Ecological Engineering 68 (2014) 72-79

Contents lists available at ScienceDirect

Ecological Engineering

journal homepage: www.elsevier.com/locate/ecoleng

Emergy assessment of tilapia cage farming in a hydroelectric reservoir @ CrossMark
F. Garcia®*, .M. Kimpara®, W.C. Valenti¢, L.A. Ambrosio®

a Sdo Paulo Agency of Agribusiness Technology — Government of the State of Sdo Paulo, Postal Box 61, 15500-970 Votuporanga, Sdo Paulo, Brazil
b Brazilian Agricultural Research Corporation, Embrapa Mid-North, BR 343, km 35, Zona Rural, Parnaiba-PI, 64.200-970 Parnaiba, Piaui, Brazil

¢ Sao Paulo State University, Praca Infante Dom Henrique, s/n, Parque Bitaru, 11330-900 Séo Vicente, Sdo Paulo, Brazil

dSdo Paulo Agency of Agribusiness Technology — Government of the State of Séo Paulo, Postal Box 60, 13460-000 Nova Odessa, Sdo Paulo, Brazil

ARTICLE INFO ABSTRACT

Article history:

Received 9 September 2013

Received in revised form 28 February 2014
Accepted 31 March 2014

Available online 25 April 2014

Considering that most of the energy supply in Brazil is derived from hydroelectric sources, the govern-
ment has been strongly encouraging cage farming in federal water bodies. The government limited the
aquaculture parks in hydroelectric reservoir to only 1% of its total area and, inside the parks, a ratio of 1:8
referring to the park and organic load dilution area. However, no objective evaluations proved that limit is
suitable, and the absence of a methodology to evaluate this impact is a considerable problem. The aim of
this study was to evaluate the Nile tilapia cage farming sustainability in a hydroelectric reservoir in Brazil
using an emergy assessment and to simulate management techniques and public policies that contribute
to the sustainability of this farming system. The results of the emergy assessment indicate that this pro-
duction model has low renewability, is inefficient (mostly due to feeding), does not use local resources
and presents high environmental impact. Therefore, we have analyzed three scenarios, in which reducing
the inputs of non-renewable resources and enhancing environmental inputs were considered. Reducing
the stocking density from 100 to 20kg/m? in the initial farming stage and enhancing the dilution area
from 1:8 to 1:100, referring to the cage and organic load dilution area, makes the current production
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system a sustainable model based on the use of natural renewable resources.
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1. Introduction

Tilapia is the second most cultured fish in the world after carps.
The total tilapia production accounted for 3,957,843 tin 2011 (FAO,
2013), and the production continues to grow. Tilapia’s popularity is
due to its hardiness and omnivorous feeding characteristics, which
makes it suitable for farming under less optimal environmental
conditions (Rojas and Wadsworth, 2007). Seventy-two percent of
tilapia production is in Asia, particularly in China and Southeast
Asia, 19% is in Africa and 9% is in America (FAO, 2012). Tilapia is
farmed both in ponds and cages in semi-intensive and intensive
systems. In recent years, cage farming has been spread all over the
world because it features a relatively lower investment require-
ment compared to ponds and raceways (Rojas and Wadsworth,
2007), is quick and easy to start up and enables more production
cycles (Baliao and Dosado, 2011).

In Brazil, 82% of the total fish production is derived from con-
tinental aquaculture, with tilapia representing the most farmed
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aquatic species. The production of tilapia was 155,450t in 2010,
which corresponded to over 39% of the total fish production (MPA,
2010). Brazil has a huge potential for aquaculture due to its water
availability, and the Brazilian government has encouraged aqua-
culture development, as indicated by the recent creation of the
Ministry of Fisheries and Aquaculture.

In a number of countries similar to Brazil, most of the energy
supply is derived from hydroelectric sources; thus, there is a huge
potential to establish fish cage-culture systems in reservoirs. Brazil
alone has over 6.5 million ha of reservoirs, lakes and dams, with a
potential capacity to produce 700,000t of tilapia annually (Rojas
and Wadsworth, 2007). Considering this scenario, the Brazilian
government has been strongly encouraging cage farming in federal
water bodies. Since 2004, the Brazilian government has delim-
ited six reservoirs totaling 28,503 hectares of water, in which 42
aquaculture parks have been installed (BRASIL, 2011). The Min-
istry established policies for aquaculture occupation in reservoirs
to avoid adverse environmental impact and ensure multiple water
use, which corresponded to limiting aquaculture parks in hydro-
electric reservoir to 1% of its total area and, inside parks, a ratio
of 1:8 referring to cage and organic load dilution area is required
(BRASIL, 2004).
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Tilapia cage farming in Brazil can be considered as a relatively
new production system. This production model emerged in the first
decade of the 21st century. Most cages are 6-18 m3, in which the
most cultured species is Nile tilapia, Oreochromis niloticus. Tilapia
feeds exclusively on a commercial extruded diet, which is pro-
duced by large factories, and each fish spends five to seven months
to reach 800¢g, at which point they are harvested and sold to be
processed into skinless, boneless filets. The usual stocking den-
sity adopted in Brazil is 100kg of fish per m3, while in other
countries, the densities range from 2 to 50kg/m3 (Gibtan et al.,
2008; Ouattara et al., 2003; Watanabe et al., 1992; Chakraborty
et al, 2010).

Despite the environmental concerns presented by the regula-
tions, no objective evaluations have been performed to determine
whether this limit is suitable (David et al., 2011) to ensure sus-
tainable fish production in reservoirs. Fish farming is not only
constrained by economic factors and site-specific characteristics;
it may also become constrained by a reduced or over used capac-
ity of ecosystems to produce inputs (Zhao et al., 2013). Therefore,
evaluations must be performed to guide the establishment of reg-
ulations. To reconcile conflicts between economic development
and environmental protection, a science-based evaluation sys-
tem known as emergy considers both values within a common
measure. Emergy regards both the work of nature and that of
humans in generating products and services and is a measure of the
available energy of one type used up in transformations directly
and indirectly to produce a service or product (Odum, 1996).
Emergy analysis is a type of embodied energy analysis that pro-
vides common units (solar emergy joules [sej]) for the comparison
of environmental and economic goods by summing the energy of
one type required directly or indirectly for the production of goods
(Odum, 1988). Thus, all inputs (from nature and economy) used
in a production system are put together in a common basis: solar
energy. Therefore, it is possible to interpret quantitative results
from the calculated emergy indices that relate the emergy flows
of the system being evaluated with those of the environment and
larger economy within which it is embedded (Brown and Ulgiati,
2004).

In this context, the goals of this study were (1) to evaluate the
first stage of Nile tilapia cage farming sustainability in a hydroelec-
tric reservoir in Brazil using emergy assessment and (2) to simulate
management techniques and public policies that contribute to the
sustainability of this farming system.

2. Method
2.1. Characteristics of the studied area

The data used in this study were obtained from a fish farm
located in the Ilha Solteira Reservoir on the Parand River in the state
of Sdo Paulo, Brazil (20°12'10” S, 50°58'31.15” W). This farm has a
total of 100 cages. Each cage measures 6m> (2m x2m x 1.5m).
The Ilha Solteira reservoir has 49,200 ha of water, with depths ran-
ging from O (at the border) to 326 m (at the hydroelectric dam).
The surrounding area is comprised mainly of pastures used for the
production of beef and dairy cattle.

During the process of delimitation of aquaculture parks by
the government, streams appropriate for cage farming were
defined across studies on hydrology and hydrometrics parameters,
geotechnology, geomorphology, ichthyofauna, socio-economy and
fisheries biology. Due to insufficient data on the carrying capacity
of reservoirs and complexity to determine its value, the govern-
ment determined that the size of the aquaculture parks could not
exceed 1% of the reservoir. The government mandated that inside

Table 1
Indices and ratios used for evaluating tilapia cage farming in the present work
(Odum, 1996).

Renewability (%)

Emergy yield ratio
Environmental loading ratio
Emergy sustainability index

%R=100*(R/Y)
(EYR)=Y/F

(ELR)=(N+F)[R
(ESI)=EYR/ELR

each aquaculture park must be an organic load dilution area of 1:8
(BRASIL, 2004).

Sex-reversed Nile tilapia fingerlings (1-2 g) were purchased in
a hatchery located in Parana State, which is 450 km far from the
farm. Tilapia cage farming consists of two stages: in stage I, 420
juveniles (40 g) per m3 are stocked until they reach 250¢g, when
they are selected and redistributed among the stage II cages at a
stocking density of 130 fish per m3. In both stages, the final stock-
ing density is 100 kg/m3. Fish farming management involves the
removal of dead and dying fish in the morning and feeding with a
commercial diet twice a day (8:00 am and 4:00 pm) following the
manufacturer’s recommendations. Fish from 50 to 250g are fed
a 2.5-mm diet (dry matter: 88%; digestible energy: 3800 kcal/kg;
crude protein: 42%; lipids: 9%) and those from 250 to 800¢g are
fed a 5-mm diet (dry matter: 88%; digestible energy: 3500 kcal/kg;
crude protein: 32%; lipids: 7%). The commercial diet is produced
more than 200 km from the fish farm. Depending on the season
(water temperature) and stocking density, each tilapia requires five
to seven months to reach 800 g. After harvesting, the fish are sold to
a cold storage plant. Frozen tilapia filets are sold in large markets in
Brazil, and fresh filets are exported, mainly to the USA, depending
on market conditions. In this study, data of the stage I of a summer
productive cycle was considered, which started on October and fin-
ished on March, because in their young age, tilapias can take more
advantage of natural food - phytoplankton and periphyton (renew-
able resources). In stage I, this feeding habit allows changes on the
current productive model to improve the entry of these renewable
resources in place of non-renewable sources, mainly commercial
diet and the fuel to transport it.

2.2. Emergy assessment

In an emergy assessment, the comparison of several products
is possible by considering all energy inputs on a common basis:
solar energy. Emergy analysis considers the quality of each form
of energy by multiplying each energy quantity by its solar trans-
formity, which is defined as solar emergy by unit of energy (sej/])
(Odum, 1988). This methodology classifies the emergy aggregated
fluxes into inputs from nature (I), formed by renewable (R) and
nonrenewable resources from nature (N), (I=R +N), feedbacks from
the economy (F), formed by materials (M)and services (S)(F=M+S)
and the total emergy used (Y =1+F). Based on these concepts, Odum
(1996) proposed emergy indices and ratios to evaluate systems,
which were used in the present work (Table 1).

Fig. 1 displays the diagram of tilapia cage farming based on
the emergy systems language described by Odum (1996). The unit
of emergy evaluation was the production of one cage, although
data from all cages in the farm was used in the analysis. To deter-
mine the values of renewable environmental inputs (sun, wind,
rain and spring water), we considered that each cage (4m? of
surface) occupies 3200 m? of area according to the Brazilian law,
which allows aquaculture parks to occupy 1% of the superficial
area of reservoirs and with a dilution area of 1:8. The renew-
able environmental inputs considered were the ones with major
importance on fish farming, which were previously reported in
other fish farming studies, such as Zhang et al. (2011) and Vassallo



74

ain, wind)
spring
ater (R

iphytoplankton

Cage farming
Ilha Solteira reservoir
Cooperative
Parandriver basin

F. Garcia et al. / Ecological Engineering 68 (2014) 72-79

Fig. 1. Diagram of tilapia cage farming in a hydroelectric reservoir.

etal.(2007,2009). The purchased resources were those considered
by Garcia et al. (2013). The transformities employed used in this
study include the labor and services required to produce economic
goods.

Water was considered as a renewable input based on previ-
ous studies by Mallasen et al. (2012), who demonstrated a low
degree of influence from cage farming on nutrient accumulation,
including phosphorus and nitrogen, in the Ilha Solteira reservoir
water. Note that this is a premise to consider water as a renewable
environmental input.

Simulations were performed to assess the performance of
the emergy indices and ratios using alternative management
strategies. For such simulations, three scenarios were designed

(Table 2) for stage I of tilapia cage farming (fish from 1 to
250¢):

(1) Reducing the stocking density from 100kg/m3 (D100) to
20kg/m?3 (D20).

(2) Modifying the dilution area from 1:8 (HO - high occupation) to
1:100 (LO - low occupation).

(3) Linking the previous scenarios.

The performance parameters used in these scenarios were
obtained in Garcia et al. (2013), which evaluated tilapia stocking
densities in the same reservoir.

Table 2

3. Results and discussion

3.1. Emergy analysis and simulations to improve sustainability of
the system

To produce tilapia in one cage, 1.09E+17 sej are required. From
this total quantity, 98.91% are materials from the economy and only
1.09% of the emergy required is from renewable sources (Table 3).

Transformity, which is the amount of solar energy needed to
produce one unit of a product, evaluates the efficiency of a system
and the quality of the energy flux, thereby allowing comparisons
with other systems using other forms of energy. The transformity
obtained in this study is within the range found for the carnivorous
marine species of Sparus aurata and Salmo salar (Vassallo et al.,
2007,2009; Odum, 2001)(Table 4). Previous studies (Vassallo et al.,
2007) suggest that if the same farming system is considered for
comparison, high quality carnivorous fish, such as the salmon S.
salar, would have higher transformity values (Odum, 2001) than
omnivorous fish, such as tilapia (Brown et al., 1992). The results of
the present study demonstrate the inefficiency of the current tilapia
cage farming model evaluated in Brazil, in which feeding accounts
for over 70% of the total emergy flux (Table 3). This productive
model is more similar to farming systems involving carnivorous

species than the systems involving filter feeding species used in
many countries.

Characteristics, performance parameters (based on Garcia et al., 2013) and scenarios of Nile tilapia cage farming analyzed.

Usual Brazilian system Scenarios
D100% - HO® D20 - HO¢ D100 - LO¢ D20P - LO¢
Stocking density (kg/m3) 100 20 100 20
Daily weight gain (g) 3.73 7.00 3.73 7.00
Feed conversion rate 1.35 0.65 1.35 0.65
Proportion of dilution area (cage area: dilution area) 1:8 1:8 1:100 1:100

2 D100 - stocking density of 100 kg/m3.
b D20 - stocking density of 20 kg/m>.

¢ HO - high occupation.

4 LO - low occupation.
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Table 3
Emergy evaluation of the Brazilian Nile tilapia cage-farming.
Item Unit Unit Unit Transformity  Renewable Non- Total % References
ha/year cage/year sej/unit emergy renewable emergy
flux emergy flux
flux
Natural resources (I)
Renewable (R)
Sun ] 4.32E+13 1.38E+13 1.00E+00 1.38E+13 1.38E+13 0.01 Odum et al. (2000)
Wind ] 1.3E+11 4.16E+10 2.45E+03 1.02E+14 1.02E+14 0.09 Odum et al. (2000)
Rain ] 7.95E+10 2.54E+10 4.70E+04 1.20E+15 1.20E+15 1.09 Odum et al. (2000)
Spring water ] 3.60E+08 1.15E+08 1.66E+05 1.91E+13 1.91E+13 0.02 Buenfil (2001)
Total (maximum 1.20E+15 1.09
among the above
items)
Feedbacks from Economy (F)
Materials (M)
Boat uss 1.66E+01 3.70E+12 6.15E+13 6.15E+13 0.06 Ortega (1998)
Cages uUss 5.55E+01 3.70E+12 2.05E+14 2.05E+14 0.19 Ortega (1998)
Outboard engine 15 HP uUss$ 3.28E+01 3.70E+12 1.21E+14 1.21E+14 0.11 Ortega (1998)
Barge uss$ 4.34E+01 3.70E+12 1.61E+14 1.61E+14 0.15 Ortega (1998)
Pier Uss 1.28E+01 3.70E+12 4.73E+13 4.73E+13 0.04 Ortega (1998)
“Anchor remover” uss$ 1.34E+01 3.70E+12 4.97E+13 4.97E+13 0.05 Ortega (1998)
Compressor uss$ 1.13E+01 3.70E+12 4.20E+13 4.20E+13 0.04 Ortega (1998)
Scale uss$ 1.36E+01 3.70E+12 5.03E+13 5.03E+13 0.05 Ortega (1998)
Feed storage building uss$ 4.99E+01 3.70E+12 1.85E+14 1.85E+14 0.17 Ortega (1998)
Other equipments uss$ 2.82E+01 3.70E+12 1.04E+14 1.04E+14 0.10 Ortega (1998)
Juveniles uUss$ 5.29E+03 3.70E+12 1.96E+16 1.96E+16 17.85 Ortega (1998)
Feed ] 8.37E+10 1.00E+06 8.37E+16 8.37E+16 76.43 Odum (2001)
Boat fuel® ] 4.56E+08 5.30E+04 2.42E+13 2.42E+13 0.02 Odum (1996)
Fuel for feed transport® ] 1.86E+10 5.30E+04 9.83E+14 9.83E+14 0.90 Brown and Bardi
(2001a,b)
Juveniles ] 4.97E+07 3.36E+05 1.67E+13 1.67E+13 0.02 Brown and Ulgiati
(2004)
Services (S)
Skilled labor® uss 1.85E+02 3.70E+12 6.83E+14 6.83E+14 0.62 Ortega (1998)
Laborer? uss$ 1.39E+02 3.70E+12 5.14E+14 5.14E+14 0.47 Ortega (1998)
Day laborer® uss$ 4.56E+02 3.70E+12 1.69E+15 1.69E+15 1.54 Ortega (1998)
Total emergy (Y) 1.84E+12 1.20E+15 1.08E+17 1.09E+17 100
Product energy (Ep)
Tilapia ] 8.09E+10

Notes: All transformities and specific emergies are relative to the 9.26E+24 sej/y planetary baseline (Campbell, 2000).
2 Gasoline and oil used in the boat (to feed fish, to move cages, to remove dead fish, etc.).
b Diesel oil used in the trucks to transport diet from the feed manufacturers to the fish farm.

¢ Manager of fish farm.
d People involved in farming.

¢ The worker paid on a per day basis that renders services on a non-continuous basis.

Table 4
Comparison of emergy indexes evaluating different fish farming systems and
species.

Transformity ELR EYR
9.92E+5 4.65 1.23

Sparus aurata, marine
inshore farm, autumn
stock (Vassallo et al.,
2009)

Sparus aurata, marine
inshore farm, spring
stock (Vassallo et al.,
2009)

S. aurata, marine inshore
farm (Vassallo et al.,
2007)

Salmo salar, pen culture
(Odum, 2001)

O. niloticus, cage (present
study)

5.50E+5 3.65 1.28

1.32E+6 5.00 1.20

9.70E+6 4.24 1.23

1.35E+6 90.51 1.01

Current tilapia cage farming is highly dependent on non-
renewable resources and is inefficient (Table 3). Renewability is
a way to measure the sustainability or autonomy of a system. In
the long run, only processes with high renewability are sustainable
(Brown and Ulgiati, 2004) because such systems are more likely
to be successful in economic competition when non-renewable

resources are limited (Lefoy and Rydberg, 2003). The partial
renewability of 1.09% found in the present study is much lower than
rates reported by Vassallo et al. (2009, 2007), in which renewability
rates ranged from 17% to 22%, depending on the season, in a marine
fish farm of gilthead sea bream (S. aurata) in La Spezia Gulf, Italy;
Bastianoni (2002) reported a rate of 75% in a semi-natural exten-
sive fish farming system and Odum (2001) reported a rate of 19%
in an intensive salmon farming system.

The high dependence on economic resources is represented in
the emergy yield ratio (EYR), which indicates the amount of energy
from nature that the process returns to the economic sector. An EYR
close to 1, as in the present study, demonstrates that the system
consumes as much emergy as it makes available to the economy. A
higher ratio denotes greater capacity to incorporate contributions
from nature and lower dependence on economic resources. In the
present study, the EYR was 1.01, which is the lowest of all systems
presented in Table 4. This result demonstrates that the productive
model works more like an industrial process than an agricultural
process, in which animals feed on local photosynthesis products.

The environmental loading ratio (ELR) of tilapia cage farming
was evaluated to determine the impact of the productive system
on the ecosystem. A higher ELR denotes a greater impact from an
economic system on the natural environment. An ELR greater than
10, as found in the present study, indicates high environmental
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impact due to the high non-renewable emergy fluxes concentrated
in a small area of the local ecosystem. The ELR determined in the
present study indicates that an aquaculture park occupying 1% of
the reservoir with a dilution area of 1:8 (as allowed by law) results
in a high environmental impact. Reducing this proportion would be
beneficial for the system because fewer resources from the econ-
omy are used and more natural resources are available to “dilute”
the environmental impact with a larger area of the reservoir. Even
the most intensive systems (Vassallo et al., 2007, 2009; Odum,
2001) presented in Table 4 have a much lower ELR in comparison
to the value in the present study due to the higher contribution of
renewable resources in those systems, i.e., high tidal amplitude at
the Oregon coast, where salmon cage farming is installed.

A higher emergy sustainability index (ESI) denotes a more sus-
tainable system (Brown and Ulgiati, 1997). When used to compare
processes yielding the same product, values greater than 1 are
indicative of products that have net contributions to society (Brown
and Ulgiati, 1997). An ESI lower than 1 indicates a system that
consumes resources and indicates a well-developed system ori-
ented toward consumption, such as the one examined in this study
(Table 5). The current tilapia farming model does not have a desir-
able sustainability index. The cage production system is a recent
development in Brazil that was established by pioneering fish farm-
ers. Due to the hardness of the chosen species (Nile tilapia) and the
good water quality in hydroelectric reservoirs, farmers have used
the maximum stocking density supported by the system to enhance
productivity. However, studies have shown that a high stocking
density limits fish growth and requires the use of more feed for
the development of fish, thereby increasing production costs and
reducing profits (Garcia et al., 2013; Ayroza et al., 2011). Moreover,
a system operating at its limit capacity runs a high risk environ-
mental and sanitary collapse (Garcia et al., 2013). Previous studies
indicate that areduction in the stocking density leads to better indi-
vidual weight gain and water quality, with a consequent reduction
in the production costs, improvement in the uniformity of fish size
and a reduction in the occurrence of bacteria and parasites (Garcia
et al,, 2013). In this context, adjustments should be made in cur-
rent tilapia cage farming model. Attempts must be made to reduce
the input of non-renewable resources and increase the participa-
tion of renewable resources. Because diet accounts for the highest
percentage of the emergy flux and has a low degree of renewabil-
ity, new strategies to reduce feed supply should be investigated.
A scenario was simulated in which the stocking density in stage |
was reduced from 100 kg/m3 to 20 kg/m3 (D20 - HO) to increase
the efficiency of the system and reduce the feed conversion rate
(amount of feed necessary to produce 1kg of fish) (Table 5). How-
ever, the results of this simulation (D20 - HO) demonstrate that
this reduction was insufficient to ensure the sustainability of the
system, as the indices improved only slightly (Table 5). Moreover,
resources from nature (R) continued to be much less expressive
than resources from the economy (F) (Fig. 2).

A second scenario was subsequently designed in which the real
stocking density was used and the dilution area was improved
from 1:8 to 1:100 (D100 - LO). While the results demonstrate an
improvement in the indicators (Table 5), the second scenario was
still not able to achieve sustainable patterns. In this scenario, the
ELR underwent the most significant improvement, reaching values
close to those reported by Odum (2001) in S. salar farming. In this
scenario, the contribution of renewable natural resources (R) was
increased but remained lower than the contribution of resources
from the economy (F) (Fig. 2).

To enhance the evaluated indices and propose a real sustainable
productive model, we designed a third scenario. In this scenario,
both scenarios previously presented were used. In other words, the
stocking density was reduced to 20 kg/m? and the dilution area was

D100 -HO
108E+17 .----"""
1,20E+15
Plankton
- 8.09E+10
v
D20-HO
168EH+16 .o
1,20E+15
e Plankton
- 1.70E+10
v
D100-LO
108E+17 .--mn”’
149E+16
Plankton
- 8.09E+10
M
D20-LO

168E+16 .o

1.49E+16
Plankton
- 1.70E+10

v

Fig. 2. Diagrams summarizing the emergy fluxes in Nile tilapia cage farming at
stocking densities of 100 kg/m? (D100) and 20 kg/m? (D20) with the proportion of
cage area in relation to dilution area of 1:8 (HO - high occupation) and 1:100 (LO -
low occupation).
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Table 5

Emergy indicators for Nile tilapia cage farming in Brazil stocked 100 (D100) and 20 kg/m? (D20), and proportion of cage area in relation to dilution area 1:8 (HO - high

occupation) and 1:100 (LO - low occupation) of the area designated to fish farming.

Emergy indexes Usual Brazilian system Scenarios

D100 - HO D20 - HO D100 - LO D20 -LO
Transformity 1.35E+06 1.05E+06 1.52E+06 1.86E+06
Renewability (%Ren) 1.09 6.66 12.14 47.14
Emergy yield ratio (EYR) 1.01 1.07 1.14 1.89
Environmental loading ratio (ELR) 90.51 14.02 7.24 1.12
Emergy sustainability index (ESI) 90.51 14.02 7.24 1.12

improved from 1:8 (HO - high occupation) to 1:100 (LO - low occu-
pation). After these modifications, all the indices were improved
and reached desirable values for a sustainable production system
(Table 5). The contribution of renewable resources from nature (R)
was close to the contribution of resources from economy (F) (Fig. 2).
Fig. 3 shows the total water area from the reservoir and a detail
of the site where the fish farm is installed, with the current demar-
cated area of 100 cages for the fish farm (dilution area 1:8) and the
simulated delimitation if the dilution area was increased to 1:100.
Even with this increase in area, the availability of water for other
aquaculture enterprises is huge. In combination with the reduction
in the stocking density, the increase in the area should ensure the
sustainability of the production of Nile tilapia cage farms.

3.2. Area required to supply resources for ensuring the
maintenance of the activities

To ensure the maintenance of the fish farming activity, it is
necessary to provide renewable resources to feed the system

and to determine whether the area designated for the activity
is sufficiently large to absorb the impact generated (Fig. 4). The
ELR demonstrates that adjustments are required to alleviate the
pressure caused in the ecosystem. With regard to the supply of
resources, it is essential to ensure the quantity and quality of inlet
water in the reservoir. In 2006, 53% of the environmental impact in
the Ilha Solteirareservoir corresponded to the siltation and 33% was
related to erosive processes (Pereira, 2006). The estimated period
until the total siltation of the Itaipd, Ita, Sobradinho and Tucurui
reservoirs in Brazil is greater than 1000 years. Within a shorter
period (20-30 years), however, sand deposits in the backwater
will affect navigation activities and favor the growth of macro-
phytes at the edges of the reservoirs, where cage farming activities
are installed. Cage farming depends on a particular water depth
to maintain water circulation for a sufficient amount of dissolved
oxygen for the fish and the removal of fish droppings, leftover feed
and toxic compounds from decomposition processes.

Solid sediment discharge by area may be as much as 12 kg per
hectare per day compromising both water availability and quality

Fig. 3. Location of the Ilha Solteira reservoir, Santa Fé do Sul city, Sdo Paulo State, Brazil. In the view of fish farm delimitation, the black line shows the current delimitation
of cage farming to hold 100 units of 4 m? cages of superficial area (dilution area 1:8), and the white line simulated delimitation of the area if the dilution area was increased

to 1:100.
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Table 6

Data of the Ilha Solteira reservoir and calculation of soil loss and soil accumulation in the bottom of the reservoir according three vegetation types: pasture, sugarcane and

annual crops.

Vegetation Soil loss? Flooded Maximum Reservoir High area?® Average Soil loss in Soil accu- Soil accu-
(t/ha/year) area® (km?) volume of catchment (km?) depth?® (m) high area mulation in mulation in
the area? (ha) (t/ha/year) the bottom the bottom
reservoir? of the of the
(m?) reservoir reservoir
(m3/year) (cm/year)
Pasture 04 1195 21,060E+6 9,949,631 375,460 17 150,184E+2 1,155,262 0.10
Sugarcane 12.4 1195 21,060E+6 9,949,631 375,460 17 4,655,704E+2 35,813,108 3.00
Annual crops 24,5 1195 21,060E+6 9,949,631 375,460 17 919,877E+3 70,759,769 5.92

2 Source: Pereira (2006).

rain, wind)
spring
water (R

)

~

area to supply

renewable resources
from nature and
absorb impact

fish farming

. /

v

Fig.4. Diagram showing the areas of natural resources supply and the environmen-
tal impact absorption related to tilapia cage farming in a hydroelectric reservoir.

(Hernandez and Vanzela, 2007). Soil loss varies according to vege-
tation cover, area slope, soil conservation techniques, etc. (Pereira,
2006) and riparian vegetation have the important function of fil-
tering the sediment, nutrients and pollutants from agricultural
areas (Sparovek et al., 2001; Nieminen et al., 2005; Cavalcanti and
Lockaby, 2006). Currently, in Ilha Solteira reservoir, only 0.67% of
the natural vegetation surrounding the reservoir remains (Pereira,
2006), even for the panorama of the several rivers of the state of Sdo
Paulo, such as the Tieté, Grande, Paranapanema, Paraiba do Sul and
Parana rivers (Noffs et al., 2000). To determine the real potential
of siltation of the Ilha Solteira reservoir, soil loss and mean sedi-
ment accumulation on the bottom of the reservoir were estimated
based on the mean values on land use presented by the authors
cited (Table 6). Three land use scenarios were considered: graz-
ing pasture, sugarcane plantations and annual crops. As 87.09% of
the area surrounding the reservoir is covered by pastures (Pereira,
2006), the first scenario considered the entire ground clearance
area around the reservoir to be covered by pastures. In this sce-
nario, the soil loss was estimated at 15,018,400 t/ha/year, with a
mean ground clearance of 1 mm per year if equally distributed
throughout the entire flooded area. The second scenario considered
gradually replacing pastures with sugarcane plantations (Pereira,
2006). Thus, if the total ground clearance were covered by sugar-
cane, 3 cm of soil per year would accumulate in the flooded area.
The third scenario considered an accumulation of 5.92 cm of soil
per year at the bottom of the reservoir if the entire area were used
for annual crops (Table 6).

Regarding this finding, to ensure the supply of renewable
resources to feed the cage farming system in hydroelectric reser-
voirs, compliance of the current environmental legislation is
essential (BRASIL, 2012a,b), which determines the formation of an

area of permanent environmental protection bordering the bodies
of water. The width determined for this area is 30 m and 100 m in
reservoirs located in urban and rural environments, respectively.
According to current legislation, hydroelectric plants are respon-
sible for reforestation and monitoring of the areas bordering the
reservoir and face state and federal fines and penalties for the
irregular use and occupation of land.

4. Conclusions

(1) Despite being considered an omnivorous, filter-feeding species,
the Nile tilapia are raised in cages in Brazil using the produc-
tion model developed for carnivorous fish species, which has
high energy costs regarding the use of resources from the econ-
omy. The system will be strongly affected or even extinct if
nonrenewable resources become scarce. To reduce the input
of resources from the economy, especially feed, and increase
the use of renewable natural resources (i.e., plankton), the
feeding efficiency of productive process would be enhanced
by reducing the stocking density from 100 to 20 kg/m? in the
initial phase. This stocking density reduction will reduce the
feed conversion rate and the inputs from the economy. How-
ever, the reduction in the stocking density would not lower
the extremely high environmental loading ratio in the current
system, which indicates a high environmental impact concen-
trated in a very small area. Therefore, the current limit of area
occupation by cages in aquaculture parks should be increased
to ensure a sufficient area to supply renewable resources and
absorb the impact. From the emergy standpoint, a sustainable
model based on the use of renewable natural resources requires
increasing the dilution area to a size that is 100-fold the cage
area instead of using a dilution area only 8-fold larger than the
cage area, as established by current legislation, and reducing
the stocking density from 100 to 20 kg/m3.

(2) To ensure the supply of renewable natural resources in fish
farming, we demonstrated the need to recover riparian vegeta-
tion in the Ilha Solteira reservoir. The responsible hydroelectric
power station must determine if the riparian recovery cost
would be more costly than letting the power station become
useless due to soil accumulation in the dam over a rela-
tively short period. For auditing institutions, the incumbency of
ensuring compliance of the laws is important. For fish farmers,
fishers, local community and civil society, actions to provide
incentives and to request the rights of water use warranty are
important.

(3) One of the noble roles of local government is to provide incen-
tives for food production while ensuring the sustainability of
systems. In the case of aquaculture in large reservoirs, the chal-
lenge is to establish limits that ensure multiple water uses and
the success of the activity over a long period of time. Emergy
analysis is an efficient tool for evaluating and leading systems
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toward desirable practices to achieve sustainability. Therefore,
future studies similar to this one may facilitate the process of
decision making and public policy formulation toward a sus-
tainable aquaculture.
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