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a  b  s  t  r  a  c  t

Among  the  tools  used  to measure  sustainability  in aquaculture,  sets  of  indicators  allow  a  holistic  view  of
a system  in  its social,  environmental,  and  economic  dimensions.  Approaches  that  align  indicators  with
models  such  as  the  Drivers-Pressure-State-Impact-Response  (DPSIR)  framework  can  improve  under-
standing  of this  sustainability.  This  study  evaluated  the  sustainability  of  cage  production  systems  for
Nile  tilapia  in  the  Santa  Cruz  Reservoir,  to  determine  whether  a set of  indicators  used  with  the  DPSIR
conceptual  model  was  effective  to  study  the  sustainability  of  the  system.  The  49  indicators  used  were
calculated  from  information  obtained  from  questionnaires  and  from  monitoring  the  production  system.
Sustainability  was  also  modeled  and  compared  with  hypothetical  scenarios,  with  different  fish  stocking
densities.  The  results  indicated  that  the  production  system  is economically  feasible,  generating  profit  and
distributing  income.  However,  the  income  generated  benefits  few  people  and is  not  fixed  in the  com-
munity.  Environmentally  speaking,  the  system  is highly  dependent  on  inputs,  especially  the  nutrients

nitrogen  and  phosphorus,  and  energy,  as  well  as increasing  sedimentation  of  nutrients  in  the  reservoir.
In  the  social  dimension,  the  venture  employs  few workers.  The  modeling  showed  that  the  system  is
potentially  sustainable,  and  that  changes  in stocking  density  decreased  this  sustainability.  In  summary,
the  system  showed  many  sustainable  features,  whereas  some  others  need  to  be modified  to  improve  the
general  sustainability.

© 2016  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Global consumption of aquatic foods has been increasing in
ecent decades, driven by the expanding human population and the
rowing preference for healthy sources of animal protein. Produc-
ion from capture fisheries has not increased to meet the demand,
nd therefore aquaculture has dramatically expanded. Aquaculture
s one of the fastest-growing food-producing sectors worldwide
nd provides almost half of all fish for human food (FAO, 2014).
ilapia is the second most-often farmed fish worldwide; produc-

ion reached 4.82 million tons in 2013, with a farm-gate value of US$
.25 billion (FAO, 2015). In Brazil, aquaculture is expanding faster
han farming of terrestrial animals (MPA, 2010), and Nile tilapia is
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the species that is most often farmed. The culture of tilapia in net-
cages in reservoirs emerged early in this century, with a support
from Brazilian government programs (Bueno et al., 2015; Garcia
et al., 2014). Despite the rapid growth of aquaculture worldwide
and in Brazil, sustainability issues may limit further development.

The concept of sustainability involves habitable environments
that maintain themselves over time. Sustainable development was
originally defined as a process that supplies present needs with-
out compromising the ability of future generations to supply their
own  needs (WCED, 1987). Subsequently, many other concepts were
added, to include economic features and human interactions with
the biosphere (Johnston et al., 2007). It is generally accepted that
human well-being is dependent on the interaction of natural capital
with built, human and social capital (Costanza et al., 2014). The eco-

nomic, environmental and social dimensions are referred to as the
three pillars of sustainability (Frankic and Hershner, 2003), mean-
ing that sustainable production must be economically feasible,
environmentally friendly and socially beneficial. Thus, sustainable
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http://www.sciencedirect.com/science/journal/1470160X
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quaculture may  be defined as the cost-effective production of
quatic organisms, which maintains a harmonious and continu-
us interaction with the local ecosystem and human communities
Valenti, 2011).

Establishing appropriate tools to evaluate sustainability remains
 challenge for studies of sustainable development. Measuring the
ustainability of aquaculture is essential in order to attain sustain-
ble systems. Such assessments help investors and policymakers to
valuate different projects, and help scientists and farmers to move
arming systems toward sustainable production (Valenti, 2011).
he methods used to measure sustainability in aquaculture are the
nalysis of emergy (Odum, 1986), ecological footprint (Rees and
ackernagel, 1994), life cycle analysis (ISO, 2006), resilience anal-

sis (Holling, 1973), and the use of a set of indicators (Boyd et al.,
007; Valenti, 2011). The first four give an integrated overview of
he system, which is very useful. However, they require a huge
mount of data, which is difficult to obtain, and focus mainly on
he environmental dimension. Conversely, sets of indicators mea-
ure the individual components of a system, i.e., characteristics
hat affect its different features (Heink and Kowarik, 2010). Sets of
ndicators serve as descriptive tools that reflect scenarios through
ritical points, facilitating the identification of strengths and weak-
esses for sustainable development, which are obscured by other
ethods.
The DPSIR (Drivers-Pressure-State-Impact-Response) theoret-

cal framework and conceptual model has recently allowed the
ntegration of information from several indicators with manage-

ent actions, such as public policies applied to aquaculture. The
PSIR is a model of systemic evaluation that provides data about
conomic, social and environmental interactions in a system,
ighlighting which actions are the most sustainable to manage

 resource, and indicating which indicators are more important
Nobre, 2009; Nobre et al., 2010). This approach has been applied
o natural resources in Europe by using computational models such
s MULINO mDSS (Giupponi, 2007), which permits an interface

etween researchers and managers to assist in decision-making.

The present study evaluated the sustainability of a tilapia net-
age production system in a reservoir in semiarid northeastern
razil, by applying a set of indicators. In addition, we assessed

Fig. 1. Location of the Santa Cruz Reservoir, show
icators 66 (2016) 574–582 575

whether the selected set of indicators and the DPSIR conceptual
model are appropriate to evaluate the sustainability of this pro-
duction system.

2. Materials and methods

2.1. Study area

The study was conducted at a fish farm founded by 10 aquatic
farmers, who  work together in the “Associaç ão dos Aquicultores do
Apodi” (AQUAPO, The Aquatic Farmers Association of Apodi). The
system consists of ∼120 net-cages of 4 m3 each, which in 2012 pro-
duced ∼33 tons of Nile tilapia (Oreochromis niloticus). The net-cages
are installed in the Santa Cruz Reservoir, city of Apodi, Rio Grande
do Norte, Brazil (Fig. 1). This reservoir is located in the watershed of
the Apodi/Mossoró River and has an area of ∼3413 ha, with a max-
imum storage capacity of ∼600,000,000 m3 and a maximum depth
of 38 m during the study period. The climate is semiarid and very
warm (BSw’h’, according to the Köppen climate classification).

2.2. Sampling design

The production of a fish batch was followed for 150 days (April
through September 2012), through the entire cultivation cycle.
Approximately 21,000 Nile tilapia fingerlings weighing approxi-
mately 1 g were obtained from a hatchery in the state of Ceará.
The rearing period is divided into two phases. In the initial growth
phase, 3 net-cages of 6 m3 are stocked with ∼7000 fingerlings
each, resulting in a density of about 1166 ind./m3; the fry are then
selected and stocked in 22 net-cages during the grow-out phase,
with a density of 200 ind./m3 until harvesting. The fish were mea-
sured and weighed weekly for 42 days (initial growth phase) and
then biweekly until harvest. The fish are fed daily at frequencies
ranging from 8 times daily (initial phase) to 4 times daily (late
phase), with four kinds of commercial feed. The first feed used con-

tains 50% crude protein and is offered to the fish until they reach
4 g; the second feed has 40% protein and is offered to fish up to
40 g, which concludes the initial phase of cultivation. In the sec-
ond phase, the fish receive feed with 32% protein until they reach

ing the Nile tilapia cage production area.
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Table  1
Technical characteristics of production in the 22 cages monitored.

Parameter Value

Survival (%) 88
Mean initial weight (g) 1
Mean final weight (g) 400
Apparent feed conversion 1.92
Cycles per year 2.5
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tional chambers were installed, also in triplicate, in an area 400 m
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Grow-out density (ind./m3) 200
Production (kg) 6258.4

15 g; the last feed, with 28% crude protein, is supplied until har-
est, which starts with fish above 300 g. After the fish reach the
ppropriate size they are sold locally, whole or fileted. The technical
roduction details are shown in Table 1.

A total of 49 economic, environmental and social indicators were
etermined (Table 2). They were selected by a panel of actors and
takeholders involved in Brazilian aquaculture, sponsored by the
inistry of Fisheries and Aquaculture of Brazil, using the bottom-

p method. Some of these indicators were described by Boyd et al.
2007) and Valenti (2011); the others can be found in the comple-

entary material provided here.

.3. Economic and social evaluations

AQUAPO was started with funding from Brazilian government
ocial programs. The amount received by the association was
onsidered as the initial and total investment for calculating the
conomic indicators. The association kept no records in 2005 and
006. Therefore, only the six-year period from 2007 through 2012
as used for the economic analyses.

Fixed costs (FC) included employee salaries, permits, and depre-
iation of assets. Depreciation was calculated by the straight-line
ethod (Shang, 1990). Variable costs (VC) included electric power,

uel, packing, hired labor, feed and fingerlings. We  calculated the
ross revenue (GR), net revenue (NR) and profit (P) based on the
ost and revenue data, as follows:
GR = Production × selling price
NR = GR − total operating costs
P = NR − opportunity costs

able 2
ist of indicators of economic, environmental and social sustainability.

Sustainability indicators

Economic dimension Envi

1. Revenue–investment ratio Use 

2.  Internal rate of return Dep
3.  Payback period Ener
4.  Benefit–cost ratio Prop
5.  Net present value Nitr
6.  Profit Phos
7.  Revenue Effic
8.  Risk rate Effic
9.  Product diversity Effic

10.  Market diversity Effec
11.  Invested capital generated in the activity Eutr
12.  Ove
13.  Pollu
14.  Acid
15.  Accu
16. Accu
17.  Accu
18.  Prod
19.  

20.  

M,  organic matter; PM,  particulate matter.
icators 66 (2016) 574–582

All monetary values were converted from Brazilian reals to US
dollars, based on the average trading price of the dollar for the
period April through September 2012 (US$ 1.00 = R$ 1.99).

Interviews were conducted with members of the associa-
tion, using semi-structured questionnaires to gather the social
data. Secondary data including gender, race, ethnicity, and mean
income of the local population in the city of Apodi were obtained
from websites of institutions such as the “Instituto Brasileiro de
Geografia e Estatística” (Brazilian Institute of Geography and Statis-
tics, IBGE).

2.4. Environmental evaluation

Samples of the fish stocked and harvested were weighed. The
mean initial and final weights, survival, and production of the sur-
viving fish were determined. Inputs and outputs of particulate
matter, total nitrogen, total phosphorus, carbon and energy were
measured in each compartment of the system, as described below.

2.4.1. Fish and input compartments
A sample of the population was weighed to determine the initial

biomass at stocking. The total weight of feed provided during the
rearing period was calculated, and random samples were collected
monthly to determine nitrogen, phosphorus and energy contents.
Samples of fish were collected monthly from the start of rearing
until harvest. Total nitrogen, total phosphorus, carbon and energy
contents were determined for the whole fish in natura,  with viscera
and scales.

2.4.2. Water compartment
Samples of reservoir water were collected monthly to determine

particulate matter, total nitrogen, total phosphorus and carbon
contents. Sedimentation chambers were installed below three
cages at random, in triplicate, once in each month of the rearing
period. The chambers remained submerged for 72 h, during which
particulate matter released from the cages was collected. Addi-
distant from the culture site, to serve as a control for natural sed-
imentation in the reservoir. The water samples obtained from the
sedimentation chambers were taken to the laboratory for analysis.

ronmental dimension Social dimension

of space Salary equity
endence on water Labor proportional cost
gy use Revenue distribution
ortion of renewable energy Remuneration by production

ogen use Race inclusion
phorus use Gender inclusion
iency in energy use Age inclusion
iency in nitrogen use Work/area
iency in phosphorus use Work/production
tively used production Generation of direct employment

ophication potential Generation of labor posts
rall pollution Self employment proportion

tion from hormones Use of local labor
ification potential Revenue fixation
mulation of phosphorus Local consumption
mulation of OM Health programs
mulation of PM Education
uced species risk Permanence in the activity

Participation of the community
Job security
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Table 4
Performance scale used in the classification of sustainability for the modeled sce-
narios (Valenti, 2008).

Range Classification

0–20 Not sustainable
20–40 Low sustainability
40–60 Medium sustainability
R.S.T. Moura et al. / Ecologic

.4.3. Sediment compartment
The sediment generated under each cage was quantified

onthly using sedimentation chambers, as explained in the
revious section. Each sediment sample was weighed, and the con-
entrations of total particulate matter and organic fraction were
etermined according to Bufon et al. (2009). The sedimentation
ate in the reservoir caused by factors other than aquaculture was
etermined using the three sets of sedimentation chambers 400 m
rom the culture site in the reservoir.

.4.4. Nutrient analyses
Total nitrogen and total phosphorus in the diet and in the fish

ere analyzed according to Eaton et al. (2005), methods 4500 NC
nd 4500 P-B3, respectively. Carbon and energy contents were
nalyzed using a VARIO-TOC carbon analyzer and an IKA 2000
soperibol calorimeter, respectively. Concentrations of total nitro-
en (Koroleff, 1976), total phosphorus (Golterman et al., 1978)
nd carbon (VARIO-TOC carbon analyzer) were determined for the
ater in the sedimentation chambers.

The release of particulate inorganic and organic matter, total
itrogen, total phosphorus, and carbon into the environment was
alculated by subtracting the values obtained for the water, the
ediment in the water, and the sediment collected in the control
egion from the same parameters measured under the production
ages.

.5. DPSIR modeling

The model was implemented with the software Multisectorial,
ntegrated and Operational Decision Support System for Sustain-
ble Use of Water Resources at the Catchment Scale (MULINO
DSS) v5.12 (Giupponi, 2007). Similarly to the input data in this
odel, a subset of the initial set of indicators was  used, totaling 20
ndicators distributed among the three dimensions of sustainability
nd the five DPSIR criteria (Table 3). Indicators that specifically
eflect changes related to different stocking densities were selected
o compose this subset. The selected indicators were entered into

able 3
ndicators used as input in MULINO for the DPSIR modeling.

Indicator Weigth Criteria Primary dimension

Dependence on water 0.038 Driving force Environmental
Profit 0.038 Driving force Economic
Production 0.038 Driving force All
Revenue–investment

ratio
0.038 Driving force Economic

Revenue 0.077 Driving force Economic
Work/production 0.038 Driving force Social
Use of space 0.038 Driving force Environmental
Accumulation of MO 0.077 Pressure Environmental
Accumulation of PM 0.038 Pressure Environmental
Energy use 0.038 Pressure Environmental
Nitrogen use 0.038 Pressure Environmental
Phosphorus use 0.038 Pressure Environmental
Labor proportional cost 0.077 State Social
Efficiency in energy use 0.038 State Environmental
Efficiency in nitrogen

use
0.038 State Environmental

Efficiency in
phosphorus use

0.038 State Environmental

Benefit–cost ratio 0.077 State Economic
Remuneration per

production
0.077 State Social

Acidification potential 0.038 Impacts Environmental
Eutrophication

potential
0.077 Impacts Environmental

Changes in the
indicators

Response All

M,  organic matter; PM,  particulate matter.
60–80 Potentially sustainable
80–100 Sustainable

the program and then were grouped according to the DPSIR crite-
ria, which considers: (i) indicators of driving forces, which is the
activity of cage aquaculture; (ii) indicators of pressure on the
ecosystem; (iii) status indicators of current conditions in the sys-
tem; (iv) indicators of the impacts caused by the activity; and (v)
possible responses in terms of management to mitigate impacts.
A sensitivity analysis was performed with a software subroutine.
This analysis evaluates the behavior of the modeled scenarios in
response to changes in each indicator individually, and indicates
which are the most important to the system. Indicators in which
minor changes strongly influence the sustainability are considered
to be the most important to the system. These indicators received
twice the weight of the others in the modeling process.

The current (actual) sustainability of the cultivation system was
evaluated under this framework, and was compared with four other
alternative (hypothetical) scenarios. The five scenarios considered
were for different stocking densities: (a) DENS 225, hypothetical
scenario where the system operates with a stocking density of
225 ind./m3; (b) DENS 200, as currently practiced, where the sys-
tem operates with a stocking density of 200 ind./m3; (c) DENS 175,
hypothetical stocking density of 175 ind./m3; (d) DENS 150, hypo-
thetical stocking density of 150 ind./m3; (e) DENS 125, hypothetical
stocking density of 125 ind./m3. The indicators were selected to
allow simulation of their behavior and values for the four alterna-
tive scenarios considered. The decision algorithm used was  SAW
(Simple Additive Weighting).

The MULINO software performs a comparative analysis, which
calculates the performance of the indicators in each scenario. Each
indicator is assigned a value from 0 to 100, with 0 being the
least sustainable and 100 being the most sustainable. The four
hypothetical alternative scenarios and the actual current one were
classified at the end of the modeling by their sustainability in the
three dimensions as well as their overall sustainability, with a sub-
index being assigned to each scenario per dimension evaluated, and
indices of overall sustainability. The alternative and actual scenar-
ios were then framed according to a performance scale (Table 4).

The scale used considered the sustainability range calculated
by MULINO software (0–100), divided into five classes with equal
intervals. Thus, the class “not sustainable” indicates a scenario
without sustainable features and that is far from a state of sustaina-
bility. Classes “low” and “medium sustainability” suggest scenarios
that are also not sustainable, despite having some more sustainable
characteristics than the previous class. The class “potentially sus-
tainable” represents a transitional scenario to sustainability, i.e., the
system may  become sustainable with some minor modifications.
The last class, “sustainable”, is a scenario in which the system was
considered sustainable for most of the indicators calculated.

3. Results

3.1. Indicators of economic sustainability
The establishment of the AQUAPO farm was funded by Brazilian
government social programs in 2005. The initial funds paid for net
cages, the first fingerlings, feed and fuel, and for technical training
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Table  5
Production, revenues and expenditures of AQUAPO. Cost = total operating cost + total
fixed cost (US$ 1.00 = R$ 1.99).

Year Production (t) Selling
price ($)a

Revenue ($) Costs ($)

2007 12.4 2.51 27368.42 18646.62
2008 22.4 2.76 50526.32 35368.42
2009 18.7 3.01 49724.31 29994.99
2010 22.4 3.01 59498.75 36491.23
2011 31.3 3.26 110877.19 50989.97
2012 33 3.51 88571.43 57894.74

a Maximum price per kilogram in the period.

Table 6
Cash flow for the years 2007–2012 (US$ 1.00 = R$ 1.99).

Year Cash inflows Cash outflows Net cash
flow ($)

Revenue ($) Investment ($) Costs ($)

0 − 9723.35 − −9723.35
1  27368.42 0.00 18646.62 8721.80
2  50526.32 0.00 35368.42 15157.89
3  49724.31 0.00 29994.99 19729.32
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Table 8
Indicators of environmental sustainability.

Indicator Result

1. Use of space 0.01 m2/kg
2.  Dependence on water 4.69 m3/t
3.  Energy use 98.02 MJ/kg
4.  Proportion of renewable energy 0%
5.  Nitrogen use 82.49 kg N/t
6.  Phosphorus use 10.39 kg P/t
7.  Efficiency in energy use 5%
8.  Efficiency in nitrogen use 21%
9.  Efficiency in phosphorus use 17%
10. Effectively used production 89%
11. Eutrophication potential 56.95 kg P/t
12. Overall pollution 0.00 kg/kg
13.  Pollution from hormones 0.00 kg/kg
14.  Acidification potential 7.68 kg S/t
15.  Accumulation of phosphorus 0.88 kg P/t
4  59498.75 0.00 36491.23 23007.52
5  110877.19 0.00 52558.90 58318.30
6  88571.43 0.00 57894.74 30676.69

or the associates. Currently, the venture functions with its own
esources.

AQUAPO did not invest capital because the initial investment
o start the activities and the subsequent annual investments were
eceived from funding organizations to maintain and promote fish
ulture in the region. Therefore, the capital from government pro-
rams was considered as investment for the purpose of calculating
he costs of the venture. This included the initial investment of
S$ 9718.84 in 2005; US$ 33583.96 during 2006–2008; and US$
0100.25 during 2009–2012. The grand total was US$ 83407.56
rom the start of the activities until the time of the study. The com-
onents of the capital included feed, fingerlings, cages, and other,
inor expenses, which were calculated and separated into fixed

nd variable costs.
Production, selling price, gross revenues, and total expenses

uring the years are summarized in Table 5. The net cash flow was
ositive in all years (Table 6). This demonstrates the liquidity of the
roject over time and confirms its economic feasibility.

The indicators of economic sustainability showed that the sys-
em is economically feasible, since it demonstrates an internal rate
f return greater than the attractive rate of return (considered equal
o 8%) (Table 7). The positive net present value reinforces the posi-
ion of the venture as economically valid, whereas the benefit–cost

atio indicates that each US$ 1.00 invested yielded US$ 1.34 in ben-
fits for those involved. Nevertheless, the ratio of mean annual
ncome to investment was relatively high. Profit and income were
onsidered economically satisfactory.

able 7
ndicators of economic sustainability.

Indicator Result

1. Revenue–investment ratio $ 2.67
2.  Internal rate of return 52%
3.  Payback period 3.22 years
4.  Benefit–cost ratio $ 1.35
5.  Net present value $47773.09
6.  Profit $10361.65
7.  Revenue $12360.42
8.  Risk rate 75%
9.  Product diversity 5
10.  Market diversity 5
11.  Invested capital generated in the activity $ –
16.  Accumulation of OM 67.20 kg MO/t
17. Accumulation of PM 78.90 kg MP/t
18. Produced species risk 5.00

3.2. Indicators of environmental sustainability

The indicators of environmental sustainability showed low
dependence on water (less use) in comparison with other pro-
duction systems like raceways and ponds (Boyd et al., 2007). The
system in this study utilized an area of 0.01 m2/kg of fish produced
and a volume of 4.7 m3/ton (Table 8). The system, however, showed
inefficiencies in the use of nutrients and energy, as only 21% of nitro-
gen, 17% of phosphorus and 5% of the energy used for production
was recovered in animal biomass. The system also released particu-
late matter at 0.08 kg/kg of fish produced. Approximately 90% of this
was organic matter, generating 0.07 kg of organic matter per kilo-
gram of fish. The eutrophication potential was  estimated at 56.95 kg
of phosphorus released per ton of fish produced. The potential for
acidification of the environment was  estimated at 7.68 kg of sulfur
released per ton of fish produced. Pollution from herbicides, pesti-
cides and hormones was  zero, since none of these products were
used.

3.3. Indicators of social sustainability

The indicators of social sustainability showed that the work
required is 29 man-hours-year per square meter (MHY/m2), or 0.4
man-hours per kilogram of fish produced (MH/kg). The system still
produces an income distribution of ∼US$ 2.00 and remuneration
of relevant labor at ∼US$ 1.30 per kilogram of fish produced. By
treating it as an association, the members receive equal pay, i.e.,
the salary equity of the system is 100%. The inclusion of race (55%)
and age (66%) is reasonable, while the inclusion of gender (48%) is
not satisfactory because the association is comprised of men  only.
A drawback of the system is the generation of only a small number
of jobs and direct employment, considering the amount invested in
the venture. Only 2% of the total cost (fixed and variable costs over
time) is spent locally, but taking into account that the associates
spend their salaries in the city, the income fixation was estimated
at 44% (Table 9).

3.4. Modeling of sustainability

The modeling revealed that the scenarios evaluated are simi-
lar to each other with respect to the sustainability pillars (Fig. 2),
except the 125 ind./m3 scenario. This scenario showed that the sus-

tainability is skewed toward the environmental dimension. The
sub-indices of sustainability showed that the scenario with the
highest density (DENS 225) was the most economically sustain-
able, the scenario with the intermediate density (DENS 175) was  the
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Table  9
Indicators of social sustainability.

Indicator Result

1. Salary equity 100%
2.  Labor proportional cost 42%
3.  Revenue distribution $2.06
4.  Remuneration by production $1.29/kg
5.  Race inclusion 55%
6.  Gender inclusion 48%
7.  Age inclusion 66%
8.  Work/area 29.75 MHY/m2

9. Work/production 0.44 MH/kg
10. Generation of direct employment �0  jobs/$
11.  Generation of labor posts �0  jobs/$
12.  Self employment proportion 100%
13.  Use of local labor 100%
14.  Revenue fixation 44%
15. Local consumption 100%
16.  Health programs 0%
17.  Education 10%
18.  Permanence in the activity 3.25 years
19.  Participation of the community 100%
20.  Job security 91%
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ig. 2. Triangle of sustainability for the current scenario (DENS 200) and the four
ypothetical scenarios. DENS 125–225, stocking densities of 125–225 ind./m3.

ost socially sustainable, and the scenario with the lowest density
DENS 125) was the most environmentally sustainable (Table 10).

The skewing of sustainability toward one of the pillars works
o the detriment of the other two pillars, and therefore the general
ndex of sustainability indicated that the current system (DENS 200)
s the most sustainable, being classified as “potentially sustainable”.
he DENS 125 scenario was classified as “low sustainability”, while

he other scenarios (DENS 225, DENS 175, and DENS 150) were
lassified as “average sustainability”, according to the classification
cale used for this study (see Table 4).

able 10
ustainability scores for each dimension considered in each hypothetical scenario
lus the current one, and the general index of sustainability. Scores in bold indicate
he most sustainable scenario for each dimension and for the general index.

Cenario Score Index

Env Soc Eco

DENS 225 29 31 40 51
DENS 200 37 26 37 65
DENS 175 33 33 34 46
DENS 150 42 31 27 42
DENS 125 51 32 17 38
icators 66 (2016) 574–582 579

4. Discussion

4.1. Economic dimension

The AQUAPO system showed potential economic sustainability,
and is financially feasible based on the indicators used. The clas-
sic economic indicators of internal rate of return (IRR) and net
present value (NPV) showed overall satisfactory and attractive val-
ues, demonstrating that the system generates financial benefits and
produces a monetary return. The financial benefits and monetary
return enabled profitability and sufficient annual income to keep
the system functioning and generating more income over time.
Campos et al. (2007) calculated an IRR of 57% and a positive NPV for
a private fish farm system, showing that it is highly economically
viable. The AQUAPO system showed an IRR of 52%, a positive NPV,
and a payback period of more than three years. These indicators
reflect the ability of the system to convert the cost of the venture,
indicating that the community-association structure can generate
attractive financial returns.

The AQUAPO cultivation system was  considered sufficiently
profitable, with a 23%/year profit. Sabbag et al. (2007) found a pro-
fitability of 22.6% in Nile tilapia cage production as managed by
an association, similar to the present study. The high profitabil-
ity of association ventures is due to tax exemptions and economic
subsidies offered for sustainable development, which lower costs
and consequently generate greater profitability. The AQUAPO sys-
tem showed a short payback period. This contrast is probably more
related to the difficulties with management and resource adminis-
tration that are inherent to associations. Thus, the AQUAPO system
showed an internal rate of return and profitability that make it quite
feasible.

The risk rate of 25% indicates high sustainability and the exist-
ence of few economic risk factors for the venture. The relationship
between the average annual income and the initial investment was
satisfactory (US$ 2.67), demonstrating that the amount invested
was transformed efficiently into income. However, the capital
reinvested in the venture was  considered equal to zero, since
the government invested throughout the life of the project, as
expressed by the invested capital generated in the activity. The
amount of products offered and the number of markets reached
were suitable for the enterprise, which did not decrease the sus-
tainability since the entire production can be used and can meet
local demand.

4.2. Environmental dimension

The AQUAPO production system showed moderate environ-
mental sustainability. Cage production of tilapia requires relatively
little space and water (Boyd, 2005). This increases the overall sus-
tainability of the system, since it allows high productivity in a small
volume of water, i.e., only the water used during the rearing pro-
cess. Thus, environmental sustainability problems related to water
use are less influenced by water use per se, and are associated more
with the generation of waste, organic pollution, and introduction of
exotic species. Verdegem and Bosma (2009) suggested that global
aquaculture production can be tripled without increasing water
use. More-efficient techniques would increase production while
generating less waste, fewer escapes of exotic species, and higher
rates of conversion of nutrients to biomass without expanding the
activity in terms of the space used.

Intensive culture systems depend highly on feed with high
protein levels, leading to a high nutrient use for production. The

amounts of nitrogen and phosphorus used in this study were ∼80 kg
and 10 kg/ton of fish produced, respectively. These levels are higher
than those found by Almeida (2013), who  estimated that 2 kg of
phosphorus and 7 kg of nitrogen were used for each ton of tilapia
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roduced in a cage system. Thus, the amount of nutrients used in
he AQUAPO system is comparatively high; however, the use effi-
iency should be considered. The evaluation revealed that most of
he nutrients and energy added to the system are lost to the envi-
onment and not transformed into animal biomass. Inefficient use
f nutrients threatens the sustainability of aquaculture, as demon-
trated for various culture systems by Boyd (2006) and Boyd and
ucker (1998).

The percentage of each nutrient recovered in the biomass har-
ested was 21% of the nitrogen and 17% of the phosphorus applied;
nly 5% of the energy used in feed, work, labor and fossil fuels
as recovered in the form of animal biomass. Boyd et al. (2007)

alculated that the biomass harvested recovers up to 40% of the
hosphorus and 22.5% of the nitrogen applied from feed to cage
roduction of Nile tilapias. Some 11% of the recovery is also lost

n the form of unconsumed animal biomass, which then becomes
aste. The results from Boyd et al. (2007) are higher than the levels

bserved here, indicating that the AQUAPO system is less efficient
or the conversion of nutrients, especially phosphorus, into animal
iomass. This discrepancy relates to the quality of feed used; lower
tructural and nutritional quality leads to greater loss of nutrients
o the environment and simultaneously lower retention of these
utrients in animal biomass. The results obtained from this study
lso concord with observations by Almeida (2013), who  estimated a
ecovery of 24% of nitrogen and phosphorus applied and of 6% of the
nergy applied to the tilapia biomass in cage production. It is evi-
ent that this type of system uses only part of the resources offered,
onsequently generating a larger amount of waste exported to the
nvironment.

The quantity and quality of protein in commercial feeds present
 challenge for the sustainability of production systems, since the
se of high-protein diets with low protein quality (low digestibil-

ty and assimilation efficiency) leads to unsustainable use of this
utrient. The apparent feed-conversion rate is a significant focus
f fish production because it reflects the percentage of the feed
pplied to the system that is transformed into fish biomass. Almeida
2013), using a conversion rate of 1.63, found better results for
utrient efficiency than in the AQUAPO system, which showed

ower nutrient efficiency and a conversion rate of 1.95. Although
he apparent feed conversion rate is not the best alternative to esti-

ate feed consumption because it disregards the feed that is not
onsumed Valenti (2012), this indicator is a useful representative
f the amount of waste that the system might produce.

The potential for overall pollution from the system, considered
s the total emissions from phosphorus, sulfur, hormones, herbi-
ides and other pesticides, is relatively low. Specifically, the system
eleased ∼56.95 kg of phosphorus and ∼7.68 kg of sulfur per ton of
sh produced, and did not release pesticides, herbicides, or hor-
ones since none were used. A low accumulation of phosphorus

0.9 kg/ton of fish) in the sediment, combined with a reduced poten-
ial for pollution, suggests that the AQUAPO production system
s relatively environmentally sustainable. Studies such as that of
lmeida (2013) show that cage systems release more than 150 kg
f phosphorus per ton of fish produced per year, as sediment into
he aquatic environment. The present results showed that ∼30 kg
f phosphorus was released into the reservoir for 233 tons of fish
roduced in the year 2012. The average annual amount of phos-
horus released into the sediment since the start of the venture
including 2012) was ∼20.6 kg.

Solid wastes generated by the system totaled ∼80 kg/ton of
sh produced. This implies that the system generated ∼2640 kg
f solid waste from 33 tons of tilapia produced in 2012. Similarly,

lmeida (2013) considered that the release of sediments was the
ain environmental impact from intensive cage production in open
ater. This level of waste, however, is lower than in other cage sys-

ems. Azevedo et al. (2011) calculated the amount of solid waste as
icators 66 (2016) 574–582

∼200 kg/ton of trout produced in cages, which is more than twice
the amount found in this study. These results show that although
waste generation is significant, the AQUAPO system can still be
considered sustainable compared to other rearing systems.

The continuous input of solid waste to the environment from
cage production increases the concentrations of total nitrogen and
phosphorus in the sediment, as observed below the cages and in
adjacent areas. The increase in nutrients in the sediment is signif-
icant over time, considering that ∼90% of the waste generated is
organic material. The accumulation of suspended solids over time
in reservoirs alters the conditions in the sediment, which is evident
in the rearing area and in nearby areas, as observed by Huang et al.
(2012) and Guo and Li (2003) for cage production of various species
in China. The results of the present study concord with observations
elsewhere that environmental sustainability was  strongly influ-
enced by the generation of solid waste, a major impediment for
sustainable production.

4.3. Social dimension

The AQUAPO venture demonstrated moderate sustainability in
its social dimension. The association model somewhat affects the
sustainability, since the venture employs only local residents. All
of the associates participate in community activities, they own  the
enterprise, and the profits are divided equally among all members,
giving a salary equity of 100%. On the other hand, this decreased
sustainability because fewer direct-employment and laboring jobs
were created, for relatively few beneficiaries.

The use of local labor emphasizes and elevates the social value of
the activity. This idea contrasts, however, with the small number of
associates needed for the little work required per area for this type
of production system. Consequently, the number of people benefit-
ing from the activity is still small. If each associate is considered to
represent a family, the generation and distribution of income from
the venture becomes more socially important. The project is also
socially important because it includes people with a low education
level (only one of the associates studied) and of different ages and
races, and is limited only to the employment of men  in the activi-
ties. Even though the venture is socially important, the associates
remained active in the association for only 3.25 years on average,
i.e., less than half of the 7-year period that the association existed.

All of the production is consumed by the local community, which
indicates that the rearing project increases the supply and qual-
ity of animal protein available. The fish are sold to members of
social classes with both higher and lower purchasing power, and
to municipal school lunch programs through government subsi-
dies. This indicator of consumption reflects the improvements in
the quality of life in the local community provided by the activity.

The generation of direct income and jobs related to the capital
invested in the venture was  low, since few associates contin-
ued to participate in the project. This indicator suggests that
cage-production systems require little physical labor to maintain
operations, despite the indication of low social sustainability. The
pay is relatively low (less than US$ 1.50 per associate per kilo-
gram produced), which influences other indicators such as access
to health-care programs. None of the AQUAPO associates possessed
health insurance. The venture showed an income distribution at
US$ 2.00; in other words, US$ 2.00 is spent on labor for each US$
1.00 of profit that the system generates. This compensation rep-
resents 42% of the production costs. The venture pays the labor a
value that is double the profit from the activity, and a portion of
the production costs is also paid to the associates. This indicates

that the project generates social benefits and improves the quality
of life for those involved.

The indicator of income fixation showed that 44% of the income
generated by the venture remains in the local community, including
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he wages paid to labor and the costs of the venture in the local
arket. More than half of the revenue generated by the activity

oes not remain in the community where it takes place, however,
hich diminishes the power of the venture to provide social and

ocal economic development. If the income fixation is scaled up to
he state level, the income fixation is reversed and shows that more
han 90% is fixed within the state, i.e., a relatively small proportion
f the financial resources is exported to other states.

.4. Modeling of sustainability

The production system was shown to be potentially sustain-
ble, as modeled using the indicators. Comparing the current
ystem with the four hypothetical scenarios showed that the real
cenario was the most sustainable and balanced among those
onsidered, where the economic, environmental, and social dimen-
ions received similar scores. Even though it is the most sustainable
n absolute terms, the current system still did not perform best for
ustainability when the dimensions were analyzed individually.
his makes it clear that sustainability should neither be assessed
rom a unilateral point of view, nor evaluated through only one
spect of its multidimensional space. Furthermore, sustainability
epends on balancing the production system according to all of the
imensions, rather than attaining a high sustainability in a single
imension at the expense of the other dimensions considered.

It became evident that increasing the stocking density in this
ystem was not sustainable, even though this density would benefit
he system economically, generating more income and profitabil-
ty and producing a better benefit–cost ratio. From the social point
f view, the additional benefits would consist of slightly improv-
ng working conditions and the quality of life for members of the
ssociation, minutely improving only the remuneration of labor.
sing a higher density would increase waste releases to the envi-

onment from an increased use of feed, with no improvement in
se efficiency.

The least-sustainable scenario (DENS 125) was quite environ-
entally friendly and showed high environmental sustainability,

ut was barely feasible from the other dimensions analyzed. Envi-
onmental sustainability is favored since lower production uses
ess environmental resources and generates less waste. The venture
ecomes economically unsustainable since a low stocking density
ecreases gross production, which ultimately decreases the return
nd the profitability. Social sustainability is reduced when the asso-
iates perform the same work required for less production, thus
owering the income distributed to the beneficiaries.

. Conclusion

The cage-production system of Nile tilapia in the Santa Cruz
eservoir was found to be potentially sustainable overall. The sys-
em was considered economically sustainable while being less
ustainable with respect to the environmental and social dimen-
ions. Even though the system was not considered sustainable, we
an infer that it is in a state close to sustainability, or yet, in a devel-
pment state toward sustainability. The main factors that reduced
he sustainability of the project were the generation of solid wastes,
he relative inefficiency in the use of nutrients, low generation of
irect employment, and small amount of income fixation in the

ocal community. Modifications in these factors are essential to
mprove the sustainability of the system.

We  also concluded that the set of indicators adequately evalu-

tes sustainability in aquaculture, and was able to reflect the main
trengths and weaknesses of this system. The importance of the
PSIR model for evaluating sustainability was evident in its perfor-
ance in highlighting the most important indicators for the system,
icators 66 (2016) 574–582 581

and in providing a holistic view of sustainability with respect to the
three dimensions analyzed.
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Pesquisa do Estado de São Paulo (FAPESP) for the financial support
and the scholarships.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.ecolind.2016.
01.052.

References

Almeida, R., (thesis) 2013. Indicadores de sustentabilidade do cultivo de Tilápia-
do-nilo (Oreochromis niloticus) em tanques-rede em um reservatório tropical.
Universidade Estadual Paulista, Jaboticabal.

Azevedo, P.A., Podemski, C.L., Hesslein, R.H., Kasian, S.E.M., Findlay, D.L., Bureau,
D.P., 2011. Estimation of waste outputs by a rainbow trout cage farm using a
nutritional approach and monitoring of lake water quality. Aquaculture 311,
175–186, http://dx.doi.org/10.1016/j.aquaculture.2010.12.001.

Boyd, C.E., 2006. Effluent effects. Glob. Aquac. Advocate 9, 62–63.
Boyd, C.E., 2005. Water use in aquaculture. World Aquac. 36, 12–15.
Boyd, C.E., Tucker, C., Mcnevin, A., Bostick, K., Clay, J., 2007. Indicators of resource use

efficiency and environmental performance in fish and crustacean aquaculture.
Rev. Fish. Sci. 15, 327–360, http://dx.doi.org/10.1080/10641260701624177.

Boyd, C.E., Tucker, C.S., 1998. Pond Aquaculture Water Quality Management.
Springer US, Boston, MA.

Bueno, G.W., Ostrensky, A., Canzi, C., de Matos, F.T., Roubach, R., 2015. Implemen-
tation of aquaculture parks in Federal Government waters in Brazil. Rev. Aquac.
7,  1–12, http://dx.doi.org/10.1111/raq.12045.

Bufon, A.G.M., Tauk-Tornisielo, S.M., Pião, A.C.S., 2009. Tempo de vida útil da Represa
Velha da microbacia do Córrego da Barrinha, Pirassununga, SP, Brasil. Arq. Inst.
Biológico 76, 673–679.

Campos, C.M., Ganeco, L.N., Castellani, D., Martins, M.I.E., 2007. Avaliaç ão econômica
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