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Abstract: We measure the impact that sanitary treatments for controlling ectoparasite
Caligus rogercresseyi abundance have on unit production costs of Salmo salar farms in
Chile. We follow complete production cycles for a sample of farms between 2009 and
2015. We estimate a salmon biomass growth and a Caligus abundance (infection level)
model. The statistical analysis determines the effect of antiparasitic treatments, location
of farms, environmental conditions, and Caligus abundance on the salmon growth
profile. Using outside cost information we simulate how unit production costs vary with
different treatments and farm characteristics, and estimate the impact of treatment on
unit production costs. Our results suggest that Caligus infection and treatment have
significant effects on salmon growth and unit production costs. Unit production costs
increase on average by 0.7 US$/kg. We also find that treatments reduce the impact of
Caligus on salmon biomass over the production cycle, and that the costs of treatments
are compensated by higher harvesting levels, such that unit production costs are
invariant to the situation without treatment. All estimated effects differ depending on
environmental and spatial conditions under which the farms are operating, suggesting
that the design of cost-effective intervention calls for discriminatory regulation under
heterogeneous conditions.

Keywords: Sanitary costs, salmon aquaculture, spatial heterogeneity, competitiveness,
Caligus
JEL classification: Q22, Q28
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The Impact of Caligus Treatments on Unit Production Costs of Heterogeneous
Salmon Farms: Evidence from Chilean Aquaculture

1. Introduction

In 2007 a disease outbreak (of the so called ISA virus) affected the Chilean salmon
industry. Up to that point in time the industry was very cost competitive in world
markets (Bjørndal, 2002). The disease had a large impact on production, employment,
socio-economic conditions for communities in salmon culturing areas, and financial
stability of the salmon firms (Asche et al., 2009, Barton and Floysand, 2010). To
prevent future events, a new sanitary and environmental regulatory framework was
launched during 2009 by the Chilean authorities (Ibieta et al., 2011). One of the pillars
of the new regulatory framework was a monitoring program for control of economically
important and exotic diseases. In the case of the most prevalent disease, generated by a
sea lice species (Caligus rogercresseyi) the farms were compelled to develop a
treatment once the number of individuals of this pathogen surpassed certain preestablished abundancy levels. This system has helped to control sanitary conditions, but
contributed to increase production costs (Dresdner and Estay, 2016), jeopardizing the
Chilean firms’ external competitiveness. Moreover, the new regulatory system does not
have the necessary flexibility to encompass heterogeneous local environmental
conditions that affect salmon farms differently.
In this article we evaluate specifically the impact of sanitary regulations, aimed
at controlling Caligus rogercresseyi abundance, on unit production costs for a spatially
heterogeneous sample of salmon production farms in southern Chile. Caligus is the
major parasite of concern for salmon farms in Chile.1 We contribute to the related
literature in two main dimensions. On one hand, we develop a system equation model of
salmon growth and Caligus abundance. Within this model we explore the way in that
Caligus abundance and Caligus treatments affect the salmon growth profile over time.
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On the other hand, our empirical analysis explicitly considers potential effects of spatial
heterogeneity conditions on salmon growth and Caligus abundance on variable unit
production costs.
Our analysis regarding the impact of sea lice on the private production costs of
the Chilean salmon farming industry is close to the recent contribution of Abolofia et. al
(2017) who study the biological and economic effects of sea lice on Norwegian farmers’
profit over production cycles. The results of their work suggest that the biomass lost due
to sea lice as well as the profit reduction in a production cycle could be significant
Similar to Abolofia et. al work, we explore the biological and economic consequences
of sea lice on Chilean salmon aquaculture. Beyond the fact that we consider a different
case study, our analysis focus only on the farmers’ production costs over the production
cycles. Furthermore, our statistical analysis consider not only a salmon growth model,
but also a sea lice level determination model to explore the potential interactions and
feedback between salmon growth and sea lice over a given cycle of production. Another
unique feature of our exploration is that the statistical analysis of sea lice determination
takes account on the truncation problem due to the observation of sea lice abundance
censored from above because of the presence of fish treatments. Even though the
magnitude of the impacts cannot be directly compared, and similar to Abolofia et. al
(2014), our results confirm that the presence of diseases in aquaculture and its treatment
might have not only important biological effects, but also economic impacts.
Furthermore, consistent with the existing literature, our work presents additional
evidence about the spatial dependence nature of the magnitude of the biological and
economic impacts of diseases and its treatment in the aquaculture industry.
In our empirical strategy we take into consideration the potential truncation
problem that arises in Caligus determination, as a consequence of the sanitary norm that
mandates farms to implement Caligus treatments once certain abundance levels have
been surpassed. The failure to take account of this truncation might lead to inconsistent
4

parameter estimates. Moreover, we also consider the simultaneous nature of salmon
growth and Caligus abundance by estimating with two stages instrumental variable
methods.
The methodological steps are the following: First, we specify a two equation
model for salmon growth and Caligus abundance. Within this model, we explore the
way in that Caligus abundance and antiparasitic treatments affect salmon growth. We
identify four different potential interaction routes for Caligus abundance and Caligus
treatment on salmon growth: (i) Caligus parasitism might affect directly and negatively
salmon growth capacity, (ii) the presence of sea lice affects the dietary need of salmon
along the cycle reducing food intake and salmon growth, (iii) Caligus treatments, as a
response of salmon producers to Caligus abundance, might affect immediately and in a
negative way the growth of salmon, and (iv) Indirect treatment effects through Caligus
reduction might increase salmon growth.
Second, we estimate the model and identify the impact of different exogenous
factors on salmon production (feeding, water temperature, fish age, fish density, Caligus
abundance, seasonal factors, treatment variables, and interactive variables) and Caligus
abundance.
Third, we parameterized the salmon production growth function with costs
parameters to obtain unit production costs. We assess a discounted cost model for a
complete growth cycle to calculate the impact of treatments on unitary variable cost of
salmon production (US$/kg). We simulate several scenarios to obtain information of
how sensible unit costs are to different conditions.
Our results indicate that the presence and treatment of Caligus has significant
effects on salmon growth. Moreover, we also found that treatments help to reduce the
negative impact of Caligus on salmon biomass over the production cycle. All the
estimated effects differ depending on environmental and other spatial heterogeneous
conditions under which the farms are operating, implying further that the design of cost5

effective intervention calls for discriminatory regulation under heterogeneous
conditions.
This article is organized as follows: Section 2 provides a conceptual model of
the costs of sea lice treatments in aquaculture salmon production and discusses its
implications for our empirical analysis. Section 3 presents the specification of the
empirical model, a description of the data, estimation procedures, and numerical
simulations. Section 4 presents the results from the empirical and numerical analysis
and its discussion. Section 5 presents the conclusions.

2. The theoretical frame. A conceptual model of the costs of sea lice treatments
In this section we present a conceptual model of salmon growth and the costs of
salmon production. We also consider the influence that Caligus infection and treatments
have on harvested biomass and production cost.
The analysis is based on a discrete time model considering a production cycle in
a group of cages/pens at an individual production facility with an exogenous length of
rotation T. Let us consider an individual producer growing a single salmon species in
an aquaculture farm located in a given site. To simplify the analysis, we assume that
production starts a time t = 0 with fish stocking at sea (“initial biomass”) denoted B(0).
Biomass grows over time, such that its level, at any given time period within the
rotation cycle, is B(t), with 0 < t ≤ T.
Biomass growth is a function of both environmental factors (E(t)) such as water
temperature, hours of light per day; and factors controlled by the firms (X(t)) such as
smolt quality, density (volume of biomass per meter cubic in the pen), feeding, and
technology to influence biophysical conditions such as use of light (Asche and Bjorndal,
2011). Biomass growth also depends on sanitary conditions, including the level of
Caligus infection (L(t)) (Liu and Bjelland, 2014). Caligus might affect salmon growth
through different ways2. To identify these channels we developed a series of interviews
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with salmon firm managers in Los Lagos region during the first term of 2015.3 We
identified four potential channels: First, sea lice might affect directly the growth of
biomass along the cycle by reducing the rate of growth of individual salmons. Salmon
uses a great deal of energy to repel the Caligus infection and this reduces its growth
potential (i.e. Caligus have a direct effect on the production over time). Second, the
presence of sea lice can affect the dietary need of salmon along the cycle, which
indirectly might have impact on biomass growth. That is, with Caligus the salmon
might get stressed and eat less (Johnson et al., 2004). Third, the producer can respond to
the presence of sea lice by applying treatments to control Caligus in the salmon farm,
which might also affect the path of biomass during the production cycle4. Fourth, the
treatment to control sea lice does affect in turn the abundance of sea lice, and through
that, the growth of salmon. Thus we can distinguish different paths of biomass growth
depending on the presence of these phenomena. Specifically, in any period of time, we
can have three different levels of biomass, ceteris paribus, depending on whether
salmon is infected with Caligus and whether it has been treated.
Caligus abundance is dependent on environmental conditions, and variables
controlled by the firm, including treatments implemented by managers aiming to reduce
infestation (Bravo et al., 2014). Main environmental variables influencing the sea lice
level are: sea temperature, salinity and seawater transparency (Bravo et al., 2014).
Management factors that may influence sea lice abundance are fish density, location of
the cage (extreme cage in relation to central cage), and Caligus treatments. Feed
treatment with chemical products (such as emamectin benzoate) reduces Caligus when
applied for more than 14 days, but its repeated use over time reduces its sensibility to
the treatment (Bravo et al., 2014). It should be noted that Caligus abundance is an
explanatory variable in the salmon growth function, but at the same time, the salmon
biomass level might affects Caligus abundance. Factors such as fish volume, fish
density and fish age could potentially have an impact on Caligus abundance. Thus, we
7

have an endogeneity problem between Caligus and salmon growth that should be
considered in the empirical strategy. To the best of our knowledge, this relationship has
not been considered before in empirical studies of salmon growth and Caligus.
Producer costs over a production cycle include stocking, feeding salmon over
the cycle, harvest costs, and treatment of sea lice. These costs do not occur all at the
same time during the production cycle. While stocking costs occurs primarily at period t
= 0, harvesting costs are incurred at the end of the production cycle (T). The cost of
feeding salmon over a production cycle is realized during every period and is dependent
on the level of biomass, while treatment costs occur when there is infestation.
Let us assume that stocking cost is csB(0); where cs is a constant unitary stocking
cost. The producer’s feeding costs is cf γ(t, L(t))B(t), which is linearly increasing in
biomass. cf is the cost per physical unit of food (i.e. $/kg) to feed the salmon biomass at
every period, which we assume constant throughout; γ is the conversion factor
representing how much food (kg) per unit of biomass is needed to be supplied during
the production cycle. Feeding salmon may have different dietary requirements along a
production cycle, therefore being indexed to t. Also, because the feeding needs might
also vary with the presence of sea lice we consider that the factor γ is decreasing in sea
lice; consequently, γ (t, L(t)).
The producer controls or mitigates Caligus by providing costly treatments to
salmon over the production cycle. To simplify the model and analysis, we assume that
an exogenously given fixed number of the very same treatment over the production
cycle is applied.5 The costs of treatments include: cost of medical treatment, operational
costs, and loss in the form of reduced conversion efficiency during the treatment period
(production costs).6 The costs of treatments may vary with the type of treatment,
treatment technology, and the number of times that the treatment was applied in a
month. For any given type of treatment and treatment technology, the cost of each
treatment will be a function of the abundance of Caligus, the cost of medical inputs used
8

in the treatment (w), and the number of times that the treatment is applied (n) (Liu and
Bjelland, 2014). The cost of treatment is likely to depend also on the level of salmon
biomass at the application period. The producer treatment’s cost function is φ [L(t),
B(t), w, n].
The present value of the producer’s costs for each production cycle of length T,
which we denote C, is equal to the stocking costs, plus the present value of the
aggregate level of feeding costs over the production cycle, and plus the present value of
treatment costs over the production cycle; that is,
T
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In equation [1] r is the constant discount rate, and all relevant prices are real
prices assumed to be fixed over the production cycle.

3. Empirical specification and Data
In this section we present the empirical specification, estimation and simulation
procedures, and data. Following some results in the literature that consider sea lice
infection is primarily generated within the farm (Aldrin et al., 2013), we try to model
the interaction between salmon growth and Caligus abundance, where salmon growth is
affected negatively by the Caligus abundance, but at the same time the concentration of
Caligus is determined by salmon growth parameters. Thus, we have a system model
with two endogenous variables. First, we present the specification of the salmon growth
relation, and then we describe the Caligus equation. The salmon growth model is based
on Abolofia et al. (2017).
Considering the existing related literature (Thyholdt, 2014, Liu and Bjelland,
2014), we specify the following econometric model for estimation of salmon biomass
growth:
9
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where Bt,j is salmon biomass at the end of period t from production cycle j; ABt,j is net
change in ancillary biomass, it accounts for all the other changes in biomass occurring
along the month not related to biological growth; Bt-1,j is salmon biomass at the end of
period t-1 from production cycle j; X is a matrix of explanatory variables,
vector of parameters,
respectively.

and

is a column

are fixed effects for production cycle and time,

is an idiosyncratic error term. The data is a duration data sample. Time

is relative to the production cycle’s initial month, where t=1,…,T. Thus time t = 1 is the
first month in the cycle, and t = T is the harvest month in the cycle. The measurement of
the month is realized at the last day of the month, or first day of the next month. Thus Bt
is the stock at the last day of month t or first day of month t+1. The dependent variable
is the natural logarithm of the net growth factor of salmon.
Net change in ancillary biomass on cycle j at time t is ABt,j= Stockingt,j Mortalitiest,j - Escapest,j - Removalst,j - Misc. lossest,j - Harvestedt,j- Inventory changet,j.
Thus ABt,j are the ancillary biomass changes that occurred between the first and last day
of month t on cycle j. We calculated AB in three different ways to consider diverse
assumptions concerning how mortalities are related to biological growth and sea lice
infection: First, if we consider that sea lice infection does not affect mortality we
include all mortalities in AB. This scenario is comparable with a case where Caligus is
controlled in such a way that no fish dies as a direct or indirect effect of Caligus (AB1);
second, if sea lice infection increases mortality by Piscirickettsiosis we

include all

mortalities but Piscirickettsiosis mortality in the AB definition (AB2). In this case we
assume that there is a strong relation between Caligus abundance and Piscirickettsiosis
mortality; and third, we exclude all mortalities generated by pathogens from AB (AB3),
if we consider that sea lice infection is related to all mortalities generated by different
10

pathogens. These three different measures were used in different estimations to compare
the obtained results. Finally, we opted to work with the AB2 definition, since some
managers consulted during early stages of this research effort had apprehensions that
Caligus and Piscirickettsiosis growth could be strongly related. Thus, it does not seem
correct to treat this disease as exogenous to Caligus. However, the preliminary results
did not differ importantly with different definitions of net ancillary biomass.
The net biomass variable defined as AB2 is depicted in Figure 1 as a function of
fish age. In this figure 246 cycles are presented. These cycles correspond to completed
cycles that last as much as 18 months calculated with the AB2 definition. Moreover, the
average cycle is presented in red color to visualize the average development of the
cycles.

[FIGURE 1 ABOUT HERE]

The explanatory variables control for factors influencing salmon growth as

discussed in section 2. First, we consider the number of months since the salmon smolts
were stocked in the pen, what we called “fish age”. To allow for the growth rate of
salmon to decay with age, we included the square of this variable to capture this
nonlinearity. Thus, at higher average age, the cohort might growth slower. Then we
include explanatory variables that the firm can control in the farming process such as
feed quantities, measured in tons per month, and the cohort fish density per pen per
month. Feed is probably the single most important determinant of salmon growth.
Higher levels of feed given to salmons should induce a higher growth rate. However, we
also consider the possibility that this effect is not constant over time, so we include a
variable where feed interacts with fish age. Density is another variable that the firm can
control to influence salmon growth. Since salmon culturing in pens limits space, a
higher fish density will affect negatively salmon growth. This is because salmon
11

concentration will generate a negative externality as the different individuals will
compete over food and space, reducing the growing conditions for other individuals
(Liu et al., 2017). We included a fixed cycle effect,

, to capture variables that we

cannot control for that are specific to the cycle and that don’t vary through time, such as
smolt quality or site specific characteristics.
We also included environmental variables determining biophysical conditions
that affect salmon growth such as temperature (Thyholdt, 2014), oxygen and salinity.
Moreover, we included seasonal dummies,

, identifying the month in the year. The

seasonal dummies are important because there exist several environmental and
biological processes that are related to the seasonal conditions (Gettinby et al., 2011),
for instance, hours of light per day. The growth rate of salmon is expected to respond to
these factors, and one way to capture seasonally persistent effects is by including
seasonal dummy variables. Finally, we let the seasonal effects on the growth rate to
vary with fish age to let the month of initiation of the cycle to affect the cycle growth
profile.
We also used variables describing the abundance of Caligus and Caligus
treatments. In the first case we used the total number of adult sea lice per fish. The
effect of Caligus abundance is expected to have a negative impact on the salmon growth
rate. Moreover, this effect will be related to the density of Caligus. Therefore we
included the average number of Caligus found in salmon as a measure of this density. In
the second case, we used the number of in-feed treatments per month, and the presence
or not of a bath treatment event in the month. This last variable was a dummy variable
that took unity value if a bath treatment was applied in the month and zero otherwise.
In-feed treatments are expected to have a positive effect on salmon growth, reducing
salmon exposure to Caligus infestations. Thus, they are expected to reduce the negative
effect of Caligus on salmon growth. Bath treatments, in contrast to in-feed treatments,
12

have initially a negative expected effect on salmon growth, because this type of
treatment stresses salmon. However, they have a more immediate effect, which works
reducing Caligus. We also let the bath treatment to have different effects along the cycle
by interacting it with fish age.
Finally we also included variables that made it possible to differentiate subsets
of the estimation samples:

by region (Los Lagos and Aysén), and by general

environmental conditions (marine or estuarine conditions). Since the regions are located
in a north - south axis, differences between the regions can reflect different latitude
positions. Our interest here was to assess the stability of the results. This is especially
interesting for discussing how the existing spatial heterogeneity in salmon aquaculture
might affect the effectiveness and efficiency of treatment variables on salmon growth
and costs. Different territories and environmental conditions might affect the structure
of the model. To the extent that the spatial and environmental conditions differ, salmon
growth might react differently to the various conditioning factors. Specifically it is
interesting to assess whether the costs and effectiveness of treatments have a distinct
behavior between these subsets, because this could have consequences for the way
regulations should be applied in different settings. Los Lagos region is located in the
northern part of the salmon growing region. It is known that the environmental
conditions such as water temperature, are more favorable for rapid salmon growth. This
is where the salmon industry grew initially more rapidly, where the larger part of the
industry originally was concentrated. Moreover, this region has some comparative
advantages with respect to the other salmon growing zones, such as access to transport
and warehouse facilities, processing plants, input supply, and commercial and financial
services. In contrast, salmon aquaculture began to expand rapidly in the Región de
Aysén after the ISA outbreak in year 2008, and as an attempt to reduce stocking
densities for reducing the contagion risks. This region, however, seems to have worse
natural conditions for salmon growth than the Región de Los Lagos. We also made a
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division between those farms located near the estuaries (“estuarine farms”) and those
less influenced by fresh water and more influenced by the marine environment (“marine
farms”). In this case, it is a more direct way to assess how environmental conditions
might affect salmon growth and Caligus abundance. In this case, the division is directly
determined by environmental conditions and less determined by geographical location,
although the Región de Aysén has a higher proportion of all its farms located under
estuarine conditions. In Table 1 we present some characteristics of the farms in the
complete sample and different territorial subsamples. It is evident that environmental
conditions and productive characteristics differ between territories. On particular, the
estuarine farms have higher water temperature and lower salinity, with lower sea lice
abundance and less bath treatments. They also show larger farms in terms of volume of
harvested salmons.

[TABLE 1 ABOUT HERE]

We also modeled Caligus abundance, on the average number of Caligus per fish (Lt,j) at
time t in the cohort j. The variables that we control for are similar to those used in the
existing literature (see for example Bravo, Silva, and Treasurer (2014). However, we
could not find in the literature specific functional forms on how Caligus abundance
should be modeled, so we decided to use a base linear relation and search empirically
for non-linearities. Our non - stochastic specification of the Caligus model is given by,

Lt , j  f (Wt l , j ) ,

[3]

l

where W is a matrix of variables and ψ is a parameter vector and f stands for a function
relationship among these variables. We allowed the variables to affect sea lice per fish
contemporaneously or lagged in time. Specifically, we allowed for a dynamic structure
by incorporating the lagged value of sea lice as an independent variable in the equation.
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In principle, we would expect that environmental variables, characteristics of the host
stock, seasonal factors, and characteristics of the treatments should affect sea lice
abundance. We specified that the average number of Caligus (adult mobile) per fish
depended on temperature and salinity, seasonal dummies, fish density7, and Caligus
treatments. Environmental variables should affect the abundance level of Caligus since
their biological cycle is dependent on temperature and salinity (González and Carvajal,
2003, Bravo et al., 2014). However, the relation between these variables is not linear or
monotonic. In the case of temperature we tested empirically for different forms of
relation. Finally we concluded, based on statistical performance indicators, that the best
specification was the absolute difference of the actual temperature from 13° Celsius.
Moreover, monthly seasonal dummies were included to account for other environmental
and non-environmental factors that vary over the year. Fish density is also a variable
that should affect the capacity of reproduction of Caligus. The more spatially
concentrated salmon are, the better is the environment for Caligus abundance (Bravo et
al., 2014) .
For the treatment variables we included the number of in-feed treatments per
month of Emamectine benzoate, and a dummy variable for bath treatment in the month.
We expected that both in - feed and bath treatments should reduce sea lice abundance.
However, the time structure of these effects was not obvious to us, so we included these
variables both as contemporaneous and one-month lagged variables.
One specific issue with the sea lice equation is that the dependent variable
(average number of Caligus per fish) is potentially truncated. Within the sample period
considered in the estimations, the sanitary normative has compelled farm managers to
implement (bath) treatments when the average number of Caligus per fish exceeded a
certain limit. Assuming that the normative has strictly been followed, this means that we
should not expect to find values for the dependent variable over this mark. Moreover, it
is possible to hypothesize that farm managers might decide to introduce bath treatments
15

when the abundancy of sea lice approximates the norm level, i.e., before this level is
reached. Thus, the sea lice variable is potentially truncated at or near the norm level
which might make the estimated coefficients inefficient (Maddala, 1994). To deal with
this issue we have chosen to estimate the sea lice equation with panel data methods for
truncated equations.
To cost parametrize the model, we used data obtained from different sources.
We obtained information of cost per ton feed, treatment dose to feed, medicine cost per
kg feed (Emamectine), variable and fixed costs per bath treatment, average number of
salmon pens per cycle, and estimated discount rate (see Table A2 in the Appendix for
cost parameters). With this information and the simulated biomass over the production
cycle obtained from the estimated simultaneous salmon growth and Caligus model, we
were able to calculate production costs for feed and treatments along each month of the
cycle and obtain a discounted (average) total cost per a complete cycle. With the
information on average biomass volume at the end of the cycle we calculated average
cost per kg salmon for a complete cycle. This cost estimation includes only feed and
treatment costs. The basic assumption is that all other costs are independent of
treatments and Caligus abundance.

4. Estimation Results and Numerical Simulations
4.1 Estimation Results
We estimated a panel fix effects model for a sample of complete (maximum) 18 –
months production cycles. The sample includes 1,975 (month –cycle) observations and
128 complete cycles.
The model included the estimation of the salmon growth (eq.[2]) and the Caligus
level (eq.[3]) equations. We estimated each equation separately. However, to consider a
potential endogeneity bias, we estimated each equation with instrumental variables.
Moreover, to correct for unobserved values of the Caligus level, we used a truncated
16

fixed effects panel data model. For simulation purposes we used both estimated models
interactively, so that the simulations included the feedback obtained between the salmon
growth and the Caligus functions.
We tested temperature, oxygen and salinity in the salmon growth equation. Oxygen
was not significant at 90% confidence in none of the regressions. Salinity, in contrast,
was significant in some regressions but not in other. When other variables were
included salinity lost significance. After careful inspection of the results we concluded
that this variable did not have an additional effect on the model that was not captured by
other variables, so we decided to exclude it from the final specifications. To include
temperature in the model we tested different specifications. We estimated the model
with different lags, with quadratic terms, with different temperature intervals, and with
accumulated thermal units (ATU). We detected a non-linear relation that could change
the sign of the marginal effect. So, we generated a distance variable between actual
temperature and a reference value and tested with different initial reference values.
Finally, we concluded that the specification that better described the relation between
temperature and salmon growth in southern Chile was the absolute difference between
average monthly temperature and 10° Celsius, and the square of this variable to capture
nonlinearities in this relation.
We also estimated the model for subsamples of cycles by region and by location
(marine and estuarine farms). Moreover, we designed different empirical models that
allowed us to test for all potentials channels identified initially through which Caligus
and Caligus treatments could affect salmon growth. We also tested for different
specifications for the way in which treatments affected salmon growth. Specifically, we
tested with a binary variable for treatment – no treatment; we made this binary variable
interact with fish age; we used different time lags between treatment variables and fish
growth; we tested for different effects of treatments along different periods of the fish
growth cycle; we tried to distinguish effects between different types of medical products
17

applied; we looked at the effect of the intensity of treatments over the production cycle;
etc. Finally, based on goodness of fit and significance, we decided to work with a model
that was based on a binary variable for bath treatment, and interactive variable of fish
age with the binary variable with bath treatment, and a numerical variable for in-feed
treatments. We show the results for this specification.
Table 2 shows the results for the salmon growth model considering the base
specification and for the subsamples by region, and by general environmental conditions
(marine and estuarine conditions).

[TABLE 2 ABOUT HERE]

The results comply in general with what is expected. Salmon growth is reduced
with age but at a decreasing rate. Among the factors controlled by the farm, feed and
more space for salmon, reflected in lower density, has a positive impact on salmon
growth. Temperature is the only environmental variable that showed a significant and
more consistent influence on salmon growth. The results suggest that the optimal
temperature for salmon growth is 10º Celsius; therefore salmon growth is reduced when
the (absolute) distance from this temperature is larger. As expected, Caligus abundance
reduces salmon growth. Firm efforts to deal with Caligus not only has an effect through
the control of Caligus abundance (as we will see when we report the estimation results
for eq. (3)), but it also has a direct effect on salmon growth. Caligus in-feed treatment
increases salmon growth, but the application of bath treatment which involves a
disruptive alteration of the conditions for salmon growth usually reduces the growth
rate.
When we consider the results for the subsamples, in general, the estimated signs
of the parameters tend to remain stable, with some variability in the points estimates and
the significance of the parameters. This variability is to be expected as the subsamples
18

are different. However, some interesting implications are obtained when we compare
the results for the marine –estuarine subsamples. The parameters for the sea lice and
squared sea lice variables are not significant for the estuarine farms, suggesting that sea
lice has no or very small effect on salmon growth in these farms. Moreover, bath
treatments have a quantitatively more important negative effect on the estuarine farms
than on the marine ones, while in-feed treatments are non-significant for the former but
significant for the latter. All this point out that the effect of Caligus and Caligus
treatments differ between different farms, depending on their natural-environmental
conditions.

In Table 3 we present the results for the Caligus equation. Of the environmental
variables only temperature shows significance in most samples. Caligus abundancy
decreases with the absolute deviation from 13° Celsius, suggesting that this is the
optimal temperature for Caligus growth. Moreover, the point estimate is quantitatively
important. In the base case, a one degree deviation of temperature will decrease the
average number of Caligus per fish in 0.57 units. Salmon density in the previous month
increases the level of Caligus. We tested both the contemporaneous and lagged
densities,

but

the

contemporaneous one.

lagged

specification

showed

to

statistically

outrun

the

We introduced both the contemporaneous and lagged bath

dummy variable. Only the contemporaneous one was significant and showed an
important impact on Caligus abundance. Bath treatments reduced, on average, the
number of Caligus per fish in approximately 1.2 units. In contrast, in-feed treatments
did not show any significant effect on the Caligus level. Finally, Caligus shows
important persistency over time, as indicated by the significant lagged sea lice variable.
[TABLE 3 ABOUT HERE]
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The variables significant in the base case are also significant in most
subsamples, although in same cases the magnitude of the point estimates change.
Especially remarkable are the differences between the estuarine subsample and the other
subsamples. Most variables are not significant for this subsample. Lagged density is
significant but at the 5% level. This pattern suggests that Caligus has a different
behavior in the estuarine environment.

4.2 Numerical Simulations
We used the estimated models for salmon growth and Caligus to simulate the effect of
different scenarios on biomass growth and consequently on unitary cost of production of
salmon. To be able to identify the effects of different factors we constructed different
scenarios. These scenarios were simulated for the whole sample and for the different
subsamples (by region and by marine – estuarine location of the center) both for
biomass growth and unitary production costs.
The following scenarios were simulated: (i) A base scenario without Caligus and
treatment costs; (ii) A scenario with Caligus but no treatment; (iii) A scenario with
Caligus and feed treatment (first three months); and (iv) A scenario with Caligus, feed
treatment, and bath treatment. In each scenario the average values for the right-hand
side variables were used for the simulations.
In Figure 2 we show the biomass simulation with the whole sample for these
four scenarios. The base scenario without sea lice or treatments is the one where
biomass grows most and shows the highest biomass level at the 18th month. When sea
lice is introduced in the simulation, the growth rate of biomass decreases as compared
with the base scenario. The level of biomass at the final month of the cycle is
approximately 1,700 tons less than in the base situation. This is an important difference
that amounts to 42% of the final biomass without sea lice. A test of biomass equality
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between scenarios at the 18th month is rejected at very high levels of confidence. Thus,
sea lice do affect importantly the production and harvest from the productive cycle.

[FIGURE 2 ABOUT HERE]

When we introduce in-feed treatment the simulated biomass does not change
much. The point estimate increases slightly as compared with the sea lice scenario, but
the differential estimated biomass at the 18th month is not significantly different from
zero. This is a consequence that the impact of in-feed treatments on the growth rate of
salmon is realized in the first months of the production cycle, when the smolts are still
small, and that their total effect at the time of harvest is not relevant. When we introduce
in-feed and bath treatments together, the production results improve, in comparison with
the only – sea lice scenario. That is, the combined treatments are effective in increasing
biomass growth over the cycle. The point estimated difference is almost 300 tons more
than in the sea lice scenario. The estimated biomass at the 18th month is significantly
different from zero from all the previous scenarios when bath treatments are
incorporated. Of course, in light of the previous result, bath is the type of treatment that
makes the fundamental difference in biomass when sea lice are present. Average
estimated biomass for a cycle at fish age of 18 months, under different scenarios and for
the whole sample and subsamples (tons) are presented in Table A1 in the Appendix.
In Figures 3A and 3B the simulation results for the biomass in the farms located
in the Los Lagos region (X region) and the Aysén region (XI region) are shown. In the
Los Lagos region the trajectory of the biomass is lower when Caligus is incorporated in
the simulation than in the base case. No quantitatively important changes occur when
in-feed treatment is added. However, when bath treatment is introduced, the simulated
biomass increases substantially. The point trajectory is even higher than in the base
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case. However, a significance test for differences in biomass at the 18th month, between
the scenario with treatments and sea lice as compared with the base scenario, shows that
the two simulated values are not different from zero. But both of these values are
different from the simulated biomass in the scenario with only sea lice and with sea lice
and feed treatment. Thus, the basic message obtained from these results is that sea lice
has a heavy impact on biomass growth in the Los Lagos region, but at the same time
bath treatments are very effective, allowing the producers to recover baseline production
levels. The situation is qualitatively different in the more southerly Aysén region. Here,
sea lice have a negative impact on biomass, although the effect is proportionally less
than in the Los Lagos region. But, in contrast to the last named region, in the Aysén
region the effect of bath treatments (and feed treatments) on biomass growth is very
small. Actually, there are no significant differences between the level of biomass
reached at the 18th month in the scenarios with sea lice, with sea lice and feed treatment,
and with sea lice, feed and bath treatments.

[FIGURES 3A, 3B, 4A, 4B, ABOUT HERE]

In Figures 4A and 4B the simulations results for all four scenarios for all marine,
respectively estuarine farms are shown. The results for the farms located in a marine
environment are qualitatively similar to the results for the complete sample, suggesting
the importance that this subsample has on the general results. The average growth rate is
larger and the final biomass at the 18th month is significantly higher in the base scenario
than in all other scenarios. Caligus infectionshave a significant negative effect on the
biomass trajectory and this latter is statistically undistinguishable from the scenario with
feed treatment. Finally, bath treatment does improve harvested biomass, but the effect
is not strong enough to recover to the base scenario levels. In contrast, differences
between the biomass growth trajectories in different scenarios are less clear for the
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estuarine farms. Especially, bath treatment does not seem to improve the level of
harvested biomass.
Once we obtained the results for the different scenarios we parametrized the
model and calculated the discounted unit costs of production for all scenarios for the full
sample and subsamples. This parametrization includes just the feed costs and the costs
associated with Caligus treatment according to each case. For each subsample
simulation we used the parameter and average variable values corresponding to each
subsample. The simulations include the estimated parameter values obtained from the
salmon growth and sea lice abundance models. We report the results of these
simulations in Table 4.
[TABLE 4 ABOUT HERE]

The cost of producing one kilogram of salmon in the base scenario is calculated
to be around 0.85 US$.8 But there are differences in this cost along the different
subsamples. Since this cost considers only salmon feeding in the farms these cost
differences reflect heterogeneity in biological factor conversion rates between different
geographic and environmental conditions9. The differences are huge between different
regions and environmental conditions. For example, while in the base scenario the cost
of producing one kilogram of salmon in the Los Lagos Region is 0.59, it is about 0.84 in
the Aysén Region. That difference is estimated to be even larger when comparing the
cost of producing one kilogram of salmon in the base scenario in a marine environment
with respect to the estuarine environment. Moreover, the estimated differences remain
large regardless of the scenario under consideration.
When one allows sea lice in the base simulation, the costs increases to
approximately 1.54 US$. Thus the presence of sea lice, on average, increases production
costs in our model by 69 cents of US$ per kilogram of produced salmon. This cost
increases because sea lice reduce biomass growth, increasing unit costs per kg salmon
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produced. This cost is somewhat higher than the cost estimated by Mustafa et al. (2001)
for eastern Canada, which was Can$/kg 0.56, i.e. US$/kg 0.43, and is in line with the
estimated costs in southern Norway by Abolofia et al. (2017) of US$/kg 0.65-0.67.10
When we introduce in-feed treatments, the point estimate for unit cost is reduced
slightly. This effect is not statistically different from the situation with sea lice and
without treatment. However, in the model, the reason for this decrease in unit cost is
that the increase in biomass growth, as a consequence of treatment, overweights the
increased cost that in-feed treatment implies. Thus, it is cost efficient for the firm to
treat sea lice with in-feed treatment. When bath treatments are added to the simulation
the cost of production increases in comparison with the situation without treatment. This
is a consequence of the effect of expensive bath treatments on costs. Successful
treatments also contribute to increase biomass, but this increase is not sufficient to
overweight the higher costs incurred to perform the treatment and to reduce unit costs.
Moreover, a statistical test of equal unit costs for the scenario with sea lice and the one
with sea lice and in-feed and bath treatments is not statistically significant. Thus,
incorporating bath treatments adds to the production costs, but we don’t find evidence
that it increases unit costs.
The simulated costs for the different subsamples, besides their disparities in the
base situation, show important differences. In the Los Lagos region sea lice increases
significantly the unitary production cost. This is a consequence of the lower harvested
biomass obtained when sea lice is present. The inclusion of feed treatment does not
affect much the final biomass level, and the extra added costs is relatively small, so unit
costs do not change much between the only –sea lice and sea lice and feed treatment
scenario. In contrast, bath treatment does affect significantly unit costs. A significance
test for differences shows that unit costs in the sea lice - feed and bath treatments –
scenario is lower than in the previous two scenarios and not statistical different at 90%
confidence from the base scenario. The qualitative results are very similar to these
24

results for the marine subsample, with the only difference that there is a significant
difference between the sea lice - feed and bath treatments – scenario and the base
scenario, implying that unit costs are statistically lower for the base scenario than for all
other scenarios.
The results for the estuarine and Aysén region subsamples are different from the
other two, already commented, subsamples. The base scenario in both subsamples is
significantly different from all other scenarios. However, the most striking result is that
the scenarios with bath treatment do not reduce unit costs, as in the previously
commented subsamples, but increases them. Moreover, the unit costs in the sea lice in–
feed and bath treatment scenario is significantly higher than in the scenarios with only –
sea lice or sea lice and in-feed treatment. This result is a consequence of the high cost
that bath treatments have on total costs and the low effectiveness that bath treatments
have on biomass growth under the environmental conditions met especially in the
estuarine farms, but also in the Aysén region.
This result is obtained because the environmental conditions differ in different
territories. Although the result is grounded on simulations that are calculated on average
values for the variables and point estimates of the parameters, it shows that farms that
show different characteristics can be affected differently by a regulatory scheme that
does not properly control for the diverse environmental conditions.
One question that arises from these results is why should profit maximizing farm
managers in estuarine locations care about bath treatments if their unit costs increase
with these treatments. There are different possible answers to this question. One obvious
one is that the farms managers make bath treatments because they are compelled to do
so by the existing regulation and are monitored by the authority. However, if this was
the case, then control is essential, because the managers are acting against their own
interest. Maybe a more careful regulatory design, that considered the special conditions

25

met by different types of farms, could generate more incentives to self-control, which
would ease the monitoring task for the regulatory authority.

5.

Conclusions

Our results suggest that the presence and treatment of Caligus has significant effects on
salmon growth and unitary production costs for Chilean Atlantic salmon farms. The
estimated impact on unit costs on average is approximately 0.70 US$ per kg.
The most important cost effect is caused by Caligus itself. According to our
estimates the feed cost per kg. salmon is approximately 85 cents of US$, in our base
scenario. When the effect of Caligus is incorporated the unit cost increases to US$ 1.65.
This extra cost is due to the direct negative effect that Caligus has on salmon growth.
Bath treatment is effective in increasing biomass volume at the end of the cycle,
relative to a situation with sea lice and without bath treatment. However, the treatment
is so expensive that the higher biomass gains are offset by higher treatment costs,
leaving the unitary production costs similar to the situation without bath treatment.
At any rate, the cost impact of treatments on unit costs, as compared with a
situation with sea lice, is very small. In this sense, it does not seem right to say that
treatment costs increase unit production costs. It is more accurate to say that production
costs have risen in farms in Chile primarily because they have to struggle with sea lice.
All the estimated effects differ depending on environmental and other spatial
heterogeneous conditions under which the farms are operating, suggesting further that
the design of cost-effective intervention calls for discriminatory regulation under
heterogeneous conditions.
Our analysis do not consider the possibility of spillover effects from fish
treatment on other production cycles belonging to the same firms or to other firms either
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contemporaneously or through time. It is clear that in the case under consideration there
are different types of externalities, including those affecting others salmon farming
firms (within industry externalities), externalities that could potentially affect other type
of aquaculture production, or event other production sectors like fisheries and tourism
activities. Consequently, the private and social costs of treatments could be different
because of the presence of externalities, which has important implications for the design
of regulatory policies. First, the presence of externalities calls for introducing
regulations that considers mandatory fish treatment within the industry. Second, the
current regulations in place in the context of Chilean salmon farming industry have
likely had a positive impact in the industry because of its contribution to internalize
social costs. Third, it is likely that the optimal regulatory design in this case vary across
space as the impact of sea lice and its treatment depend on spatial conditions. Fourth,
perhaps related to the previous point, any regulatory design intending to deal with the
externality problem in this case should also consider that treatment may also cause
additional externalities. This second order problem calls for serious consideration on
non-uniform mandatory fish treatments within the industry. By following the reviewer’s
suggestion, we have added a text which includes this discussion in the conclusion
section of the revised version of the paper
There are costs not included in the analysis, those are fixed costs not directly
related with biomass, caligus disease and treatment, such as smolt, salary, maintenance,
well boat, other mortalities, primary processing, sales and marketing, among others.
These costs will not be different among the different scenarios. However, these costs
will be distributed in a larger amount of harvest biomass in scenarios with high yield
performance, so these costs will have a lower impact on the unitary production fixed
costs when the scenario produces a higher salmon biomass. In our analysis we included
only the variable component of the costs, which are related with caligus and its
treatment, and we did not include these fixed costs because we do not have good
27

information about them. Nevertheless, our results and conclusions will not be
qualitatively different due to the exclusion of these fixed costs, because its impact on
unit production costs are easy to anticipate. They are inversely related to salmon
harvests. Therefore, the difference in unitary productions costs obtained in scenarios
with caligus treatment compared with scenarios without caligus treatment will be even
larger if we would include these fixed costs.
Finally, because our analysis focus on the impact of sea lice on the farmers’
production costs over a production cycle, i.e. it is mainly devoted to explore the impacts
on cost competitiveness of the Chilean salmon industry due to the presence of diseases
and the need of treatment fish for control, we do not consider the impact of the disease
and treatments on farms’ income. Since according to our empirical analysis, the unit
farmers’ production costs is about the same with and without fish treatment, and
considering a given price, if the firm is making positive marginal profits per each
harvested fish, the more fish it harvest, the greater will be the aggregate profits.
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NOTES
1

Sea lice are marine ectoparasites that fasten to the skin and feed on the mucus, epidermal

tissue, and blood of host marine fish. They belong to the Caligidae, which is a family of
copedops. There are many different species, where a large amount of them are grouped in the
Lepeophtheirus and Caligus species. In Chile, the dominant one is this last species. Our sample
contains Atlantic salmon farms located in Los Lagos and Aysén Regions (X and XI Regions) in
southern Chile. Most of the Atlantic salmon production of the country is harvested in farms
located in these regions.
2

Caligus rogercresseyi goes through several stages in its life cycle: two as nauplius, one as

copepodid, four as chalimus and as adult. The first three stages are planktonic and the five
others are parasitic. The infective stage is when Caligus is its copepodid stage. In this stage the
Caligus fixes to the host with its pair of hooked antennae (González and Carvajal, 2003).
3

We conducted four semi-structured personal interviews with firms’ managers in May 2015.

The purpose of the interviews was to obtain first-hand information on salmon farms’ operation,
the views of the firms on Caligus and its treatments, along with information on costs of Caligus
treatments.
4

The surveillance of Caligus is made within each farm. A qualified sampler must select at each

check point two pens at random and two (indexed) pens that are followed along the whole
production cycle. From each pen a sample of 10 fish are randomly extracted and counted,
classifying the number of Caligus detected in the categories juvenile, adult mobile, and
ovigerous females. Moreover, the water from the raft containing the sample should be filtered to
count the number of Caligus left. The results from the screening should be reported within five
days to SERNAPESCA. The frequency in the monitoring depends if the farm is labeled as a
high (weekly) or low monitoring farm (monthly). Once a high dissemination farm is detected (≥
9 adult Caligus on average per sampled fish) it must design a plan for reducing the infestation.
All farms in a radius of five nautical miles from this farm, which have a Caligus concentration
higher or equal than six adult Caligus per fish, are obliged to carry out a treatment within a
certain time window. The basic antiparasitic treatment by immersion implies enclosing the pen
with a tarp and then administering a bath of authorized chemicals to salmons. This process has
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as a side effect that it stresses salmon. Moreover, before the application of the treatment salmon
must fast. So, salmon growth is slowed down by these two reasons. If the treatment is
ineffective, then the farm can be compelled to anticipate the harvest of the infested biomass
(SERNAPESCA, 2012).
5

Different types of treatments are also possible due, for example, to differences in the type of

chemical products used, in the sequence of products applied, in the number of treatments by
cycle, and the distribution of treatments over the cycle (Liu and Bjelland, 2014, Hamza et al.,
2014). Moreover, different types of treatments can be applied (bath and in- feed).
6

We do not consider the possibility of spillover effects on other production cycles belonging to

the same firms or other firms. In this case the private and social costs could be different because
of the externality.
7

Initially we included three salmon biomass variables: fish age, fish average weight, and fish

density. However, these variables were highly collinear, so it was not possible to identify their
effects separately. Finally we opted for include only one of these variables: fish density. We
selected this variable based on significance and interpretative easiness.
8

It should be noted that this cost includes only feed costs for salmon farms. The other costs

showed in Table 4 also include sea lice and treatment costs.
9

The simulation used the same costs parameters for all territorial units, so the differences

between these units are biological - productive.
10

A broader but not homogenous cost comparison is found in Costello (2009).
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TABLES

Table 1: Descriptive statistics of various characteristics of the sample and subsamples of Atlantic salmon farms in southern Chile.
Complete sample

Marine subsample

Estuarine subsample

Los Lagos sample

Aysén sample

Number of farms

73

58

15

40

33

Number of cycles (cycles
with max duration of 18
months

128

105

23

79

49

Average harvest per cycle
(number of individuals)

366,092
(284,232)

344,897
(285,810)

462,852
(261,298)

377,238
(278,353)

348,121
(295,485)

Average harvest per cycle
(tons)

1,708
(1,491)

1,621
(1,508)

2,104
(1,371)

1,857
(1,563)

1,469
(1,349)

Average temperature
(Celsius degrees)

11.28
(1.49)

11.06
(1.21)

12.28
(2.14)

11.50
(1.39)

10.93
(1.57)

Average salinity (PSU)

30.86
(2.85)

31.70
(1.24)

26.94
(4.49)

31.30
(2.76)

30.20
(2.86)

Sea lice abundance per
fish (number of sea lice
adults/fish)

4.7
(9.2)

5.3
(10.0)

1.9
(2.2)

4.0
(4.2)

5.9
(13.6)

Number of bath treatments
per cycle (average)

1.6
(1.9)

1.9
(1.9)

0.5
(0.8)

1.7
(2.1)

1.4
(1.4)

Source: Instituto Tecnológico del Salmón (INTESAL)
Note: Standard deviation in parenthesis.
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Table 2 Panel fixed effects results for the salmon growth model. Includes full cycles
with maximum 18 months. The dependent variable is the growth factor when SRS
mortality is not deducted.
Variables
Sea lice (Adult Total)
Feed
Fish Age # Fish Age
Fish Age # Feed
Lagged Temperature10
Lagged.Temperature10
^2
L.Density
Fish Age # Bath
Dummy
Bath Dummy
Sea lice (Adult
Total)^2

Base

Marine

Estuarine

-.0110464***
(.0021238)
.0003221***
(.0000672)
.0018238***
(.0001691)
-3.36e-06
(4.45e-06)
-.0053997
(.0078047)
-.0022625*

-.0118788***
(.0025756)
.0002417***
(.0000899)
.0017702***
(.0002027)
7.35e-07
(5.99e-06)
-.024398**
(.0114342)
.0033661

-.0026542
(.0266981)
.0006508***
(.0001277)
.0033338***
(.0006304)
-.0000185*
(9.88e-06)
.0106861
(.0114116)
-.0026333

Los Lagos
Region
-.0194777***
(.0054166)
.0003315***
(.0000733)
.0017401***
(.0002397)
-4.68e-06
(4.39e-06)
-.0003697
(.0109668)
-.0025578

(.0012405)
-.007482***
(.0021992)
.0027975**

(.0029659)
-.0078892***
(.0030096)
.0020659

(.0017357)
-.010053**
(.0040154)
.0121216***

(.0017899)
-.0017507
(.0015141)
.0030376*

(.0017119)
-.0162931***
(.0046562)
.0020021

(.0013475)
-.0297923**
(.0130402)
.0000717***

(.0015975)
-.021564
(.0145536)
.0000774***

(.0033563)
-.1316443***
(.0348788)
.0001288

(.0018404)
-.0329752*
(.0194175)
.0002974***

(.0020724)
-.0212843
(.0219529)
.0000635***

Aysén Region
-.0101366***
(.0032413)
.0003972***
(.0001312)
.0020595***
(.0002732)
-4.60e-06
(.00001)
.0095522
(.0117947)
-.0044096***

(.0000144)
(.0000171)
(.0019321)
(.0001048)
(.0000223)
.0159315***
.0151287**
.0588213
.0159207**
.0022377
(.0058168)
(.0063211)
(.036235)
(.0067518)
(.0098613)
Fish Age
-.0577236***
-.0573349***
-.081354***
-.0611564***
-.0525608***
(.0033502)
(.0040235)
(.0141627)
(.0041941)
(.006351)
Sea lice (Adult Total)
-.0110464***
-.0118788***
-.0026542
-.0194777***
-.0101366***
Constant
.6117457***
.641899***
.5639382***
.6414085***
.5525973***
(.0192005)
(.0245211)
(.0335541)
(.0248216)
(.039519)
N
1975
1627
348
1195
780
Wald Chi2
41414.5550
50058.9879
42643.9206
204558.0767
23183.2964
Prob > chi2
0.0000
0.0000
0.0000
0.0000
0.0000
Notes: (1) *** indicates significance at 1%, ** indicates significance at 5%, and * indicates significance
at 10%.
(2) The model also includes 11 monthly seasonal variables and 11 interactives variables “seasonfish age”.
(3) Robust standard errors clustered at the farm-level.
N of feed treatment
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Table 3: Truncated fixed effects panel data estimation of the Caligus model. The
dependent variable is the average number of adult mobile Caligus per fish.
Variables

Temperature13
Salinity
Lagged Density
Bath Dummy
Lagged Bath Dummy
N° of feed treatment
Lagged N° of feed
treatment
Lagged Sea lice(Adult
total)
Constant
sigma
Constant
N
Pseudo Wald Chi2
Prob > chi2

Base

Marine

Estuarine

Los Lagos
Region

Aysén Region

-.5686935***
(.1939727)
-.0631652
(.1218988)
.2532622***
(.0478646)
-1.182202**
(.5321273)
-.3285075
(.4228512)
.2389542
(.2703263)
.0509775

-.886356**
(.4011317)
-.0719832
(.3412095)
.2917041***
(.0548901)
-1.274238**
(.5930433)
-.3098317
(.4795502)
.3097489
(.300963)
.1246948

-.1083209
(.0978278)
-.0151797
(.0478409)
.0828464**
(.0391427)
-.3384289
(.2848566)
-.3978692
(.3886515)
-.1941312
(.3255557)
-.5296947**

-.5346217**
(.2169636)
-.0008448
(.1237479)
.1081615***
(.0264045)
-1.221544***
(.3424176)
-.6021512*
(.3555185)
.1366314
(.3506116)
-.0063647

-.5983357*
(.3102789)
-.234263*
(.1362556)
.3023609***
(.098065)
-.7182164
(1.262503)
.6181667
(.7255259)
.7525237*
(.4180597)
.1248288

(.2573821)
.5914227***

(.2891873)
.5829563***

(.2502602)
.5223201***

(.2549312)
1.119677***

(.3256773)
.5041729***

(.1174569)
3.57362
(4.09805)

(.1176664)
4.235199
(11.23913)

(.0873892)
3.143222*
(1.76021)

(.1974712)
.5445741
(4.214128)

(.0963787)
8.200861*
(4.337191)

3.989094***
(.5789404)
1969
1986.4594
0.0000

4.315512***
(.6384595)
1621
652.7809
0.0000

1.386924***
(.2228846)
348
570.1634
0.0000

2.567983***
(.1743958)
1195
913.0680
0.0000

5.225178***
(1.007374)
774
1074.9003
0.0000

Source: Own calculations
Notes:
(1) *** indicates significance at 1%, ** indicates significance at 5%, and * indicates significance at 10%.
(2) The model also includes 11 monthly seasonal variables and 127 cohort fixed effect dummy variables.
(3) Robust standard errors clustered at the farm-level.
Marginal effects correspond to estimated coefficients.
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Table 4: Estimated unitary costs of production for all scenarios
for the full sample and subsamples (US$/kg)
Scenario

All

1.5437
1.5239
1.5672

0.7583
0.7475
0.6516

Sub- Samples
XI
Marine
Region
1.3621
1.3177
1.3702
1.3025
1.5793
1.2873

0.8542

0.5851

0.8436

X Region
Sea lice
Sea lice and feed treatment
Sea lice, feed treatment and
bath
Base (w/o Sea lice)

Source: Own calculations
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0.6653

Estuarine
2.1074
2.0637
2.8544
1.8657

FIGURE CAPTIONS

Figure 1: Net biomass (t) level (measured as AB2) by fish age for all Atlantic
salmon cycles with maximum duration of 18 months.
Average biomass level among the cycles is in red color.
Source: Own calculations based on INTESAL’s data base .
Note: Considers only cycles for Atlantic salmon with a maximum duration of 18
months.

Figure 2: Biomass simulation of the four scenarios for the whole sample
Note: These simulations are based on the model results with the whole sample,
assuming that initial biomass was 50 tons, for an 18 month cycle and with initiation in
July.

Figures 3A, 3B, 4A, and 4B: Biomass simulation of the four scenarios for the Los
Lagos region, Aysén region, Marine, and Estuarine subsamples
Note: These simulations are based on the model results with the respective subsamples,
assuming that initial biomass was 50 tons, for an 18 month cycle and with initiation in
July.
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APPENDIX
Table A1: Average estimated biomass for a cycle at fish age of 18 months, under

different
scenarios and for the whole sample and subsamples (tons).
Scenario

All

Sea lice
Sea lice and feed treatment
Sea lice, feed treatment and
bath
Base (w/o Sea lice)

2239.582
2268.636
2519.368

Los Lagos
Region
4812.731
4882.398
6356.616

Sub- Samples
Aysén
Marine
Region
2287.937 2482.894
2274.479 2511.885
2273.868 2963.087

4047.469

6237.855

3694.182

4917.281

Estuarine
2053.211
2096.713
1692.358
2319.2

Table A2: Parameters used to calculate cost per kilogram of produced salmon

Parameter
Unitary cost
1
Cost per ton feed (base diet for fish of 100 grs) 1,500 USD/ton
Treatment dose per ton feed1
0.003 kg/ton
1
Medicine cost per kilo (Emamectine)
240 USD/kg
Monthly discount rate
0.01
2
Bath Cost (average of different chemicals)
1,382 USD/pen
Fix cost per bath2
50,000 USD
3
N° of pens per cycle
7
.

Source:
1

Obtained from qualified informants.
AQUA (http://www.aqua.cl/2015/08/25/control-del-caligus-la-receta-parareducir-en-hasta-un-50-el-costo-en-farmacos/)
3
Sample average from the data set (average number of smolt at the beginning of
the cycle in relation to the average number of smolt at the beginning of the
cycle in a pen).
2
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