolve the abrupt changes in 
geometry and topography due to the cages. The 
higher resolution for these areas was necessary 
because the small-scale varying topography and 
geometry can generate submesoscale motions (Poje 
et al. 2014, McWilliams 2016, Wu et al. 2019). The 
model was driven by tides at the open boundary 
using the tidal dataset of TPXO9, which was a prod-
uct of a barotropic model with assimilation of satellite 
altimetry data with a horizontal resolution of 1/30° 
(Egbert & Erofeeva 2002). The harmonic constants 
(amplitudes and phases) of 8 major tidal constituents 
(M2, S2, N2, K2, O1, K1, P1 and Q1) were used in this 
study. As a preliminary study, we focused on the 
transport properties caused by tides; the influences 
of density stratification and air forcing are not dis-
cussed. 

Following Wu et al. (2014), the cage drag is para-
meterized with a quadratic drag term in the horizon-
tal momentum equations: 

 
                    (1a) 
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ter, and vh and vz are the horizontal and vertical eddy 
viscosities, respectively. λ represents the drag coeffi-
cient with a unit of m–1. It is worthwhile noting that 
the drag coefficient here is different from the com-
monly used bulk drag coefficient (CD,bulk), which is a 
non-dimensional parameter used in depth-integrated 
models. g(z) is a step function which equals unity in 
the upper 10 m layer in the cage area and is zero 
elsewhere. In FVCOM, the quadratic drag law is 
used to calculate the bottom friction, which is a func-
tion of the bottom friction coefficient and the squared 
bottom velocity. The calculation of the friction coeffi-
cient is sensitive to the bottom model mesh interval 
and bottom roughness, which is usually a function of 
bed form and grain size (Pringle et al. 2018). In this 
study, the bottom roughness was assumed as a con-
stant because of the lack of grain size data in the 
whole model domain. Based on a trial and error 

method by comparing the modeled and observed 
water elevations, we set the constant of the bottom 
roughness to 0.0085 m, and the minimum drag coef-
ficient to 0.0075. Based on laboratory experiments, 
the drag coefficient of the fish cages is a function of 
many parameters and is not just related to the prop-
erties of the cages, such as mesh size and shape, 
mesh type and material, degree of fouling and stock-
ing density. The drag coefficient is also related to the 
properties of flow, such as flow speed, direction and 
stability (Beveridge 1984, James & O’Donncha 2019, 
Rickard 2020). In reality, however, this represents a 
best approximation of cage drag, which itself is a 
product of complicated flow conditions that vary be -
tween different types of cages. Following Wu et al. 
(2014), cage drag was calibrated by comparing tidal 
currents from observations at sites F1– F4 (see loca-
tions in Fig. 1D) to those from the model under cage 
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Fig. 1. Model domain and model mesh grid size. (A) Model domain. The yellow dots show tidal gauge locations. (B) Upper Bay 
of Fundy. Panels A and B also show the mooring stations (labeled C1–C13) where tidal currents were measured. (C) Study 
area, showing the locations of Farms 1–12. The thick dashed line indicates the outer boundary of the study area. (D) Model 
mesh for Farm 3 (shown in panel C). The black dots indicate center locations of triangles with cage drag. Points F1–F8 mark  

observation sites for tidal current data
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drag from 0 to 2.4 m–1. Similar to Wu et al. (2014), the 
presence of cage drag significantly improved the 
model results by damping the tidal speed in the 
upper layer, while enhancing the tidal speed in the 
layer beneath. The changes in tidal currents in the 
farm areas were sensitive to cage drag in the range of 
0~0.15 m–1. In cases with cage drag >0.3 m–1, how-
ever, the changes in the tidal current are not sensi-
tive to the increasing drag. In the present study, we 
chose 0.9 m–1 as the cage drag, which is higher than 
the value of 0.6 m–1 used by Wu et al. (2014) based on 
the comparison result. Detailed comparisons between 
the observations and the model results under differ-
ent cage drag values are provided in Section 2.2. 

2.2.  Model validation 

In order to validate the model, we compared the 
modeled tidal elevations and tidal currents to ob -
served counterparts, which include harmonic con-
stants of tidal water elevations at 66 tidal gauges over 
the model domain (yellow dots in Fig. 1A), of tidal 

currents collected at 13 mooring sites in the Bay of 
Fundy and the Gulf of Maine (locations C1–C13 in 
Fig. 1A,B) and of tidal currents collected using 
acoustic Doppler current profiling at 8 sites around 
Farm 3 (see locations in Fig. 1D). The comparisons 
between the model and observations indicate that 
the modeled M2 amplitudes and phases agree well 
with the observations in the model domain (Fig. 3). 
Following Zhong & Li (2006), 4 statistical parameters 
were calculated for model evaluation: root mean 
square of the difference, relative error, correlation 
coefficient and skill. The root mean square differ-
ence ranged from 0.09 m and 9.8° for the amplitude 
and phase, respectively. The modeled phases were 
overall systematically lower than those of observa-
tions. One possible reason for the lower phase is the 
constant bottom roughness. The relative errors are 
0.2 and 0.4% for the amplitudes and phases, respec-
tively. The correlation coefficients and skills are close 
to 1.0 for both the amplitudes and phases. The model 
results were also compared with the observed M2 
tidal currents at 13 sites (locations C1–C13 in 
Fig. 1A,B) distributed from the upper Bay of Fundy to 
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the Gulf of Maine. The comparison results are listed 
in Table 1. Overall, the modeled currents agree well 
with the observations. The mean observed semi-

major axis is 0.95 m s–1, and the modeled counterpart 
is 0.94 m s–1. The standard deviation of the difference 
between the modeled and observed semi-major axis 
is 0.11 m s–1. The means of the differences of the semi-
minor axis, inclination and phases are –0.03 m s–1, –
4.5° and 9.2°, respectively. Overall, the model results 
agree well with the observations, and the perform-
ance of the present model is equivalent to that of the 
model used by Wu et al. (2014). 

Using the observed tidal current data at sites F5–
F8 (see Fig. 1D), we evaluated the model by compar-
ing the tidal currents of M2 from the observations and 
those from the model, and comparison results are 
listed in Table 2. The table indicates that the in cluson 
of cage drag improves the model results, especially 
at sites F7 and F8, which are in the farm. The cage 
drag damps the tidal speeds in the surface layers, 
while enhancing the tidal speeds in the bottom layer. 
Compared to the results of Wu et al. (2014), where 
specific cages could not be represented in the model, 
the model in the present study performed better with 
regard to the tidal speeds in the upper layer at sites 
F7 and F8, where the tidal speed was damped too 
much in the model of Wu et al. (2014). This difference 
is likely due to the coarse model resolution used by 
Wu et al. (2014), which ignores the specific cage con-
tribution and applies the drag to the whole farm. We 
also recognize that tidal speeds are not improved in 
the bottom layer, where higher speed gradients are 
found, and speed is quite sensitive to the vertical 
location. 
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Station       ————— Observed —————          ————— Modeled —————          ————— Difference ————— 
                 Semi-      Semi-      Incli-     Phase        Semi-      Semi-      Incli-     Phase          Semi-     Semi-      Incli-     Phase 
                major     minor     nation                       major      minor     nation                       major     minor     nation          
                (m s–1)     (m s–1)       (°)           (°)           (m s–1)     (m s–1)       (°)           (°)           (m s–1)    (m s–1)        (°)           (°) 
 
C1              2.70       –0.03       158.8       210.6           2.79       –0.02       161.6     211.8           0.09        0.00         2.8           1.2 
C2              2.87       –0.10       162.0       209.3           2.93       –0.06       166.3     211.7           0.06        0.04         4.3           2.4 
C3              0.73         0.03        30.1         18.3           0.86       –0.01         32.3         7.0           0.13      –0.02         2.2       –11.3    
C4              0.89         0.00        29.0         20.0           0.87         0.01        34.1       14.7         –0.02         0.02         5.1         –5.3 
C5              1.09         0.05        31.1         21.9           1.04       –0.01         32.6       16.5         –0.05     –0.07         1.5         –5.4 
C6              1.04         0.02        38.1         20.7           1.13       –0.01         32.2       17.8           0.09      –0.02       –5.9         –2.9 
C7              0.72         0.10        26.2         25.8           0.70         0.05        33.4         6.1         –0.02     –0.03         7.2       –19.7    
C8              0.98         0.11        37.4         20.8           0.76       –0.02         42.4         7.1         –0.22     –0.13         5.0       –13.7    
C9              1.09         0.13        22.1         16.8           0.85       –0.02         36.0         6.3         –0.24     –0.14       13.9       –10.5    
C10            0.04         0.00          6.7       199.4           0.11         0.00          9.2     187.3           0.07        0.00         2.5       –12.1    
C11            0.04         0.02        96.1       338.1           0.05         0.03      107.3     334.3           0.01        0.01       11.2         –3.8 
C12            0.06         0.03        65.9           1.8           0.06         0.03        89.4     344.3               0           0.00       23.5       –17.5    
C13            0.11         0.04      121.8         17.8           0.10         0.03      107.0     356.8         –0.01     –0.01     –14.8        –21.0    
Mean         0.95         0.03                                         0.94         0.01                                       –0.01     –0.03         4.5         –9.2 
SD                                                                                                                                               0.11          0.06           9.1           7.6

Table 1. Model data comparisons of depth-averaged tidal ellipse parameters of M2 (locations of the mooring stations are  
shown in Fig. 1A,B)
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2.3.  Residence time 

Using velocity results from the hydrodynamic 
model, we estimated the trajectories of particles with 
a Lagrangian particle-tracing model, which is written 
as: 

 
                      

(2) 

where x

 is the particle position at time t, dx


/dt is 

the rate of change of the particle’s position in time, 

and v

 represents the velocity vectors. We solved 

Eq. (2) using a fourth-order explicit Runge-Kutta 
multi-step method; a more detailed description of the 
particle-tracking model can be found in Feng et 
al. (2018). 

Wastes released from the aquaculture farms in our 
study area are mainly in 2 forms: dissolved and par-
ticulate (Law et al. 2014, Drozdowski et al. 2018). The 
former is transported with the water, while the latter 
usually sinks to the sea bed when the density of the 
particulate is higher than that of the ambient sea -
water (Law et al. 2016). In this study, we focused on 
the transport of the dissolved wastes. To examine the 
effects of cage drag on particle trajectories, we ran 
the particle-tracking model with the currents derived 
by the hydrodynamic model with and without the 
cage drag. The initial positions of the particles are 
plotted in Fig. 4. The number of particles in farms 
varies from 5000 to 22 000. Since particle trajectories 
are usually sensitive to the timing of the tides (Geyer 
& Signell 1992, Haller 2015), in our study, we re -
leased the particles at different times at 16 different 
timings of tides, start of the flood, mid-flood, start of 
the ebb and mid-ebb under a selected start and mid-
dle of spring and neap tides, respectively. At the 
same time, sensitivities of particle trajectories to the 
vertical level were also examined by releasing parti-
cles at 5 sigma levels; from surface to bottom, they 
are –0.1, –0.25, –0.5, –0.75 and –0.90. 

Using the results from the particle-tracking model, 
the time-dependent ratio of particles in a system can 
bed as a double exponential decay function adapted 
from Choi & Lee (2004): 

dx
��

dt
= v
��
(x(t )
� ����

,t )
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Fig. 4. Initial positions of the particles. Red numbers indicate 
farms; numbers in parentheses are the numbers of particles  

released

Mooring     Z                                          ——————————— Present model ———————————        Wu et al. (2014) 
no.             (m)               

Obs
                      λ = 0                   λ = 0.3                  λ = 0.6                  λ = 0.9                  λ = 0.6 

                                  u          v               u         v                u         v               u          v               u         v               u           v 
 
F5              12           3.6       4.6            3.4      4.6             2.3       3.3             2.2       3.2            2.1       3.2            3.6         4.6 
                  8             3.7       4.9            2.8      4.4             2.2       3.9             2.1       3.8            2.0       3.7            3.7         5.2 
                  4             3.3       5.1            2.2      4.1             2.4       4.5             2.4       4.3            2.3       4.3            4.2         6.8 

F6              12           0.6       3.9            1.7      4.9             1.0       4.1             0.9       4.1            0.8       4.1            0.6         3.3 
                  8             1.6       5.2            2.0      5.1             1.8       4.9             1.7       4.8            1.8       4.8            0.4         3.4 
                  4             2.0       5.4            2.3      5.2             2.7       5.9             2.8       5.9            2.9       5.9            1.4         4.3 

F7              12           0.6       1.3            2.1      4.5             0.5       2.0             0.1       1.9            0.1       1.9            0.5         1.0 
                  8             2.2       2.7            2.4      4.4             1.2       2.9             1.0       2.6            0.9       2.6            0.5         1.1 
                  4             2.4       3.7            2.6      4.2             2.7       5.4             2.8       5.4            2.8       5.6            2.6         5.6 

F8              12           1.8       2.2            3.6      5.0             2.3       2.9             1.9       2.7            1.7       2.6            0.7         0.9 
                  8             0.8       4.2            3.8      5.1             2.9       3.6             2.7       3.3            2.6       3.2            0.7         0.9 
                  4             2.0       4.0            3.6      5.0             5.1       6.1             5.2       6.0            5.2       5.9            2.0         2.5

Table 2. Comparisons of moored M2 currents with model results with and without a cage effect (locations of the sites are 
shown in Fig. 1D). u and v: velocity amplitudes (cm s–1) in east and north directions, respectively; Z: distance from the seabed;  

λ: drag coefficient
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                      (3) 
 

where R is the ratio of the number of particles 
released from a farm in the embayment (Fig. 1C) (Nt) 
to the total number (N0) released from the farm. T0 is 
the time of particles moving from the initial farm to 
the outer boundary line of the embayment. The time 
of particles residing in the embayment is the time 
where the number of particles in the embayment 
decreases to e–1 of the total number. We extracted the 
decay parameters, β, k1 and k2, using a nonlinear 
least squares fit to the data (Fig. 5). 

3.  RESULTS 

3.1.  Differences in tidal speeds 

To examine the effects of cage drag on tidal cur-
rents, we compared the modeled semi-major axis 
and phase of the major tidal constituent M2, which 
are derived with T_Tide (Pawlowicz et al. 2002). The 
relative difference between the modeled tidal speeds 
with and without cages is defined as  × 100 
(where AD and AN are the semi-major axis of M2 from 
the model runs with and without cage drag, respec-
tively). The results are plotted in Fig. 6. 

The tidal speed in the surface layer (σ = –0.1) 
shows a strong spatial variation (Fig. 6A). High tidal 
speeds usually occur in the narrow channels, and 
low speeds are mainly in the open water. Overall, 
farms are situated in the weak flow areas, except 
Farms 7, 10 and 11. In the case without a cage 

effect, the tidal speed in fish farm waters has no 
clear spatial features. However, when cage drag is 
present, the tidal speed is strongly spatially variable 
in fish farm waters (Fig. 6B). Inside the farm cages, 
tidal speeds significantly decrease, and the ratio of 
the decrease (i.e. the relative difference) is usually 
>40% and up g on the size of the farms and inten-
sity of the flow speed. Decreasing flow speeds also 
occur in the wake area of the farms but with a lower 
ratio of decrease than in the interior of the farms. In 
contrast, the flow speeds increase on the lateral sides 
of the farms along the tidal flow path because the 
tidal flow bypasses the water blocked by the cages. 
The ratio of increase could be very high around farms 
if the farms were close to coasts, such as Farms 11 
and 12, where the tidal speeds increase with a rela-
tive ratio up to 50%. In the open water, the increased 
magnitude is relatively lower around the farms. 

In the bottom layer (σ = –0.9), the spatial distribu-
tion of the tidal currents in the case without the cage 
effect (Fig. 6C) is similar to that in the surface layer, 
while the magnitudes are slightly lower than in the 
surface layer due to bottom friction. With the pres-
ence of cages, the tidal speeds increase in water with 
farms (Fig. 6D). In the interior of the farms, the rela-
tive ratio of the increase varies from 20 to 80% in 
farms depending on the local water depth and loca-
tions of specific farms relative to the coastline. 

Overall, we found that the presence of fish farms 
can change the tidal speeds. In the surface layer, 
tidal speeds decrease in the interior of cages and in 
their wake areas, while they increase in the lateral 
areas. The presence of cages strongly increases the 
tidal speeds in the bottom layer beneath cages. The 
magnitudes of the increases or decreases strongly 
depend on specific conditions of the farms, such as 
their sizes, locations and intensities of ambient flows 
in the farms. We also compared other tidal current 
components of M2, namely the semi-minor axis, incli-
nation and phase (not shown). Similarly to the semi-
major axis, the comparisons indicate that these com-
ponents change due to the presence of the cage 
effect. These changes caused by fish cages have 
been discussed in many previous studies; we will not 
address these in detail here, as such a discussion is 
beyond the scope of this investigation. 

3.2.  Residence time 

Since particles are released from each farm at 16 
different timings of tides and 5 vertical sigma levels, 
there are 80 model runs for either with or without the 

AD �AN
AN

R =
Nt

N0
= (1+�)e�k2(t�T0) ��e�k1(t�T0)
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Fig. 5. Example of the fitted double exponential line. RT:  
residence time of particles in the embayment
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cage drag. Comparisons of the residence time 
between the model runs with and without cages are 
plotted in Fig. 7. The values of the mean and SD of 
the residence times at each farm and their differ-
ences are listed in Table 3. 

In the absence of cage drag, the residence times 
vary over a wide range, from several to hundreds of 
hours, depending on farms and the release times and 
initial locations (Fig. 7). In general, the residence 
time increases from farms near the embayment 
boundary to farms far from the boundary, except 
Farm 1, which is close to the boundary but with a 
mean residence time of 66 h. At Farm 2, for example, 
the mean residence time is 4 h. This indicates that 
particles from Farm 2 quickly reach the outer bound-
ary of the embayment after releasing. One reason for 
the short residence time at Farm 2 is the short dis-
tance between the farm and the boundary. At the 
same time, the tidal currents around this farm are rel-
atively strong and dominated by the tidal currents in 
a southern direction (not shown), which flush parti-
cles out of the embayment. For farms in the inner 
embayment, in contrast, the residence time exceeds 

80 h at Farms 8, 10, 11 and 12. Similar to the means, 
the SDs of the residence time are also different from 
farm to farm (Table 3), with a wide range from 4 to 
56 h. The higher SDs imply that the residence time is 
more sensitive to the release timing and the initial 
locations. 

In the presence of cage drag, the average and SD of 
the residence time vary as well, and are comparable 
to those without a cage effect. For instance, the mean 
residence times in the presence of cage drag are 
equivalent to those without cage drag at Farms 2 and 
3, slightly longer at Farms 4, 5, 8, 9, 11 and 12, and 
slightly shorter at Farms 1, 6, 7 and 10. The SDs with 
a cage effect are equivalent to those without a cage 
effect at Farm 3, slightly longer at Farms 1, 5, 8, 9, 10, 
11 and 12, and slightly shorter at Farms 2, 4 and 6. 

We further calculated the mean and SD of the dif-
ferences in residence time. The mean values of the 
difference vary from the farm to farm, ranging from –
6 to +4 h. The ranges of the differences are much 
lower than their residence times, overall <10% of the 
mean of either the cases with or the cases without 
cage effects. In contrast, the SD of the difference 

171

Fig. 6. Semi-major axis of M2 (A) at the surface and (C) in the bottom layer without cages, and their relative differences to the  
results with cages (B and D). See Section 3.1 for the definition of the relative difference
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varies from 3 to 51 h, much higher than the mean val-
ues of the difference, representing 20–100% of the 
mean of the residence time from the cases with and 
without the cage effect (Table 3, Fig. 8). The ranges 
of SDs of the difference are comparable to those of 
cases with or without the cage effect at most farms. 
This means that the effect of cage drag on the resi-
dence time is comparable to that caused by the tidal 
timing and locations. The residence time of a specific 

model run with cage drag might be very different 
from that of the corresponding model run without 
cage drag. The high SDs of the difference also indi-
age effect can significantly change the residence 
time of specific model runs. The changes in residence 
time due to cage drag cover a wide range and are 
strongly dependent on the release time, the vertical 
level and the farm location. The differences in the res-
idence times also imply that there might be an opti-
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Fig. 7. Comparisons of residence time (RT) of particles with and without cage effects under different releasing conditions. SS: 
start spring tide; MS: middle spring tide; SN: start neap tide; MN: middle neap tide; SF: start flood tide; MF: middle flood tide; 
SE: start ebb tide; ME: middle ebb tide. Sigma is the ratio of vertical level over the local water depth, –z/H, where z is the dis-
tance to the water surface and H is the local water depth. The values of –0.1, –0.25, –0.5, –0.75 and –0.9 indicate 5 initial vertical 
sigmal levels from the near surface layer to the near bottom layer. The symbols indicate the different timing of spring–neap 
cycles. The sizes of symbols indicate the different timings of flood–ebb cycles and the colors of symbols indicate the different 
sigma levels. Using the combination of the farm number, the initial time and the vertical sigma level, a specific model run can 
be written as 'farm-farm number-time in spring neap cycle-time in flood ebb cycle-sigma'. For example, Farm-01-MN-SF-10  

stands for the Farm 1, the initial time is at SF in the MN, the initial vertical location is at the sigma level of –0.1
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mal time for each farm during which the waste water 
from the farm could be flushed more quickly from the 
bay to decrease the chance of polluting the local 
water. At the same time, optimal locations for farms 
also help to flush farm waste out of the bay. The find-
ings from our model results are consistent with previ-
ous studies. For example, Wang et al. (2018) reported 
that the aquaculture drag changed the residence of 
nutrients in a coastal bay, and the change magni-
tudes were sensitive to the location in the bay. Broch 
et al. (2020) suggested that the effects of cage drag 
on passive tracer dispersal are significant in terms of 
the results from numerical simulations. 

4.  DISCUSSION 

4.1.  Changes in residence time in the surface layer 

As we discussed previously, the presence of fish 
cages reduces flow velocities in the surface layer (σ = 

–0.1) in the farm area. Therefore, the flow 
velocity of particles from the farm cages is cor-
respondingly delayed during tidal cycles. 
Knowing the flow speed within farms and sizes 
of farms, the time change caused by cages can 
be approximately estimated using the following 
relationship: 

 
             (4) 

 
where Td is the time delay (s) due to the cage 
drag; L is the farm length or width (m); and U0 
and Uc are the mean water speed (m s–1) in 
farms without and with cages, respectively. 

In order to show the effect of the time delay 
on the particle trajectories in the surface layer, 
we chose model results at a flood and an ebb at 
Farm 1 (the case definition can be found in the 
caption of Fig. 7); the residence times of the 
cases are plotted in Fig. 9. When particles are 

released during the flood, the residence time is 91 h 
without a cage effect (Fig. 9A). However, it reduces 
to 15 h when including the cage effect. The presence 
of cages significantly reduces the time that particles 
reside in the embayment by 80%. Contrary to the 
flood case, the residence time in the ebb case is 163 h 
with and 123 h without the cage effect (Fig. 9B). 
Cage drag thus increases the residence time of the 
particles. 

For the model run at the beginning of the flood, the 
mean current speed of the particles in the absence of  
0.06 m s–1, which is about 3 times higher than in the 
presence of cage drag (Fig. 10A). We know that the 
decreased velocity is attributed to the cage drag. 
With cage drag, the average distance from the initial 
location of the particles is 67 m within the first hour 
after release (Fig. 10B). The particles move 255 m 
after 3 h, where they turn back following the ebb 
tidal flow. Without the cage effect, however, the dis-
tance is 185 m within the first hour, and reaches 789 m 
after 3 h before the particles return back to the south-

Td =
L
Uc

�
L
U0

= L
U0 �Uc

U0Uc
( )
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                                                                                                                  Farm number 
                                                    1           2           3           4           5           6           7           8           9          10         11         12 

 
With cage             Mean           66          4          21         27         37         66         90         80         68       147       128       130    
drag                       SD                56          4          10         10         11         30         32         28         20         39         48         25 

Without cage       Mean           60          4          21         29         38         60         89         82         72       144       131       134    
drag                       SD                63          3          10           9         14         24         25         27         22         46         55         33 

Difference             Mean           –5          0            0           2           1         –6         –1           2           4         –3           3           4 
                              SD                38          3            9           7           9         24         25         17         17         38         51         26 

Table 3. Mean and SD of the residence times of particles released from farms modeled in cases with and without cage drag.  
Farm locations are shown in Fig. 1C

Fig. 8. Differences residence times between cases with (RTc) and  
without (RTn) cage drag effects. From low to high, the box plot in -
dicates the minimum (Q1–1.5 × IQR, where Q1 is the first quartile, 
and IQR in the interquartile range), first quartile, median, third quar-
tile (Q3), and maximum (Q3+1.5 × IQR). The red crosses indicate 

the outliers
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west with the ebb flows. The difference in the dis-
tance indicates that the presence of cage drag blocks 
particles from entering the upper embayment, and 
thus helps particles join the ebb flow, which drives 

the particles across the boundary line and flushes 
them into the open water. In the absence of cage 
drag, the particles move back and forth, and a num-
ber of particles cross the narrow channel and arrive 
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Fig. 10. (A,C) Speed and (B,D) timing of model runs Farm01-MN-SF-10 (A and B) and Farm01-MN-ME-10 (C and D) (see Fig. 7).  
Error bars are SD

Fig. 9. Residence times of the model runs (A) Farm01-MN-SF-10 and (B) Farm01-MN-ME-10 (see Fig. 7)
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at the inner bay (not shown) and thus significantly 
increase the residence time of the particles. 

Similar to the flooding scenario, the flow speed in 
the ebb scenario decreases due to cage drag (Fig. 10C). 
The particles without cage effect move southwest after 
their release (Fig. 10D), and travel a mean distance of 
63 m. They then turn northeast following the coming 
flood flow. The particles arrive at 486 m after 4 h and 
at 1083 m after 6 h northeast from the initial position 
(Fig. 10D). With the effect of the cage drag, the parti-
cles also move to the southwest but at lower speeds, 
covering only 16 m within the first hour. The particles 
then turn to the northeast with the flood flow. The par-
ticles reach 715 and 1447 m northeast from the initial 
position after 4 and 6 h, respectively. This indicates 
that the presence of cages delays the time when parti-
cles are flushed to the open water, and this results in 
particles moving further to the inner bay. 

The example above shows that the presence of cage 
drag reduces the tidal velocity in the surface layer, 
and the change in velocity influences the residence 
time. More such examples can be found in Fig. 7. 
Overall, our results indicate that cage drag damps 
the tidal velocity in farms and results in different flow 
conditions within the farms. During the flood phase, 
the cage drag delays particles moving to the upper 
bay, while during the ebb phase, the cage drag de -
lays the particles flowing to the open waters. The dif-
ferent flow conditions change the residence times of 
particles, and the specific changes strongly depend 
on the character of the flow velocity, the drag caused 
by the cages and the size of farms. 

4.2.  Changes in the residence time in the  
bottom layer 

Different from the case effects on the currents in 
the surface layer, where flow speeds are reduced due 
to cage drag, the flow speeds in the bottom layer 
beneath the cages are usually enhanced (Fig. 6D). In 
this subsection, we discuss how the enhanced flow 
influences the residence times, using 2 model runs at 
Farm 11. One starts at a start flood and the other 
starts at a start ebb (runs ‘Farm11-SS-SF-90’ and 
‘Farm11-SS-SE-90,’ see Fig. 7). For model runs with 
the initial time at the start flood, the residence time is 
139 h for the case without cage effect, 26 h longer 
than that of the case with cage effect (113 h) 
(Fig. 11A). In contrast, model runs at the start ebb 
show a large difference in the residence time 
(Fig. 11B): 133 h without the cage effect, and only 
19 h with a cage effect. This indicates that the resi-
dence time is also sensitive to the initial vertical posi-
tion in the presence of cage drag. The mean particle 
velocity with cage drag is clearly higher than that 
without the cage effect at the beginning, while their 
mean velocities are quite close after 30 min from the 
start (Fig. 12A). The particles move north across the 
narrow channel and arrive in the northern part of the 
embayment for both cases with and without cage 
drag, and move back and forth with the tidal flows 
(Fig. 12B). Similarly, the particle velocities with the 
cage effect are higher than those without the cage 
effect for the model run starting from the ebb start 
(Fig. 12C). The enhanced velocity moves the parti-
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Fig. 11. Residence times of the model runs (A) Farm11-SS-SF-90 and (B) Farm11-SS-ME-90 (see Fig. 7) 
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cles closer to the boundary with the ebb flows 
(Fig. 12D), and at the same time, the particles move 
to surface layer after passing the farms (Fig. 13). 
However, the particles without the cage effect stay in 
the bottom layer for 4 h. The velocity is usually 
higher in the surface layer than in the bottom layer. 
On the other hand, the particles in the surface layer 
are blocked by the cages with the following flood 
flow, with which the particles without cage drag 

move through the narrow channel and arrive in the 
northern part, which takes a much longer time to be 
flushed into the open water. Our model results indi-
cate that the in the presence of cage drag, vertical 
locations could cause different trajectories of parti-
cles and, thus, influence the residence time of the 
waste produced by fish farms. It is worthwhile to note 
here that the vertical movement of particles is also 
related to the stratification intensity, which may 
block the exchange of particles from the bottom layer 
to the surface layer and thus change the residence 
time. 

4.3.  Changes in local current fields 

We have described how cage drag damps tidal cur-
rents in the interior of farms and enhances flows 
around farms and in the layer beneath the farms. The 
changes in tidal flows influence particle trajectories. 
To show changes in the flows around the farms, as an 
example, Fig. 14 displays plots of the tidal currents 
around Farm 3 (model runs ‘Farm03-SS-MF-10’ and 
‘Farm03-SS-ME-10’). When there is no cage drag, 
there are no clear changes in the flow around the 
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Fig. 12. (A,C) Speed and (B,D) timing of model runs Farm11-SS-SF-90 (A and B) and Farm11-SS-ME-90 (C and D) (see Fig. 7)

Fig. 13. Vertical positions (sigma levels, σ) of particles in  
model run Farm11-SS-ME-90 (see Fig. 7)
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cages during mid-flood or mid-ebb. In contrast, there 
are flow features in the case with cage effects. The 
current structures are strongly related to the cages, 
and the current structures are quite different from 
the structures when there are no cage effects. 

The currents separate in front of the farms. The 
tidal velocity is strongly damped within the cages; 
however, the currents are clearly enhanced between 
the cages. Wake vortex flows can be found down-
stream of the farm (Fig. 14). At the same time, the 
tidal velocity increases laterally along the sides of the 
farm. The changes in the current structures due to 
cage drag are consistent with previous studies 
(O’Donncha et al. 2013, Cornejo et al. 2014, Klebert 
et al. 2015, Rickard 2020). The different current fields 
due to the cages are important to the different par -
ticle trajectories in the ambient water of the cages. 
The presence of cages generates the submesoscale 
motions, such as eddies in the wake areas of cages 
and enhanced velocity between cages. With cage 
drag, we found that current structures are not only 
related to the drag coefficients, but are also related to 
the size of the whole farm, the sizes of the cages and 
the sizes of the gaps between the cages. The sub -
mesoscale motions usually play an important role for 
the mass dispersion (Poje et al. 2014, McWilliams 
2016, D’Asaro et al. 2018). These submesoscale mo -
tions are difficult to be simulated without a high 
enough model resolution. 

We also compared the particle trajectories in far-
field areas (not shown). The changes in timing due 

the cage effects are also significant in the far-field 
areas, although the overall particle trajectories are 
not sensitive to the cage effect. We found that most of 
the particles in the open water are mainly around 
Grand Manan Island where the flow is dominated by 
the coastally trapped currents caused by tides (John-
ston & Read 2007). 

5.  CONCLUSIONS 

In this study, we used a tidal model to examine 
changes in residence time of particles in the south-
west Isles region of New Brunswick due to the drag 
caused by fish cages. Based on the model results, we 
found that the residence time could be significantly 
reduced in many instances due to the influences of 
fish cages. The change in residence time is sensitive 
to where the farms are located within the bay and to 
the timing of the tides. Cage drag is able to signifi-
cantly decrease the residence time by up to 100 h. 
The variation in residence time implies that there 
might be optimal times for specific farms to conduct 
aquaculture activities such as feeding. Using these 
optimal times might improve the water quality of 
aquaculture farms and decrease the potential for pol-
luting the surrounding environment. This work sug-
gests that cage drag must be incorporated into pre-
dictions of the influence of aquaculture on 
surrounding environments and that the predicted 
influence is highly context specific. 
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Fig. 14. Current fields around the northern part of Farm 3 (see Fig. 1C) during (A) middle of flood (MF) and (B) middle of ebb 
(ME) for cases without (black vectors) and with (red vectors) cage effects. The solid pink dots indicate the locations of  

the cages 
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