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A model to assess trade-offs between environmental
impact and profitability of offshore salmon farms: A case
study on Chile
Kelsey I. Jacobsena, Willow J. Battistaa, Lindsey M. Kaplana, Jennifer L. Price Tacka,b,
Marisa D. Villarreala, and Cristopher Costelloa

aBren School of Environmental Science and Management, University of California, Santa Barbara, Santa
Barbara, California, USA; bSchool of Forestry and Wildlife Sciences, Auburn University, Auburn,
Alabama, USA

ABSTRACT
In recent decades, aquaculture has emerged as a viable method to
help supply the growing global demand for seafood; however,
expansion of the industry comes with potential negative impacts.
Regulatory decisions governing aspects like aquaculture farming
practices and farm siting inherently lead to trade-offs between
profitability and the health of the surrounding environment
through impacts including pollution, disease, and disturbance
from escaped fish. Efficiently and sustainably scaling up aquacul-
ture will require the development of methods for explicitly exam-
ining the trade-offs among these impacts and socioeconomic
objectives. We developed a model to assess these trade-offs and
illustrate the approach with a case study of salmon aquaculture in
southern Chile. In the case study we found evidence that all 21
farms with approved permits may be underperforming on both
profitability and the protection of ecosystem health. Our model
suggests that explicit evaluation of trade-offs can illuminate the
potential for improvements on multiple outcomes simultaneously.

KEYWORDS
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Introduction

There are numerous models that predict the interactions between salmon
aquaculture operations and their associated biological and economic systems
(e.g., Cacho 1997; Mccausland et al. 2006; Nobre et al. 2009; Sylvia et al. 1996);
however, such bioeconomic models have traditionally aimed to optimize pro-
duction, ignoring aquaculture’s effects on ecosystem services and socioeconomic
impacts such as through worker welfare and effects on other industries
(Pomeroy et al. 2008). The bioeconomic model developed by Mccausland
et al. (2006) provides a production function that takes into account aquaculture’s
interactions with labor markets, regulations, traditional fishing, and the physical
marine environment. However, their model focuses on the implications of
increased regulation on employment and fish production, and it focuses on
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the industry as a whole instead of on individual concessions. In addition, the
McCausland model addresses environmental impacts with respect to their
effects on farmed salmon and the physical environment but does not translate
these changes to impacts on the surrounding wild biota. Finally, the model does
not account for potential catastrophic events like virus outbreaks. There are
currently no bioeconomic models of offshore aquaculture that explicitly explore
the trade-offs between environmental and socioeconomic interests and incor-
porate potential costs of disease outbreaks and labor law violations. This
research gap is particularly important for regions with impending expansion
of the offshore aquaculture industry, such as the Magallanes region of southern
Chile.

Numerous studies have demonstrated that aquaculture activities in Chile
result in a variety of environmental (Barton 1997; Buschmann et al. 1996, 2006;
Soto et al. 2001) and socioeconomic (Barrett et al., 2002; Fløysand et al. 2010;
Pitchon 2011) trade-offs. Some of these studies highlight the results of the
implicit trade-off that was made in Chile between aquaculture profitability and
health of the coastal marine environment, which led to the near collapse of that
region’s salmon farming industry and widespread degradation of the coastal
environment (Nash et al. 2005; Ocean Conservancy 2011). These studies provide
informative descriptions of impacts that the industry has caused, but they do not
offer mechanisms for avoiding or mitigating the negative impacts of offshore
aquaculture in the future. By providing a scientific basis to help guide manage-
ment decisions, the model presented here can enable decision makers to shift
from a trial-and-error approach to a scientifically informed, proactive approach
to offshore aquaculture management.

Methods

We constructed a bioeconomic model to predict the impacts of certain
salmon farming practices, given certain biophysical conditions, on various
outcomes of socioeconomic and environmental interest. In this article, we
focus on two key outcomes: Concession Profit (CP) and Ecosystem Health
(EH). These two outcomes were chosen due to their high level of stakeholder
interest and their tendency to lead to perceived trade-offs. Although these
two outcomes are the focus of this analysis, our model is also capable of
analyzing other outcomes, including risk of disease or parasite outbreak, cost
of regulatory violations such as labor laws, and economic impacts on the
artisanal fishing and tourism industries (Battista et al. 2012).

Our model generates results at the scale of a single salmon aquaculture
concession for one production cycle of 12–18 months, where a production
cycle begins when the salmon smolt are transported to offshore pens and
ends when they are harvested as adults.
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Focusing on the outcomes of EH and CP, we first identified a selection of
inputs, comprising farming practices and biophysical conditions, that affect
those outcomes (Table 1). To quantify the effects on EH and CP of varying
the input values, we created six submodels that can be parameterized for a
particular part of the world. These submodels are: Nutrients, Chemicals,
Escapes, Aquaculture Concession Revenue and Costs, Risk Cost of Regulatory
Violations, and Risk Cost of ISA Transmission. For the Cost of Regulatory
Violations submodel, we focused on labor regulations, as this is an issue of
concern in Chile and other salmon farming regions. The submodels are com-
posed of mathematical relationships drawn from scientific literature and para-
meter values from scientific literature, primary sources, and authors’ estimates.

It is worth noting that the model does not measure or account for cumulative
effects over time, nor does it account for the cumulative effects of multiple
concessions operating in the same area, as modeling the mathematical cause-
and-effect relationships of outputs and inputs over time was outside the scope of
our approach. However, understanding the cumulative effects of aquaculture
operations over time and space would be beneficial in making management
decisions. Future efforts to adapt the model to measure and account for cumula-
tive impacts could increase its utility as a management tool.

Figure 1 provides a conceptual diagram of the model and its outputs. The lines
connecting the various components of the model indicate where there is a
mathematical connection between each input and outcome by way of the six
submodels and their respective outputs. Each submodel is described in the
following section; further details can be found in (Battista et al. 2012).

Ecosystem health

Nutrients
This submodel was constructed to predict the impacts on native biota of
nutrients flowing out of salmon farms, which primarily originate from
salmon feces and uneaten food. Due to the lack of data on the complex
biogeochemical processes underlying nutrient limitation in many salmon
farming regions, and findings of previous studies that indicate that nitrogen

Table 1. Complete list of modeled inputs, each describing one salmon farming concession.
Input Biophysical Condition (BC) or Farming Practice (FP)

Number of net pens FP
Current speed BC
Water depth BC
Cycle length FP
Starting number of smolt FP
Number of chemical treatments FP
Equipment quality FP
Number of hours violations FP
Number of wage violations FP
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is often the limiting nutrient in coastal marine ecosystems (e.g., Howarth
1988; Rabalais 2002), we assumed from the outset that nitrogen (N) is the
limiting nutrient in the waters surrounding salmon farms. Accordingly, this
submodel is built upon a mathematical relationship from Gao et al. (2005)
that describes the change in benthic species richness based on the amount of
N loading in a marine system:

H0¼ 0:44þ 3:79
N

where H’ represents the Shannon Index (Shannon 1948), which uses mea-
sures of species richness and evenness to estimate species diversity (Azavedo
et al. 2015); for brevity, we simply refer to the outcome of this submodel as
species richness. N represents Total Kjeldahl Nitrogen, which is assumed to
constitute all N loading from salmon food and feces. Although some nitrogen
may leach into the water, we assume that all nitrogen contained in food and
feces reaches the seafloor. Because the species richness of specific salmon
farming locations is likely to be unknown, we constructed this submodel to
predict the percent change in species richness by calculating the point
elasticity of Gao et al.’s (2005) model at the average N concentration reported
by that study over the course of nutrient loading from salmon farms. The
elasticity indicates a 2.8% decrease in H’ with every 1% increase in N.

Next, we estimated the total mass of N entering the marine environment
from one farm over one harvest cycle:

Figure 1. Conceptual diagram of inputs’ links to outcomes in the model. Lines indicate math-
ematical relationships between the model’s inputs and outcomes; they do not represent all
conceptual or ecological relationships.
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Ntotal ¼ E� F � Cfood � Y � K þ Cfeces � 1� Fð Þ � Y � K

where Ntotal represents the total mass of nitrogen entering the marine
environment from one farm over one harvest cycle. E = the percent of
consumed feed that is excreted in feces; F = the percent of applied feed
that is consumed by the salmon; Cfood = the N content of salmon feed by
weight; Y = the economic food conversion ratio; Cfeces = the percent N
content by weight in salmon feces; and K = the salmon production expected
from one farm during one harvest cycle, as predicted from the results of the
Aquaculture Revenue and Costs submodel.

We incorporated the spatial effects of particle movement to predict the
farthest distance that N travels in the direction of the prevailing current
before reaching the seafloor (d). This dispersal model is based on an equation
from Silvert and Sowles (1996):

d ¼ W � D

sfeces þ sfeed
� �

=2

where W is current speed, D is water depth, and s is settling speed.
This distance was used to determine the “impact area,” an elliptical area

with major axis equal to d, within which all N originating from a salmon
farm is deposited onto the seafloor. The farthest distance that particles travel
perpendicular to the current (equal to ½ of the ellipse’s minor axis), e, was
calculated using a modified version of the equation used to calculate d:

g ¼ ln Wð Þ � D

sfeed þ sfeces
� �

=2

N deposition was assumed to follow a normal distribution, with decreasing N
loading at increasing distances from the farm (Black et al. 2008). To model
this pattern, the impact area was represented by concentric elliptical rings
radiating from the farm and separated by 5 m on the major axis. For
mathematical purposes, the farm is assumed to be at the center of the ellipse,
although in reality it is located at one end of the ellipse (see Figure 2). We
used a cumulative distribution function (mean = 0, sd = 1/6d) to estimate the
proportion of the N effluent that falls within each elliptical ring. We then
multiplied that proportion by N to find the mass of N falling within each
ring.

Due to lack of data describing the seafloor composition at farming sites,
we assumed that the seafloor is homogenous, so N will incorporate into all
affected seafloor substrates equally. We used the area and volume of each
ring, the background N density, and the density of the dominant sediment of
sand (Montiel et al. 2011) to translate these masses of N into densities. The
background N densities (Farı́as 2003; Gao et al. 2005) and total densities after
a cycle of salmon farming were then used to calculate the fractional change in

JOURNAL OF APPLIED AQUACULTURE 5

D
ow

nl
oa

de
d 

by
 [

50
.1

43
.1

76
.1

83
] 

at
 1

0:
10

 1
1 

Ju
ly

 2
01

6 



N density experienced by each ring. Those values were in turn used to
calculate the fractional change in species richness in each ring based on the
elasticity of −2.8. We added the (negative) fractional change in species
richness in each ring to 1 to determine the fraction of species richness
remaining in each ring after one harvest cycle.

We calculated each concentric elliptical ring’s contribution to the overall
species richness remaining within the entire impact area and summed those
weighted contributions to find the fraction of species richness remaining in
the whole impact area. We standardized the submodel result by reporting the
size of the impact area and the fraction of species richness remaining within
100 m of the farm in the direction of the current. Standardizing in this way
allows for comparison of impacts among different-sized impact areas and
with the results of the Chemicals submodel.

Chemicals
Salmon aquaculture utilizes a wide variety of chemicals, including antibiotics,
parasiticides, antifoulants, anaesthetics, and disinfectants. The use of these
chemicals worldwide is highly variable depending on existing regulations,
availability, environmental conditions, and farm-specific needs. For this
study, we chose to model the impacts of two chemicals that are used
extensively in salmon aquaculture. We selected a common parasiticide,
emamectin benzoate (SLICE®), and copper-based antifouling paint
(Burridge et al. 2010). Despite the environmental concerns raised by anti-
biotic use, we elected to exclude antibiotics from our model because such
impacts (i.e., the development of antibiotic resistance) are highly complex
and likely take years to be detected.

Like nutrients, copper and SLICE accumulate in the sediments under
salmon farms. Copper-based antifouling paints are commonly used to coat
the surfaces of net pen structures to deter the growth of barnacles and other
fouling organisms. Studies have demonstrated that copper concentrations in
benthic sediments surrounding farm sites can exceed toxic thresholds and
result in a multitude of impacts on benthic species (Burridge et al. 2010).

Farm
10m10m5m

e

d

Current direction 

Figure 2. Diagram of particle dispersal from a hypothetical salmon farm.
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SLICE is a chemical added to salmon feed to destroy parasitic sea lice, and
studies have documented negative impacts of SLICE on crustaceans (Mayor
et al. 2008; Veldhoen et al. 2012).

We model the impacts of copper and SLICE on benthic invertebrates because
these organisms are highly susceptible to contaminants in benthic sediments
surrounding farm sites (Burridge et al. 2010; Mayor et al. 2008). To quantify the
impact of these chemicals on benthic organisms, we first calculated the amounts of
copper and SLICE that originate from a salmon farm and are deposited in marine
sediments over the course of one harvest cycle:

SLICE :Total SLICE Input¼$� S�Ψ�Λ

where $ = the average weight of one salmon over the cycle length, N = total
number of fish per farm, Ψ = dosage of SLICE, and Λ = number of treat-
ments per cycle.

Copper :Total Copper Input¼��Γ�κ�η�Υn

where � = leaching rate, Γ = number of months per cycle, κ = number of days
in a month, ϒn = painted surface area of one net, and η = number of net pens
per farm. To quantify the painted surface area of a given net, Υn, we
estimated:

Υn ¼ ς� %ð Þ � υ

where ς = the surface area of the outside of a box representing a rectangular
net, % = the area of the top of the box, and υ = the fraction of the box surface
that is a painted with copper.

Deposition of SLICE and copper onto the seafloor. Wemodeled deposition of
SLICE and copper onto the benthos with the same method used in the nutrients
submodel. Because SLICE is a component of salmon feed, we averaged the
settling speed of feed and feces to determine the maximum distance that
SLICE travels from a salmon farm. No settling speed was available in the
literature for copper, so we assumed a settling speed of 4 cm/s based on that
of feces (Chen et al. 2003; Tironi et al. 2010) due to the small size of leached
copper particles. We assumed that the distance calculated using the average
settling speed, current speed, and depth is the maximum distance traveled by
food and feces from the farm. Like the Nutrients submodel, we assumed a
normal distribution (mean = 0, sd = 1/6d) of particle deposition into concentric
elliptical rings emanating from the salmon farm (Chen et al. 2003; Tironi et al.
2010). The maximum distance that a particle travels in a direction perpendicular
to the current was calculated in the same way as in the Nutrients submodel. We
then used the total amount of chemical input to calculate the concentration of
copper and SLICE deposited within each ellipse.
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Effects of SLICE and copper on benthic species. Using the modeled concen-
trations of copper and SLICE within the concentric rings of the impact area
after one harvest cycle, we calculated the fraction of benthic invertebrates
that die in each ring due to SLICE or copper, based on a study by Mayor
et al. (2008) on polychaetes and crustaceans:

Effects of SLICE:

FractionMortality of Polychaetes ¼ 1ð1þ e1:15�0:002� SLICE½ �Þ�1

FractionMortality of Crustaceans ¼ 1 1þ e1:22�0:002� SLICE½ �
� ��1

Effects of Copper:

FractionMortality of Polychaetes ¼ 1 1þ e3:3�3:3541�10�5� Copper½ �
� ��1

FractionMortality of Crustaceans ¼ 1 1þ e1:5�9:866�10�6� Copper½ �
� ��1

where [SLICE] and [Copper] = the concentration of SLICE and copper
respectively in the sediments.

We then calculated overall mortality within the ellipse bounded by a
dispersal distance of 100 m for both copper and SLICE. We subtracted the
resulting fractional mortality from 1 to find the fraction of each benthic
species remaining in the impact area after one harvest cycle and then
averaged the effects of SLICE and copper on crustaceans and polychaetes.
We take an average of this model and the Nutrient submodel to give an index
of species abundance.

Escaped salmon
We constructed a submodel to predict the impacts of escaped farmed salmon
on wild species through predation, competition, and spread of disease and
parasites. We chose to model these impacts of escaped salmon because they
are among the most significant concerns associated with salmon farming on
a large scale (Buschmann et al. 2009; Naylor et al. 2005). Escaped salmon
compete with native species for food and other resources and may prey on
some native species as well (Buschmann et al. 2009). These impacts can be
exacerbated if the local environmental conditions are favorable for the
farmed salmon’s long-term survival and establishment in the new ecosystem
(Naylor et al. 2005); however, it is unlikely that escaped Atlantic salmon are
able to establish and persist in southern Chile (Soto et al. 2001). Furthermore,
escaped salmon can facilitate the spread of diseases and parasites from
salmon pens to wild organisms (Buschmann et al. 2009; Jensen et al. 2010;
Naylor et al. 2005; Ocean Conservancy 2011; World Wildlife Federation
[WFF] 2009).
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In addition to impacts on wild organisms, the Escapes submodel quantifies
financial losses to the concession due to escaped salmon as well as the
operational costs associated with several net pen technologies that perform
at varying levels on preventing salmon escapes (see the Appendix).

Equipment quality. To model the effect of escaped salmon on native species,
we assumed that the percent of smolt that escape during each cycle is
dependent on the quality of the net pen technology, with poorer quality
technologies allowing more escapes. We defined four distinct Technology
Classes, ranging in quality from dilapidated cloth nets to potential new
copper cage technology, with escape rates of 30%, 20%, 5%, and 0%, respec-
tively, based on literature and expert interviews (Jensen, pers. comm., 2012;
Molina, pers. commun., 2012; Naylor et al. 2005).

Predation and competition. To model the predation and competition pres-
sures of escaped salmon on wild species, we first used the Lotka-Volterra
equations, adjusted for density-dependent growth, to describe the interac-
tions between native predator and prey species in the absence of escaped
salmon. We then added the number of escaped salmon as an additional
predator-level pressure and examined the effects on three trophic levels:
predator-level finfish, prey-level finfish, and cetaceans.

We manipulated these equations (see the Appendix) to find the fractional
change in the numbers of native individuals remaining with and without
pressure from escaped salmon and found these relationships to be linear. We
then used records from a number of large-scale salmon escape events
(Buschmann et al. 2006; Jensen, pers. comm., 2012; Soto et al. 2001; WWF
2009), combined with observations of percent reductions of native species in
corresponding locations and times (Soto et al. 2006), to extrapolate that an
escape event of approximately 50,000 salmon would result in a 50% reduc-
tion in wild predator and prey populations. We assumed that 100,000 escapes
in one cycle would be required to reduce the population of cetaceans by 50%
because competition pressure from salmon on cetaceans is lower than on
finfish. The following equations describe these relationships:

FractionalChangePredator ¼ 1� 0:5
50; 000

� �
� predicted#escapes½ �

� �

FractionalChangePrey ¼ 1� 0:5
50; 000

� �
� predicted#escapes½ �

� �

and

FractionalChangeCetaceans ¼ 1� 0:5
50; 000

� �
� predicted#escapes½ �

� �
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where the predicted number of escapes is calculated based on the percent
determined by the Technology Class in use (see the Appendix).

Disease transmission. We based our model predicting the spread of disease
and sea lice, both among farmed salmon and from farmed salmon to wild
species, on equations detailed by Anderson and May (1979). We assumed
that escapes are the only source of disease transfer to the native species and
that no salmon or native species become immune or resistant to the disease.
Furthermore, we assumed that the disease and sea lice only transfer between
individuals via direct contact, and we thus did not attempt to model virus
dilution in the water column, which would be dependent on the specific
hydrology of a given region. Equations for disease transfer within pens are as
follows, modified from Anderson and May (1979):

dH
dt

¼ Θ�HM� μHσ�Hε

and

dσ
dt

¼ μHσ � σ Mþ νð Þð Þ � σε

where H = number of healthy individuals, σ = number of diseased
individuals, t = time in months, Θ = population growth of healthy
animals, M = natural mortality rate for healthy individuals, μ = disease
(or sea lice) transmission coefficient, ν = mortality rate due to the disease
(or sea lice), and ε = percent of individuals that escape (based on
Technology Class).

To transform these equations to predict the spread of disease from escaped
salmon to native species, we added a term, Z, as an additional disease source
in the system. Z represents the number of escapes each month that are
infected with the disease and is calculated by multiplying the number of
diseased salmon in a concession by the Technology Class’ escape rate:

dH
dt

¼ Θ�HM� μH σþ Zð Þ

and

dμ
dt

¼ μH σ þ Zð Þ � σ Mþ νð Þð Þ

We based disease mortality rates and transmission coefficients on infectious
pancreatic necrosis (IPN), a virus that has important implications for farmed
salmon populations and can be transmitted to native species (Guy et al. 2006;
Hnath 2002; McAllister 1983). We chose to model this virus instead of the
better known ISA because unlike ISA, IPN can sometimes go undetected for
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many months and may therefore not be addressed by managers before
spreading throughout the farmed population and beyond. Our goal was to
select a single virus that could represent “the spread of disease” more gen-
erally. The model could be parameterized with the specific characteristics of
another disease of interest to users in a specific location if they are known.
We based disease mortality rates and transmission coefficients on infectious
pancreatic necrosis (IPN), a virus that has important implications for farmed
salmon populations and can be transmitted to native species (Guy et al. 2006;
Hnath 2002; McAllister 1983).

The spread of sea lice was modeled similarly to disease but with the
following adjustments: (1) the equations were amended to incorporate sal-
mon’s contraction of sea lice from native species (see the Appendix for
calculations), (2) mortality rates due to sea lice were assumed to be much
lower than that of disease, and (3) the transmission coefficient for sea lice
was assumed to be much higher. All parameter values can be found in
Table A3 in the Appendix.

Finally, we calculated the fractional changes in the numbers of healthy
individuals of native species in each trophic level at the end of one harvest
cycle by dividing the number of healthy individuals remaining at the end of
the cycle by the roughly estimated number of individuals present at the start
of the cycle (see the Appendix). As with the predation and competition
submodel, this model calculates fractional rather than absolute population
changes, and the results are thus applicable to any spatial scale, making it
possible to combine them with the results from the Nutrients and Chemicals
submodels (see the following).

Throughout the Escapes submodel we model the fractional, rather than
absolute, changes in numbers of individuals of wild species using a spa-
tially independent model due to the high level of mobility of many
impacted species. This submodel can thus be applied to any geographical
area without the need to specify spatial parameters. For example, the
starting number of healthy native individuals used for this case study
was not known, and so instead we selected a value large enough to
model changes over one aquaculture cycle without resulting in fractional
numbers of healthy individuals. If data are available on the actual number
of individuals of a given species in an area, this value could easily be
substituted to make the model results more accurate to a specific site. In
addition, measurement in terms of fractional change makes it possible to
combine the results of the Escapes submodel with those of the Nutrients
and Chemicals submodels (see the following Combining SubModel
Outputs into Final Outcomes section).

One limitation of this submodel, as discussed regarding the exclusion of
cumulative impacts in our model, is that we do not consider the additional
effects of disease or sea lice from neighboring farms. Incorporating these
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cumulative effects would be one way that this model could be improved upon
in the future. We do, however, model the probability of one farm contracting
the ISA virus from a neighboring infected farm based on stocking density
and proximity in the ISA Transmission submodel (see the following ISA
Transmission section).

Concession profit

Aquaculture revenue and costs
To determine the profit that a concession generates in one cycle, we modeled
the revenue from selling one cycle’s harvestable salmon as well as the costs of
on-site operations, beginning when smolt are put into ocean net pens and
ending after processing and transportation to wholesalers.

Harvest revenue. We calculated the number, individual weight, and value
per weight of salmon that are available for harvest at the end of a cycle to
determine the revenue from one concession from one harvest cycle. We
based our model of biological growth on an equation developed by Asche
and Bjorndal (2011), which reflects a relatively fast growth rate based on
recent improvements to salmon farming methods:

wðtÞ ¼ 5:72t2 � 2:08t3

where w = weight in kg and t = time in months.
We then factored in monetary losses due to escapes (calculated in the

Escapes submodel) and mortality to find the percent of salmon that are
lost over the course of a harvest cycle. We applied a decreasing mortality
rate each month based on a step rate method described by Asche and
Bjorndal (2011) and on research regarding expected mortality rates in
Chilean (Guttormsen 2008) and Scottish (Soares et al. 2011) salmon
farms.

We calculated the value, or revenue, of one cycle’s harvest:

RðtÞ ¼ 0:93bðtÞ � 0:75pðtÞ
where R = total value in US dollars, t = time in months, b = total biomass in
kg, and p = price in US dollars/kg of salmon.

Operational costs. We modeled the costs of producing one cycle’s harvest at
one concession using the variable costs calculated in the Chemicals, Risk
Cost of Labor Violations (see following), and Escapes submodels:

ρðtÞ ¼ f ðtÞ þ qðtÞ þ cðtÞ þmðtÞ þ lðtÞ þ iðtÞ þ oðtÞ
where ρ = cost of production per kg harvested salmon, f = cost of feed per kg
harvested salmon, q = cost of smolt per kg harvested salmon, c = cost of
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chemicals per kg harvested salmon, m = cost of maintenance per kg har-
vested salmon, l = cost of labor per kg harvested salmon, i = interest and
depreciation, and o = other operational costs. (See the Appendix for detailed
calculations of the cost of feed, maintenance, chemicals, and labor.) Each of
these variables is a function of the length of the harvest cycle.

We calculated the costs incurred before the salmon are sold on the
commodity market (a), which include processing, transportation, sales, and
marketing, using a mathematical relationship established by Forster (1995):

aðtÞ ¼ ρðtÞ
1� 0:38

� �
� ρðtÞ

We then calculated the total cost of carrying out one cycle of aquaculture,
(C(t)):

CðtÞ ¼ hðtÞ � bðtÞ
where h = the cost of harvest per kilogram of salmon, and

hðtÞ ¼ ρðtÞ þ aðtÞ þ LISA þ v

where LISA = the expected cost of an ISA outbreak, and v = Risk Cost of
Labor Violations.

Finally, we calculated Concession Profit from one harvest cycle:

PðtÞ ¼ RðtÞ � CðtÞ
where P = profit, R = harvest revenue, and C = total cost of harvest.

ISA transmission
To model the probability and monetary impacts of ISA transmission between
farms in the same concession, we first constructed a matrix of transmission
scenarios. This matrix (Table 2) describes the probability of ISA transmission
from a neighboring farm to a receiving farm during the span of 1 month,
based on the starting state of both farms (infected/detected, infected/unde-
tected, or uninfected). We assume that the detection of ISA occurs in the
seventh month following the initial infection and that the monthly detection
probability is 0.163 (see Table A2 in the Appendix). The monthly probability
of initial infection is assumed to be 0.0008 (Scheel et al. 2007). We assume
that a state change from uninfected or infected/undetected to infected/
detected results in all salmon being slaughtered (Odebret, pers. comm.,
2011). (See Table A2 for more assumptions used to build the probability
matrix.)

We focus on scenarios in which, in month 1, the neighboring farm is
infected and the receiving farm is uninfected, and in month 2 the receiving
farm is infected. These specifications lead to three combinations of state
changes of interest (highlighted in Table 2). Summing the probabilities of
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these three state changes and the baseline probability of infection from the
natural environment yields an estimated probability of 0.0024 of the unin-
fected farm becoming infected with ISA in month 2.

We then utilize an existing model of ISA transm1ission developed by Scheel
et al. (2007):

λji tð Þ ¼ λb tð Þ exp 0:127nj tð Þ þ 0:102ni tð Þ
� �

� exp �0:415d xj; xi
� �� �þ kji exp �2:013ð Þ� 	

Iji tð Þ
where λji tð Þ = the transmission rate from farm j to farm i, λb tð Þ = the baseline
transmission rate, nj tð Þ = the biomass at farm j, ni tð Þ = the biomass at farm i,
and d xj; xi

� �
= the distance between farms i and j. kji is a network indicator

(equal to 1 if both farms are in the same concession, and 0 otherwise) and Iji is a
transmission indicator (equal to 1 if one farm is infected and the other is
susceptible, and 0 otherwise) (Scheel et al. 2007). We calculated the propor-
tional changes in ISA transmission rates using parameter estimates for biomass,
distance, and local network terms calculated by Scheel et al. (2007) and assumed
a 6-month delay in ISA detectability. The local network index refers to whether
the farms are within the same concession, with transmission risk increasing
when workers and boats travel between farms. We multiplied the proportional
change in ISA transmission rates by the probability of the receiving farm
becoming infected with ISA in month 2 (calculated previously) to estimate
the probability of an ISA outbreak in the receiving farm.

To estimate the monetary impacts to a concession of ISA transmission, we
calculated expected profit loss based on the probability of an ISA outbreak. We
assume that once a farm becomes infected, there is a probability of 0.05 that the
infection will spread throughout the entire farm, causing an outbreak.
Therefore, we multiply the probability of ISA outbreak by 0.05 to determine
the probability of an ISA outbreak given presence at a neighboring farm. We

Table 2. Probability matrix of ISA transmission scenarios with state changes of interest high-
lighted. Farm states for the two farms are described with positional values separated by commas,
where the three positions (1,2,3) indicate the number of farms (0,1, or 2) that are (1) infected/
detected, (2) infected/undetected, and (3) uninfected. For example, “1,1,0” indicates that one of
the two farms is infected/detected, one farm is infected/undetected, and neither farm is
uninfected. The bold values indicate situations in which one farm causes infection of a neighbor-
ing farm in the following month.

Probability Matrix

Month 2

Month 1 1,1,0 1,0,1 0,1,1 2,0,0 0,2,0 0,0,2
1,1,0 0.000 0.837 0.163 0.000 0.000 0.000
1,0,1 0.000 0.836 0.163 0.001 0.000 0.000
0,1,1 0.000 0.001 0.000 0.000 0.000 0.999
2,0,0 0.136 0.000 0.000 0.701 0.027 0.000
0,2,0 0.000 0.000 0.000 0.000 0.000 1.000
0,0,2 0.000 0.001 0.000 0.000 0.000 0.998

14 K. I. JACOBSEN ET AL.

D
ow

nl
oa

de
d 

by
 [

50
.1

43
.1

76
.1

83
] 

at
 1

0:
10

 1
1 

Ju
ly

 2
01

6 



assume that if an outbreak occurs and is detected, the fish are either slaughtered
or harvested. If the outbreak occurs within the first 7 months of the cycle, the
salmon are slaughtered and disposed of at a loss to the concession; if the
outbreak occurs after the first 7 months, the salmon are harvested and sold.
Therefore, the expected monetary loss (LISA) to a concession due to ISA is:

LISA ¼ Ωδ 1� Omð Þ
where Om = the monthly operational cost, Ω = the probability of an ISA
outbreak given infection in a neighboring farm, and δ = the number of
months into the cycle at which the outbreak occurs. This value constitutes
the submodel output Cost of ISA.

Risk cost of regulatory violations
There are numerous types of regulatory violations that a salmon farming
facility can incur. These violations can be for environmental reasons such as
using feed or chemicals in excess of the permitted amount, improper disposal
of materials or refuse, or exceeding the approved number of salmon per pen.
Violations can also pertain to the social dimension of salmon farming, such
as labor standards. This submodel quantifies the potential and expected cost
of violating labor laws, as these are some of the most common types of
violations committed by salmon farms in Chile, where our case study was
conducted. This submodel estimates the costs incurred by a concession due
to fines for violating labor laws.

Labor law violations were categorized into wage violations and hours
violations, where Wage Violations are defined as instances where any law
regulating wage is violated, and Hours Violations are instances where any law
regulating the legal number of working hours is violated.

The total potential cost of fines incurred for violating wage and hours
violations cumulatively (TPC) was calculated using the formula:

TPC ¼ j� rð Þ � þ � � �ð Þ
where j and u = the number of Wage Violations and the number of Hours
Violations, respectively, during a production cycle. � and Π = the average
fine amount in US dollars issued by the Chilean government for individual
wage-based and hours-based labor violations, respectively.

The total expected cost of fines incurred for violating both wage and hours
violations (TEC) was calculated by multiplying TPC by the probability of
detection (θ). θ is assumed to be equal to the probability of inspection by
regulatory officials, and it is assumed that the concession is in noncompli-
ance with at least one wage or one hours law:

TEC ¼ TPC � θ

where TPC represents the submodel outcome Risk Cost of Violations.
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Combining submodel outputs into final outcomes
The final outcome of EH is an index comprised of the submodel outcomes Species
Richness, Species Abundance, and Species Health. Despite the differing subjects
with which each of these submodels deal, it is possible to combine these three
values into a single index indicator of ecosystem health because each submodel
was designed to generate a unit-less index, as opposed to a quantitative, concrete
outcome value.

Ecosystem Health ¼ Species Richnessþ Species Abundanceþ Species Health

The final outcome value for EH is a summation of the three species indices,
where an individual index value of 1.0 for one of the three submodel indices
indicates no change in EH. Consequently, a value of 3.0 indicates no change in EH
after one cycle of salmon farming, while any value above or below 3would indicate
a change in the health of the ecosystem. While in reality there are likely to be
interactions between the impacts of nutrient loading, chemical use, and salmon
escapes on all three indices used to measure ecosystem health, summing the
standardized submodel outputs provides a high-level indication of the direction
of change in environmental health due to salmon farming.

The final outcome of CP was calculated by subtracting the submodel
outputs Operational Costs, Cost of Violations, and Risk Cost of ISA from
Harvest Revenue:

Concession Profit

¼ Harvest Revenue� ðOperational Costsþ Risk Cost of Violations

þRisk Cost of ISAÞ
This outcome describes the total estimated profit that a concession would
gain from a single production cycle operating under the specified input
conditions.

Analyses

Trade-off analysis

To meet the need for an explicit approach for assessing the outcomes of
different ocean management options, scientists have developed a method of
trade-off analysis based on portfolio theory in economics (Polasky et al. 2008;
White et al. 2012). Trade-off analysis allows managers to evaluate and
visualize the outcomes of numerous management possibilities and identify
those that are most efficient in terms of specified outcomes. This process
enables managers to streamline the decision-making process by ruling out
suboptimal plans and choose a plan that maximizes total benefits and
prioritize outcomes of interest. Another benefit of the trade-off approach is
that it allows analysis of outcomes that are measured in different units.

16 K. I. JACOBSEN ET AL.

D
ow

nl
oa

de
d 

by
 [

50
.1

43
.1

76
.1

83
] 

at
 1

0:
10

 1
1 

Ju
ly

 2
01

6 



Figure 3 illustrates the trade-off analysis concept: Scenario 1 shows one
possible management plan (plan A), with its point coordinates representing
the resulting values of outcomes 1 and 2. Outcomes could be any measure of
benefits relevant to the trade-off at hand, including revenue, jobs created,
species protected, pollution mitigated, etc. Another management plan (B)
might exist, which is preferable because it performs better than A on one or
both outcomes (Scenario 2). A third plan (C; Scenario 3) might perform
better than B on one outcome but worse on the other, signaling a trade-off
that would require judgment about which outcome to prioritize in order to
choose the preferred plan. Plans B and C create an “efficiency frontier” that
delineates the outer bound—that is, the most efficient plans—among the
three given plans. This stage of the trade-off analysis can be used in decision-
making processes to identify the most efficient plans and rule out those that
fall short of achieving maximum total benefits. It is possible, however, that
other management plans exist that are even more efficient than those pro-
posed (plan D; Scenario 4). Modeling can reveal such plans by assessing large
numbers of hypothetical plans with different combinations of possible input
values. In this way, trade-off analysis can not only evaluate the outcomes of
current management actions but can also reveal possible superior plans that
would lead to greater benefits for one or both outcomes.
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Figure 3. Plots of a generic trade-off analysis.
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Case study

Trade-off analysis offers a promising tool for evaluating the effects of salmon
aquaculture on socioeconomic and environmental outcomes, which can help
guide offshore aquaculture management. To assess the trade-offs in an actual
aquaculture scenario, we performed a trade-off analysis using our model,
which we parameterized based on salmon aquaculture operations in southern
Chile. This area is currently experiencing aquaculture growth and offers a
relevant example of the conflicts between environmental and economic
interests. In our case study, each point on the trade-off space represents
one approved or hypothetical salmon farming concession based on its unique
combination of input values. The concession’s point coordinates represent
the resulting outcome values of EH and CP. The model can be used to plot
predicted outcome values for proposed concessions and to generate an
efficiency frontier by evaluating outcomes for a large number of hypothetical
concessions.

Since the 2007 collapse, the Chilean salmon farming industry has begun to
rebuild and expand into the country’s southernmost region, the Magallanes.
However, there is currently no mechanism in Chilean legislation for evaluat-
ing and comparing the potential ecological and economic impacts of salmon
aquaculture operations. During this period of expansion and new policy
development, our model can serve as a valuable asset for managers by
offering a mechanism by which to explicitly assess the trade-offs between
environmental and economic impacts and guide management decisions.

Offshore salmon aquaculture in Chile is currently managed through a
system of spatial allocations. Aquaculture may only be practiced within
defined coastal areas identified by the government as Appropriate Areas for
Aquaculture (AAAs). Within the AAAs are smaller areas—concessions—that
can be leased from the government for the purposes of cultivating salmon.
To obtain a lease for a salmon aquaculture concession, an aquaculture
company must provide some specific information about its proposed opera-
tion, including biophysical conditions (e.g., depth of the sea floor and average
current speed) and aquaculture practices (e.g., amount of feed used and the
numbers of net pens, smolt, and workers required). This information is
submitted to the Chilean government in Environmental Impact Assessment
(EIA) documents; at the time of this model’s development, 21 concessions
had been approved by the Magallanes government.

Case study methods
To model the effects of salmon farming concessions in southern Chile, we
parameterized our model with data specific to Chile wherever possible and
used data from other parts of the world where Chile-specific data were not
available (see Table A3). We determined input and parameter values based
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on literature, the EIAs of the 21 approved concessions, and authors’ esti-
mates. Parameterizing the model with values from existing regulatory and
planning documents helped to establish our model’s relevancy, credibility,
and alignment with the existing management systems in Chile.

We programmed our model in MATLAB such that each model run
represents one possible management plan, that is, a combination of input
values that can be selected by the aquaculturist (or required by the govern-
ment). The resulting outcome values are those that can be expected after one
harvest cycle under the management plan conditions. We ran the model once
for each of the 21 approved concessions, using the input values given in their
EIAs. We set parameter values to default values, which were collected from
the literature or calculated as the average values reported in the concession
EIAs. We plotted the results of these model runs to assess the trade-offs
between their outcomes for EH and CP (Figure 4).

To evaluate a wide range of hypothetical concessions, we assembled ranges for
each input value by gathering the minimum and maximum values from the
concession EIAs. These ranges are assumed to represent the full scope of possible
farming practices and biophysical conditions in the Magallanes’ salmon aquacul-
ture areas.We then ran themodel many times, each with a unique combination of
inputs. Inputs were varied across their ranges in the following manner: If the
input’s range was large and continuous (for example, Number of Starting Smolt
ranged from 300,000 to 3,000,000), we selected the lowest value, the highest value,
and amidpoint value to represent this input’s range. If the input’s range was small
and discrete (for example, Cycle Length ranged from 12 to 18 months), we
included every value in its range. This process resulted in approximately 61,000
model runs, each representing a unique hypothetical concession. The full suite of
these runs gives estimates of the ranges of EH and CP that can be expected as a

Figure 4. Ecosystem Health-Concession Profit trade-offs for the 21 approved salmon farming
concessions for the Magallanes region of Chile.
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result of one cycle of salmon aquaculture at one concession, assuming that input
values fall within the determined ranges.

Plotting these results allows us to visualize the nature of the trade-off between
EH and CP in the Magallanes, and identify the outcomes of and inputs leading to,
the most efficient potential concessions. It is worth noting that although the two
outcomes compared, EH and CP, are measured in different units, trade-off
analysis is still valuable in that it illuminates the most efficient options in terms
of both outcomes and illustrates the strength of the trade-offs between the two
outcomes. If sufficient economic data were available to translate EH into value in
dollars, managers could choose the options with the highest total dollar amount
from both outcomes combined.

Results

Our analysis of the 21 approved concessions resulted in EH scores ranging from
0.9 to 2.5 and CP ranging from less than $135,000 to more than $5.6 million. The
trade-off graph illustrating these results reveals a clear efficiency frontier (Figure 4)
composed of three concessions: Concession A performs the best on CP (while
compromising EH), Concession B performs the best on EH (while compromising
CP), and Concession C strikes a more even balance between the two outcomes
(see Table 3 for values). All of the other concessions fall inside of the efficiency
frontier, indicating that they are suboptimal and could be altered to improve their
scores on one or both outcomes.

The more than 61,000 model runs representing as many hypothetical conces-
sions revealed an abundance of concessions that fall above the approved conces-
sions’ efficiency frontier and are therefore more efficient on EH and CP than even
the most efficient approved concessions (Figure 5). These hypothetical conces-

Figure 5. Ecosystem Health-Concession Profit trade-offs for proposed (black dots) and hypothe-
tical (gray dots) concessions.
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sions form a new efficiency frontier that represents the most efficient potential
concessions. The shape of this efficiency frontier indicates that the trade-off
between EH and CP can be very weak and that there are many hypothetical
concessions that achieve high values for both EH and CP (i.e., the points near the
outer apex of the frontier).

Discussion

Approved and hypothetical concession trade-offs

Our results demonstrate that there are many hypothetical concessions that
fall well above all of the 21 approved Magallanes concessions on the trade-off
space. Therefore, each of the approved concessions falling below the new
efficiency frontier could be improved to result in higher scores on one or
both outcomes. For example, managers of Concession A, which scored the
highest of the 21 approved concessions on CP, could increase the Number of
Net Pens, increase the Cycle Length, or upgrade Equipment Quality to result
in higher scores for both CP and EH. Concession B, which scored highest in
EH, could increase scores for both outcomes by increasing the Number of
Net Pens, upgrading Equipment Quality, and increasing Stocking Density.

The model as a decision support mechanism

Our model enables the evaluation and visualization of the outcomes of a
variety of salmon aquaculture concessions, which can be used to guide
decisions regarding the selection of proposed concessions toward those that
are the most efficient. However, our results do not indicate which of the
efficient concessions are preferable. For example, our analyses do not reveal
whether an efficient concession that scores high on EH and low on CP is
better or worse than one that scores low on EH and high on CP; judgment is
necessary for choosing the most appropriate concessions based on stake-
holder priorities and objectives.

In addition to providing decision support for managers to select from
proposed concessions, our model can be used to identify possible improve-
ments to existing or proposed concessions that will lead to higher outcome
scores. Stakeholders can adjust farming practices or siting decisions (or
regulations governing them) to achieve outcomes that satisfy their priorities
and objectives. The model can also be used to identify the farming practices
and siting decisions that have the greatest effect on the outcome values,
meaning that small modifications can lead to proportionally large changes
in outcomes (see Battista et al. 2012 for an example of these calculations).

A counterintuitive implication of our results is the finding that conces-
sions are not being managed in a way that maximizes profits; however, it is
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our assertion that managers simply do not have access to all of the informa-
tion necessary to make the most-informed decisions regarding farming
practices. Our model offers a mechanism for managers and aquaculturists
to identify areas for improvement.

In this article, we have highlighted the trade-off between EH and CP, but
there are many other important relationships between outcomes of interest that
represent the concerns of various industries and stakeholders; those trade-offs
could be evaluated through an analysis similar to that which this study describes.

Conclusions

The global aquaculture industry is growing rapidly, and analyses like ours
will be crucial for predicting its environmental and socioeconomic impacts
and identifying efficient management options. Our model and trade-off
analysis framework enable managers to select from the most efficient con-
cessions, thereby maximizing overall benefits and avoiding the pitfalls of
trial-and-error management that were exemplified by Chile’s recent ISA
crisis. While our model offers a framework for assessing trade-offs and
managing aquaculture operations in diverse regions of the world, it should
be seen as a first iteration of this analytical approach; improvements to the
robustness and accuracy of the model may be explored in any future applica-
tion of the model. There are some notable caveats with regards to the model’s
capabilities. First, as previously stated, our model predicts the effects of a
single cycle of aquaculture. This limitation likely leads to underestimated
levels of some environmental impacts that can have nonlinear cumulative
effects over time, like through chemical and nutrient pollution. Similarly, our
model does not take into account the cumulative effects of multiple conces-
sions operating in the same area. Pollution resulting from farms that are close
together, or in areas of higher current speeds or water depth, may result in
overlapping impact areas that could lead to compounded ecosystem effects.

Furthermore, the shallow depths and slow current speeds associated with
the most-efficient concessions highlights a trade-off inherent in our model
between the size of the area affected by aquaculture pollution and the
concentration of ecosystem effects. Shallower depths and slower currents
result in more severe ecosystem effects, but these effects are concentrated
in smaller areas. By reporting fractional changes in EH over an area of
standard size, our model favors concessions that result in effects concen-
trated in small areas. However, there may be a feedback loop in small areas of
acute impacts such that high levels of pollution jeopardize the health of the
farmed salmon. Our model does not capture this relationship.

Building from the initial results of our model applied to the Chile case
study, one potential area for future research would be to determine which of
the EH components in reality play stronger roles in overall EH. Identifying
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which components are more or less impactful could help to direct future
management decisions and minimize the trade-offs between profit and
environmental impacts.

Finally, while it offers a valuable framework and approach for aquaculture
managers, aquaculture practitioners, and environmentalists, our model’s
predictions are limited by the factors that fall outside the scope of the
model, which include genetic pollution of wild salmon and the exploitation
of wild fish for use in farmed salmon feed. As with all mathematical models,
the reliability of our results depends on the availability and quality of data on
which it relies. We constructed and parameterized the model using data from
existing regulatory planning documents to ensure the model’s relevance and
application to aquaculture management and to ground the model with real-
world values. However, data were not available for all parameters or input
values, and this likely reduces the accuracy of some of the calculations in the
case study. Our model can, however, be parameterized with more accurate
data as they become available and can be used as a framework on which to
build additional submodels to represent additional aquaculture impacts.
Furthermore, ground truthing the model’s results with real-world data
from farms that are in operation could test the model’s accuracy and help
legitimize its use for managers, regulators, practitioners, and more.

Concurrent with the expansion of aquaculture, there are a growing number of
uses that compete for ocean space. Spatial trade-offs will therefore be important
for coastal planners considering the development of aquaculture in the context of
other offshore industries and uses. Our model can be implemented as a frame-
work to predict the financial and environmental impacts of aquaculture, which
can be weighed against the impacts of other coastal uses that compete for limited
ocean space and resources. In addition, our model can be parameterized to
describe many parts of the world where aquaculture is developing, thereby
providing an adaptable approach for supporting sustainable aquaculture develop-
ment. Models like ours will be crucial for achieving efficient use of ocean space as
the aquaculture industry continues to expand in Chile and beyond.
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Appendix

Technology classes

Technology Class 1 represents conditions commonly found early in the emergence of the
salmon aquaculture industry in Chile (1980s), and corresponds with reported escapes of 30%
per cycle (Naylor et al. 2005; Molina, pers. comm., 2012). During this period, nets were
commonly made of weak or damaged material discarded from fishing vessels, and pens were
moored to the sea floor at only two places, making them vulnerable to capsizing in strong
currents or during severe weather conditions (see Figure A1). Additionally, during this period
no scientific assessment was carried out to determine the best placement of the pens, and
there was little to no staff training on the best management techniques to prevent escapes.

Technology Class 2 represents conditions at the start of industry expansion (early 1990s)
when new nets were purchased, predator prevention nets were installed, and pens were
moored in a grid pattern to prevent capsizing (see Figure A2). This period also saw the
start of scientific analysis to determine ideal placement based on current speed and depth of
the seafloor, as well as an increase in staff trainings with the goal of improving management
techniques to reduce escapes. This class corresponds with 20% escapes per cycle (Naylor et al.
2005; Molina, pers. comm., 2012).

Technology Class 3 represents what is currently the most widely available aquaculture net pen
and mooring technology, which includes stronger net materials such as Kevlar and polyethylene as

Figure A1. Technology Class 1 farm diagram, moored at only two points.
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well as antifouling paints to reduce maintenance needs (Hvalpsund Net 2011). Science on the
design and placement of net pens has also improved, and staff training requirements have increased.
This class corresponds with approximately 5% escapes per cycle (Naylor et al. 2005; Jensen, pers.
comm., 2012; Molina, pers. comm., 2012).

Figure A2. Technology Class 2 and 3 farm diagram, moored in a grid pattern.

Figure A3. Technology Class 4 diagram, solid copper cage.
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Technology Class 4 represents a potential next step in large-scale salmon aquaculture—the use
of solid copper cages in place of net pens (see Figure A3). This technology is impervious to rips and
predators and extremely resistant to capsizing and therefore hypothetically corresponds with 0%
escapes per cycle (Molina, pers. comm., 2012). While our four classes are loosely associated with
successive periods over the evolution of the industry, it is feasible that any of the four classes might
be found at a given concession in Chile today.

Predation competition equations

In order to model the predator/prey interactions of the escaped salmon with the wild Chilean
species, we utilized the basic Lotka-Volterra predator/prey equations (amended to account for
density dependent growth):

dx
dt

¼ x #� φy� ψx� φ0zð Þ: (A1)

and

dy
dt

¼ y Δx� �� ζyð Þ: (A2)

We assigned each variable with the following meanings:
y = number of some predator species (e.g., hake);
x = number of the predator’s prey species (e.g., sardines);
ϑ = intrinsic growth rate of the prey species;
φ = rate of predation on prey by native predators;
ψ = density-dependent growth dampener for prey (negative growth rate);
φ’ = rate of predation on prey by escaped salmon;
z = number of escaped salmon time zero;
t = time in months;
Δ = conversion efficiency between prey and predators (i.e., how much the presence of prey

“helps” predators);
Σ = intrinsic mortality rate of the predator species; and
ζ = density-dependent growth dampener for predators (negative growth rate).
This model does not include the more complicated interactions between more than two

species. Additionally, the Lotka-Volterra model depends on a number of assumptions,
including: The food supply of the predator population depends entirely on the prey popula-
tion; the rate of change of a population is proportional to its size; the environment does not
change; and genetic adaptation is inconsequential.

We manipulated these equations algebraically to determine the system at equilibrium (no
change in x or y):

#� φy� ψx� φ0z ¼ 0: (A3)

y ¼ #� ψx� #0zð Þ=#: (A4)

and

Δx� �� ζy ¼ 0: (A5)

y ¼ Δx� �ð Þ=ζ: (A6)
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set equal:

#� ψx� #0zð Þ=# ¼ Δx� �ð Þ=ζ: (A7)

#� ψx� φ0z ¼ φΔx� φ�

ζ
: (A8)

#� ψx� φ0z þ φ�

ζ

� �
¼ φΔx

ζ
: (A9)

#� φ0z þ φ�

ζ

� �
¼ x

φΔ

ζ

� �
þ ψ

� �
: (A10)

x ¼
#� φ0z þ φ�

ζ

� �
φΔ
ζ

� �
þ ψ

: (A11)

plug in for y:

y ¼
Δ

#�φ0zþ φ�
ζð Þð Þ

φΔ
ζð Þþψð Þ

� �
� �

ζ
: (A12)

We solved for fractional changes in the number of native predator and prey individuals
after the addition of the escaped salmon escapes (with the system at steady state). Through
these manipulations we determined that:

x with escapesð Þ
x without escapesð Þ ¼

#� φ0z þ φ�
ζ

� �
φΔ
ζ

� �
þ ψ

0
@

1
A�

φΔ
ζ

� �
þ ψ

#þ φ�
ζ

� �
0
@

1
A: (A13)

x with escapesð Þ
x without escapesð Þ ¼

#� φ0z þ φ�
ζ

� �

#þ φ�
ζ

� �
0
@

1
A; (A14)

which simplifies to:

x with escapesð Þ
x without escapesð Þ ¼ 1� φ0z

#þ φ�
ζ

� �
0
@

1
A; (A15)

which is linear.
To solve for fractional change in number of predator individuals after addition of escapes

(with system at steady state):

y with escapesð Þ
y without escapesð Þ ¼

Δ
#�φ0zþ φ�

ζð Þð Þ
φΔ
ζð Þþψð Þ

� �
� �

ζ

0
BB@

1
CCA� ζ

Δ
#þ φ�

ζð Þð Þ
φΔ
ζð Þþψð Þ

� �
� �

0
BB@

1
CCA: (A16)

y with escapesð Þ
y without escapesð Þ ¼

Δ
#�φ0zþ φ�

ζð Þð Þ
φΔ
ζð Þþψð Þ

� �
� �

Δ
#þ φ�

ζð Þð Þ
φΔ
ζð Þþψð Þ

� �
� �

; (A17)
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which simplifies to:

y with escapesð Þ
y without escapesð Þ ¼

#Δ
φΔ
ζð Þþψð Þ

� �
� φ0zΔ

φΔ
ζð Þþψð Þ

� �
þ

φ�Δ
ζ

φΔ
ζð Þþψð Þ

� �
� �

#Δ
φΔ
ζð Þþψð Þ

� �
þ

φ�Δ
ζ

φΔ
ζð Þþψð Þ

� �
� �

: (A18)

y with escapesð Þ
y without escapesð Þ ¼ 1� z

φ0Δ
φΔ
ζð Þþψð Þ

Δ
#þ φ�

ζð Þ
φΔ
ζð Þþψð Þ

� �� �
� �

; (A19)

which is also linear.
Because these relationships are linear, and we were therefore able to identify the number

of escaped salmon that would reduce both native populations by a specific percentage and
then use those numbers to calculate the fractional change that would be expected in x and y
due to the addition of the predicted number of escaped salmon in our modeled cycle. We
were thus able to insert the following equations into our model:

Fractional Change Predator ¼ 1� 0:5
50; 000

� �
� predicted# escapes½ �

� �
: (A20)

Fractional Change Prey ¼ 1� 0:5
50; 000

� �
� predicted# escapes½ �

� �
(A21)

and

Fractional Change Cetaceans ¼ 1� 0:5
50; 000

� �
� predicted# escapes½ �

� �
(A22)

Spread of disease and sea lice equations

Spread of disease within pens to other salmon:

dH
dt

¼ Θ�HM� μHσ�Hε (A23)

for change in healthy salmon, and

dσ
dt

¼ μHσ � σ Mþ uð Þð Þ � σε (A24)

for change in sick salmon. In these equations,
H = number of healthy salmon;
σ = number of sick salmon;
t = time in months;
Θ = population growth of healthy salmon (0 because they do not reproduce);
M = natural mortality rate for the healthy salmon;
u = mortality rate from disease;
μ= disease transmission coefficient within pens; and
ε = percent of salmon that escape in one cycle based on the technology class.
The spread of sea lice was modeled using essentially the same methods that were used for

the spread of disease, with the following adjustments: The equations were amended to allow
for salmon to contract sea lice from the native species as well as transmit sea lice to the native
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species (because sea lice is likely already present in the native ecosystem before aquaculture is
introduced); species mortality rates due to sea lice were assumed to be much lower than for
the IPN virus because adult salmon can survive even with relatively large numbers of lice; and
the transmission coefficient for sea lice was assumed to be much higher than for IPN because
low levels of sea lice are quite common throughout aquaculture industries worldwide
(Watershed Watch 2001). We chose to model the spread of IPN instead of ISA because
testing for the ISA virus is performed on a regular basis, and if it is detected all salmon in the
farm are immediately exterminated and removed (Marine Harvest 2010; Scheel et al. 2007).

Spread of sea lice within pens to other salmon:

dH
dt

¼ Θ�HM� μH σþ Qð Þ �Hε (A25)

for change in sea lice-infested salmon, and

dσ
dt

¼ μH σ þ Qð Þ � σ Mþ νð Þð Þ � σε (A26)

for change in sick salmon. In these equations, Q = number of sick or infested native animals.
Spread of disease or sea lice outside of pens to native populations:

dH
dt

¼ Θ�HM� μH σþ Zð Þ (A27)

for change in healthy animals, and

dμ
dt

¼ μH σ þ Zð Þ � σ Mþ uð Þð Þ (A28)

for change in sick (or infested) animals. In these equations, Z is calculated by multiplying the
number of sick (or infested) salmon in a concession by the percent that escape, as determined
by the Technology Class in use.

We assumed that 5% of incoming smolt are infected with the IPN, but only 10 individual
smolt are infected with sea lice (based on studies showing that salmon smolt enter the pens
relatively free of lice) (Heuch and Mo 2001; Krkosek et al. 2010).

Baseline values for native species are not known for southern Chile, so placeholder values
were used that would be sufficiently large to allow for the model to run throughout the length
of a cycle. New healthy individuals in time 2 is calculated as healthy individuals in time 1 plus
change in healthy individuals. New sick/infested individuals in time 2 is calculated as sick/
infested individuals in time 1 plus change in sick/infested individuals. These calculations were
done on a month-to-month basis for the number of months equal to the length of the cycle.
Then, fractional changes were calculated as follows:

Fractional Change in Healthy Individuals ¼ Hcycle

Ht�1
(A29)

where Hcycle = the number of healthy individuals in the month corresponding with the last
month of the cycle, and Ht=1 = the number of healthy individuals at the start of the cycle.
This process was repeated for the three trophic levels: predators, prey, and cetaceans.

Feed, SLICE, and labor cost calculations

We calculated the cost of feed with the following equation:

f tð Þ ¼ ϡ� Y � T (A30)
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where ϡ = cost of feed per kg, Y = the economic feed conversion ratio, and T = the total
harvest weight in kg.

We used the cost of SLICE to calculate the cost of chemicals with the following equation:

cðtÞ ¼ G� ρ� A� �w� J � �: (A31)

where G = cost of SLICE per kg, Þ = dose per fish, A = average number of fish, ѿ = average
weight of fish, J = 7 days of treatment, and ß = the number of treatments per cycle (which is
also a model input).

We calculated the cost of labor with the following equation:

iðtÞ ¼ W � X �°
a ω: (A32)

where Ɯ = minimum wage per hour, X = maximum allowable work hours per week, å = cycle
length in weeks, and ϡ = the average number of workers at a farm.

Tables A1. Maintenance costs by technology class.

Class Tightening moorings
Cleaning/repairing/
replacing nets

Staff training (at hourly
worker wage)

1 US$2,000 per net pen, twice
per cycle (based on diver
wages)

US$400 per net pen, twice
per month

0 hours per cycle

2 US$6,000 per net pen, twice
per cycle

US$400 per net pen, twice
per month

10 hours per cycle

3 US$6,000 per net pen, twice
per cycle

US$400 per net pen, once
per month (less need due to
antifoulant paints and
stronger materials)

20 hours per cycle

4 US$2,000 per cage, once per
month (due to the
configuration of these cages,
moorings can be tightened
in less time)

N/A (Completed by diver
who tightens moorings)

40 hours per cycle
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Table A2. ISA transmission submodel assumptions.
Assumption Justification

Detection of the ISA virus takes 7 months from
initial infection.

The true detection time ranges between 6 and 9
months (Scheel et al. 2007); however, because
salmon facilities in Chile test their farmed salmon
for disease frequently (per government regulation),
we assumed detection will occur at the low end of
the range.

The monthly probability of detection equals 0.163
and the monthly probability of detection is the
inverse, 0.837.

1=(p+p(1–p)+ p(1–p)^2+ p(1–p)^3+ p(1–p)^4+ p
(1–p)^5+ p(1–p)^6)

The baseline probability of infection each month
(i.e., from infected smolt) is 0.0008. The inverse of
this probability, which represents the probability
that an uninfected farm will remain uninfected, is
0.9992.

Scheel et al. (2007)

The probability of a farm shifting from Infected/
Detected to uninfected is always 1 because all
salmon in the infected farm will be slaughtered
when ISA is detected.

Carlos Odebret, Salmon Chile, pers. comm.

kji = 1 as a network indicator Assumes farms modeled are within the same
concession.

Iji = 1 as a transmission indicator Of the farms modeled, one is infected and the other
is susceptible to ISA.

d(xj,xi) = 5 Data were unavailable for distance between
individual farms; determined based on expert
knowledge.
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